METHODS AND APPARATUS FOR A HYBRID CAPACITIVELY- COUPLED AND AN
INDUCTIVELY-COUPLED PLASMA PROCESSING SYSTEM BACKGROUND OF THE INVENTION
[0001]Advances in plasma processing have facilitated growth in the semiconductor industry. The
semiconductor industry is a highly competitive market. The ability for a manufacturing company to be
able to process substrate in different processing conditions may give the manufacturing company an
edge over the competitor. Thus, manufacturing companies have dedicated time and resources to
identify Methods and/or arrangements for improving substrate processing. [0002]In general, plasma
processing systems may be constructed from a plurality of configurations. For example, a plasma

processing system\IEY RO DSANDEA PR ARATUSIFOR 0 SPKBRIDSCRRACPYPEicEsing system or
an inductively-coupled p@spa 1D AN A2¢IND EXSHEIVEEACICOaRI B ddeaSMAconfiguration is built
to enable processing in a range of proceBROTESSING XOBEMwever, in recent years, the types of
devices that are being processed have become more sophisticated and may required more process

control. In an example, devices bein&ﬁ%ﬁ%&@é@g@% MH&‘%R‘.Qh‘er and may require more precise
control of plasnjeopeyametersivaneh aphiaspadensityentidlitifodeioy tidrobs sreicontusitite, for better

yield. Furthermg{gusgjgyiﬁgeg%gri&qgggomgyu?gﬂs lqlmgm%gmg@ﬁg,kg@m@;gm@ﬁh@ process may

Configuration. THERAFREH GERBY SLE Gap AT VA L ey e o~ ingle
configuration mgiyeféit shonfashulisicorirga 1 rISONSHTH COPRYRss i IGRHATREBA substrates.
[0004]To facilitafsglisrasssiriuctichddithesiiatesoarcinpliftadiyepnbsaniatioroirgements for
improving substrate processing.
{0002] In general, plasma processing systems may be constructed from a plurality of
configurations. For example, a plasma processing system may be configured as a
capacitively-coupled plasma (CCP) processing system or an inductively-coupled plasrﬁa
(ICP) processing system. Each plasma processing configuration is built to enable processing
in a range of process parameters. _
[0003] However, in recent years, the types of devices that are being processed have
become more sophisticated and may required more process control. In an example, devices
being processed are becoming smaller and may require more precise control of plasma
parameters, such as plasma density and uniformity across the substrate, for better yield.
Fuﬁhemore, device fabrication may be a multi-steps process. Each step in the process may
. require different process regimes achievable only on plasma processing system of a specific.
configuration. Thus, the range of process parameters of a plasma processing system from a
single configuration may fall short of delivering a total solution to process next-generation
substrates. ,
[0004] To facilitate discussion, Fig. 1A illustrates a simplified representation of a
prior art capacitively-coupled plasma (CCP) processing system. Plasma processing system
100 may be a single, double (DFC), or triple frequency radio frequency (RF) capacitive
discharge system. In an example, radio frequencies may include, but are not limited to, 2, 27 )
and 60 MHz. Capacitively-coupled plasma processing system 100 may be configured to
include a substrate 106 being disposed above a lower electrode 102.
[0005] Consider the situation wherein, for example, substrate 106 is being processed.
During plasma processing, an RF generator 108 with a path to ground may supply an RF
power to lower electrode 102 through an RF match 110. In an example, RF match 110 may

be used to maximize power delivery to the plasma system. The power from RF generator



prior art capacitively-coupled plasma (CCP) processing system. Plasma processing system 100 may
be a single, double (DFC), or triple frequency radio frequency (RF) capacitive discharge system. In an
example, radio frequencies inay include, but are not limited to, 2, 27 and 60 MHz. Capacitively-coupled
plasma processing system 100 may be configured to include a substrate 106 being disposed above a
lower electrode 102. [0005]Consider the situation wherein, for example, substrate 106 is being
processed. During plasma processing, an RF generator 108 with a path to ground may supply an RF
power to lower electrode 102 through an RF match 110. In an example, RF match 110 may be used to
maximize power delivery to the plasma system. The power from RF generator 108 may interact with a
gas (not shown t@8simpiifgrittistithee) tevlghoven waimpkifly ilnsHasioph 1eritaRitsmet 4T &8Her electrode
104 and substrate 186k thampsaapia g foigaddsubppss Biecliabiceddrpls Stiigvh/asiipeing grounded.
Flowever, UpPel, LEeio e S SIRYAISRARARNETSH/eler i L JRa e iagdite pich andjor deposit
ectronic devices. [

materials onto substrate 106 (0 create e 06]In. CCP %ocessiqgﬁxstem such as

plasma processiyeEtEIAsTad rmay brase ofRiRp SR8 ARSI IS4 5 5y harrow gap. The
gap may be abautaie bléarahiodedickd the aspect ratio of gap 112 to the diameter of upper electrode 104.
By having narroygep procg,sg&.lgps@%,qgg%@ag&hggtgag@spfs@'ge@tsymtmamiﬂmgizekjoading effect

may be employed to process supstrafe. As the term is employed herein, Joaqing rafers; tpsa
measurable de[ﬁ@}iblr?&a 5rl1’ezfc?tlv'§uer éﬁ%ﬁ\ %:5%%38[5&?“65?%ump |?)gn inytheaetqh process. Thus, CCP

processing systthersnesy mtiesfisrotiate dre e elappsalecBindls Frtrds MR #%tures requiring
very low gas regigeatiim.{ORQHA R ardxiditin grie aturniofi€ ©Rljpeod&ssingy $ystem 100, as

illustrated in Fig, J&, may be the inghility ta decruRis inpidrasiteaRdengaeRig During plasma
processing, it may bé difficult in CCP prqocessing S stebm to inde end%gletl‘xcgontrg;st.hﬁ'lgn density and

the ion energy. FEFEsIRARIHAR AEERASEYS SiSE Eag&ion Energ, Y increasin 'RE power may cause an
increase in she&t@Rwteetidexstimgiey acrommedasedishioa fslaggpniderices WY ftlre of CcCP
processing systenniQQe Al st iadigidd: imay be the ability to generate high plasma density as
compared! to ndhgfyely-coupled PIgSITR RIASESTING USSR AESGR DEeRIAGSYsiem may not

be able to accommodate plasma processing steps requiring high plasma density and/or independent
control of the iofigndrghaarts tranahliedasorBlsaan ErysIH I R SPstey Qﬁﬁﬁ’ﬁf?é%%%hematic
representing a [iedessingnt netie dif6oupie G GRasooesiE P)sproteisdangndgaste aentidithetiovly-coupled
plasma processing gy siamdRA MayPesenfiape siningudansub it bynirgslismesed above a

lower electrode 152."As shown in Fig. ID. the lower electrode 152. may be %rrpm@d-or may be
powered with a ﬂ?gteﬂﬁaﬁé?w“é?ﬁf'olrnirggeﬁ\f%gé]vg? f8t|%%§§3§etgt%l & 155 may be delivered through an

RF match 160. lnathestiamitisie forRa e AP Iserssng sestem b8y asd s rditbe povd&itery to the

plasma system. abitity to generate high plasma density as compared to inductively-coupled plasma
processing system. Thus, CCP proceésing system may not be able to accommodate plasma
processing steps requiring high plasma density and/or independent contro! of the ion energy
and the ion density.
[oo08} Fig. 1B illustrates a simplified schematic representing a prior art inductively-
coupled plasma (ICP) processing system. Inductively-coupled plasma processing system 150
may be configured to include a substrate 156 being disposed above a lower electrode 152. As
shown in Fig. 1B, the lower electrode 152 may be grounded or may be powered with a first
RF generator 158. RF power to lower electrode 152 may be delivered through an RF match
160. In an example, RF match 160 may be employed to maximize power delivery to the
plasma system. _ '
[0009] Consider the situation wherein, for example, substrate 156 is being procegsed.
During plasma processing, a second RF generator 168 may supply RF power to an inductor
coil 166. The cross section of inductor coil 166, as shown in Fig. 1B, may be a spiral coil

with an air core being disposed above a dielectric window 154. The power from RF



[0009]Consider the situation wherein, for example, substrate 156 is being processed. During plasma
processing, a second RF generator 168 may supply RF power to an inductor coil 166. The cross
section of inductor coil 166, as shown in Fig. 18, may be a spiral coil with an air core being disposed
above a dielectric window 154. The power from RF generator 168 to inductor coil 166 may produce a
magnetic field 172 penetrating through dielectric window 154. The induced electric field may generate
electrical current that may interact with gas to ignite and maintain plasma 164. [0010]In contrast to the
CCP processing system of Fig. 1A, plasma 164 being generated by ICP processing system tends to
have higher density at similar RF power levels. One main difference between ICP processing system
150 and CCP pgansasingssystaintaDMdilnsg beytpodyess REgpowdeid auptetainpbioned. Except for the

low bias RF po‘éﬁ@feiﬁqglvfﬁﬁo%%ﬁfaiﬁé &5&&?&[&@:@@@1@%&9 @ﬁbﬁt&ﬂﬂ@c&&@l defrepQNIE mayay be COUpled

to plasma 164. through dielectric Windgw 154 in ICP processing system 150. Thus, high ion density

and low plasmdBashiaR S5 REN AR TS el processing system by employing efficient,

non-capacitive {@upling of RFcgwasstathpEShroqerong prgeshelbigid 4iplagpe E‘rﬁgﬁ% 164 may have a

torroidal/doughgeifshians, ihers-teanglamstan @adigh RaiterhighebacfsitnedibésmRE poviglsetlic window 154

and substrate 13 1nReeend AaDeS fer N MARENG SIS Liecas SR antfomay peaked of
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axis, i.e., half (1 QS’ fie distance o the radius 170 ot inductor spiral coi 16gl;/vlth m}nimﬁkat the center of
the coil and the RS BTy, RPN SHBS MRIT T EPHE! B U MEHESPAERsY atf about half (1/2)
thg distance olf ga@efadiussll%ﬁl]xgpﬁ;bpdeﬂ:g@pﬁat ¢l ?@?gelt@)thfw;gélmhﬁﬁ generated by
inductor spiral ggj IROARIAS D DERidd poi@ls pseekilied, MghRadenthe mapod62 in ICP
processing sys%gﬁgaﬁﬁé%é%%ﬁ)e og a slﬂzggclielgt#gh%&té ﬁ?ai }hﬁg heﬁg@%g{o%g JRdangdsto be about the
radius of inductBWB?lWée@s;ﬁe'céc;??noda e tg;é agnetic field 172 being generated by inductor coil
166. Sufficient gaqrdiiiglaeyping BERTCRREEAPPSE8A that RF power induced through dielectric window
154 may be abgoslbgd in plasmeroda4n By haygsuibdieay bap heighitibdpiamshpabderh RF power,
damages o sUieliale 458 (B9 ¥aiAeHe gk RaMDlelt Lo i e sissiai magnetic field 172
may interact wit strate 156 to produce Iﬁllidcilgg fielg inducang %errn%nt ggg oafpaqisti}/g coupling
instead of prodfEMEAAGEr SastHIRMERIHENR THe taIaaHive Boupliig My lead to an arcing of the
devices on the sulfigt/2teradistocart theredivetl hofdrdpentpinl sk Sitidniae2 fifkeHght be
undesirable for plasRIRMGESHHNE. Thus dESRaarecosging systeyimayhbailikitetiidnogerating with

elatvely large GpR (R PIFTIRHARRIP R AR DSHLURBINLINTAGR RacsaRisysiom 150
a8 Snown by I%eld l’7r2ngenerated-by inductor spiral coil 166. -

[0012] As may be appreciated by those skilled in the art, the gap 162 in ICP

processing system needs to be of a sufficient height, i.e., the height of gap 162 tends to be
about the radius of inductor coil 166, to accommodate the magnetic field 172 being generated
by inductor coil 166. Sufficient gap height may be necessary such that RF power induced
through dielectric Window 154 may be absorbed in plasma 164. By having sufficient gap
height for plasma to absorb RF power, damages to substrate 156 may be avoided. For
example, if the gap is too narrow, magnetic field vl’72 may interact with substrate 156 to
produce electric field inducing current and capacitive coupling instead of producing and/or
sustaining plasma. The capacitive coupling may lead to an arcing of the devices on the
substrate and/or an increased in temperature on the substrate, which might be undesirable for
plasma processing. Thus, ICP processing system may be limited to operating with relatively
large gap for plasma processing.

[0013] Another limitation with ICP processing system 150, as shown by Fig. 1B, may
be in processing of very large substrate. In order to achieve a relatively good uniformity of
plasma, as affected by the magnetic field, over a very large substrate, inductor coil 166 may

need to be scaled up to the appropriate size. Therefore, the chamber may end up becoming



be in processing of very large substrate. In order to achieve a relatively good uniformity of plasma, as
affected by the magnetic field, over a very large substrate, inductor coil 166 may need to be scaled up
to the appropriate size. Therefore, the chamber may end up becoming very large because the region
of maximum plasma is about half the radius 170 of inductor coil 166. To achieve good uniformity of
plasma, the inductor coil 166 may need to be large enough to cover the large substrate and not give
rise to non-uniformity at the edges. However, as the chamber becomes enlarged to compensate for
the inductor coil, the design of ICP processing system may pose a variety of mechanical and/or
engineering challenges. For example, the vacuum load may be very high in order to support the
enlarged ICP prosgtsipdaysierte tegadadition;ithengidsmaayahoitthel Etheamdined Pglitdreabugh leading to
undesirably long jesidert, itk E ysHaGHIONRiRIEIEGHL Blsticwyiasiomsbd Ray bednage difficult to

handle. [0014]Even though ICP processing system may be able ta deliver high, density plasma and
decoupling of ioﬂ‘ﬂ’&ﬂs‘;ﬂﬁ%ﬁ%ﬂ}%ﬁ r@ﬁé‘%ﬁ}?%g%?%t “é%ﬁr%a tgygfe%l%%rgyl%e Itimitecéjito relative large gap

and design challivges restititgitsnbeomseniasgrddorerpraassaonie indgtoureh BrcteeesinG larger
substrates. [00 1l igossip Watansinapifiach sehamatiseaifaprior amtlonehghierrtgitdalvagrgefvent as
proposed by V. Godyak.in "Distributed Ferr iC ' UG RIasMRRSaRAlternative
Plasma Procesét“l)ﬁagrjn 8’0‘1"6, ‘ﬁﬁ%‘&f %3&?’53%%@%@?&#53@%@@45 I&Ii%?1 }2%% 2(%%65g .
8035-8041. [00 FBIAR-sHARMUIPRRRY 855 I ARG ERUB AL PBAI BT HE AR © WRSSH™ IR 202F
may be employeesidenciméraatrtictierain boger dieleiicddewdhdoote tnapBdifiniiR bedof a magnetic
material such aggguite or pewehdigR1EIGE iR Eps R 18ap bl ablyio Bchiagnaiclensies (202 A - F) may

be configured WIHh a coll H&@ua\iglurﬁgt&/ Rf coils 2044 204!;3(?}22%%&35%%@8@9% 0H.AR4F to act as
a |

. 105 enefgy, a"
small inductor sBUTEEE o5 QMRS [ Shown in Fig. 2ol 204A cor_res;f)onds to the winding for
PRIEMe magnetic field to a

magnetic core 202¢#atiTaiamspagnant dsien shatiemsas ring e aBYERste
region to improviaigsrdiigheinpeareisass imgbigutiiatediere the coil may be a spiral arrangement to induce

a torroidaUdouglgpp; shape mmagugsic, feid fiar R arest from-hrisaiscdhusatgamirasgement of a
plurality of small inductor cores may a‘t‘ddreﬁs tg ‘sfpatial uni ogncitt r%%llgerlgdcgl%r%gngl large spiral coil
of Fig. 113. [00PFTRSEHNh FPRiY 3, PRERYE SR A -Q%Pymay e wound with coils (204 A -

tor cor
F) and connectetlimmstivicRldsma Prosesgion peldsAgaeiadjmateldented Ciofaipfovasulrol ity and

increase efficiengio®bpragietigagoupling. However, ‘the hexagonal close packing arrangement is
employed as a 3g3£6 NG Jor iS4, SHHSH ULARY ARCHORb 05 IR RGSE core
. 202F may be employed. In contrast to the air core of Fig. 1B, each core may be constructed
of a magnetic material such as ferrite or powder iron. Each core from the plurality of
magnetic cores (202 A — F) may be configured with a coil from a plurality of coils 204A,
204B, 204C, 204D, 204E, and 204F to act as small inductor sources. For example, as shown
in Fig. 2, coil 204A corresponds to the winding for fnagnetic core 202A. The magnetic core
materials may be employed to confine the maguetic field to a region to improve coupling, in
contrast to Fig. 1B, where the coil may be a spiral arrangement to induce a torroidal/doughnut
shape magnetic field from the current from the coils. Thus, the arrangement of a plurality of
small inductor cores may address the spatial uniformity problem of a single, large spiral coil
" of Fig. 1B. '
[0017] As shown in Fig. 2, the inductor cores (202 A - F) may be wound with coils
(204 A ~F) and connected in series in a hexagonal close packing arrangement to improve
uniformity and increase efficiency of magnetic coupling. However, the hexagonal close

packing arrangement is employed as a space filling for the inductor coils without any attempt

to coordinate these core elements.



[0018]As may be appreciated from the foregoing, CCP processing system may be limited to low
density plasma and/or inability to decouple the ion density and the ion energy. Even though ICP _
processing system may be able to overcome the limitations of generating high density plasma and/or
decoupling of ion density and ion energy, ICP processing system may be limited to relatively large gap
and/or design challenges when processing larger substrates. Given the need to stay competitive in the
semiconductor industry, enhancements to the capabilities of CCP and ICP processing systems are
highly desirable. SUMMARY OF INVENTION [0019]The invention relates, in an embodiment, to a
capacitively-coupled plasma (CCP) processing system having a plasma processing chamber for
processing a sybstgate. Thexsapatiivglesaetpiechplasma o CCPposssimgssseremyhdudes an upper

electrode and aower, ejectiods 1oy RIAGRSAINM.UMRSREUAIS. Whieh dsisnnaet wi tergwer electrode
during plasma processing. The capacitively-cou IeoL{DIasma %CCP% Bagt%ﬁggg% gs%ggtmgalso includes
an array of indu‘f:‘ffﬂ‘%ﬁ%gdﬁ%ﬂﬂé?ﬁsé?ﬁ %Bﬁﬁb’ﬂ?é%etﬁ RIS

uctively sustain plasma’in a gap between the
upper electrodeh@hddinitjplieneiedivodeofi@inniTioe deheibicand ipmearayel SERPEEHHG BREDF the many

embodiments of,ihe in¥eRies dissesaskhariamane desratiniRagadviedipsthingtope of the invention,
which is set forth is the c img, ereég These and ather feafures of & MASENLMBAIRRAWIll be

described in mar&*HEEH BYEW IR e Setisd dascription of the invention and in conjunction with the
following figured BRsERbibEs CFIER PN B rrossE SRR RRRREDIBYY 157HE Bresent invention is
illustrated by way of example, and not bysSUEMARNMRISVENIIRNfigures of the accompanying
drawings and inyuish like rRfelaRGRAYNIRIAR IR ioRicusieias elepenisandipsipiain{0022]Fig. IA
T oLes & SR broiieing e bk R o v SRR S0 B S GRE ASGRY Racessing

capacitively-coupled plasma (CCP) processing system includes an upper electrode and a

lower electrode for processing the substrate, which is disposed on the lower electrode during

plasma processing. The capacitively-coupled Plasma (CCP) processing system also includes -

an array of inductor coils arrangement configured to inductively sustain plasma in a gap

between the upper electrode and the lower electrode.

[0020] The above summary relates to only one of the many embodiments of the

invention disclosed herein and is not intended to limit the scope of the invention, which is set

forth is the claims herein. 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 figures. _

BRIEF DESCRIPTION OF THE DRAWINGS

[0021] The present invention is illustrated by way of example, and not by way of

limitation, in the figures of the accompanying drawings and in which like referen;e numerals

refer to similar elements and in which: .

{0022] Fig. 1A illustrates a simplified representation of a prior art capacitively-

coupled plasma (CCP) processing system.

[0023] Fig. 1B illustrates a simplified schematic representing a prior art inductively-

- coupled plasma (ICP) processing system.
[0024) Fig. 2 shows a simplified schematic of prior art inductor coils arrangement as
proposed by V. Godyak.
[0025] Fig. 3A shows, in accordance with an embodiment of the invention, a
simplified schematic of a capacitively-coupled plasma processing system configured with an

array of inductor coils arrangement to enable inductive coupling of plasma.



[0023]Fig. 113 illustrates a simplified schematic representing a prior art inductively- coupled plasma
(IC?) processing system. [0024]Fig. 2 shows a simplified schematic of prior art inductor coils
arrapgemgnt as proposed by V. Godyak. [0025]Fig. 3A shows, in accordance with an embodiment of
th_e invention, a simplified schematic of a capacitively-coupled plasma processing system configured
with an array of inductor coils arrangement to enable inductive coupling of plasma. [0026]Fig. 3B
shows, in accordance with an embodiment of the invention, a simplified schematic of a capacitively
coupled plasma processing system configured with an array of horseshoe inductor coils arrangement
f[o enaple indl_Jctiv.e. coupling of plasma. [0027]Fig. 4 shows, in accordance with an embodiment of the
invention, a sm[[ol_)ﬁe_p schematEBahawgpndeutdinee sadtianeobadiruppef tbésowdeniltustrating slits radial
to the inductor %Pr}x'ﬁi'{ﬂ e RRET e ElRdaIRPZAING sRémRWSIRAT SRR aRgR AR @mbodiment of
the invention, a sn’ﬁp fle schematic of a tgg view of a represe tative chFckegep board array
arrangement foPTRIQERFsEshpg inductor coils 0g 01 plastia:

[0027] Fig. 4 shows, in accordance with an embodiment of the invention, a simplified

angement to enable inductive coupling o
schematic of a top view of a section of an upper electrode illustrating slits radial to the
inductor coils in the upper electrode.
[0028] Fig. 5A shows, in accordance with an embodiment of the invention, a
simplified schematic of a top view of a representative checkered board array arrangement for
inductor coils. ' '
[0029] Fig. 5B shows, in accordance with an embodiment of the invention, a
simplified of schematic of a top view of a representative alternating concentric rings
arrangement for inductor coils simulating a spiral coil.

DETAILED DESCRIPTION OF EMBODIMENTS
[0030] The present invention will now be described in detail with reference to a-few
embodiments thereof as illustrated in the accompanying drawings. In the following
description, numerous specific details are set forth in order to provide a thorough
understanding of the present invention. It will be apparent, however, to one skilled in the art,
that the present invention may be practiced without some or all of these specific details. In
other instances, well known process steps and/or structures have not been described in detail
in-order to not unnecessarily obscure the present invention,
[0031] In accordance with embodiments of the invention, there are provided methods
and arrangements for configuring capacitively-coupled plasma prbcessing systems with an |
array of inductor coils arrangement to enable the plasma processing system to operate as
either a capacitively-coupled and/or an inductively-coupled plasma processing system.
Embodiments of the invention may include employing the array of inductor coils
arrangement to provide high density plasma in a narrow gap of a plasma processing chamber.
With localized control of each inductor coil in the array of inductor coils arrangement,
plasma uniformity may be achieved to obtain higher yield in processing of electronic devices.
[0032] In an embodiment, the plasma processing system may be configured with the
array of inductor coils arrangement. In an example, the array of inductor coils arrangement
may be configured with a set of bobbins as the magnetic cores. In another example, the
magnetic cores may be a set of horseshoe magnets. In an embodiment, the magnetic cores

may be constructed from magnetic materials such as ferrite or powder iron. By employing



[0029]Fig. 58 shows, in accordance with an embodiment of the invention, a simplified of schematic of a
top view of a representative alternating concentric rings arrangement for inductor coils simulating a
spiral coil. DETAILED DESCRIPTION OF EMBODIMENTS [0030]The present invention will now be
described in detail with reference to a few embodiments thereof as illustrated in the accompanying
drawings. In the following description, numerous specific details are set forth in order to provide a
thorough understanding of the present invention. It will be apparent, however, to one skilled in the art,
that the present invention may be practiced without some or all of these specific details. In other
instances, well known process steps and/or structures have not been described in detail in order to not
unnecessarily ohsgabi: ihadpreseniriavantieric fR0Bhkbaconfidahoe withremivwdavesetpliigthe invention,
there are provided éﬁ?&ﬁ?&iﬁ n%pgnqug)gsgmeemag%gggﬁgwmg@mp{gy@%mupIed plasma processing
systems with an arra]g of inductor coils arrangement to enable @e “pla r&%parg&?sﬂ]réggoqyg,ryem to
operate as eithdPEH paciti&%%"-&’&ﬁﬁ(féﬁe&tn it T?/é‘??/’-'cguplén plasma processing system.
Embodiments oédtieiidvantion mebaretacteddrom|ayinpetisieciiods toMinimiceepisidvaemliBnent to
provide high degsiy,RIas8 gt awaiERwW Har ebitiplpnadpisasiiageatiatler. With localized control of
each inductor cqjl in the arr f inductor ¢pils arrangement Harnad achieved to
obtain higher yii+8l_{|:# proceslért?be S’f(aéTgtlc%tPgrgﬂ:lgb 3%?&%?8%%%‘1??3%2}%%i@gﬁiﬁ%ﬁsma :
processing systeFrmey BRAEansrgiReHsMtHIH QRRAS BT R ATSPREHLE aRY SHEH ean example, the
array of inductoslesilsiaglapgeirgolenanipenenfijeegnsithfersteon tisabhiptadiscgrebebhiiietic cores. In
another example,ihe, RAFPESIEs R SRMaY DeARELARNPESESNRE MABRE FRldnhamagmbodiment, the
magnetic cores may e_construl_cted from ma srge“t]icIg‘nait‘&;rrlials,e%(g(kiml aésn[ehrliggdgxr nggﬁgtgon. By
employing magPfEfEARANE AT RESE EEFEGReRC field may be contined to a region to improve coupling
in contrast to pribe mAEIEl syt fradissen)ipyr 2 koSN FOPSHGELBPEBR RIS an
embodiment, eaghddtaghelicheare JTubliasWitdpatwithnaecoils minebembgretEagthapnoilctor coil may be
remoted ffom apRAL SIFEAE 8 HATIER/GARAGHEN GRURK 6B GRRIRE HEREPLAA Where a spiral

coil is disposed on ectric window.
magnetic materials as the cores.

[0035] In the example of horseshoe magnets as magnetic cores, the horseshoe magnet
is curved in a “U” shape so that the two opposing poles lie on the same plane. Thus, each _
horseshoe magnet is similar to a pair of opposing poles of adjacent bobbins with connecting
straps. However, in contrast to the bobbin, horseshoe magnet is forced to couple with
opposing poles on the same magnet. Whereas, the magnetic field of a pole on the bobbin
may loop around and couple with any opposing poles of adjacent bobbins.

[0036] Tn contrast to prior art, the poles of magnetic cores in the array of inductor
coils arraﬁgement are coordinated to enhance coupling of the magnetic flux instead of a_cting
as independent inductor sources of the prior art. The coordinated couplings with adjacent
pairs of opposing poles in the array of inductor coils arrangement allow for the control of the
set of looping magnetic fields into the plasma region. Thus, plasma uniformity may be
enhanced through localized control.

[0037] In an embodiment, the spacing of opposing magnetic poles may be optimized
with the plasma chamber gap to control the distance the Ioopiﬁg magneticﬁe’lds may
penetrate into the plasma region without damaging a substrate during plasma processing. In
an embodiment, the spacing of opposing magnetic poles may range from about 25 percent of
the gap to the full gap. In contrast to prior art, the spacing of magnetic cores may be
optimized for plasma processing instead of being packed in space-filling arrangement.
Furthermore, ICP may be employed to process substrate with relatively narrow gap similar to

CCP process instead of the limitation of a wider gap of the prior art ICP process.



[0034]In the example of bobbins as magnetic cores, the bobbins adjacent to each other may be
arranged in alternating, opposite poles in an embodiment. By coordinating alternating, opposite poles
arrangement, the magnetic flux from the pair of adjacent bobbins with opposing poles are allowed to
couple forming a looping magnetic field that may penetrate into the plasma region to sustain plasma in
an embodiment. In order to complete the magnetic circuit for adjacent pair of bobbins, magnetic
connectors may be employed to connect .across the set of bobbins. Magnetic connectors may be
magnetic straps or a magnetic plate. Magnetic straps and/or magnetic plate may be constructed from
the same magnetic materials as the cores. [0035]In the example of horseshoe magnets as magnetic
cores, the horsgeb&sy magnat is eubudthimtatht Nippkrgietani¢merytbeconieniop veimensEELHaSN the same
plane. Thus, eaQﬁlJﬂﬂ&ﬁﬁb@?c@?@g&ﬁUﬁx&mﬁ%ﬁﬁ ME af ggpgs}ng@ela&e{ﬂa,cﬁamtdﬁebblins wri]th
connecting swaps. However, in contrast to the bobbin, hqrseshoe net i couple wit
opposing poles %e{ﬁ??a?ﬁéom’ﬁé%ég %ﬂ%?ﬁégs‘,ntﬁ}euﬁygb%%cﬁrg %éféc%?g) E)%%‘é%ﬁ%%%%bbih may loop
around and couprieplavingths etsspossitig hisids the erpriciastpisbRABIEIS 6] FPRGAIPRS D prior art, the
poles of magnetigQeksSHmngiamkay ofdoahictar eatissars prigemanioatectoontirdibddottnhance
coupling of the ma P&E‘&%ﬁ'x i”St‘éQQm%ﬁ%%U?;gxé? B?&%&%@ﬁ%ﬁ%imcm&g;wm& pyéor art. The
ndu

coordinated cou.pﬁ ngs wit %&?ﬁ’éent pairS of opposing poles.in the ar.r%Xwof inductor coils arrangement
allow for the corBAFIF aadsdattendiabhiing iR & empiTeL s 8 HsE i 34RS region. Thus, plasma
uniformity may tjeoa9ihancedithncuphdiveaizbelscorftisluqRoslimanbe msoetdiensafesiscing of
opposing magnetic.RtGsuiRfG ontimiFestwitindagaiasioaistunisioe riande Geldooh tagaistance the
looping magnetic fields mav penairale. fip s BIERTALRIINN Wihadamag B anahatrate during

plasma processmg.cfn an embodiment, the spacing of opposing magnetic poles may range from about
25 percent of thingeagnesaiechitepiigd A sk fremieRSYATORRT Ao S RSRGebY A BRI EEHRE may be
optimized for plasing peessiapsiasisgof dfdydamgapacked in space-filling arrangement. Furthermore.
ICP may be em%gxgjd to pregesepatisiiale diths el ativebs sy s &2 stawar tile CP process instead
of the limitation of a wider gap of the prior ag ICPﬂoroegfeg%e 000§§J<|1“1?sn g‘%pe%doipﬂacn&a g upper
electrode may bE BB PR SRS Bh L AL EHiRTd S Hake & conductive material appears to be
an insulator. In aviteratingieorakstitiansthtitosarcigcindy ey fen RISEEY P iRiFE RIS E ti%er electrode,
radial to inductogqilaciBy employing the electrostatic shield, the upper electrode is configured to
appear to be an ayfator in fje AL darion UEMAT QAR @ saBAaimalerial, ..
the upper electrode, may be employed in ICP process with minima induc%\é%cob%!irgg]frggn the
inductor coils inYsherfsrasente hrfeuetauhdsRsHags Mt Rt MedEs fAan EmbSdiment, the
set of inductor caitsnmayidscanasighdht &lsotf-similar pattern for uniformity or in a predetermined
pattern to simulgighe magngtic fiakbaf alacantdndusiancoibidinentbrhembaginent, each inductor
coil in a set of mducp ails may be, inde enqle_gt%l%ggg uggrggey&(élsf;gglgggﬁyg@l@g%ﬁﬁ power being

HS
delivered to the FIBRUELST ToI 0 ac |e‘\’fg’*f§8§ teenn ofg the plasma.

array of inductor coils arrangement to enable inductive coupling of plasma. As shown in Fig.
3A, plasma processing system 300 may be configured as a typical CCP processing system.
[0043] Consider the situation wherein, for example, a substrate 306 is being

processed in the capacitively-coupled mode in plasma-processing system 300. Plasma
processing system 300 may be configured to include substrate 306 being disposed above a
lower electrode 302. During plasma processing, an RF generator 308 with a path to ground
may supply an RF power to lower electrode 302 through an RF match 310. In an example,
RF match 310 may be émployed to maximize power delivery to plasma system. The radio
frequency may include, but are not limited to 2, 27 and 60 MHz. The power from RF
gem;,rator 308 tends to interact with a gas (not shown to simplify illustration) to ignite plasma
314 between an upper electrode 304 and substrate 306. As shown in Fig. 3A, lower electrode

306 may be configured adjacent to a lower ground extension ring 316 with a lower ground



[0040]In an embodiment, during ICP processing employing inductor coils arrangement, upper
electrode may be configured to be grounded, RF powered or DC biased. Alternatively or additionally,
lower electrode may be powered by the same or different radio frequency. [0041]The features and
advantages of the present invention may be better understood with reference to the figures and
discussions (with prior art mechanisms and embodiments of the invention contrasted) that follow.
[0042]Fig. 3A shows, in accordance with an embodiment of the invention, a simplified schematic of a
capacitively-coupled plasma processing system configured with an array of inductor coils arrangement
to enable inductive coupling of plasma. As shown in Fig. 3A, plasma processing system 300 may be
configured as adypicahC&/E prgcessBimidydtompdGtsidedddeny threcoiigmiehaditrenbia 2for example, a
substrate 306 is,Being ALRGEAIEAI Nt RAPRCIMBMCaURIe extantln B Wiasiganrocessing system 300.
Plasma proce55|n8%4sjyste_m Elo ma elr)n%n(%aonrg)flllg#rﬁd. 5%;'3?4&49&?&'%S”%Eec&”,%éﬁm&ﬁ?%?d above a
lower electrode@ ."During plasma processing, afi generator 208 with a path to ground may
supply an RF p@iihste ferebeonfinemsalerisgd robipfossmmritresdadnsild. mavas aeibtl, RF match 310
may be employgg{e.aainic psssiseiien (o fpismapeysisng phheeadicciédueshoytanay include, but
are not limited to 2, 27 ang 60, MHrgmygqo%wéeggggm RF generator 308 tends to interact with a gas (not

. . as’I'eSIdent_ eto mi
shown to smphf? lllustration) to ignite plasma 314 between angg{ger electrode 304 8‘5‘9 substrate 306.
ja

As shown in Figl®8®]lower &EAPRIaPRES ARAFBR 5 R ErRg A ARt Rt AR WEFGround extension ring
316 with a loweslgrouinFig 3k msipimcopertd ot padiginel faprexniien enplensddo3sF may be configured
adjacent to an URPELGHE WAL AXIGASIe R Has 3l withrate yaperyialsdbgapdaraditemeng 322.
e SR LUMel S R v BIER ACLaBe SRIDARLSMESRAGAAIE D) & 56 o

confinement riné'é‘gj ’As artoremeritione p 17 may be a relatively narrowdga%) n CCP processing
niiAiZe loading

system to facilitarebpiiseasefitbe yeaHna e FRRIN A Bh BITEMg92 ASShOSH B HE: &

effect. [0045]As wigivieiappiasciat@defresantiforBgolhfipttiermlCobprseisingsysesm 300 as
[0046] However, cdnsider a situation wherein, for example, a step in the process may
require processing parameters outside the capability of the CCP processing system. Plasma

processing system 300 may be switched from the capacitively-couple mode to an inductively-

couple mode in accordance with an embodiment of the invention.
[0047] In an embodiment, plasma processing system 300 may be configured with an
array of inductor coils arrangement 340, as shown in Fig. 3A. The array of inductor coils
arrangement 340 is co.nﬁgured with a set of bobbins (326 A — L). The bobbins (326 A—-L)
may be constructed of a magnetic material such as ferrite or powder iron.
[0048] -In accordance with an embodiment of the invention, each bobbin, for example
bobbin 326A of Fig. 3A, is essentially an individual rod magnet arranged in an array disposed
above upper electrode 304. Each rod magnet or bobbins, for example bobbin 326A, may be
configured with a North (N) magnetic pole and a South (S) magnetic pole on each end of the
rod.
[0049] " Inanembodiment, the set of bobbins (326 A — L) may be connected across the
top by a set of straps (332 A —H). The straps may be constructed of high permeability
materials, such as ferrite or powder iron. These straps are made of the same kind of magnetic
material as the bobbins to complete the magnetic circuit between the set of bobbins (326 A-
L). Alternatively, the straps may be a simple plate, also made of high permeability material
such as ferrite or powder iron. Thus, the magnetic circuit between an adjacent pair of '
bobbins in a set of bobbins (326 A — L) may be completed.
[0050] In an embodiment, each bobbin in a set of bobbins (326 A —~ L), for example
bobbin 326A, may be wound with a coil, for example coil 3284, in a set of coils (328 A - L).

9



shown in Fig. 3A may incorporate other additional features often employed in CCP processing
systems such as an adjustable electrode gap 312, adjustable gaps for confinement rings 324, DC
and/or RF powered upper electrode 304, and the like. In accordance with an embodiment of the
invention, plasma processing system 300, as shown in Fig. 3A, is shown without limitations as a
representation of a hilly functional CCP processing system. [0046]However, consider a situation
wherein, for example, a step in the process may require processing parameters outside the capability
of the CCP processing system. Plasma processing system 300 may be switched from the
capacitively-couple mode to an inductively-couple mode in accordance with an embodiment of the
invention. [004 Mincasrdanth odiine rinixidismes:, trose s§ids<yasein- 30 s meyndendbafigured with an array of
inductor coils aaIESNERE 340 SHEROWRSIA Figy nady bl Renaiddpra ingdercpecaiésertangement 340 is
configured with a.set.of bobbins (326 A - L). The bobbins (326 A - : : cted of a magnetic
material such aS'ferfite ot E)%Waérnf g'ﬁ.g taéé%fﬁ’ﬂ?é{’ Cor ar?r%g a{/i\slfﬂ%l éﬁge%cgg‘?nﬁgéqﬁ%%%ée invention, each
bobbin, for exarwgidowddbief BBeMBof Fig. 3A, is essentially an individual rod magnet arranged in an
array disposed glove uppereiesidde: 36¢. .k aabodidemagthe irorin@inbitesseiamf boteinp(@26dbbin 326A,
may be configureg) with,a a'\r'r%gléN)ammﬁg%mﬁegm@,ﬁay@k&.@aeaw,tm pplgRnisash end of the
rod. [0049]In an embodiment, the set of bobbins (326 A - ng ma bef%o e %eocil‘ ?crgfosAthe top by a set
of straps (332 AFI§<artRlekPBE 750 S iigat S giepErmeabifity Paterials, such as ferrite or
powder iron. Theselstrgjssearbohbati2 6B inshowmwitimiprinvaefiibeis pakeetivra3d We BubBHSs to complete
the magnetic cirgij befyiser (1% set Of RebRina/3R6 idhledigaiposiy, phies siraps tay be a simple
plate, also made of hj rmpeability materi r j 3 gnetic circuit
between an adjé“ééﬁ?‘%&@%f’@%% lfr?sy 3?1}%?&9 %‘%E%mﬁg %%%o?_é)wr%dagju lg%)omp eté%?t[%}gSO]lh an
embodiment, edespiseBmnsHcLields GP8dhnikinga6m0edigerly example bobbin 326A, may be wound
with a coil, for epaaszple coil B2BAhirHs @ pherokcditp¢B2 8fAnaghyticl porasdo tikartay ofiitdugtoembodiment, the
set of coils (328 4z L} AgWAH A CSLIMEAI te SRR o8l sBlxrianbias: (3 20 inskeddvaychgg remoted from

D O O hdependent Inductor Soacoes of B prior el 112 SRR QL AT RHR ufaleh © cisposed on

pairs of opposing poles in the array of inductor coils arrangement allow for the control of the
set of looping magnetic fields into the plasma region. Thus, plasma uniformity may be
-enhanced through localized control. ‘
[0053] In an embodiment, the spacing of the bobbins may be optimized with the gap
312 height to get the desired penetration of looping magnetic fields (334 A —K) of adjacent
bobbins into the plasma region as shown in Fig. 3A. The looping magnetic fields (334 A -
K) of adjacent bobbins may penetrate gap 312 the distance of the separation of the adjacent
bobbins. It is desirable for the looping magnetic fields (334 A — K) to penetrate through the
upper electrode 304 to strike and maintain plasma in gap 312 without damaging substrate
306. Typically, the spacing may range from about 25 percent of the gap to the full height of
the gap. Thus, the spacing of adjacent bobbins may be optimized to the gap 312 heigh.t to
achieve the desired looping magnetic fields as required by the plasma processing parameters.
[0054] | In con&ast to prior art, the spacing of magnetic cores may be optimized for
plaéma processing instead of being packed in hexagonal space-filling arrangement.
- Furthermore, ICP may be employed to process substrate with relatively narrow gap similar to
CCp process instead of the limitation of a wider gap of the prior art ICP process.
[0055] Alternatively in another embodiment, horseshoe magnets may be employed
instead of rod magnets to provide an array of inductor coils arrangement. Fig. 3B shows, in

accordance with an embodiment of the invention, a simplified schematic of a capacitively-
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window 154 of Fig. 18. [0051]In accordance with an embodiment of the invention, the set of bobbins
(326 A - L) may be arranged in alternating opposite poles, adjacent to each other, in an embodiment.
For example, bobbin 326A is shown in Fig. 3A with a top view of the N pole on top 330A, and the
adjacent bobbin 3268 is shown with a top view of the S pole on top 330B. Thus, the array of bobbins
(326 A - L) may be arranged in alternating opposite poles to allow the magnetic field of a pair of
adjacent bobbins with opposing poles to couple forming the set of looping magnetic fields (334 A - K)
in an embodiment. [0052]In contrast to prior art, the poles of magnetic cores in the array of inductor
coils arrangement are coordinated to enhance coupling of the magnetic flux instead of acting as
independent incwepbrdgdasroepraktbiegrysemtomfizaredurth amasdycefonisshonimusta@dat pairs of
opposing poles jihieaskew ebdhduaiice ispiianagmean. allow for the control of the set of looping
magnetic fields | iie plasma region. Thus, plagma uniformj % ough localized
control. [OOSS]IrtQaH%6 mbodisrf‘;nﬂ"(é?na,1 %0%56‘3 iﬁ&% %Heb gg%g?ncs@ r%gk gyg&ﬁ%@%ﬂgﬁi r?j[f;\e gap 312 height
to get the desiréeldb@ﬂéi‘?ii%i@Fﬁbﬁ%e‘ﬁiﬁ%}’m&gﬁéﬁdWi@ﬁjg%ﬂeﬁqﬁ’(f&’&&ﬁ‘%éﬁ%ﬁ%ﬁ@fﬂb the
plasma region a3shawee ikbitigurddwitie sao tingsesiagneodie(@ds (334 Thé)hofsedieroanrgriotsbbins may

penetate g2p 3434 gi3iane o e AARRARM AL s aURGENRhhI b dadgsiable for the looping
magnetic fields (334 A -'K) o penetrate throg‘i%q]the HQ{)EQ elgcl:grgsdet? o:}%fggsgggl&%%g gggg’ntain plasma
in gap 312 with ?.ﬁsa}amaginﬁ’ & Bt e yp?ésézﬁy, e pacing may range from out 25 percent of
the gap to the full-hBigt ofthiedmpsestive sagnstHIatiep v PatpIee tiBcshdhesBrlGimized to the
gap 312 height 3 achicvadhe sasiss Accopingimagiedic dieltamsnibeiiiied, e teeobaiim@ssrocessing

parameters. 10004} Copliast 10 A1GF 8l SRAEIRL QLA QK8 May e, aaliniged for plasma
el e

processing instead ng pac In hexagonal space-filling arrangement, Further ore. ICP may be
employed to prdfesnssheactesnifd 1o minbeies FAPRSIIVG SRURIING A} SRM CE PO SIS EESIHELSR4 of the
limitation of a witbérdggpmeaf ¢heigrmriawin@ivjidcd$ig.[0B55]Alternatively in another embodiment,

horseshoe mag _{wﬁgnay berghRlpyaRLISIRAL, abr ospRINRIE KoREASEs SonasT Ep B UCLOr Coils

o of  dlio sogaros with 3 TOSHR TR sk EPof BRPA R O ek G o
similar to the rod magnet. However, horseshoe magnet is curved in a “U” shape so that the
two opposing poles lie on the same plane. Thus, horseshoe magnet, for example horseshoe
magnet 356A of Fig. 3B, may be similar to a pair of opposing poles of adjacent rod magnets
with connecting strap of Fig. 3A.
[0059]. However, in contrast to the bobbins of Fig. 3A, horseshoe magnet may be
forced to couple with opposing poles on the same magnet. Whereas, the magnetic field of a
p-ble on the bobbin in Fig. 3A may loop around and couple with any opposing poles of -
adjacent bobbins. .
[0060] . AS can be appreciated by those skilled in the art, the spacing of the opposing
poles on each horseshoe magnet may also be optimized to the gap 332 height to achieve the
desired looping magnetic fields (360 A — F) as required by the plasma processing parameters.
[0061] As may be appreciatéd from the foregoing, the main difference between the
set of bobbin inductor coils arrangement of Fig. 3A and the set of horseshoe magnets inductor
coils arrangement of Fig. 3B is in the forced coupling within a horseshoe magnet instead of
coupling with any opposing poles of adjacent bobbins. However, both bobbin arrangement
and horseshoe magnet employed predetermined, coordinated coupling of opposing poles to
arrange inductor coils instead of merely employing close-packing, space-filling of V.
‘Godyak’s inductor coils arrangement. :
[0062] As shown in Figs. 3A and 3B, the bobbins and/or horseshoe magnets may be

disposed above upper electrode 304 in an embodiment. In another embodiment, bobbins

il



coupled plasma processing system configured with an array of horseshoe inductor coils arrangement
to enable inductive coupling of plasma. [0056]Plasma processing system 300 may be configured with
another array of inductor coils arrangement 380, as shown in Fig. 3B. The array of inductor coils
arrangement 380 may be configured with a set of horseshoe magnets (356 A - F). The horseshoe
magnets (356 A - F) may be constructed of a magnetic material such as ferrite or powder iron. [0057]In
an embodiment, each horseshoe magnet in a set of horseshoe magnets (356 A - F), for example
horseshoe magnet 356A, may be wound with a coil, for example coil 358A, in a set of coils (358 A - F).
In accordance with an embodiment, the set of coils (358 A - F) as wound on the corresponding set of
horseshoe magarelter (356 shoe agnety eyresdisnosefrinathas perfigsationd & ouwprst #lRstFATe S Yapacitive
coupling in CoNtEgsLigpIiOmatlypRikk &Rl SR dispasadon-bislesiritavtirdobbibsdndoFig. 1B.

[0058]Each horseshoe magnet, for example HRISPRNRS.RRONE! 32000 idcothals Aha0aR0NMgUred with
Orsesinoe ma r? aigout%;%:%%'\ 3

a North (N) magnetic pole agnetic pole on each end similar to the rod magnet.

However, horsezspsdipmey AEhesrysalion: ifn s pepRisdhh RRYRBs 18/ SISBEME SHEE Se on the same
plane. Thus, horsgshaermmeqgnat ay dxagplpiroerbeshds3tagbefigbedoopioigdediromy be similar to a

pair of Opposin%ﬂ%%%@%ﬁ%@&fqumg%aem GONOBSSHIL: HES BEEichodMapaeB9]However, in
contrast to the bobbins of Fig. 3A, horseshpe %afg‘net may, be forced tg cquple vith opposing poles on
o € eed 10 bE. Ca T ;

the same magnBL AT EEETAK ?Rélben“é??'cﬂffé) 3 pdle on e Boblh i ig. 3A may loop around and

couple with anyroppasingeosieshsratforestvesd pifsss OBOPASEEN be appreciated by those skilled in
the art, the spagiugf the oppRingnpelpr-anteahidiersesias unrgHetndsseisodpemsptntized to the

gap 332 height E%n%%ét%ﬁ%g%ﬁﬁ%‘eﬁé;sﬁvmpe'agm@_aﬂ%ise.fiswshﬁa@pneéaﬁa BssiRauireg by the plasma
S

rocessing parameters. may be appreciated from the foregaing, the main difference between
'E)he 9P shows, in accordance with Xn embgdli) o %ﬁ}ﬂa% scgematxc ofa H)p e

ment of the invention, a sim
view of a section of an upper electrode illustrating slits radial to the inductor coils in the

| upper electrode. .
[0064] As shown in Fig. 4, a section 400 of upper electrode 304 of Figs. 3A-and/or
3B may coﬁﬁgwed with a plurality of inductor coils 4024, 402B, 402C, and 402D. A
conductive material, such as upper electrode 304 of Fig. 3A, may be made to appear to be an
insulator by providing an electrostatic shield or Faraday shield. In an embodiment, the
electrostatic shield may be formed by making slits all the way through the surface of the
upper electrode radial to the inductor coils. For example, the slit 404A is radial from inductor
coil 402A to extend to 402D. Radial slit 404A does not necessarily touch or come to the
edge of inductor coils 402A or 402D. Hence, by employing the electrostatic shield, a
conductive material sucéh as upper electrode 304 of Fig. 3A may be made to appear to be an
insulator in the azimuthal direction. |
[0065] By employing the electrostatic shield, the upper electrode is configured to
appear to be an insulator in the azimuthal direction. In contrast to prior art, a conductive
material, i.e., the upper electrode, may be employed in ICP process with minimal inductive
coupling from the inductor coils instead of being limited to employing a dielectric window.
[0066] As may be appreciated'by those skilled in the art, other techniques may be
employed to make a conductive material appears to be an insulator. For example in
accordance with an embodiment, upper electrode 304 may be selected to be a more resistive
material so the radial slits do not have to be cut all the way through the surface. For more
resistive materials, the upper electrode may be constructed as a thinner sheet in an
embodiment. Alternatively, another method to make the conductive material appears to be an

insulator is to create trenches with silicon oxide or quartz embedded as barrier in another
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set of bobbin inductor coils arrangement of Fig. 3A and the set of horseshoe magnets inductor coils
arrangement of Fig. 3B is in the forced coupling within a horseshoe magnet instead of coupling with
any opposing poles of adjacent bobbins. However, both bobbin arrangement and horseshoe magnet
employed predetermined, coordinated coupling of opposing poles to arrange inductor coils instead of
merely employing close-packing, space-filling of V. Godyalc's inductor coils arrangement. [0062]As
shown in Figs. 3A and 3B, the bobbins and/or horseshoe magnets may be disposed above upper
electrode 304 in an embodiment. In another embodiment, bobbins and/or horseshoe magnets may be
disposed in other configurations with upper electrode 304. For example, the upper electrode 304 may
be counter-borashbaithattHEhbo binsienchioling keewteo heradpstascaila pidappsr e 8 MY in the upper
electrode 304, ig.agaRscanseiharasembodiment of the invention. In another example, the bobbins
O ey oo MBI oY EGIAIE A e SANIOLI ML Slaaliade, 08 e Tushed or

protruded from a facing surrace of upper electrode 3 e baobbins and/or horseshoe
magnets protrugetemferaifaraisiioria srrscificdatien e Ryibe R driad8he capped or
protected to enspugsidieis are no adverse effects on the process, [0063]In addition, to prevent inductive

coupling, “pper@%ﬁfr(’de _39%.@&_%%%%9&%&8:88%%%%%&hﬁgm pesistivedmederial, needs to be

very thin or needs to be slitted. Fig. 4 shows, in accordance with an gimbodgrrpagng of the invention, a
simplified scherfERE A% R aHs BT GraPa At SR P B QREEraRa It ating siits radial to the
inductor coils initidectppeitselas o iF0DB4JA sz eaHseHith Noas plgnt? %¥ob oELPPEiCelectrode 304 of
Figs. 3A and/or 3R mavcanfigHiamiyiieReplosalitabindncioniniiewD2as 408BppteRESantd 4020. A

conductive mate”(j‘ls; {?(yfét%t??) plgﬁr%ecéﬁ%ﬂ%ﬁ%%f 8y HiedhiYae BiRARRAPRSARIASE an insulator

by providing an&lé hield or Faraday shield. In"an embodiment, the elecgcigtataic shield may
be formed by mbsetisestfihamrtfieinily et gHinatemaiieryide s BIBCHSHE PaBIEM the inductor
coils. For exampey teengltbaa@odsthactifibfiormtsplutor ¢66 of Fig\ IB. Sarerds! e OPLroresdnal slit 404A

does not necesgayjly. lQYGHRN EOMA BNHELEE B bindieley 6eilsE0R A RENee, by employing
the electrostatic shield, a conductive material such as upper electrode 304 of Fig. 3A may be made to

appear to be an LA R AL RIRRET B &&I6N: [0065]By employing the electrostatic shield, the
upper electrode (R9&infiguretiscoBshess. 18 tsosdrrseiishar frhedimsit Afda MITR0A. In contrast to prior
art, a conductiveimpiesieds idhenibc BppespeliRetiddespragnibive aiptoytiay Mori@Rrisresss with minimal
inductive coupling from the indyctar colisdnsiead atReingilimitadtensririaning srdiglestric window.
[0066]As may be ap%)rematedl yy those skilled in ghe agt, o(}fggg tecq,nl ugs may bg.

sets of inductor coils 552, 554 A—H, 556 A-P,an A - y be arranged in

concentric circles with alternating sets of opposing poles of inductor coils. For example, in

the implementation of Fig: 5B, the pole for inductor coil set 552 is'N and the pole for

inductor coils set 554 A —H is S. As may be appreciate from the foregqing, inductor coils

" may be arranged in a predetermined pattern to simulate a desired magnetic field based on the

process parameters requirements.

[0070] In an embodiment, the inductor coils arrangement may be driven by a same

radio frequency globally or specifically tune ata particular inductor cpil to achieve local

control or steering of the plasma. i.n another embodiment, RF power to the inductor coils

may be global through a matching network or through an amplifier from a distributed power

arrangement for local control. _

[0071] In an embodiment, during ICP processing employing inductor coils

arrangement, upper electrode may be configured to be grounded, RF powered or DC biased.

Alternatively or additionally, lower electrode may be powered by the same or different radio

frequency. As can be appreciated by those skilled in the art, the CCP processing system

employing inductor coils arrangement allows for hybridization of features from CCP
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employed to make a conductive material appears to be an insulator. For example in accordance with
an embodiment, upper electrode 304 may be selected to be a more resistive material so the radial slits
do not have to be cut all the way through the surface. For more resistive materials, the upper electrode
may be constructed as a thinner sheet in an embodiment. Alternatively, another method to make the
conductive material appears to be an insulator is to create trenches with silicon oxide or quartz
embedded as barrier in another embodiment. Thus, inductive coupling between the inductor coils and
upper electrode may be eliminated or minimized. [0067]In an embodiment, the set of inductor coils
may be arranged in a self-similar pattern for uniformity or in a specific pattern to simulate the magnetic
field of a larger jmetasing syikri00 GSHIpcSLes HOws opsratuppakameterftin pmcessinbEPAEHEesOf the invention,
a simplified schgmalic.al.g.RRyiRW Rt 4Rl seRbRIichamkerboard array arrangement for inductor
coils. As shown gy plo- S, IALCIRI Salsuith MAIRRRIER (208,05 RLTaYRE ALANeR I an
alternating chec,[lger ard arrangeme Wwith Iductor coits with opposing South poles (504 A - D). The
magnetic field rﬁafyﬁer\mwiémf%ﬁﬁlmhéfeﬁéﬂkém%%{?d?&ﬁtéﬁ@@?ﬂ@rﬁq%e%é%? tR¥ self-similar
nature of the altgynatingeRattr protbismgtiiatemitoiilitye0Eplapabiliyalye heotmsprevetober that of prior art
spiral coil 166 of Fig, 1B, 0 SXARAIG, BrEAFEEs PAAIgS, URSHalR.hechilgagseat need to be
sized up to improve plasma uniformity as required %/ rior art ‘CdP1 rocessin irz%%stggpﬁ [8069]Fig. 5B
shows, in accorSHRE e AR IS B i S RS IR O R TR R SEhEmAtic of & top view of a
representative divbrididirghecHERprotsasing systeagtrindpetior deitsuhinh cealspsedvsrattAtUaisRal coil. In the
implementation afdrig) <R se a9 binsldeiek e tilfCh 5B hiraAeryhahbh Ap Fstaneebfidéin P may be

arranged in congentic rcles Wi HelnAlog Sels SLARRATIAY IRISS OLMMGRL ol eor example. i
|

the implementa on ot |g.°§ , the pole“for_ Inductor coll set 552 is N and the pole for inductor coils set
. 554 A-His S. Maxhagiintnaiss EmalkysmBhemersing st ersredie I‘H%&eg'é“ affanged in a
predetermined gattetictoisdowiiate 2 eldsinednagliiegmfietn bcbeupn desgprdbos deysgameters
requirements. [QQ.70HR A& W%QL@%M‘@@%E@&@ fRBGEMIEMaY BeidEvan by a same radio
frequency globally or specifically HJnte at a fa(riti?ulag {QQAJCJ,Q‘J} &@Ictoa%&lk‘}%/_%oloc@ @%Snl}]raol or steering of
the plasma. In aﬁ"?Bﬁ?«grbE‘?ﬁ??B&ﬁﬁ%ﬁf 'Ifﬁzcﬁu eP e nductor Coife may be g'llg al' through a matching
network or throuesden akaptifiendsenf hafermsrravitahe Pehrisaknoiagift for local control. [0071]In an
embodiment, dytieg|CP pravsissing itveapioying beeiiioriailie terms of several embodiments,

there are alterations, permutations, and equivalents, which fall within the scope of this

invention. It should also be noted that there are many alternative ways of implementing the
methods and apparatuses of the present invention. Fuﬁhermore, embodiments of the present
invention may find utility in other applications. The abstract section is provided herein for
convenience and, due to word count limitation, is accordingly written for reading
convenience and should not be employed to limit the scope of the claims. It is therefore
intended that the following appended claims be interpreted as including all such alterations,

permutations, and equivalents as fall within the true spirit and scope of the present invention.



arrangement, upper electrode may be configured to be grounded, RF powered or DC biased.
Alternatively or additionally, lower electrode may be powered by the same or different radio frequency.
As can be appreciated by those skilled in the art, the CCP processing system employing inductor coils
arrangement allows for hybridization of features from CCP processing system in ICP processes.
Thus, operating parameters for processing substrates may advantageously be widened from such
hybridization. [0072]As can be appreciated from the foregoing, one or more embodiments of the
invention provide for a plasma processing system capable of both CCP and/or ICP. By hybridizing a
CCP process':ﬂg Sﬁtgm to include ICP capability, the processing range has been widened. By
achieving IC processing system, the plasma density has been increased beyond what is
possible with a capacitively-coupled plasma processing system. By hybridizing the CCP processing
system with inductive coils which may produce very uniform plasma, substrate may be processed in
ICP mode in & very Aarapecitjapl pysigpherbsiaiing (6 Gy proeess ng sgtieehiavi tigeaghasspecies. By
remoting the ﬁ%%%sgﬁﬁ%ﬁ%g%ﬂr&sﬁg&glﬁ%%&g%mgﬁa from plasma. By employing the upper
electrode in the désign, the diélectric window may be eliminated resulting in simpler chamber design.
Thus, device manufaicteagrapropieyielgdinedeydnddized « Eeqpiodefarrmmessing sidtem may switch on

demand bet i Ei)f%'l 'S iti - E!ﬁg plasma mode to
take advant;é%ﬁ%ﬁ}g%%?t:ures %8%@%5 @i‘/? %&%@@ﬁ%ﬁg@;ﬁgpm}ﬁ@ﬁ%nven ion has been
described in @roesssfnigeaattal embodiments, there are alterations, permutations, and equivalents,
which fall within the this, i ion. El’lfé ql - ny alternative
ways of implementir%? ﬁﬁégﬁ%t@é@@ ggpagrrgﬁgses ofﬁ%\gﬁ eﬁﬁ%ﬂ%ﬁ%ﬁ.@urﬁ@gﬁore,
embodimentsafltreayresenaluicioe ntibs amagonueottitie/ng ditheseghaiinetisnd . Upher lsstirackesection is
provided hereir i imitation, | Qﬁﬁ!!{gﬂb’ itten for reading
convenience%%%h%&ﬁrﬁ%@e%ﬁ?o%ﬁ%ﬁr%ﬁ 'ﬁ%@@%‘(j}pp% an It%eué?a\?ra}]g tis thg}%ﬁ% ﬁntended that
the following apgehewensand tiepiiteignteodd andisai thingrad etitdeawhaieénsngstiduaations, and
equivalents | withi I | ] S: 1.A
capacitively-i&o]t%lgﬁ%]%?ng %@%@%ﬁ%@@ﬁ%ﬂs@im gﬁ?ﬁ%@ﬁ%%@é@ ng chamber for
processing acauiaae vothgaspegt to at dedstanedf phpse addfodevedid a lower electrode for
processing said substrate, said substrate being disposed on said lower electrode during plasma

processing; and an array of inductor coils arrangement having a plurality of inductor coils, said
array of inductor coilersfpraeessing systigpokela abb farthadoappsisig i teist eatdat@y of inductor

coils arrange apfig %‘rg)g ctively sestaig plasma inaugan be id upper electrode and
said lower eI%,%%ﬁé%‘?ﬁ VI ug_%('ones of?t east a _subsetg)%sai pluraltﬁy_of inductor coils are
independentlgapeaitiveablgniiiand speiai nekesiea bevvreo Spaswertlariroge wet sad TovweCc CP
processing sygtem gf claim 1 further comprising at least one radio frequency (RE) power source, said

RE power source being configured to capacitively ignite and sustain plasma between said upper
electrode and said lower electrode.

3. The CCP processing system of claim 2, wherein said RF power source has an
RF frequency of at least one of about 2 MHz, about 27 MHz, and about 60 MHz.

4, The CCP processing system of claim 1, wherein said array of inductor coils
arrangement includes at |east

a set of magnetic cores and

aset of coils, each coil of said set of coilsiswound around each magnetic
core of said set of magnetic cores.

5. The CCP processing system of claim 4, wherein said each magnetic core of
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3. The CCP processing system of claim 2, wherein said RE power source has an RE frequency of at
least one of about 2 MHz, about 27 MHz, and about 60 MHz. 4. The CCP processing system of claim
1, wherein said array of inductor coils arrangement includes at least a set of magnetic cores and a
set of colils, each coil of said set of coils is wound around each magnetic core of said set of magnetic
cores. 5. The CCP processing system of claim 4, wherein said each magnetic core of said set of
magnetic cores is a bobbin, said bobbin in a set of bobbins is magnetically coupled by a set of
magnetic connectors. 6. The CCP processing system of claim 5, wherein said set of magnetic

connectors is disposed on said set of m tic cores tp. complet netic circuits for adjacent pairs
o1 bonbine. P AL A BB oA LT B PR o s aet of bonbine i
arranged in aftegnetiog] y ppasisbbyagaeticmaledicasoageiceat bobbin. 8. The CCP processing

system of claim 5, wherein said set of connectors is at least one of a set of magnetic straps and a
magnetic plate 9. The CCP processing system of claim 4, wherein each magnetic core of said set of
magnetic corés is a ThedleRproatssing satdmaigceiin 5avbaa mssaiddet of atdgagttone of ferrite and

powder iron. 10. The CCP. processing.system of claim 5, wherein each magnetic connector of said set
o magnetic STEAT R SREE A ALt o R G e SRR SRR one o forrte
and powder ifonadildceiealC<d? pobbassing system of claim 4, wherein a first magnetic core in said set
of magnetic cores is separated from an adjacent magnetic core by a distance of about 25 percent to

100 percent of said gap between said upper electrode and said lower electrode.
7. The CCP processing system of claim 5, wherein afirst bobbin in said set of

bobbinsis arranged in aternating, opposing magnetic pole to an adjacent bobbin.

8. The CCP processing system of claim 5, wherein said set of connectorsis at

least one of a set of magnetic straps and a magnetic plate

0. The CCP processing system of claim 4, wherein each magnetic core of said
set of magnetic coresis a magnetic material, said magnetic material is made of at

least one of ferrite and powder iron.

10.  The CCP processing system of claim 5, wherein each magnetic connector of
said set of magnetic connectorsis a magnetic material, said magnetic material is

made of at |least one of ferrite and powder iron.

11.  The CCP processing system of claim 4, wherein afirst magnetic corein said
set of magnetic coresis separated from an adjacent magnetic core by a distance of
about 25 percent to 100 percent of said gap between said upper electrode and said

lower electrode.

12.  The CCP processing system of claim 4, wherein said each coil of said set of
coilsin said array of inductor coils arrangement is remoted from said upper

electrode.
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12. The CCP processing system of claim 4, wherein said each coil of said set of coils in said array of
inductor coils arrangement is remoted from said upper electrode. 13. The CCP processing system of
claim 1, wherein said upper electrode is configured with an electrostatic shield. 14. The CCP
processing system of claim 1, wherein inductor coils in said array of inductor coils arrangement are
arranged in a predetermined pattern. 15. The CCP processing system of claim 8, wherein said at least
one of a set of magnetic straps is formed of at least one of ferrite and powder iron. 16. The CCP
processing system of claim 1, wherein said upper electrode is counter-bored to at least partially bury

said individugl.ones_gf st a subset of said plurality of inductor coils in said upper electrode. 17.
The CCP prokbesng S Gl SR S RO A 4 G0 SR oo oot
arrangement coref iginasolgeidh arad edtenstatioghtedcentric ring pattern. 18. A plasma processing system
having a plasma processing chamber for processing a substrate, comprising: at least an upper
electrode and a lower electrode for processing said substrate, said substrate being disposed on said

lower electrodd. durimepECMpr pressass Gt df claiam Bvdee nriddottoramlsanrsaidemant having a
plurality of ind ctar Cto”% aid array of inductor coil .arranr%ﬁ ent bein (iiisHosed above said upper
electrode, safg‘g} 539 ] w?ﬂﬁ(%?'l%l o) rgrr?gaéFﬁ@% eWISIBy g%%b”r%tfg% re’ material that is other than
air and configured to inductively sustain plasma in a gap between said upper electrode and said lower
electrode, w in indjvidual ones of at lea subset pf said plurality of inductor coils are
independent?;%‘:%‘ﬂ ?I;l:ﬁgg? "Rt ré‘gp%c G{ggsf ég@ §h%v%?rp na’sﬁeé;nd%é%%%%fraasﬁg%ﬂherein magnetic
cores of adjaceagnetie stadpsasst e tab | easicopkichlityraeiactiptavdmilsoare arranged in an alternating
pole configuration. 19. The plasma processing system of claim 18 wherein said magnetic core
material is formed from ferrite. 20. The plasma processing system of claim 18, wherein said magnetic
core materiall§. fohaECH pnogessuag sysbem of claim 1, wherein said upper el ectrode is counter-

bored to at least partially bury said individual ones of at |east a subset of said

plurality of inductor coilsin said upper el ectrode.

17. The CCP processing system of claim 1, wherein inductor coilsin said array of

inductor coils arrangement are arranged in an aternating concentric ring pattern.

18. A plasma processing system having a plasma processing chamber for processing
asubstrate, comprising:

at least an upper electrode and a lower electrode for processing said
substrate, said substrate being disposed on said lower electrode during plasma
processing; and

an array of inductor coils arrangement having a plurality of inductor coils,
said array of inductor coils arrangement being disposed above said upper electrode,
said array of inductor coils arrangement employing magnetic core materia that is
other than air and configured to inductively sustain plasmain a gap between said
upper electrode and said lower electrode, wherein individual ones of at least a subset
of said plurality of inductor coils are independently controllable with respect to at
least one of phase and RF power and wherein magnetic cores of adjacent ones of
said a subset of said plurality of inductor coils are arranged in an alternating pole

configuration.
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21. The plasma processing system of claim 18, wherein a first magnetic core in said magnetic cores is
separated from an adjacent magnetic core of said magnetic cores that is adjacent to said first
magnetic core by a distance of about 25 percent to 100 percent of said gap between said upper
electrode and said lower electrode.

19.  The plasma processing system of claim 18 wherein said magnetic core

material isformed from ferrite.

20.  The plasmaprocessing system of claim 18, wherein said magnetic core

material isformed from powder iron.

21.  Theplasmaprocessing system of claim 18, wherein afirst magnetic corein
said magnetic cores is separated from an adjacent magnetic core of said magnetic
cores that is adjacent to said first magnetic core by a distance of about 25 percent to

100 percent of said gap between said upper electrode and said lower electrode.
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