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Thi s appl ication is a Continuation-ln-Part of U S. Patent Application
Seri al 42, 600, filed Novenber 18, 1999, and her

i ncor por at edogy /%ference herein. Field of the Invention: {125’6{?/%@232“ on
relates to the nagnetron sputtering, and nore particularly, to nagnetron
magnet design for the efficient utilization of a sputtering target.
Backqground of the Invention: Magnetron sputtering, or magnetically enhanced

sputtering, involves the use 10 of a sputtering target oating
mat eri al for vapor phase deposition in a vacuumonto suﬁmwmmyw’@ m
chanber. In sputtering, the sputtering target is energize egative
potential to act as a cathode in a gl ow di scharge system Ir‘f9H’égnetron

sputtering, magnets generate a magnetic field in the formof a closed
magneti c tunnel over the surface of the sputtering t Qmﬂ ”mmmmmmm netlc
tunnel confines electrons near the surface of the tar Etron
confinement allows 15 the formation of a plasnma with signodieant!y | ower
ignition and extinction voltages for WO 011 36701 PCT/ US00/ 30793 -2 a
gi ven process pressure, and significantly lower ignition and extinction

pressures for a given cathode voltage. A conventional magnetic tunnel
confines near the target surface both thermal 5 10

HIGH TARGET UTILIZATION MAGNETIC ARRANGEMENT
FOR A TRUNCATED CONICAL SPUTTERING TARGET

This application is a Continuation-In-Part of U.S. Patent Application Serial
No. 09/442,600, filed November 18, 1999, and hereby expressly incorporated by

reference herein.

Field of the Invention:

5 This invention relates to the magnetron sputtering, and more particularly, to
magnetron magnet design for the efficient utilization of a sputtering target.
Background of the invention:

Magnetron sputtering, or magnetically enhanced sputtering, involves the use

of a sputtering target to provide coating material for vapor phase deposition in a

10 vacuum onto substrates in a chamber. In sputtering, the sputtering target is
energized wifh a negative potential to act as a cathode in a glow discharge system.

In magnetron sputtering, magnets generate a magnetic field in the form of a closed

loop magnetic tunnel over the surface of the sputtering target. The magnetic tunnel
confines electrons near the surface of the target. The electron confinement allows

15 the formation of a plasma with significantly lower ignition and extinction voltages for



15 20 el ectrons and secondary el ectrons. Thermal electrons are

di stingui shed from secondary el ectrons by their origins, which give the

el ectrons different characteristics. Thermal electrons are created through
an ionizing collision of an atomor ion wth another electron. Thernal

el ectrons WMO0136MR nore nunmerous than secondary el ect r onsPETUSHBIE3 nuch

| ower energy. Secondary electrons are emtted fromthe target upon inpact
of the target by an ion. The tunnel forces the secondary electrons into
sem circular orbits along the length of the magnetic tunnel due to the

i nfluence of the conponent of the magnetic field that is parallel to the
uneroded target surface in the cross-sectional plane. The conponent of the
magnetic fj @l/é‘n BRIcRES redalid, 2h@ sﬁd}ﬁﬁdéﬂﬁym igRtiee bng WkliseRrf ftesafes
secondary efectrons ving parallel to the axis of the tunnel to nove
laterally in_ the cr .S i onal plane toward the magnetic centerline of

t he tunnelf?rexﬁfv(?ﬁ qagﬁf%ee\?cﬁ{aﬁg' on the surface of the target where the
magnetic field perpendicuylar to the uneroded targget rface, i e

Ther mal el ectrcfh%‘?rﬁ’ﬁﬁg‘?"l“?gnlﬁglﬁ@?CWQHﬁ,co Q/%Srbefé%‘%%égﬁstgluffﬁg? R&f\ﬁ@er{:n%
cross-sectional plane of the tunnel and formhelical orbits _aLonq the |ines
of magnet iejeqtrans. amd &eceadaY @Ie@ransi o NEERA $IEGIrons e GIRtREUSNed O | i nes
of magnetic flux, thermal electrons are confined to the region of the

cat hode. Megoetary rdlectmns dyedbeid dygicanweérieh ngiveagrret electrons diffaest at t he
edge of the magnetic tunnel keeps the thermal electrons reflecting from

side to sigaragieldies! THemBBI éleétyorrfareheedtbd thmaughlacibnizirgy eeligiendi aul ar to
the magnetic flux lines keeps them noving in helical WO 0l /36701 -3

PCT/ USCO 3R493, %rﬁhﬁﬁaﬁdtﬂé‘r@e&%. frhméidigtrond Bee Mueh eiorg hlipetodsthat r ongest
at the edges oTr the magnetic tunnel and vani shes above the nagnetic

centerl | ngﬁe%éﬂé%}g r?jeﬁ%%ﬁ% bufl?a\}e%ﬁhflgﬁﬁg %'r?élrr | SS&W&PB%Cﬂ'ﬁrY@aﬁ%ﬁﬁiﬁ&“ all'y

in a one- poten ial” we centered at the nagnetic

centerline of the tunnel. 5 T | ect ron fining properties of magnetron
sput t er i ngrP &eEraRLYRAD 'W%ﬂ‘ﬁéﬁ%%{ eb?%é%'{densi ty near the target
surface and nmake magnetical ly enhanced sputtering nuch nore practical than
traditd onal di dihe tapielferceniie sasaRdRY elaqions dnosRM BrcY!an §ﬁ§?lp@9€%ne| is
responsi ble for low target utilization because the concentration of

el ect rons laegth of the magmedicitennat duetd thadnfafence of thernestpangntelthe Rragnetip| asma
density to be simlarly concentrated, naking the erosion rate highest in

-this regi ofipld fhat fsfiRiralleh thB@inbRydee targetsietacetimthet @ogesedtionbbglane.nThée ar ea
adj acent the centerline erodes into even stronger magnetic fields, which

accel er at egrhdiheRPOARE MARAhbRidH péengicaRl Rthe LReRIYEdtaget sirfRedsrBeent I at ed
erosi on produces a V shaped profile redirecting secondary el ectrons from

LD P00 L ok R R o ARel e G LARCHARYR it e
15 cross-sectional pl:ane toward the magnetic centerline of the tunnel, which is the line

on the surface of the target where the magnetic field perpendicular to the uneroded

target surface is zero. Thermal electrons, on the other hand, move back and forth

in the cross-sectional plane of the tunnel and form helical orbits along the lines of

magnetic flux. Because of their low mobility perpendicular to the lines of magnetic

20 flux, thermal electrons are confined to the region of the cathode. Magnetic mirrors
created by converging magnetic fiux lines at the edge of the magnetic tunnel keeps

the thermal electrons reflecting from side to side as the low mobility of the thermal

electrons perpendicular to the magnetic flux lines keeps them moving in helical



of a target of uniformthickness has been approximately 25% Poor target
utilization underm nes the economcs of thin filmdeposition by increasing
t he nunber of expended targets and anmount of unused target material as well
as the machy time required for target changes. Unerqq_q.?n of the
t ar get tengwgldgzdgﬂr 20 near the edges of the magnetic tunne .S%%@%e such
areas exist, they tend to accunul ate redeposited nmaterial that flakes off
into the processing chanber to produce particul ate contam nation of the
substrate. WO 01136701 -4 PCT/ US00/ 30793 Magnetic tunnel s have been

enpl oyed havi ng nonsymmetrical shapes-8hat are rotated with respect to the
target to mani pulate the erosion profile. Such rotation is useful in

achi evi ng arbits @aveuhd tHenfluwnlifies. mMThe rainrar redffest s tiran g st aat the vedygs hofgher
target utilization and eroding points on the target that woul d ot herw se be

left 5 ungnagiedicitinddianawaniehésabove e MEgatRictintdrind BEER tuAhaL 56 that
arrangenents are only convenient for round planar targets. For rectangul ar

and annul e 4ALaeh SjectBhy milvaltichizBRANG I & oAEIAREREBAL SNl A gCt i cal .
logHOaY TR el Rl e

For frusto-conica argets an nnular or ring-sha targets having
ot her system co ents |located in t center of the target, the magnetron
10 arra%geq‘f"g‘]mrggpﬁm.{%@ag?& Ceaf&?r“ﬂ%l\?gﬁ}?otfmﬁ?'ovi ded high target utilization.
Wil e magnetically enhanced, sputtering has nade sputtering a practical and
econoRi cal |y vi'dl5 ¥eeiEmAPRIINNG BroRgEiRssPh Magnetem SpHitering ?Eeseg%ﬂt!\’eé%onom C
potential has not been realized in the case of static magnetic

ar r angeneranhangiog prasmegdansity heardhe targetrasirface ead makepgnagnelisally enhaneed desi gn
that will 15 produce high target utilization with frusto-conical and ot her

annul ar t apygetesng Swarampreobradtieali thaerttadtionaAdicdy spittertmgof Holvever, asent
invention is to provide for inproved utilization and full face erosion of a

f r ust o- cordopbnficHzl flagnBtie tUFH@N Rl re8Porfdmib fEF loRtarditaltibation Pediiskitke!l ar
obj ective of the present invention is to provide Tor inproved utilization

o 29,20 SRRk ol U HGROSHONEY bl Kk
such 19° fp?arsrr%( ggﬁ)éit?’to B8 Slngl:f&)lrl?/ %%F\geeritrated. making the erosion rate highest in this
region. Further, as the target erodes, the target surface in the area adjacent the
centerline erodes into even stronger magnetic fields, which accelerates the
“concentration of the erosion. In addition, the concentrated erosion produces a V-
shaped profile redirecting secondary electrons from the opposite walls to the center
15 of the erosion gro;>ve, further concentrating the plasma there. Typically, utilization
of a target of uniform thickness has been approximately 25%. Poor target utilization
undermines the economics of thin film deposition by increasing the number of
expended targets and amount of unused target material as weli as the machine
downtime required for target changes. Uneroded areas of the target tend to occur
20 near the edges of the magnetic tunnel. Where such areas exist, they tend to

accumulate redeposited material that flakes off into the processing chamber to

produce particulate contamination of the substrate.



WO 01136701 PCT/US00/ 30793 In accordance with the principles of the
present invention, a sputtering apparatus that includes an frusto-conical

or simlar annular sputtering target is provided with a nagnetron magnet
assenbly that causes the erosion of the target to nove fromthe center of
the target WAhH@TWS to inner and outer regions as the 5 taPGEUSEYWPHEs. The
magnet assenbly is positioned behind the target to produce a plasma
confining magnetic field over the target in the shape of an annul ar tunnel
on the surface of the annular target surrounding the opening at the target
center. The walls of the target forma jruncated cone that is inclined, for
exanpl e, at about 35 to the plane of thé central opening. 10 In one

enbodi ment of the invention, three pernanent nagnet rings. duce ree
mgnet i o t unnel SeaRAYE TlbndRingke bekp BFalRYE heviRe PRt ivg Bl hiabed tirtoduces
the effect of magnetjc flux lines that are parallel to the surface of ‘the
target. FoRrefotaiehwitaresnect taloe E?ig%ié?rﬁ‘%ﬂéﬂqlé?‘eﬁéﬁ'?mﬁm Prefiguguch fatationyes of

t hi cker targets, an inner magnetic tunnel and an outer magnetic interact
with a maiis usafulrinlachiaying improvechéim asifaraity rasdiness ubstreteu lachievingeigheari ¢ f | ux
parallel to the surface of the uneroded target. Wth such thicker targets,
a mai n centargét utilimatibn dmad e@idity peintsy oh 1thé herdeartigatt weuldi btbeiwise bedeftt he
mean radi us of the annular target along the target centerline and inner and

out er 4 unnghérodedifiiné dgAbRE tunfellidtelstdtR. OfhebB fothfih@Birak gerBéRe ArébRIGS
adj acent the inner and outer rinms of the target annul us and spread fhe

er osi on gr { f L{2e Al sane
manner ae. RS Rl oG piE e R, KR recta e o ik Urobtoh sl 2
t hr oughout _t he {jife of thet tl_%r%%t. I n theI preferred enbodi nent, a
sput t eri ngTAEBEYRPIRNIGReR NAYR PO PRAKISPal vapor deposition apparat us
that includes a_vacuum processi ng chanber, a WO 0l /36701 -6 )
PCT/ US00/ 30793 =RMiE¥starcanicaliasaats and aiRenAriiiareriia-shanss targsts 8ayipsrti ng a
substrate for

other system components located in the center of the target, the magnetron

10 arrangements of the pfior art have not provided high target utilization. While
magnetically enhanced sputtering has made sputtering a practical and economically
viable technique for depositing thin films, its full economic potential has not been
realized in the case of static magnetic arrangements.

Accordingly, there remains a need to provide a magnet design that will

18 produce high targ;et utilization with frusto-conical and other annular targets.
Summary of the invention:

An objective of the present invention is to provide for improved utilization and -
full face erosion of a frusto-conical target in a magnetron sputtering apparatus. A
particular objective of the present invention is to provide for improved utilization of

20 an annular target without restricting availability of the volume within the opening in
the center of the target to use for other hardware, such as, for example, an ICP

source.



processi ng, an annul ar magnetron sputtering cathode assenbly having a
central opening and an inductively coupled plasnma source behind a
dielectric window in the central opening. The magnetron cat hode assenbly
includes a frusto-conical 5 sputtering target having an interior conical
sputteri ng™UM{¥ facing the substrate support with the SSTESUYGE of the
target closer to the substrate support than the inner edge. A
frusto-conical magnet assenbly is situated behind, and parallel to, the
sputtering target. The nagnet assenbly is configured to produce a main
magneti c tunnel having magnetic field Lines spanning a major portion of the
10 sputtering surface and straddling the centerline of the sputtering
surface, an inner._magnetic tunnel .having net i el d..lines_ extend ng

bet ween t he taWbéFCPﬁG@FeéHBhHEhB”BQRF%r?ﬁﬁ%iSEﬁ%"LH“@%W8P'ﬁdﬂﬁ@?ﬂe t unnel
havi ng magnetic field |ines extending, predom pnantly between the outer edge
and cent e@PPAEAtES thatdnelydgpan O1ERBI&! PE Sfm@rd%“%{la"t sruttaringetarafi gl s
interact in a way that tends to produce a resulting 15 nagnetic flux that

i s rel at i pedyideshwilh paghagnetronanagnel @ssembiydbet caunesithe geasion phthedarget hi cker
this resultant flux tends to arc over the target centerline early in the
target's o negvebfroonthefdeatdrasf thatargetgnnaiie td hendraargeduter Iredionsiad tige adual | y
and progressively take on the shape of two tunnels, one inside of the

targes cepiBet brd8ednNtheRtagiet aksmBIl i$ BesitidhdtebelfiRa R tdrgét tol grodlidesa Way)
where erosion of the target proceedS at a 20 greater rate at the centerline

at the begytuni ; get | i i j ! ur
fouard ¢ ne T eorimie}fad i kidolsy i oF T Bl o R Sl ionnel B8
so that target utilization is uniformover the entire lLife of the_target.
wo of 136781 Surasef S aoRt s bheghani #Re iR SRIBRETTE i i as
are such that plasma confined by the magnetic flux that is shaped_thereby
pr oduces a‘/aﬂﬁé’gﬂ@rtaf%tﬁﬁ’ﬂ"%?r%‘?%?p Fape that is imelineshier pramerlenalARaut 8Re i nner
and outer areas thereof when the target is uneroded which continuously and
progr essi ‘@the plaaggétheieeniral epeningt arget erosion 5 rate at the centerline
than at the inner and outer areas thereof as the target erodes. This effect
i s gheater for it bnekebodiaregebsthe Mventioe, thaenpermanehtmiaghet ririgst predtee get ,
the magnetic flux is parallel to that which was the surface of the target

" before theneaneRinett AiRels. FPE rufive EMtAbltNER) e thidestuhhels prb@RRsimY exi st

t hroughout the target's life. For thin as well as thick targets, the flat

shape of LREBHMUIretic Al thd: SeQUrSRTtY fhe surface of the target. For a thin

target, and as some point part way through the lives of thicker targets, an inner

magnetic tunnel and an outer magnetic interact with a main central magnetic tunnel

15 to produce a resultant magnetic flux paraliel to the surface of the uneroded target.

With such thicker targets, a main central tunnel dominates early in the target's life

to erode the mean radius of the annular target along the target centeriine and inner

and outer tunnels dominate later in the life of the target to erode areas adjacent the

inner and outer rims of the target annulus and spread the erosion groove inward and

20 outward of the target centerline in the same manner as if the flux remained paraliel
to the uneroded target surface throughout the iife of the target.

In the preferred embodiment, a sputtering apparatus, is an ionized physical

vapor deposition apparatus that includes a vacuum processing chamber, a



10 flattening of the magnetic flux are the result of the relative
contributions of the magnetic rings that produce the three nmagnetic
tunnels. Preferably, the configuration and strengths of the magnetic rings
are optimzed for specific targets. For exanple, where a target is very
thin, the reO&t367¢1 contri buti ons of the main tunnel and tRCTUHISB078Nhd out er
tunnel s are adjusted such 15 that the resultant magnetic flux lines are
parallel to the target surface. For thicker targets, the relative
contributions of the main tunnel and the inner and outer tunnels are

adj usted such that the resultant magnetjc flux lines forma tunnel at the
target surface that is similar to that of a conventional nmagnetic
arrangenent at the beqi.nni of target |if ut as the target, erodes the
Shape of SRR SHRREL Bl BrocsdsRE.ehanbe, M e0hedrifnch TRt A
the target erodes further, the inner and outer tunnels are exposed to the
pl asma as presessipgedn npylat Mageeien SPYHRING $aiBede assRmBlY having @ cagraln

hi gher plasna density near the inner and outer edges of the annul ar coni cal
target. omering &6d en indyctivalyTeaupinl 3513 sTurcefbebinde dislectrigiwindewétthassenbl y
preferably includes an inner pole of a first polarity and an outer pol e of
a second pedriafalt dpemin uCTHe midy@efroh Sdatisden essemblynineludey a flustestonieainet i ¢
field extending between the inner and outer poles. The magnet assenbly

pr ef ergqabl ysadtfetr#agrta}ga@ ha6i8§ aANnfeRBEEoHEA tspattei®d Subdce faBingaReRdbStrate! arity
and an outer-cenfral pole of the first polarity producing a reverse

mRgnet i ¢ {Aldb PRRATH Byl bl of ind BARAd el k6 ik llbdtdfe CEREGH LicAng! { he

target suc e res g stren t he rst and reverse magnetic
fields decreases on,the centerline as the utter,i urface er into
the target'"Bf 85%‘?'a6‘|f ISIG-RRNIEH BRI |aésa'ﬁ‘8?yf'ﬁé'tv%‘ﬁ§?’-ei‘£ﬁ{' ,agﬁ pﬁé@%‘?&"oduce
the inner magnetic tunnel formed of magnetic 10 field |ines extending
bet ween t hi@ei spidteriggdtargaier The maanet F6Fe¥bivhist canfigurssh inpreduse #enain
magnetic tunnel over the annular inner area, while the outer pole and the
out er - centmagnetit éumpredchaving magoetie fietthdines ispanoinged majomerbrisdn mighet i ¢
field lines extending between the outer and outer-central poles beneath the
mai n 1eagnedputtetingsatfacy and shhaddiinguthacentatiere aftea spitferifyesyfazkeean dthemagnet
assenbly is fornmed of permanent magnets in the form

magnetic tunnel having magnetic field lines extending between the target inner edge

and centerline, and an outer magnetic tunnel having magnetic field lines extending

predominantly between the outer edge and centerline of the target. The magnetic

fields of the three tunnels interact in a way that tends to produce a resulting

15 magnetic flux that is relatively parallel to the target surface. For targets that are

thicker, this resultant flux tends to arc over the target centerline early in the target’s

life, become flatter part way into the target’s life and gradually and progressively

take on the shape of two tunnels, one inside of the target centerline and one outside

of the target centerline. In this way, where erosion of the target proceeds at a

20 greater rate at the centerline at the beginning of the target's life, compensating

erosion will occur toward the inner and outer edges of the target later in the target's

life so that target utilization is uniform over the entire life of the target.



of a plurality of preferably three circular magnetic rings arranged in a
cone behind, and parallel to, the conical sputtering target. The rings are
preferably made up of individual square nagnets arranged in a
frusto-conical shape) with their polar axes extendi ng perpendi cular to the
ci rcunfereM@§he’ rings. The three rings include 20 an BGHAE3YR out er
and an internedi ate magnetic ring. The pol ar axes of the magnets of the
inner and internmediate rings are oriented parallel to the cone and those of
the outer ring are perpendicular to the cone. A yoke of magnetically WO
01/36701 _g_ PCT/US00130793 perneable naterial |ies behind the cone and
magnetically interconnects the inner and outer magnetic rings. The present

i nvention i nmproyes dihiieWitdnigfid 61QRe %afdngegéfggrdg%b GAkh trREtIRAsA E:Bmar'ed

previ ously about 25% i1 nto the range o -60% Erosion of a conic t ar get

S i 1 ) RS S (ELL SRAREE Loy HBRBUL Lering. picLpGsoal Lpe

target, th n ction ’of “par e contamnati on of the

sputtering chamber. These and other objectives and adyantages of the
Fesent 1 RGNS BRMRITE BEn ol e Bag AJY Sk SeS nara mSTb Rt Wag! Bet ai | ed
description. Brief Description of the Drawings: 10 Fig. 1 is a schematic

di agr am of ungrogeshwhish qontiRueusly @@b@r@gtquewg@meaéo é targepenosi®npl es of
the present invention. Fig. 2 is an enlarged cross-sectional diagram

t hr ough t hmte at thedenteslirenthby abtheFRnger dhd diitey. ardas themeqleassthe targekerodesy of t he
magnetron magnet assenbly of Figs. 1 15 and 2. Detail ed Description: Fig. 1

i I ustrat evhig c$Rbt it YredenidrGicRGTIaFGRESISAt STRE ipbirt M the 1d8 of el &egbtpiasi cal
deposition (IPVD) apparatus 10, according to one enbodi nent of the present

i nventi on.m\%gﬁ?tlcll?y& @Eg%@ﬁﬁtkﬁhé{%ﬁi&?%%ﬁ%@u ewm&@g@tgﬁ% é@%hﬁj@?d by a

20 chamber wal anber 11 is provided with ani ( ySi cal
e SeCBkhd b P REE, PN R ORI S P
sputteri n(‘:]chTrBiFli%raisavlvel?/.'glé3 t%ric'k targets, the flat shape of the magnetic flux or a progressive
10  flattening of the magnetic flux are the result of the relative contributions of the
magnetic rings that produce the three magnetic tunnels.

Preferably, the configuration and strengths of the magnetic rings are
optimized for specific targets. For example, where a target is very thin, the relative
contributions of the main tunnel and the inner and outer tunnels are adjusted such

15 that the resultant’magnetic flux lines are paraliel to the target surface. For thicker
targets, the relative contributions of the main tunnel and the inner and outer tunnels
are adjusted such that the resultant magnetic flux lines form a tunnel at the target
surface that is similar to that of a conventional magnetic arrangement at the
beginning of target life, but as the target erodes the shape of the flux lines becomes

20 flat so as not to pinch the plasma. As the target erodes further, the inner and outer
tunnels are exposed to the plasma as the target surface recedes into these tunnels,
resulting in higher plasma density near the inner and outer edges of the annular

conical target.



WD 01/36701 -10 PCT/ US00/ 30793 The chanber 11 has a central axis 15)
extendi ng through the center of the source 13. A wafer support 17 is also
provided in the chanber 11, at the end thereof opposite the source 13 and
centered on the axis 15) for holding a substrate wafer 18 centered on the
axis 15 an®QUEGPHY the i PVD source 13 during processing. FCURI3EHBnponent s
of the i PVD apparatus 10 are nore particularly described in U S. Patent
Application Serial No. 091442,500, referred to above. The general concepts
of the source 13 are described in U S. Patent No. 6,080,287, hereby
expressly incorporated by reference hemsein. The | PVD source 13 includes a
magnetron sputtering cathode assenbly 20, 10 which is annular in shape and -
has an openi ng TAk frustdleenizahinagnehesseaibly preferably inchidel anhienexpate dba
Centered in the opening 21 on the axis 15 is an RF source assenbly 22,

whi ch enerfgizgantyrithaf iter pole ididusddonal polsay predudthg he fitst GRigrieghct he
chanber 11. The cathode assenbly 20 further includes a frusto-conical, or

{r uncat ed (6609 S ARRH InDAUKE RN AAF befrdhAb A hrOAlERboIBRUThET | NG

surface 2 rror there acing a substrate on e support 17
and inclined tqoqward the axis,6 15 n spptter coatin rocesses, coating
mterial GregRtaRsPmoy RiueDyarybSy RS B S PR RE TR ¢ h
positive ions froma main sPutteri ng plasma forned in a process gas, such
as ar §on, HO!?rt%énQ:ﬁaﬁlb'éﬁr'cff,fah%ﬁ'ﬂ%ﬁﬁeféfs‘a?o'a”tid”eﬁ!}l!ﬂ'ﬂ%é’ﬁ}‘%’ﬁ?@Qﬂne%‘ﬁcuum
pressure, typically less than 100 ntorr. In i PVD systens, atons or mnute
particl es figld oprosing the fist magnetic Bieldian bhegsmtéringrot the tasgejsuchthaithe he i on
bonmbardnent are ionized by a secondary plasma or |CP. WO 01136701 -11

PCT/ USO0/ 3839@8ngd hetrengtth @d ethasfirstriang 2Versec Imadpretia figlds alecesnsesometthassenbl y
30, illustrated in nore detail in Figs. 2 and 3, that contains a plurality

of pref er aaheriiry RANERG RS SUBca bretiesantoand Rlgéth Freferdtly, 3% hRatpdié es
parallel to the target 20 on the
and the inner-central pole produce the inner magnetic tunnel formed of magnetic

10 field lines extending between the inner and inner-central poles that lie beneath the
main magnetic tunnel over the annular inner area, while the outer pole and the
outer-central pole produce the outer magnetic tunnel formed of magnetic field lines
extending between the outer and outer-central poles beneath the main magnetic
tunnel over the annular outer area.

15 The preferr-ed magnet assembly is formed of permanent magnets in the form
of a plurality of preferably three circular magnetic rings arranged in a cone behind,
and parallel to, the.conical sputtering target. The rings are preferably made up of
individual square magnets arranged in a frusto-conical shape, with their polar axes
extending perpendicular to the circumference of the rings. The three rings include

20 an inner, an outer and an intermediate magnetic ring. The polar axes of the

magnets of the inner and intermediate rings are oriented parallel to the cone and

those of the outer ring are perpendicular to the cone. A yoke of magnetically



exterior or back thereof. The magnet assenbly 30 generates a magnetic
tunnel that 5 traps electrons close to the surface 26 of the target 25 to
mai ntain the nmain sputtering plasna. The magnet assenbly or pack 30

i ncl udes a%&me’ﬁﬁ of soft steel or other high magnetic p%rﬁ%%#&;y
mat eri al . e magnet rings 31-33 are preferably circular array of ting
magnets each fornmed of a series or array of discrete square nagnet
conponents arranged in a frusto-conical shape in the respective ring 10
with their poles and polar axes oriented in the sanme direction in a

radi al - axi al plane of the cone around-gach respective ring. Small discrete
magnets may be fixed to the yoke 36 which nay then serve as a structural

f ramewor k depmebble magnial lisstshind theastthedtid maghéticatip aftercohnbbte thoimed5. The
pol ar axes of the magnets of the inner ring 31 are oriented parallel to the
15 target shardiaéemagnetid¥hgsoke 36 is shaped so that the entire pole face of
the magnets of the Tnner ring 31, which in the illustration is the south

pole S, are in (G ; [ Spititds: ' ) i close
o m . i ¢ AERLSSsf BB imorslBs otz UGN BEGa0 bl Erofle il
ring 33, which in the i|l]ustration is [ t by ough the north pole N and
t he sout h RBYigusly Wﬁgg%a@&%ﬂée Rn9S ﬁ€5é;§,8&3r gr%g'arqf@n?%‘:ﬂetta?%ﬁd?cul ar
to the target surface 26, with the entire pole face of the magnets of the
out er 5r i ndgn@Btainedhayelethecentin@sea ofither spultenngksurtace ohthentagart therebyix | i nes
51 between magnet rings 31, 33 formthe main nmagnetic tunnel 41. WO

011 36701 -akRidr@NEqDbA0T@B of partoeiate abniaaynation ofrthe 3putterirg charnber.

approxi mately hal fway between the innernost) or N, pole of the inner nagnet
ring 31 and t h@hesstrt obfer bbjectugscandagraitagdsnof tB8 prebent imveatibh wilehd ect i ve
position of the centerline 40 of the main magnetic tunnel 41. The nmagnets

of the cemise rehdil Aspadignt frdithd RAGWIRIdSied desdripisn. 5 physical or
substanti al nagnetiic contact with the“yoke 36. The pol ar axes of the

magnet s of { i e oriented primarily parallel to the target
surface Zg.r—}#ﬁ)e%u lorf ot Dradlif 1e of the magnets of the center ring 32
is in.contact with the yoke 36.. The net s | ar ,axis of. the center ring
32 1401 ent ed 191 1 7P SMORRUGOIRRTAE Bf R 17239 B YiF opRR OB APPRE T ner

- ring 31, shown in Fig. 2 wth the S pole of the 10 central ring 32 facing
the S pol &Mrodying RTiiciRles piihe presemd invgaHON nagnetic flux |ines

Fig. 2 is an enlarged cross-sectional diagram through the cathode assembly

of Fig. 1.
Fig. 3 is a perspective view of the magnetron magnet assembly of Figs. 1

15 and 2.

Detailed Description:

Fig. 1 illustrates a sputter coating apparatus, specifically an ionized physical
deposition (iPVD) apparatus 10, according to one embodiment of the present
invention. The IPVD apparatus 10 includes a vacuum chamber 11 bounded by a

20 chamber wall 12. The chamber 11 is provided with an ionized physical vapor
deposition (IPVD) source 13 for supplying coating material in vapor form into the

volume of the sputtering chamber 11 and for ionizing the sputtering material vapor.



52 between the inner row 31 and the center row 32 forman inner, m nor
magneti c tunnel 42 under the flux lines 51 formng the main nagnetic tunnel
41. The inner, mnor tunnel 42 affects the erosion of the target toward the
end of the life of the target 25 over an inner annular area 46 of the
target surfWOMBEF Vagnetic flux or 15 field lines are ill BETAUK0EW793n Fi g.
2 in a radial plane that contains the axis 15. The magnetic flux |lines 53
bet ween the center ring 32 and the outer ring 31 forman outer) ninor
magneti c tunnel 43 under the flux lines 51 that formthe main tunnel 41.
The outer, mnor tunnel 43 affects the erosion of the target toward the end
of the Iife of the target 25 over an odPer annul ar area 47 of the target 20
surface 26, Magnetic HS x fines 54 between the poles of the center ring 32
oppose t he 'P¢ hambgest B aspacenyphexise ' wafriendingethraugh dhe cefiter phiheef fect s
of the main tunnel 41 as the target 25 erodes. The continuous, progressive
fl att eni ngs@frce Ha8. f Aukafer seBpPTL v Hatalsn emyided inetheathambenall, anthe ente
target 25 along the centerline 40 is caused WO 01/36701 -13

PCT/ USO0/ 3theéf bpposite tbe sburceciisan cantersdionethe rasisetts dori oldling acsutistrateut | on
of the flux lines 52, 53 that produce the mnor tunnels 42, 43 into the

target 25 whferhe canRasd d8iheldxis 1 § 3pEFAdiNGtHe iPHU%Hdrc@QB'Mu_riﬁ?prdk!é%éiﬁg.
opposing field lines fromthe magnet rings 3133 cancel, wlTl exist in the

oo B TR Ehinpohél BFUEIRIDIDARE0 %b oS RO bUitiany ablL Rl Ug) o

| ocated near the centerline 40 cl'ose to the cent hi s
nul | pointgLs hi . ange rf 6 throughout_target |ife. The
orientati oﬁl‘“SPp’fg%@%gH%’gsef@ﬂ‘g’-3’?7%‘12'%@35%?@%&9 aﬁ?\@' e Q%QGTQL?QF}QE@SZG of

t he targetﬁ_)r{éé'gI enhanceg the formatiopn of the inner magneti ¢ tunnel 52 and
permts a g siredSiare drsgrived i+ Qatenhplo- BR8L2RT viaereby eyetesilydt h. 1 n
addi tion, 10 orientation of the polar axis of the inner ring 31 parallel to
t he tar getinserpeEaied by reflereies eseinnor e target erosion near the inner

di aneter of the target 25. This relieves the space limtations at the
central openi ng'2lP¥D shece 68iinohude3.a Mhgsetradsputtenigg cathexial dsseethud® t he
magnets of the inner ring 31 are oriented parallel to the target surface so
that fdhe fwhights andér inlghabkwhdl Hasesn eperiRg 21Nnehe BaGRE tH&reblEdHRbnfricom t he
15 inner nost poles of the inner ring magnets are already curling back to

the opposie pgd %x%515.h‘%%er§é1n?§|6|9ﬁ thé uetrr]\p%()?‘{’%?ﬂr% agk! @’ﬂsr‘tgﬂt# sbﬂr‘?;@r

tunnel to be created In er a space than e poles of

(1P | efdRANELS EOE RIS BRLASRN Sl SRR ST S B

whi | e pronoting  nor'e erosi o Inn
mnimzin articul gte generation. Th ets of the outer 20 ring are
ori ent ed %@Eﬁé‘ﬁﬁ]%@ﬁﬁér £a Ogﬁragfé?"’g’lyp’?(gg‘éﬁ'?% 'BF'HQ@ﬁta PEiR-9Ni8! Kew, and
over hand t he outer ed%e of the target to achieve full-faced erosion)
t her eby od&iis#iedgoaadnepemhaPulpranetagget 2idayimgqs canica speltrying spriece RGent i on
achi eves advant ageous erosion wi thout requiring additional space at the
t ar gettd i nrrthedigerior thereof facing a substrate on the support 17 and inclined toward the
axis 15.
In sputter coating processes, coating material of which the target 25 is made
is vaporized by bombardment with positive ions from a main sputtering plasma
formed in a process gas, such as argon, in the chamber 11, maintained at a
20 subatmospheric or vacuum pressure, typically less than 100 mtorr. In iPVD

systems, atoms or minute particles of the material that are dislodged from the target

25 by the ion bombardment are ionized by a secondary plasma or ICP.



WO 01136701 -14 PCT/ US00/ 30793 The main tunnel 41, which is produced by
magnetic field |ines between the inner nagnet ring 31 and the outer magnet
ring 33, affects the target erosion at the beginning of a target's life.

For thicker, r s, the plasma is confined to an erosion ng the
KL SR

surface 26 0 arget 25 on a circular centerline 40 o arget 5
surface 26 at an internediate radius of the annular target 25. Later in the
target life of such thicker targets, as the surface 26 erodes and recedes
into the center of the target 25 along the centerline 40, the field lines
formng the tunnel 41 are gradually fleftened along the centerline 40 due
to the effect of the opposing magnetic field of the central magnet ring 32

and the effect 19fe EmobBNgsepitl QUtiREILEEORE haghRtrbRem&agnahabsermblytdte mai n
magnetic tunnel. The relative influences of the erosion profiles of the

el s prifass Rribr 4elbiid Has, A%rR S WA CARISER, Rl BEpRPRATHE 1an o

tunnel s pr uces a greater tar erosion rate

the inner and quter ._areas 46, 47 when hick target, 25 i.s _uneroded. This
Fati o conthan s S RaRalA AR Fali B bAiMRLRe Bt 2 30Be, o
rate at the centerline 40 than at the 15 jnper and outer areas 4? 47 as
the t ar geteX& 95 backBeleRh o FheimagnelassemRlyml 9eneratss & rsagneticgannel that
respectively, distribute the target erosion toward the inner and outer rins
of thé tartpps elestipns claskatodthehsuréare 26 of ribe ttarapit2§ 19 enaimain dheosnaim gr oove
t her eby broadens as the target erodes, |leading to nore uniformtarget

er osi on arsputtbeng plasevdalbe thdgney essembigrdrgacktdd inzhidesra yake I ef saignet
packs contain a nunber of holes (not shown) bored parallel to the axis 15

whi ch car rs‘feélQﬁfﬁthéroh'igh_Sné@ﬁeti&edeﬁ?ﬁw_eaﬂmtyma@?i\éﬁr The rhBgnétairgRt 3233 aldie
assenbly of magnets 30 is coated wwth a hard pol ymer coating such as

L = D AR S e R EA ad B AL Bl 7 ot 9
pack S0 TR sBEBLANS A BRaEN B ol A PR RS RGO e
31- 3??I’O mivx(r:itrt]\ tﬂg pgl%s%fndspiorlla;[r%&gg oﬁgr?ttsaé Enut?w%i s%rr]ﬁe Iiirrgcrgog?rg: gnpégigl-axial plane
of the cone around each respective ring. Small discrete magnets may be fixed to
- the yoke 36 which may then serve as a structural framework for the magnet
- assembly and define the shape of the cone 35.
The polar axes of the magnets of the inner ring 31 are oriented paraliel to the
15 target surface 26-. The yoke 36 is shaped so that the entire pole face of the
magnets of the inner ring 31, which in the illustration is the south pole S, are in
magnetic contact, that is, in physical contact or in close proximity, with the yoke 36.
The polar axes of the magnets of the outer ring 33, which in the illustration is a line
through the north pole N and the south pole S of the magnets of ring 33, are
20 oriented perpendicular to the target surface 26, with the entire pole face of the

magnets of the outer ring 33 in magnetic contact with the yoke 36. The magnetic

flux lines 51 between magnet rings 31, 33 form the main magnetic tunnel 41.



a contam nating particle source. Cooling water to the target 25 may pass
through 5 stub assenblies (not shown) through the yoke 36. Wile the above
description and acconpanyi ng drawi ngs set forth various enbodi nents of the
invention, it will be apparent to those skilled in the art that additions
and nodi f | YMB6781 may be nmade without departing fromthe BETHEIHOES of the
invention. 10 Cained is: WO 01/36701 -16 1. A sputtering apparatus
conprising: a vacuum processi ng chanmber; PCTNS00/ 30793 a substrate support
in the processing chanber for supporting a substrate for processing; 5 a
magnetron sputtering cathode assenbly uwcl udi ng: a frusto-conical
sputtering target having an interior conical sputtering surface facing the

bstrat I
the substr at o S5Harival AAERER E?Eﬁﬂ%&%ﬁgﬁé% oy e Bhuech Ferc®" '
e e SR 8 o ek L
assenbly bei ngsconfl gured to produce: rst magnetic tunnel having first

magnetic fing |qiefwgstheeﬁféﬁwgeaqo(sﬁ@nrOédh%llceme&'ﬂf&msqféhﬂmane{ﬂw%C
portion of the sputtering surface over the centerline of the sputtering
surface) ItBnaelsétorithenaggeeiscoft theneEntéranng §2svepnbutragedtnot bei é direttnes
extending al ong the radial planes and oriented to support the first

magnetg ¢ firssital bnesbudtial afaghetit lcantactwith ties eake@B6t MEhes polat exéagr ther f ace
predom nantly between the inner edge and centerline thereof over the inner

area of thga, rﬂé{{: B?trh'e%n%r”nf@@@aréaﬁerﬁgd 9nﬁ1lah ydparmm%nfe ﬁaggmogbrfa@éfwg third

magnetic fiefd [ines extending al ong the radial planes an riented to

support thg, f4 b8 o RERE h]suefdfﬂiedmggnﬁ oPHR cetle A 3Ts RHLSHa@ ifh RE the

Sputtering SUfrace pf edom nant
yoke 36. The magnets polar axis of the center ring 32 is oriented in the opposite

direction of the polar axis of the inner ring 31, shown in Fig. 2 with the S pole of the
10 central ring 32 facing the S pole of the inner ring 31. As such, magnetic flux lines

52 between the inner row 31-and the center row 32 form an inner, minor magnetic

tunnel 42 under the flux lines 51 forming the main magnetic tunnel 41. The inner,

minor tunnel 42 affects the erosion of the target toward the end of the life of the

target 25 over an inner annular area 46 of the target surface 26. Magnetic flux or
15 field lines are illu-strated in Fig. 2 in a radial plane that contains the axis 15.

The magnetic flux lines 53 between the center ring 32 and the outer ring 31
form an outer, minor magnetic tunnel 43 under the flux lines 51 that form the main
tunnel 41. The outer, minor tunnel 43 affects the erosion of the targef toward the
end of the life of the target 25 over an 6uter annular area 47 of the target

20 surface 26. Magnetic flux lines 54 between the poles of the center ring 32 oppose
the flux lines 51 that form the main tunnel 41 to reduce the effects of the main tunnel
41 as the target 25 erodes. The continuous, progressive flattening of the flux lines

51 that produce the main tunnel into the target 25 along the centerline 40 is caused



WO 01136701 17 PCTNS00/ 30793 the outer edge and centerline thereof over the
outer area of the sputtering surface; the magnetic fields being such that
pl asma confined thereby produces a 25 target erosion rate that is greater

at the cent Wd«h%%mtlha” at the inner and outer areas when th% arget is
ST Bl

uneroded and that continuously and progressively changes t

erosion rate that is less at the centerline than at the inner and outer
areas as the target erodes. WO 01136701 -18 2. The apparatus of claim1
wherei n: PCT/USOO 30793 the frusto-conical magnet assenbly includes an
inner pole of a first polarity and an_qgater pole of a second polarity
producing the first magnetic tunnel by a first magnetic field extending

bet ween t hgyitR@ebniIfbURHrEEreRSiVE ncréaselmatha RIBALHUSN f 15 AlkikedBs &4 n: the
frusto-coni cal magnet assenbly further includes an 1 nner-central pole of

the secondypgl abhh¥e 3¢ n%ﬂoroﬂh (rg[scﬁﬂtﬁ?linteotlh% %frgét%? fa}trgg%ea?{ajl sa]a:(ig%ia on the

produci ng a reverse nmgnetic d ‘Opposing the

centerline_of the target su 5 that the res ing, fl produced by the
first and Fees\PSfEQ"ee'Xméﬁ‘E[' PS'#F%-PHE"'FF’&’PP@‘HQ%@?A lngstcamitbe Fanes ngsa1-
sputtering_surface erodes into the target. 4. The apparatus of claim3
wher ei n: t fie PR rw'ﬁ(ﬂ"@tﬁhwetrﬁéuu%ﬁ&ag@éﬁ?f'ﬁldspf&"@”lﬁﬁ'@@aﬁh@s&emb%éaond
magnetic tunnel formed of second magnetic field |ines extendi ng between the
i nner @nd Thisdointénpeated pepethetnentesiine 4heose tsthemeptertragrtat ing320ais an
annul ar inner area of the 5 sputtering surface predom nantly between the

i nner edgenalhpoiotisthehindibettbeyee siirfact®b tHieughd@tamget ffeand the outer-centr al
pol e producing the third magnetic tunnel formed of third magnetic field

|1 nes extendi ngTRELHERABNSNES BidliRherdith PHbEREBRBI FraRS heSiRRLbE b 17t
magneti c tunnel over an annul ar outer area of the sputtering
the target 25 enhances the formation of the inner magnetic tunnel 52 and permits
a more aggressive magnetic field shape for a given target width. In- addition,
10 orientation of the polar axis of the inner ring 31 parallel to the target surface 26
allows for more target erosion near the inner diameter of the target 25. This relieves
-the space limitations at the central opening 21 of the source 13. These advantages
result because the magnets of the inner ring 31 are oriented parallel to the target
‘surface so that the formation of the flux lines of the inner magnetic tunnel from the
15 inner most poles of the inner ring magnets are already curling back to the opposite
pole as they emerge from the magnets, allowing the inner tunnel to be created in a
smaller amount of space than if the poles of these inner magnets were oriented
perpendicular to the target surface, while promoting more erosion at the inner edge
of the target, thereby minimizing particulate generation. The magnets of the outer
20 ring are oriented perpendicular to the target surface to prevent flux-line skew, and
overhand the outer edge of the target to achieve full-faced erosion, thereby

occupying additional space at the target outer edge. The invention achieves

advantageous erosion without requiring additional space at the target inner edge.



10 surface predom nantly between the outer edge and centerline thereof.

WO 01/36701 -19 PCT/ US00/ 30793 5. The apparatus of claim4 wherein the
magnet assenbly further conprises: a plurality of circular nagnetic rings
arranged in a cone behind, and parallel to, the conical sputtering target,
each ring heeony’@ circunference, a dianmeter and a commonPCEAISAEIOTEXI S

t hrough the center of the cone and the center of the target, 5 the magnetic
rings each having a first and a second nmagnetic pole and a polar axis
extendi ng between the poles thereof and perpendicular to the circunference
of the ring, the plurality of nagnetlc rings including an inner nmagnetic
ring having the inner pole formng the 14trst pole thereof) an outer
magnetic ring having the outer pole fornlnqathe second pol e thereof and an
i nternedi ate nagheliEl WnReY Hawhie is peodinesibyimagael bgld joee bebraamiget he
first pole thereof and the inner-central pole formng the second pole

t her eof , t mpedmageetaingd! dritethe otar magnetting 38i affedieethedatged sradiemat that  of
the internediate nmagnetic ring which is less than the dianeter of the outer

nmagnetic rp nmh%@f@ﬂir@étsﬁK@SF@‘fthFch@rtﬁﬁ_}hﬂ@&h@pralsﬁﬂﬁsbéhﬂgacﬁ@@m@rbsn@hl ent ed:
15 parall el e cone for the inner magnetic ring with the first pole

thereof cl Qe Ta%nﬁEﬁe Qrtae 2B tH Brgd 28 @@il‘&:lér*&%ﬁ%‘?ﬁne mbakrkeeiarééi the

cone for t e interimedl ate magnetic ring wth the second pol e thereof closer

to thegaxig,thand fef lhte%?cﬁgtle?aé NELERE arﬁﬂ%rg%bgﬁer'eg e? fh8 té@%tﬁf ne for

the outer nagnetic rin the secon oser e axi s

than the fiyst thereof and et| | | bIe terial
behi nd theoé%WQQ@F&F rAIGRSt ?%E\eﬁ&“'fi%ﬁ%ggc?é%#éc? 'gec?ﬁ b’é%ﬁ‘f?d"%ﬂ S41 he

i nner magnetic r|ng with the first pole of the outer ?netlc ring WO
01/ 36701 - tanoet@F/ammphegentgriine 40, the field lines forming the tunnel 41 are gradually

flattened along the centerline 40 due to the effect of the opposing magnetic field of
the central magnet ring 32 and the effect of the inner and outer tunnels on the

10 shape of the main magnetic tunnel. The relative influences of the erosion profiles
of the magnetic tunnels are such that the plasma confined by the respective tunnels
produces a greater target erosion rate at the centerline 40 than at the inner and
outer areas 46, 47 when a thick target 25 is uneroded. This ratio continuously and
progressively changes to a lesser target erosion rate at the centerline 40 than at the

15 inner and outer areas 46, 47 as the target erodes. The inner and outer magnetic
tunnels 52, 53, respectively, distribute the target erosion toward the inner and outer
rims of the target annulus toward the end of the target life. The erosion groove
thereby broadens as the target érodes, leading to more uniform target erosion and
thereby enhanced target material utilization.

20 The magnet packs contain a number of holes (not shown) bored parallel to
the axis 15 which carry feedthroughs for water and DC power to the target 25. The
assembly of magnets 30 is coated with a hard polymer coating such as

polyurethane or enclosed within non-magnetic, metallic or plastic cladding pieces,



6. The magnetron sputtering cathode assenbly of claim4 wherein the nmagnet
assenbly further conprises: a plurality of circular magnetic rings arranged
in a cone behind, and parallel to) the conical sputtering target, each ring
having a circunference) a dianeter and 5 a common central axis through the
center of tHROYY and the center of the target, the magndiGTVHPAYE each
having a first and a second magnetic pole and a pol ar axis extending

bet ween the pol es thereof and perpendicular to the circunference of the
ring, the plurality of magnetic rings including an inner nmagnetic ring
havi ng the inner pole formng the firsH pol e thereof, an outer nmagnetic
ring having the outer pole 10 forning'tﬁé second pol e thereof and an

i ntermedi at e. netic ring having the er central le form e first
bol 6t her cuficte PRbded i et phdCaE 1iF riflba dtevads P pEneY ot Bieor |
the diameter of the inner magnetic ring being |ess than that of the

i nt er medi afiRo@dmck aed theekese Romdaceaing pxidizeddn @irard also preveants thet er
magnetic ring. WO 01/36701 -21 PCT/US00130793 7. The nmgnetron

sput t er i ngmaghetsdd the §eghB -33f whichimaydbewfsirtered bensivugtien, frarg bebdmingur t her
conprises: a plurality of circular magnetic rings arranged in a cone

behi nd, ang coataptihating partitieeso . doling wdter ioettarg@e 25 reAchags thepuyavi ng a
circunference, a diameter and 5 a conmon central axis through the center of

the cope a&@b"d&%eﬁ%ﬂé@(n&fshbﬂﬁ? {6 g thelydReramgnet i ¢ rings each having a
first and a second nmagnetic pole and a pol ar axis extendi ng between the

pol es t hereof : i - J Hfz% t : pol ar
axes of the méﬂ@%’?gﬁgﬁﬁg‘gg%?‘%&ﬁ@ ﬂr? ﬁea(rycérl en? @g%%m@asr%?lféemg?%ﬁ@%e cone
for the inne net i ing Wi.th th irst _pol.e thereof. closer to.the axis
han the <BDBRBTIRNS o dhe diyetipd L Afpe Epbefihtda BT Bk 7T fertebeta: o
magnetic ring with éhe second pol e thereof closer to the axis than the
first pol eddditionsoand madifications,may hednade Witheutderarting froputheRriBriPset i ¢
ring wwth the second pole 15 thereof closer to the axis than the first pole
t hereof . the@EM®H70I

10 Claimed is:



-22 PCT/ US00/ 30793 8. The magnetron sputtering cathode assenbly of claim4
wherein the nmagnet assenbly further conprises: a plurality of circular
magnetic rings arranged in a cone behind, and parallel to, the conical
sputtering target, each ring having a circunference, a dianeter and 5 a
common cent WOI013&%0% t hr ough the center of the cone and t h&?GT&RIBBO78F t he
target, the magnetic rings each having a first and a second magnetic pol e
and a pol ar axis extendi ng between the pol es thereof and perpendicular to
the circunference of the ring; and a yoke of magnetically perneable

mat eri al behind the cone and magneti calsy 10 interconnecting the second
pole of the inner magnetic ring with the first pole of the outer magnetic
ring. WO 014 36/ P PCT/ 3 9. The apparatus of claim 1l wherein
t he magnet asi@%?@“?%ﬁghaga@?ﬁgé@%@ﬁ“ i plurality of circular magnetic
rings arranged in a cone behind) and parallel to, the conical sputtering
target, each ri fgarYMhYeaeET ®nce, a diameter and a conmon central
axis through the center of the cone and the center of the target, 5 the
magnetic rings @Hpskale sugpart in thepreaegsiag sbamber fesgHeprerting | eibsiiatefopol ar
axi s extendi ng between the poles thereof and perpendicular to the

ci rcunf er epreceassintghe ring, the plurality of magnetic rings including an

i nner magnetic ring, an outer magnetic ring and an internedi ate nagnetic
ring, thge di anetaahaghetidresputteding baoes assambly ibeludiggl ess than that of the
intermedi ate magnetic ring which is less than the 10 di aneter of the outer

magnetic ring; the; RRIst-coni@s splittddiyy tHRgEChAing IanOpitdtRir tnidal Ts?@ﬁerﬂ{d ent ed:
parallel to the cone for the inner magnetic ring with the first polé

ther eof ol 0ser, b e B1hS ShAMA DG RREANARThE AHIERE LogdAAlks) cdge e

cone for the Tnterne te magnetic ring € secon of

AR LR e R R

between the inner and outer edges thereof, and

10 a frusto-conical magnet assembly situated behind, and parallel to, the

sputtering target, the magnet assembly being configured to produce:

a first magnetic tunnel having first magnetic field lines extending along
radial planes, spanning a major portion of the sputtering surface over the
centerline of the sputtering surface,

15 a s-econd magnetic tunnel having second magnetic field lines
extending along the radial planes and oriented to support the first magnetic
field lines over an annular inner area of the sputtering surface predominantly
between the inner edge and centerline thereof over the inner area of the
sputtering surface, and

20 a third magnetic tunnel having third magnetic field lines extending
along the radial planes and oriented to support the first magnetic field lines

over an annular outer area of the sputtering surface predominantly between



t hereof closer to the axis than the first pole thereof; and a yoke of
magnetical |y perneable material behind the cone and magnetically

i nterconnecting the second pole of the inner magnetic ring with the first
pol e of the 20 quter magnetic ring. WO 01/ 36701 -24 PCT/%?R&@@? 3 10.
The nagnet?ﬂ%“%ﬁﬂytering cat hode assenbly of claim1 wher & ghet
assenbly further conprises: a plurality of circular magnetic rings arranged
in a cone behind) and parallel to, the conical sputtering target) each ring
having a circunference, a dianmeter and 5 a common central axis through the
center of the cone and the center of ;q?_target, t he magnetic rings each
having a first and a second magnetic pole and a pol ar axis extending

bet ween the POl @8 ohAPLAR ardUniBRihR it Bl ind Sutb! et bithe ShaeRA Surioet e

ring) the pluralrty o gnetic rirngs 1 ncluding an 1 nner nmagnetic ring, an

outer magnetic ring and. an interned at i i NG, 41k I of the
i nner magnetic 1§ '%Ia%& e{']ﬂas ?’8@@ Y nﬁagg?a%géé ?ﬂ'ﬁaﬁr{égjt %‘Fﬁ%’a{jé € tﬁgér?eti C
ring which is less than the diameter of the outer ghetic ring. O

01/ 36785 - BRIAIETIRERTSHTRS Greater at hernmiaring thapiat s AGT 884 RS aEaSorbl v
of claim1l wherein the nmagnet assenbly further conprises: a plurality of

ci rcul ar napeethectargetdsurarodedyand that goginueusyransaprogresspaashangesdo at he

coni cal sputtering target, each ring having a circunference, a dianmeter and
5 a comMmDniaggdtigradiomrats tHatisdugdat the ceateriere thhn ehthednner amtlodtbeawmstasr  of
the target, the magnetic rings each having a first and a second nmagnetic
pol e and athgqg%{et%(gsext endi ng between the pol es thereof and perpendi cul ar
to the circunference of the ring; the polar axes of the magnetic rings
being further oriented: 10 parallel to the cone for the inner magnetic ring
with the first pole thereof ,closer to the axis than the second pole
thereof, parallel to the cone for the internediate magnetic ring with the
second



pol e thereof closer to the axis than the first pole thereof, and

perpendi cular to the cone for the outer nagnetic ring wwth the second pole
15 thereof closer to the axis than the first pole thereof. WO 011 36701
-26 PCT/ US00/ 30793 12. The nmagnetron sputtering cathode assenbly of claim1l
wherei n t hevonay3edel assenbly further conprises: a pluralit PCouUseVaeRl ar
magnetic rings arranged in a cone behind, and parallel to, the conical
sputtering target, each ring having a circunference, a dianeter and 5 a
common central axis through the center of the cone and the center of the
target, the magnetic rings each having a first and a second nmagnetic pole
and a pol ar axi s extendi ng between thé1ﬁdles t hereof and perpendicular to
the circunference of the rinq;,and a yoke of nmgnetically perneabl e

materi al behi #d WESRPSFRIVBABCIAEYAMNSEENI v 10 interconnecting the second
pol e of the inner magnetic ring with the first pole of the outer nagnetic
ring. WO 01/ 3¢wfustoronigal mageejrasse®hlydpelvdes aminneaPratsoef aafrstrelprity
‘conprising: PCT/US00/ 30793 a frusto-conical sputtering target having an
interior camdea oenpdlenf agesandf mdarity produciogltie fiish megnetiggynrel by edinsdtar
outer edge and a circular erosion centerline between the inner and outer

edges thereﬁé%ne@iaq‘ueﬁj éxténdiag Gefdbnaak infyanl catsreody situated behind, and
parallel to, the sputtering target, the nagnet assenbly having: an inner

pole of a first polarity and an outer pole of a second polarity producing a
first magnetic tunnel formed of a first magnetic field extendi ng between

the i nner and,outer poles f%L an,inner.-central pole of the second polarity
and an outer -%’e%?aﬁp%ﬁ@%ég 8 88[”‘1 2 whéFein: '
the frusto-conical magnet assembly further includes an inner-central pole of
the second polarity and an outer-central pole of the first polarity producing a reverse
magnetic field opposing the first magnetic field on the centerline of the target such

5 that the resulting flux produced by the first and reverse magnetic fields flattens on

the centerline as the sputtering surface erodes into the target.

4. The apparatus of claim 3 wherein:
the inner pole and the inner-central pole producing the second magnetic
tunnel formed of ;,econd magnetic field lines extending between the inner and inner-
central poles beneath the first magnetic tunnel over an annular inner area of the
5 sputtering surface predominantly between the inner edge and centerline thereof,
and
the outer pole and the outer-central pole producing the third magnetic tunnel
formed of third magnetic field lines extending between the outer and outer-central
poles beneath the first magnetic tunnel over an annular outer area of the sputtering

10 surface predominantly between the outer edge and centerline thereof.



the first polarity producing a reverse nmagnetic field opposing the first
magnetic field on the centerline of the target such that the resulting fl ux
of the first and reverse nagnetic fields flattens on the centerline as the

sputtering_surface erodes into the target, 15 the inner p e
inner-centW&""Bﬁ"b produci ng a second magnetic tunnel for Eé@ug&%g;eg?ond

magnetic field |ines extendi ng between the inner and inner-central poles
beneath the first nagnetic tunnel over an annular inner area of the
sputtering surface predom nantly between the inner edge and centerline
thereof, and 20 the outer pole and the guter-central pole producing a third
magnetic tunnel formed of third magnetic field Iines extendi ng between the

outer and outgr | | fi i r..an
annl ar - out er a8 oRragsBe pERBT A Bl el e, cides FRBpITHNE ol
surface predom nantly between the quter edge and centerline thereof: 25
wher by the r el RN CF it TEdRetsIGR ATTRIGRAM 8 R RANNC 280 AaERlel ha
confined plasma produces a target erosion rate that is greater at the
cent er | i ne t@.HBA capicalputtarieg taigrt. ashering hawsg Adieuierange ge diametanandded
and that continuously and progressively changes to a target erosion rate
that is | essscammonheenisaltaxis thraaghlibe cantet htthiergome andithetemteranf dzestangett he
target erodes. WO 01136701 -29 PCT/ US00/ 30793 14. The nmgnetron

sput t er isg tsaiagaetiassgsdHoh reivingl afigt 43d whetendmiagaetitgdietandssard axid ur t her
conprises: a plurality of circular magnetic rings arranged in a cone

behi nd, angyRAbMg Kdtwben tHWolELMerdf 9B Weh e 4ras 888 dirkAsBrdrcBrYi ng a

circunference, a“diameter and 5 a conmon central axis through the center of
the cone ar?iqg.ttlﬂg pﬁﬁ'gﬁﬁrofmcagﬁg't?c rﬁriadsqgéluding an inner magnetic ring having the inner

pole forming the first pole thereof, an outer magnetic ring having the outer pole
forming the second pole thereof and an intermediate magnetic ring having the outer-
10 central pole forming the first pole thereof and the inner-central pole forming the
second pole thereof, the diameter of the inner magnetic ring being less than that of
the intermediate magnetic ring which is less than the diameter of the outer magnetic
ring;
the polar axes of the magnetic rings being further oriented:
15 paraliel to the cone for the inner magnetic ring with the first pole thereof
closer to the axis than the second pole thereof,
paraliel to the cone for the intermediate magnetic ring with the second
pole thereof closer to the axis than the first pole thereof, and
perpendicular to the cone for the outer magnetic ring with the second pole
20 thereof closer to the axis than the first pole thereof, and
a yoke of magnetically permeable material behind the cone and magnetically
interconnecting the second pole of the inner magnetic ring with the first pole of the

outer magnetic ring.



the magnetic rings each having a first and a second nagnetic pole and a
pol ar axi s extendi ng between the poles thereof and perpendicular to the
circunference of the ring, the plurality of magnetic rings including an

i nner magnetic ring having the inner pole formng the first pole thereof,
an outer ne¥A8YI6E0Lr i ng having the outer pole 10 forning t RETRISRGIP3pol e
thereof and an internedi ate magnetic ring having the outer central pole
formng the first pole thereof and the inner-central pole form ng the
second pol e thereof, the dianeter of the inner nmagnetic ring being |ess
than that of the internediate nmagnetic ring which is |less than the dianeter
of the outer nmagnetic ring; 15 the pol'a'-’tO axes of the magnetic rings being
further orienteg' parallel to the cone for the inner magnetic ring with the
first pole tHer&Bf MAGREkpn spuiterng catiodaassemply fiaimdt whew@in thermagnet
parallel to the cone for the internediate magnetic ring with the second

pol e t her e8ss&mblydurthey qomeprisess than the first pole thereof, and 20

per pendi cular to the cone for the outer nagnetic ring with the second pole
t hereof cl oser aplurblidy akeisculdramadrietic frings rrpoyed inheecarad betsind, and/\fxraNél36701
-30 PCT/ USO00/ 30793 a yoke of magnetically perneable material behind the

cone and negmed teatAlpURériigCante CdadhdrirndIeaviRs 8 iciffefertie, bfamBR®angRgNEt i C
ring with the first pole of the outer magnetic ring. 15. The magnetron

sput ter isnga%%w?éﬁﬁé?%ﬂhr%%rﬁ'tﬁé Srkdr SRE bAe gh&tﬁaaaé}ﬁgr ?ﬁﬁgﬁfgﬂgﬁgf urther

conprises: a ality of circular magnetic rings arrange

behi nd, | . tQ, oni_cal ' ' havi

ci rcunt er e e el sB et R B0 oy i bGP  BeE boi i boREREn o1 o
th t h t ft t, . th ti i h havi

it and SeRABAGSMAHL P EolRatbotAL=A BPEIGIREIOdNE RO SRIRERe  ho

pol es thereof and perpendicular to the circunference of the ring, the
plurality BRG.ABQRKIRIEY ¢fimagnstiscingsinedding amineer magmeticirngrhavipgtheinngrt he
inner pole formng the first pole thereof, an outer magnetic ring having

t he out er poedotbinfdheifing pdie teereot) dnpmliter magnetid rirgtiavingithé euterdiaie e
magnetic ring having the outer central pole formng the first pole thereof

and t hgoi nfaining@né seétoriidie fherdbf Ald bR enterratiste PREgRetiB ARG RAVIng R sliteet er  of
the inner magnetic ring being |less than that of the internedi ate nmagnetic

ring whi chedrtrdi§dte fdtatihg tHe firsPpBikaheftiof LRB AL ikTerBRANS! bde ToMfing thdO
01/3Gr01 -31
second pole thereof, the diameter of the inner magnetic ring being less than that of
the intermediate magnetic ring which is less than the diameter of the outer magnetic

ring.



PCTJUSO00/ 30793 16. The magnetron sputtering cat hode assenbly of claim 13
wherein the nmagnet assenbly further conprises: a plurality of circular
magnetic rings arranged in a cone behind, and parallel to, the conical
sputtering e each ring having a circunference, a di 5 a
common cenﬁ&ﬁﬁﬁﬁbps t hrough the center of the cone and th§Q§2%®g?po t he
target, the magnetic rings each having a first and a second magnetic pol e
and a pol ar axis extendi ng between the pol es thereof and perpendicular to
the circunference of the ring; the polar axes of the magnetic rings being
further oriented: 10 parallel to the cene for the inner nmagnetic ring with
the first pole thereof closer to the axis than the second pol e thereof,
parallel to the i r | at | Gl ] e nd
ol o ¢ her oot To1 BLE bl SGul i GRACE SoBRBIS il SARMIIR o fhauRee

per pendi cul ar to %qﬁwcone for the outer magnetic ring with the second pol e
15 t her eof 38PSRRY TWENGHEOMBISESt han the first pole thereof. WO 011 36701
-32 PCT/US00130793 17. The nmagnetron sputtering, cathode assenbly of claim
13 wherein the #ARiRIY QESEAT 49,ﬂett'ﬁé‘F‘9%6FFﬁP9%‘g§?aSOB‘F @eRind: gnePacdlietul ar
magnetic rings arranged in a cone behind, and parallel to, the conical

sput t er i ngta, dheyeenical sputteringdargati eaphding having acdpedferanee sheiegieteand a
common central axis through the center of the cone and the center of the

t ar get, 5t ha corgnei central agis tlraagh ey cerderofithe sbnarddahs eeoted ofithentarget, pol e
and a pol ar axis extendi ng between the pol es thereof and perpendicular to
the circumy @agRatRfrilgd®ach Pavingniirst AKe sedontaraghéteaddly aRE IR #is

mat eri al behind”the cone and nmagnetically 10 interconnecting the second

PO O NExleRBfG GERASES th doldltnbldoP ahdl BefrehBlouPhe Y cifcifriinge of NSt ! ©
ring;
the polar axes of the magnetic rings being further oriented:
10 parallel to the cone for the inner magnetic ring with the first pole thereof
closer to the axis than the second pole thereof,
parallel to the cone for the intermediate magnetic ring with the second
pole thereof closer to the axis than the first pole thereof, and

perpendicular to the cone for the outer magnetic ring with the second pole

15 thereof closer to the axis than the first pole thereof.



WO 01136701 -33 PCT/ US00/ 30793 18. A nmagnet assenbly for a nagnetron
sputtering cathode assenbly having a conical sputtering target with an
interior conical sputtering surface bounded by a circular inner edge and a
circular outer edge and having a circular centerline on the 15 sputtering
surface beW@&A6he i nner and outer edges thereof, the neRfT&{SIYHIEEND| y
conprising: a plurality of circular magnetic rings arranged in a cone to be
situated behind, and parallel to, the conical sputtering target) each ring
having a common central axis, a circunference and a dianeter, the magnetic
rings having first and second 20 magneghi c poles and pol ar axes extending
bet ween the respective pol es thereof and perpendicular to the respective

ci rcunf erencgs f rali | Ci L] ' ' n inner
mmgneti o ri g, Tha M eproh dBuBiotaoehes BN daif L8RelHE I nthel?, | O

t he dianeterrﬁé thg i nner _magnetic ring being | ess than that of the

i nt er medi 5%LTRBY WS GAMRYIS&Ri ch is | ess than the diameter of the outer
magnetic 25 ring; the polar axes of the magnetjc rings being further
oriented: parablpsirality O?ﬁ@%rﬁ'@agr@ﬁlc fings prARIedifigheene behingd. gt paral@ i r st
pol e thereof closer to the axis than the second pole thereof, parallel to

t he cone tmithe benicalisputi@iligtaegatpepobtring having aictrbumfereses andla®etegpand t her eof
closer to the axis than the first pole thereof, and perpendicular to the

cone f@ bhemibdéretentryasgikitroughthartdritet dfahs eonednpehe célter ofthecargetyr to the
axis than the first pole thereof; and WD 01/36701 -35 19. A sputtering

met hod CORRY inabRstic Mgt detRRBLRE EXRstaHPPEEddNG rAagritiRidoRd Sndh lpaxas ggort in a

vacuum i n the processing chanber; energizing a frusto-conical sputtering
target to i i 1 : m an
interior g%t%ﬁgfgﬁ b%gﬁ?%@rh?%&I%&ﬁ%{g@ébﬁ%e?ﬁ%ﬁ@b@lhégﬂn%ugrﬁﬁﬂaﬁgﬁrgﬁ%fﬁtggng an
annul ar inner_area of the sputtering surface surrounded by an annul ar outer
area of tfBI9s tering surface; providing a frusto-conical nagnet assenbly

behind the sputtering target and produci ng therew th: .
a yoke of magnetically permeable matena! behind the cone and magnetically

10 interconnecting the second pole of the inner magnetic ring with the first pole of the

outer magnetic ring.



a first magnetic tunnel having first magnetic field |lines extending al ong
10 radi al planes and spanning a major portion of the sputtering surface, a
second magnetic tunnel having second magnetic field |ines extending al ong

t he radi al es and oriented to support the first nagnetlc field |ines
over the aﬁﬁ%?%ﬁqlnner area of the sputtering surface, and A"t H° 3f’ragnet| C
tunnel having third nagnetic field |ines extending along 15 the radial

pl anes and oriented to support the first magnetic field lines over the
annul ar outer area of the sputtering surface; whereby an effectively flat
magnetic flux is produced in a radial 0ss-section over the surface of the
coni cal sputtering target. WO 01/ 367 -36 20. The net hod of claim 19

. wherei n: PCT/dJrS?gécégéaétﬁszofagwﬁ FLARTeiR 19 fagribs gérﬁﬁlﬁ/ fl Iatte eSEEX at

the eroding su target over the cént er I ne whi | e
t he second and t net i c tunn S, _ene ectively. aver .the.inner
and outer areas® *urglﬁéogg'[ﬁW?ré'P?% 'P?%éé’gaﬁa gpﬁlcggﬁg’e%g‘dcaﬂ? |pﬁ[ead’ Ey t he
magneti c tunnels, producing a target erosign rate that is |n|t|allyqureater

at the ceniQfg gni ﬂéﬁ“ﬁ?”ﬂ%‘é’geﬁn%ﬁcr’dﬁw RRYIRg afiredaferrace ohiirARer# and

progressively becones |less at the centerline than at the inner and outer
areas. .A AcABENgN cgntrel @gisAlveginthe egrdenaiithe Avae &Rd.the cepteyiof etarget. Ay. AS;
*. ANy. AyL A A A? . Ay(.A? .ASN 9. Ay; .AS;.Ay?).A .Aya. A@9. A AS;Y . A@I R A
U ~- CEMtﬁwmagmétm"r}ﬁg]sm]cba]amhcmﬁd];mld aaéma]dcm]agaétm}cﬂa]ana]aqailaralxtsalﬂ ca

Ul c"a] calcaU ca U cna]ca]ca]calcaUca]c:a]c:alU calcalUcalc a vx{~i

or" extending between the poles thereof and perpendicular to the mrcumference of the
] P{ qu gb] X] ca] ca];ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] ca] cal] ca] cal] ca] cal ca] ca
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caj ca] ca] c
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aU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca!..7///=00
10 diameter of the outer magnetic ring;

1111122\ 223(B33L444L555=6a667W 77| wmhc”Y] c] ] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal ca] ca] ca] ca] tt\a]pm:]rw]esajﬂ]ttw]nag]\enc] drg<béiog fedfieradriealerh] ca] ca] ca] ca! 7VB88

899 9z99:i: - <0<5<8<<<<<<<<===| voi c*YTrhc”] ca] ca] cal] cal] ca
parallel to the cone for the inner magnetic ring with the first pole thereof
closer to the axis than the second pole thereof,
parallel to the cone for the intermediate magnetic ring with the second
15 pole thereof closer to the axis than the first pole thereof, and
perpendicular to the cone for the outer magnetic ring with the second pole
thereof closer to the axis than the first pole thereof; and
a yoke of magnetically permeable material behind the cone and magnetically

interconnecting the second pole of the inner magnetic ring with the first pole of the

20 outer magnetic ring.



Ul cral] ca] ca] ca] cal] ca] ca] caU] ca] ca] cal] ca

Ul c”*a] ca] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca]ca]ca]ca
==(>>>>>>67?7?0@aaaAA+By BB¥C. C| CCDaDDD

EEE EEF{vpke [V]] ca] ca] cal] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] C(Fﬂ cal cal ca] ca] ca
] ca] ca] ca] CHPOHPEA] ca] cal] ca] cal] ca] ca] ca] ca! F FFFLGGGPHHHI GI/VIMIWRI KKKLLLe
LL

MZMVN] NNOMOQ wr mhc”™Y] ] c] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal OPTPPPI QQQ<RRR>SSSSSTWJUU9
VW3XXY+ZxZZ[ [ % *[ 9[ | w ngb] X] ] ] ca] ca] cal] ¢g] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]c
a] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca] ca] ca] caJ€d] calca]ca]cal! 9[[[O\\\6]]] 3"~/ _

, ~ &aTaaa7bbhhpb i Y] ] :
a] ca] ca] cgiaga] ca) ca] Ca%ﬂ'i%ﬁ%@@%@fﬁé%'@%%% ]C% %ﬁg]eﬂ%gfh;'ggﬂg‘g chglﬂcgeca] :
e@f eeeeef hf f %ggmhzh&i lfJi LiiLjjjil .
kTk{vgkfa\ W ] pRSARIYIWi& SPEWIIERY ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
ca] ca] ca] ca] cal] ca] ca] ca] cal] ca] ca] ca] ca! Tkkl XI nl zI I [ I | MAmm] nnoLogo
p_pppaVaqar rrr Or { vleBiraity af equjasmegoptia thgepoanjedincakond behina] sed paksal cal
cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] cal] ca] ca] ca] ca] ca
Or 2r ar r s\ ss W, thiRucenical sputterimgrtasger each ringzHnings trbiihidreads al &gﬂn@?rc‘lﬁhcalﬂ
ca] caU] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca]ca

] caU] ca! ~z8{ Z& £binimdt} drtial axis tHit6s@PHedeakdrgrihe 63 ahe%l&?&r&?} 8?1118%@?1 call
cal] caJcalcalc

cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca] ca]ca ajcafcal *U

82_|I\/N’\ my{ vgkf at[h\e/]r]naC%nL?]tlcc el{ﬁng g]eggh 3\5/:1'?% g]ﬁ(r:sg & g]acsé e @A?Q:r}ﬂt'g &’P@aﬁ'@a‘]’ PYPEEY8a] ca
I $xm hMS~yt oi d”YKf

| call ca] ca] cop ks BAMAUES bER Tt Sfoatdayleeig ba ureuisiendngioes ob] ¢

aJ calca]ca]calcalca ) o ) .

hdd| & e"t - vb %HbS] Biayapt Hegaptiaripas dagledipg Arc lineajroagreticoria ddrc alitea] ca]
cal] ca] ca] ca] cal] ca] pa]ac;_;% ca] ca] ca] ca] ca] ca] ca] ca! oWwehwpLX] | p$xspv| wr mhc/YI
gb] X111 ca] cd'ee]eiis] g and]andlieapedipteanagetia]inglihealiambler ot theatma imbia] cal
ca] ca] ca] ca] cal] ca] cal] ca] ca] ca] ca 4| JV[] .
f,' $- 92NZAQz ujsie bemp]ipsmiheatbal] afthe ajtempedipteanaghetitlingiverH s Mesahsakieal cal
caj] ca] ca] ca] ca] ca] ca] ca] ca] caU] ca] ca] ca] ca] ca]ca!  *-6;

JVPZ"' 6: * . ~ytdigraefevlof tra] etbemhendiading] cal cal] cal] ca] ca] cal] ca] ca] ca] ca] ca]
ca] ca] ca] ca] ca] ca] ca] ca] ca] caU| ca] ca] ca] ca] ca] ca! %b(Il +; "vU3n

;{vagl gb] W] U] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca]ca]c
a] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! Qw+; "vU3n

;{vagl gb] W] U] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]cal]ca]ca]c
al cal ca]ca]ca]ca]ca]ca]ca]jcalcajcaljca & ~i K, 10%& ()- 10% & ()-&

&10% & ()-&F"10% & ()- 10% & ()-410% & ()- 9*10% & ()-g~-EdJE, 10% &

P10% & ()- 10% & ()-10% & ()-s 10% & ()-'10% & ()- F10% & ()-JIMIE, 10% &,
10% & ()-s* 104 & ()-,I0% & ()- F(10% & ()-&10% & ()-$10% & () - A, dYNC 10%
10/ 10/ 10/ Y7#10% & ()-@ 10% & ()-3 10% & ()-0 10% & ()-. 10% & ()-)vdEYNC
10% 910%& ()- F3 -109& ()-F 10%& ()- 10%&k' ()-"z109%& ()-F10%& () - vx{~dEYNC
10% Y 109%& ()-VYS 10%&' ()- 310%& ()-)10%&' ()- 10%& ()-s10% ()-i ? dEYNC
10% YS 10%&' ()- &109& ()- YS10%&' ()- Y 10%& ()- Y 109 ()-Y 10%& () -
OxnmbC 10% GLO%&' ()- 10 10 :



10l :z 10%& ()- |7z 10%& ()- |5z 10%& ()- Y( 10%& ()-& "dEmbC
10% Ff 109&' ()-FL 109%&' ()-Y 10%& ()-F 10%& ()-F"10%& ()-10%& ()-"oa dEnbC
%8% gg#iggj&' ()-F (10%&' ()-F 10%& ()-F 109%& ()-F 10%&' ()-#10%&' ()- ] PdEmbC
+ - zZ#10%&' ()-3& 10%& ()-3% 10%& ()-F" 10%
100& () - K8 by 2 8@O0%: ()- 5 10%& ()- 33#10%& ()- 1 1@'”0?5.@{')’”@’”793
1098 ()-39- 109%&' ()-#{xY:/ 10 10%& ()-  109%&' ()-Y f109%& (
"y10%& ()-s10%& ()-Z10%& ()- 10s?dE:/ 10l 10%& ()-F flo%&' () 910%&' () -
109& () -, #109%&' ()- 109%& ()-.RdE:/ 10S) 109%& ()- 9' 109%&' ()-|% 10%& ()-|
109& ()-1 109%& ()-f#10%& ()-RidE: / -14t6 10%&' ()-1 4g#109%&' ()-Y1
109%& ()-F/ 109%& ()- -10%& ()-F+f 109%&' ()-+,:b
10S109%&' () - 3110%&¥ 1§ -reddyvagron) SPLEBYRY (gathade @@sthmg%!a(m RvErpic the 9
109&' ()-3 109 ()- @10%& ()- 10%& ()-3 10%& ()-3 10%& ()-q88 aBbC 10 %
10% () - "ma§iek dssembly fLARE Compises0o® ()- 109& ()- f 10%& ()-8
slagiy;g'(';ngc 101 109 ()-/ 10%&' ()-- 109%& ()-1+ 109& ()-3S)#10%& ()- 9
' ()-9"" " #O it eraGar RantRalifa cdiBbEning St L6
109& () - 4,-/¢10tya;a#52!1 '?1%' v#z##H#" $uSSd er%%rmgsdr g2 4bind ftaralel

to, the conical sputtering target, each ring having a circumference, a diameter and
5 acommon central axis through the center of the cone and the center of the target,
the magnetic rings each having a first and a second magnetic pole and a polar axis
extending between the poles thereof and perpendicular to the circumference of the
ring;
the polar axes of the magnetic rings being further oriented:
10 paraliel to the cone for the inner magnetic ring with the first pole thereof
‘closer to the axis than the second pole thereof,
parallel to the cone for the intermediate magnetic ring with the second
pole thereof closer to the axis than the first pole thereof, and
perpendicular to the cone for the outer magnetic ring with the second pole

15 thereof closer to the axis than the first pole thereof.
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to, the conical sputtering target, each ring having a circumference, a diameter and
5 acommon central axis through the center of the cone and the center of the target,
the magnetic rings each having a first and a second magnetic pole and a polar axis
extending between the poles thereof and perpendicular to the circumference of the

ring; and
a yoke of magnetically permeable material behind the cone and magnetically
10 interconnecting 'the second pole of the inner magnetic ring with the first pole of the

outer magnetic ring.
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the inner and outer edges thereof, and
5 a frusto-conical magnet assembly situated behind, and parallel to, the
sputtering target, the magnet assembly having:
an inner pole of a first polarity and an outer pole of a second polarity
producing a first magnetic tunnel formed of a first magnetic field extending
between the inner and outer poles,

10 an inner-central pole of the second polarity and an outer-central pole of
the first polarity producing a reverse magnetic field opposing the first magnetic
field on the centerline of the target such that the resulting flux of the first and
reverse magnetic fields flattens on the centerline as the sputtering surface
erodes into the target,

15 the inn—er pole and the inner-central pole producing a second magnetic
tunnel formed of second magnetic field lines extending between the inner and
inner-central poles beneath the first magnetic tunnel over an annular inner area
of the sputtering surface predominantly between the inner edge and centerline
thereof, and

20 the outer pole and the outer-central pole producing a third magnetic

tunne! formed of third magnetic field lines extending between the outer and

outer-central poles beneath the first magnetic tunnel over an annular outer area
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109%& - dee, e- gnafdhs P@Pfelative contributions of the magnetic tunnels are such that
confined plasma produces a target erosion rate that is greater at the centeriine than
at the inner and outer areas when the target is uneroded and that continuously and
progressively changes to a target erosion rate that is less at the centerline than at

the inner and outer areas as the target erodes.
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14. The magnetron sputtering cathode assembly of claim 13 wherein the
magnet assembly further comprises.
a plurality of circular magnetic rings arranged in a cone behind, and parallel
to, the conical sputtering target, each ring having a circumference, a diameter and
5 a common central axis through the center of the cone and the center of the target,
the magnetic rings each having a first and a second magnetic pole and a polar axis
extending between the poles thereof and perpendicular to the circumference of the
ring, the plurality of magnetic rings including an inner magnetic ring having the inner
pole forming the first pole thereof, an outer magnetic ring having the outer pole
10 forming the second pole thereof and an intermediate magnetic ring having the outer-
central pole forming the first pole thereof and the inner-central pole forming the
second pole thereof, the diameter of the inner magnetic ring being less than that of
the intermediate magnetic ring which is less than the diameter of the outer magnetic
ring;
15 the polar axes of the magnetic rings being further oriented:
paralle! to the cone for the inner magnetic ring with the first pole thereof
closer to the axis than the second pole thereof,
parallel to the cone for the intermediate magnetic ring with the second
pole thereof closer to the axis than the first pole thereof, and

20 perpendicular to the cone for the outer magnetic ring with the second pole

thereof closer to the axis than the first pole thereof; and
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interconnecting the second pole of the inner magnetic ring with the first pole of the

outer magnetic ring.

15. The magnetron sputtering cathode assembly of claim 13 wherein the
magnet assembly further comprises:

a plurality of circular magnetic rings arranged in a cone behind, and parallel

to, the conical sputtering target, each ring having a circumference, a diameter and

5 acommon central axis through the center of the cone and the center of the target,

the magnetic rings each having a first and a second maénetic pole and a pblar axis

extending between the poles thereof and perpendicular to the circumference of the

ring, the plurality of magnetic rings including an inner magnetic ring having the inner

pole forming the first pole thereof, an outer magnetic ring having the outer pole

10 forming the second pole thereof and an intermediate magnetic ring having the outer-

central pole forming the first pole thereof and the inner-central pole forming the

second pole thereof, the diameter of the inner magnetic ring being less than that of

the intermediate magnetic ring which is less than the diameter of the outer magnetic

ring.
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magnet assembly further comprises:
a plurality of circular magnetic rings arranged in a cone behind, and paraliel
to, the conical sputtering target, each ring having a circumference, a diameter and
5 acommon central axis through the center of the cone and the center of the target,
the magnetic rings each having a first and a second magnetic pole and a polar axis
extending between the poles thereof and perpendicular to the circumference of the
ring;
the polar axes of the magnetic rings being further oriented:
10 parallel to the cone for the inner magnetic ring with the first pole thereof
closer to the axis than the second pole thereof,
parallel to the cone for the intermediate magnetic ring with the second
pole thereof closer to the axis than the first pole thereof, and

perpendicular to the cone for the outer magnetic ring with the second pole

15 thereof closer to the axis than the first pole thereof.
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17. The magnetron sputtering cathode assembly of claim 13 wherein the

magnet assembly further comprises:
a plurality of circular magnetic rings arranged in a cone behind, and parallel
to, the conical sputtering target, each ring having a Circun'iference, a diameter and
5 a common central axis through the center of the cone and the center of the target,
the magnetic rings each having a first and a second magnetic pole and a polar axis
extending between the poles thereof and perpendicular to the circumference of the

ring; and

a yoke of magnetically permeable material behind the cone and magnetically
10 interconnecting the second pole of the inner magnetic ring with thé first pole of the

outer magnetic ring.
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circular inner edge and a circular outer edge and having a circular centerline on the
15 sputtering surface between the inner and outer edges thereof, the magnet assembly
comprising:

a plurality of circular magnetic rings arranged in a cone to be situated behind,
and parallel to, the conical sputtering target, each ring having a common central
axis, a circumference and a diameter, the magnetic rings having first and second

20 magnetic poles and polar axes extending between the respective poles thereof and
perpendicular to the respective circumferences thereof, the plurality of magnetic
rings including an inner magnetic ring, an outer magnetic ring and an intermediate
magnetic ring, the diameter of the inner magnetic ring being less than that of the
intermediate magnetic ring which is less than the diameter of the outer magnetic

25 ring;

the polar axes of the magnetic rings being further oriented:

parallel to the cone for the inner magnetic ring with the first pole thereof
closer to the axis than the second pole thereof,
parallel to the cone for the intermediate magnetic ring with the second
30 pole thereof closer to the axis than the first pole thereof, and
perpendicular to the cone for the outer magnetic ring with the second pole

thereof closer to the axis than the first pole thereof; and
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energizing a frusto-conical sputtering target to form a plasma and sputtering
material with the plasma from an interior conical sputtering surface having a
5 centerline surrounding an annular inner area of the sputtering surface surrounded
by an annular outer area of the sputtering surface;
providing a frusto-conical magnet assembly behind the sputtering target and
producing therewith:
a first magnetic tunnel having first magnetic field lines extending along
10 radial planes and spanning a major portion of the sputtering surface,

a second magnetic tunnel having second magnetic field lines extending
along the radial planes and oriented to support the first magnetic field lines over
the annular inner area of the sputtering surface, and

a third magnetic tunnel having third magnetic field lines extending along

15 the radial planes and oriented to support the first magnetic field lines over the
annular outer area of the sputtering surface;

whereby an effectively flat magnetic flux is produced in a radial cross-section

over the surface of the conical sputtering target.
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20. The method of claim 19 wherein:

as the target erodes, the first magnetic flux at the eroding surface of the

target over the centerline is flattened while the second and third magnetic tunnels

emerge respectively over the inner and outer areas of the sputtering surface and

5 plasma is confined by the magnetic tunnels, producing a target erosion rate that is

initially greater at the centerline than at the inner and outer areas and continuously

and progressively becomes less at the centerline than at the inner and outer areas.



