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* ARRANGEMENT FOR A TRUNCATED CONI CAL SPUTTERI NG TARGET This application is a
Conti nuation-In-Part of U S. t Application Serial No. 091442, 600,
filed Novenber 18, 199\““@%\%&%\@@& expressly incorporateq goyyir epggr ence
herein. Field of the | : This invention relates to the nmagnetron
sputtering, and nore partieaoger|y, 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 tarGa_gt to grovi de coati.S’gAmat erial for vapor phase
deposition in a THGAIARGBAI ILIZATION MAGNETICARRANGEMENUt t eri ng, the

sputtering target FORGAARIUNEATED ICONIGARISRISTPERING FARGERct as a
cathode in a glow di scharge system In magnetron sputtering, magnets

generate a magmald &pplicatiniid atdentimiatbalina it 8p eds! P@féﬂ?@b’tﬁk‘ fioh Warel over

the surface of the sputtering target. The magnetic tunnel ‘confl nes

15 Che f ¥ Ha P 208 TS BieRerteR 6 gR8bi add e Rl eBRSR eBfPairle by °°

extinction voltages for 1 8 JUL 2Q03 _2 a given process pressure, and
signifi ca"rﬂfq?ﬁ?nlc@a%ﬁ*eingni tion and extinction pressures for a given cathode

vol tage. A conventional magnetic tunnel confine h arget surface
bot h t her Rielld @f¢he NpventioR: secondary el ectrons. mmmmﬁ@’u mmctrons are
di stingui shed from5 secondary el ectrons by thel gl whi ch give the

el ecterons diff | St 0188 ar t t hr ough
T T ng. cor eSS BihEInad RRIdTREe ST APl BeFs BRARLRNLY

el ectrons are nuch nore nuperous than secondary el ectrons but have nuch

| oner eneMgg@netseBdnagnst dasighn fosdke afficiantiutitizatian oha sputtedngéarggbon i npact
of the target by an ion. 10 The tunnel forces the secondary electrons into
sen ci r cuBackgrdund ofithe dnvdrtidrengt h of the magnetic tunnel due to the

i nfluence of the conponent of the magnetic
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 with 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



field that is parallel to the uneroded target surface in the

» cross-sectional plane. The conponent of the magnetic field perpendicular to
t he uneroded target surface forces secondary electrons noving parallel to
the axis of the tunnel to nove laterally in the 15 cross-AskdULo¥® pl ane
toward the magnetic centerline of the tunnel, which is the line on the
surface of the target where the nmagnetig.field perpendicular to the
uneroded target surface is zero. Thermal electrons, on the other hand, nove

back and fg; ' S [ | - t ; f i cal
orbi t o al SVERERGRE e 1 LERfleall Rive ighitBn' s Ehelr SESTeS

per pendi cgl ar to thei | ines of magnetic 20 flux, thermal electrons are

confi ned ¥  QVeNLABAISMORRRE. cat hode. Magnetic mirrors created by
converging magnetic flux lines at the edge of the magnetic tunnel keeps the

t her mal el ect r ghsomeitienal mggrieticrusnel eohfines neardbettaryet swfavbbobthttiewhalt he
thermal el ectrons perpendicular to the magnetic flux |ines keeps them

moving I n digditGl andlsétohdd ref eofeng. Ot RbirfalobRetdnk Nsrel B&ﬁné{ai@ﬁ%c& f1oR.

mrror effect 1's strongest ges of the magnetic tunn vani shes
above_t he magnetic centerline of the tunnel ., so that the thermal el ectrons
rove Ror: SEADARRY i SICGtGHR BF nieil AT DoMAHIER aolEDl ther reiPCFaTE erfierant ot
the magnetic centerline of the tunnel. 5 The el ectron confining properties
of magnet cbaragiatist@si nphermal efeorons \ase ioeatetdhoiugh phasmaingecwslisign oéan t he
target surface and nake magnetically enhanced sputtering nmuch nore

practical gdidrarridradith bABfer Ble@H6n SPHERSI Iglébtrdr@E ehuct ARré ADNRASULAK

magneti c tunnel is responsible for lowtarget utilization because the

canses. t necagn e Ry PERGrisR ST Ghordy . SReBht e Bfe Bororie ke

erosion rate highest in this r;gi on. Further, as the target erodes, the
target sufffofeéhe targpkupeR PR Ot &he target RLANEPM.i ne erodes into even
stronger magnetic fields, which accelerates the concentration of the

erosion. | n addiHe wRnel forcesans eBtomdaY eSBNRIn semisheufar\orbitearmgnrthef i | e
redi recting secondary electrons fromthe opposite walls to the center 15 of

t he erosi f ] r.ak i [ s
i1 zact oo e radhbiFunRBRARE Y b et AT BB ot idtlefc,
Peor target utilization underm nes the econom cs of thin filmdeposition by
i ncr easi ndield®ahisparalighto taenpreded target sutae intbe srossrseptioaalpleng gdie
material as well as the nachine downtinme requiretl for target changes.
Uner oded aoagoneht bhibetmagrastictiieldhdrpendicular to the uneroded target surface forces
secondary electrons moving parallel to the axis of the tunnel to move laterally in the
15 cross-sectional plane 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 flux lines at the edge of the magnetic tunnel keeps

the thermal electrons refiecting from side to side as the iow mobility of the thermal

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



20 near the edges of the nmagnetic tunnel. Were such areas exist, they tend
to accunmul ate redeposited nmaterial that flakes off into the processing
chanber to produce particulate contam nation of the substrate. -4
Magneti c tunnel s have been enpl oyed havi ng nonsymmetrical 3dHapbs dfgat are
rotated with respect to the target to nagi_pul ate the erosion profile. Such
rotation is useful in achieving inproved filmuniformty on the substrate)

achi evi ng hj gher L izati r edi j rge at
woul d of nettie b Efte bk 088 cBs PRl Reh% RrehRsERt 1 eBpdi e
These rotating arrangenents are only convenient for round planar targets.
For rect angt@gietisiunaelandaanistiegabove dhe ynagngticcenigring of tg?rtb\h@%'nﬁﬂg@athave
been practical. For frusto-conical targets and other annular or ring-shaped
targets hathetherhis eleymingmoverhorizaritally Pcabae-dimednstores potentiz wdlleghbisget ,
the magnetron 10 arrangenents of the prior art have not provided high
target util] L i i sputtering has nade
sputtering dgﬁgt%rggﬁté@h*aaﬁé\@gggﬁhﬁ@a% ﬁ/ﬁ]\%ﬁgﬁﬁgpt echni que for depositing
thin filns, its _full econom otential has not been realjzed in_the case
of staPic nmagnetine 8leCHAQSPBHNET PORSMBSS FacnglPe SRiHarng arenglfective in
provi de a nmagnet design that will 15 produce high target utilization with

f r ust o- conienvhlanaing ptesmea dansityl regar tlee Beget. suSiacemmny rmike headnetieally emhanded
objective of the present invention is to provide for inproved utilization
and full TagRnsfinglAdcldimdiel 5ruelics 4R8h SRdiiGIATiobe ShURIRE! ' ABWEYEE G N
appar at us. partTcul ar objective of the present 1nvention™is to provide
for inproved util.ization qf 20 an annul ar., t t without..restrictin

avai | abi 11 EprehtisAvbeheli BRnEhs TR YRR R ot LAt betaibange
to use for other hardware) such as, for exanple, an |ICP source. g_I n
accor dance ogncantralomoef alsckpes near the magnstistcanterinei afntheaduspel causeasgthe
apparatus that includes an frusto-conical or simlar annular sputtering

targefgi s plasma density to be similarly concentrated, 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 groove, 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 well 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.



provided with a magnetron nmagnet assenbly that causes the erosion of the
"target to nove fromthe center of the target annulus to izr&er ag&) out er
regions as the 5 target erodes. The magnet assenbly is po itt’%‘n pehi nd
the target to produce a plasma confining nagnetic field over the target in
t he shape of an annular tunnel on the syrface of the annul ar target
surroundi ng the opening at the target center. The walls of the target form

The contral opdrbteitineie BekeERen MhefVelung hedRimsicaiieddbdinen:

magnet rings produce three magnetic tunnels. The relative contributions of
t he t hr ee @ fpfates Withtaspest torike targelde manipulate tha-efasipn piofiles Surh rofation

parallel to the surface of the target. For a thin target, and as sone point

part way ﬁé‘ﬂU@Bfm i behﬂek/lrrgsint;froVéd ﬁkﬁ_runﬁféfrﬂﬂy%n e émmtgﬁgﬂﬂéwﬂgtm@h@* and
an outer magnetic interact with a main central nagnetic tunnel 1 to

Cargot . womet ifiZeidTRRR ofochd BobE H Mo sdoshingt Mok clhehilfe 20"

the target's life to erode the nean radius_of the annular target along the
targef centneredaif fitimagnetic wnpebwets stgtiond hesa saialing @rangemems @fe onlyf e of
the target to erode areas adjacent the inner and outer rinms of the target

annul us amrdnsenieatifor reurel glanamtagyetoy Eor restainyuadand anntlaatatgefs, bhig staticget
centerline in the same nmanner as if the flux remained parallel to the

uner oded trﬁ'é%r?éticsé'rrré SRS HHBBHed Pactithe of the target. In the preferred

enbodi nent sputtering apparatus, 1s an 1onized physical vapor deposition

apparatus that includes a vacuum processi ng chanber.,, a -6 substrate
SEpport in' t he RS RG R AR A ST R al05 HbgratiPp darasis having
processi ng, an annul ar magnetron sputtering cathode assenbly having a
central omdnémgystedt aonipuheots ledated dopthed cphtes naf Swutargebetiiendnagnetron
dielectric window in the central opening. The magnetron cat hode assenbly

i ncl ydes . : t ek i i DEiefHteh COMMieal
4g %rfdﬂ%ﬂﬁeﬁt@%f?iﬂe riGiP HEL AV Biot %frgﬁﬂeaaﬁlbﬂgta?get' Otig/dtioh. %lf@a

sputtering surface facing the substrate support with e outer edge of the
target claoser to the substrate support than the.inner edge. .
[ r ust o- conneanetial Eriaaet s fetb BA: ina i itiiing = Brartidand sronomicaliye
sputtering target. The nagnet _assefrbl?/ is configured to produce a main
magnet i ¢ tvighiel e@qugfwe@gemsntmgrﬁrm films, ritssfudl Roamongic patential hesrnatdieest t he
10 sputtering surface and straddling the centerline of the sputtering
surface, aBaliz¥eEih the case of static magnetic arrangements.
Accordingly, there remains a need to provide a magnet design that will
15 produce high target 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.



magneti c tunnel having magnetic field Iines extendi ng between the target
‘inner edge and centerline, and an outer nmagnetic tunnel haying nmagnetic
field lines extendi ng predom nantly between the outer edg'b avid. @@t erline
of the target. The nmagnetic fields of the three tunnels interact in a way
that tends to produce a resulting 15 madgnetic flux that is relatively
parallel to the target surface. For targets that are thicker, this

resul tant fl ux ibhesctordancy eithvire phiaciptesgef tieergresénniveatiby, ianspiteering
target's life, becone flatter part way into the target's life and gradually
and progr Sarae]

target cent raIYrﬁké @%g%o%éo%tsgl de gfégt %Mtbarrggﬁlgtzarﬂngjrl i ne. %ﬁ’ui’}}argeﬁs Y,

where erosion of the tar roceeds at reater rate gt the centerline
At Uhe begTaHBRg Wit 2 HEoRergBmasTetiasser b i seuRgs dho sroronol e st

toward the inner and outer edges of the target later in the target's life
so that tdogeovaifion tze icenter of dhe ftargat @naulush emearrand olier gegioms asathget .
-7 The relative strengths of the magnetic fields are such that plasna

configed Ryrdeh ercrmnerﬁézﬂre st blsaérrpgg i8 wﬂgtntetaﬁaea?m gﬁ@gé@eﬁt@pwd%é%r

target erosion rate at t cente outer areas

changes | e cobfiamashelf BeRbar e Sig LR hREPEBRIL AR s-Talainas

i nner and outer areas thereof as the target erodes This effect is greater
f or thi ckdhe surfgee of thatanmuiar taegetsurmundisglthe epehindhat thartgeget centernddeet i ¢
flux is parallel to that which was the surface of the target before the

target er ol ofte ta/rgéb’forﬂﬂla”'trﬁﬁéﬂéﬂ%ontehhét sl iHglirsdtRA6r arae/m?re at abBupygrhout
t he target s life. For thin as well as thick targets the tlat shape of the

rasurt of 'ifte Plarh ARG ERRA Boios "of “Uhe magnet  c rings that produce the

three magnetic tunnels. Preferably, the configuration and strengths of the
magna®i ¢ ri ngs 'aanenbediment fabtheslpéentrqrh threeRarmanes; Magaebriags wieducea
target is very thin, the relative contributions of the main tunnel and the

i nner and tmdeerhagnetrtettmnarse Tond) reiitiod contribulibng bithe theee tsinespiodoeestie C
flux lines are parallel to the target surface. For thicker targets, the

rel ative et bAULhADR: Al fils Bl Brd HARRL BMleldrd e BRg Al By Luppe! S

are adj us such R Es | nmagne nes fo a tunne
the target surface that is si mlar to that of a conventional nagnetic
ar r angenert@ragt, 8ne aseImeainentAant wayethreugh theyiiyes of tNekeniagaetsepBdBRET he
shape of the flux |ines becones

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

15 to produce a resultant magnetic flux parallel 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 parallel
to the uneroded target surface throughout the life of the target.

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

vapor deposition apparatus that includes a vacuum processing chamber, a



20 flat so as not to pinch the plasma. As the target erodes further, the

- inner and outer tunnels are exposed to the plasna as the target surface
recedes into these tunnels, resulting in higher plasma ddhdUty288ear the

i nner and outer edges of the annular copical target. _g_ The
frusto-coni cal magnet assenbly preferabty includes an inner pole of a first
polarity and an outer pale of a second polarity producing the first

magneti c Fméqtebwféo@fr'@tm@a@ﬁ%‘iqsé"fg éﬁhé"g;@lre?mi RYPRRtiNBeA BuestraBeforand
outer poles. The magnet assenbly preferably further includes an

i nner - cenpradespivige anf arirmdasmagndtron pputterihy catiibde assémbhclavingla centeal of
the first polarity producing a reverse magnetic field opposing the first
magnetic flgl: t i g L

ctrongt h oPeHa SPoindoangty LABIE piihd SREL bPHER A SRl iowRRN e
centerline as the sputtering surface erodes into the target., Preferably,
the i nner °poiral QRENINGe ﬁﬁ?ﬁeﬂla@é‘ "PAl Cifbpgep?%ﬁﬁm@yt Wé?}‘-l cf frefReganical innel
formed of magnetic 10 field |ines extending between the inner and

i nner5 censpuattenng twgehbavihg @nlivtesiar konical spittenmysetface facimetheosebsttdie
annul ar inner area, while the outer pole and the outer-central pole produce
t he outer aBece hifh the"be I i i Q%&?ﬁ i ween
the outer and otlﬁlgjrfcent Fg%@ gtl?gsﬂ'q%én g?ﬁqsﬁéidngfsﬂggﬁ%ﬁ c uﬁlnt@?ngﬁér the
annul ar outer area., 15 The preferred magnet, assenbly i s .fornmed of pernmanent
manet s | [neredea: rh bRsio-gprel magre: Senkarel 36 Rl oiefeashing canaparalBh: ¢
rings arranged in a cone behind, and parallel to, the conical sputtering
target. THe SpHieriag dafgesf ef apinpagrricasgeroblyi isdtanfgiwaed $qurnoduagagnaain
arranged in a frusto-conical shape, with their polar axes extending

per pendi cHizynetie fuhdeliNaviiy effdieticofieldnindd R@ANNIMRE at AMGser boRish ohchede 20
an inner, an outer and an internedi ate magnetic ring. The pol ar axes of the

Conatna eRa i S taddnd BrBR TR e e BtRa i g oBefflg iRee a0 et "o

magnetically  _g_ perneable material |ies behind the cone and
nmagnet i camagnetie Bt @hRaving magnetiafield 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 intera'ct‘ 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 util_ization is uniform over the entire life of the target.



and.outer magnetic rings. The present invention inproves the utilization of
"frusto-conical targets from previously about 25%into the,range of 50-60%
Erosion of a conical target is 5 nmaintained over the enti ﬂfdabazﬂ%r t he
sputtering surface of the target, there?y avoi di ng the production of
particul ate contami nation of the sputtéri’ng chanber. These and ot her

obj ectives and_advantages of .the_present inyention wi|l be nore readily
apparent from tﬁ@ rEARtVER RN aIRS af ﬁ*@o‘né@@%?‘? ﬁ?'pérﬁreﬁuicgfth%g‘@lsm Wﬂ%‘”@p t he
Drawings_: 10 Fig. 1 is a schematic diagram of an ionized physical

deposi t i obyahpanagneticddxatygt isgshapeddheteby prbdubes prgreeter target erosion réteg. 2
is an enlarged cross-sectional diagramthrough the cathode assenbly of Fig.

1. Fig. 3 d&tpgi f%rgé%@%t insh i 8% ﬁngefr%c{*??ﬂﬁtér‘é%s%’ﬂ@éf @vﬁ%ﬁ”@ﬁleyta?%t':fsgs- 1

15 and 2. Scription: ustrates a sputter coatl
apparatus, specificall n ionize hysi cal, deposi tion (i PVD) apparatus 10,
Ebor di ng wiTertd whEocarERuodrly BRE HirdBshvely FTEnBes 10 arksSP R SRR s 10
i ncl udes a vacuum chanber 91 bounded by a 20 chanber wall 12. The chanber

11 i s5provatteat thetdenterlinethaneat thé yreier ahdvaper areap diserepbas théidyetserodes 13
for supplying coating material in vapor forminto the volume of the

sputteringri; gﬁggtrlisggleéfé‘# f6i0thidk@rkafrgBE, LA SHRE okt nghg‘ﬁFee%f file 4R the

-10 The cha s a central axis 15, extending through the center of

the ond ¢ nEoattc RS pelBRE ahivichideS e WHAETTh 1 Ly BTG Pha o

hol ding a substrate wafer 18 centered on the axis 15 and facing the | PVD
source 13 efodetgFpr vewdBintgroass.dhisdluxchapernaay exist thraugheviDhegpegedisdiée.10
are nore particularly described in U S. Patent Application Serial No.

091 442, 50 oritkihess well b@trﬁb@@geﬁhmeﬁt%ébe optieeniagnefic filg os awregrekdiver e
described in U S. Patent No. 6,080,287) hereby expressly incorporated by

(! UG ORRRID o8 SRR NGE ale S M PRV RN e, |,
the cent erm;gr?ét?cojinggtnh%?r;])trc;c;t.(l:ce 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 parallel to the target surface. For thicker
targets, the relative contributions of the main tunnel and the inner and outer tunneis
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.



with the axis 15. Centered in the opening 21 on the axis 15 is an RF source
‘assenbly 22, which energizes a high-density, inductively coupled plasna
(ICP) in the chanber 11. The cat hode assenbly 20 further TJHUd a
frusto-conical, or truncated cone-shaped, sputtering tar ée ing an
coni cal sputtering surface 26 15 on the interior 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
bonbar dnent wi t ki j i, a
process gas, ‘F\E@ﬁgkg}ré@b&ﬂﬁaéhe C a@elp @g@%ﬁ“@%@%@%ﬁf}nﬁggﬂ of's
subat nospheri c or, vacuum pressure typically less than 100 ntorr. In iPVD
systems, dtshBolrithARdian pHiariRale of 6F SeerRNchRPEFit:Praduaing fhe (ﬁf%l'ﬁé@%%ﬂq rom
the target 25 by the ion bonmbardnent are ionized by a secondary plasma or

| CP. 1 udbkl RPaJirstirhaghetichi¢lt addemding etwead then rined emdeoutegpelesorTheagnet

afsenF!y 30, illustrated in nore detail in Figs. 2 and 3, that contains ﬁ
i Eéap'; 2 PepRpERERaRblY, brefrBRRRR: Micltfes'an ThellCaIRF ol of tieREcal | 18"
asse

enerates a magnetic tu that 5 tra el ectrons close to the
surfa e 260‘33”%?@ %[?@B‘Prfg”'fr%' F?f%l?r‘?? Q?%f&sm@omwp qRg AgVeTSEIRaINalife

magnet assenbly or pack 30 includes a yoke 36 of soft steel or other high
magnet i ¢ pieideppokingythedirelr mabnelit feldegmdie céntgslirkl of3theatiaeggtrefobr thht the
circular array of ring magnets each fornmed of a series or array of discrete

square m%%hltﬁ@”@ﬁ@ﬁ o@rthéni%fj drid ?e\férg tr‘?ra§ﬁ@h&?|el§§‘%‘é?réé‘sésh%n the

respective ring 10 WI h their poles and xes orient In the sane
direction in. a.radi aX| of thec Loun h respective ng
smai | a s RehEgndne Shife i el erbots BN edelel, FraRraly TR dinet ol

a structural framework for t he magnet assenbly and defi ne the shape of the

cone 35. Tanrd fhe innexcestraf peleeradyerthe iiner eagnetisrtunnabfogmedref mageeticed
parallel to the 15 target surface 26. The yoke 36 is shaped so that the

enti M@ polfeld ae8s ekichBmgBaReER ti9é irfree dnanBhref-t&tra boled i liebdrzath the

illustration is the south pole S, are in magnetic contact, that is,

Pyt o <A HaesGuFhATRELBY St 1P akoe, VLS 138 osfieac %fdnﬁ%%es o
;?faough t hgutgggé;\trgl%loee Ip\)lro%r&%etﬂ'r\]ee oa?eurtnt\]agr?elt% tLSmr?(fal fgrhmeecrir% %e;gsne%]:: frelldnlgn
extending between the outer and outer-central poles beneath the main magnetic
tunnel over the annular outer area.
15 The preferred 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 paraliel to the cone and

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



20 oriented perpendicular to the target surface 26, wth the entire pole
‘face of the magnets of the outer ring 33 in magnetic conta%t with the yoke
36. The magnetic flux lines 51 between magnet rings 31, 33 % d¥lm203e nai n
magneti c tunnel 41. 1 8 JUL 2003 -12 The central magnet ring 32 is
situated approxi mately hal fway between-t%e innernmost, or N, pole of the

i nner magnet ring 31 and the center of the outer nagnet ring 33, defining

t he eff ectparengaide maderialflieshzehirhthe comeand mdgridticalipimensamects theuinnel 41,
The magnets of the center ring 32 may, but need not be, in direct 5

physi cal oin$HER; #AdfEticHyyet i ¢ contact with the yoke 36. The pol ar axes
of the magneqtssgtgr thge center ring 32 are oriented primarily parallel to the
target surface 26. The faces .of .neither, pole of th nets of, th ent er
g 32 1's i n cORe RESER HyeDHEN JaRE 28 e Rtralinn PEriabaronisdldatasts fiam
center ring 32 is oriented in the opposite direction of the polar axis of

the i nner prenipBly abboa5%mirkd ghe 2ange lof tieb@opoEeosibntdfea YONmahtarget is ng
32 facing the S pole of the inner ring 31. As such, magnetic flux lines 52

bet wvegn t h@airfiainedr SVerdheadtirt Nires eiittfe %pﬂﬂe?i%gfﬂirféc%‘oi‘ RRE ftardst NHlereby
magnetic tunnel 42 under the flux lines 51 form ng the nmain magnetic tunnel

41. The inper.,.. m.nor npel f S t i O f the target toward the
end of theg\fcf'g'@géﬁgtpﬁé:&fgﬁaeﬁzpfg{'%@é{ﬁ %W%Wﬁ‘ga&%gnﬁJﬁgrSp 5'”9%%("9?%
target surface 26. Magnetic flux or 15 field lines are illustrated in Fig.
2 in a radial plbese andhothesebiactives pad advantegesaidhewjasentdnyention willdse 53
between the center ring 32 and the outer ring 31 forman outer, m nor

nmagneti c tmore ety dpperetstfeorhlthe foliondag détdiledtddseriptibhe mai n tunnel 41
The outer, mnor tunnel 43 affects the erosion of the target toward the end

of the Iifgri%iDteQ%riﬁ ?{;&%fﬁi BYQEEi!ﬁ%'OUt er annul ar area 47 of the target 20
surface 26: 3t ween the poles of the center ring 32

oppose the flux_|lines 51 that formthe main tunnel 41 to reduce the effects
of tH® main tunhi@. 14 3 §che@atiadipgrapeofan pnizedrpBy$icak eRRRILON BPBAFAIYS ve
flattening of the flux lines 51 that produce the main tunnel into the

target 25 emnbodyingerineiples bf the pi@sest insestish. 1 ~ JUL 208 -13 by the
continuous progressive increase in the contribution of the flux |ines 52,
3 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.



t hat produce the mnor tunnels 42, 43 into the target 25 at the areas 46,
" 47, respectively. A null point 55 where opposing field |ines fromthe
magnet rings 31 33 cancel, will exist in the resultant nagpgtMﬁ1h® | ds from

t he magnet assenbly 40. 5 This point is |located near the centerli 40
close to the center magnet ring 32. This null point is behind the target
surface 26 throughout target life. Th Osti entation of the inner ring 31 of
magnet s Earallel to the surface 26 of the target 25 enhances the formation
of the i ARerchamhetild hasricenirahaxisdpniaxtending braugh 488i centaagidhec
field shape for a given target width. In addition, 10 orientation of the
pol ar axissurde 1de A wafer supgord i 7pigraibd grovidetihin thergredmber flacat e ahbows
for nore target erosion near the inner dianmeter of the target 25. This

relieves AN ] i t e 13.
These. adiSEapaEdRie e sl o LaReRRIbA Rie ARRTIE tortolling S5,5S14E
oriented parallel to the target surffac_e so that the f%mation of the fl ux
fines of WAy 1heentermeypriNGaxaRANKREIRORE YD SHEre g Quripel RIecessinte
inner ring magnets are already curling back to the opposite pole as they
energe f Qihetdempooprds of thel iPYE apparbsi 1ihare morenpéarticoldoly deseebedlin .S

smal | er anount of space than if the poles of these inner magnets were
oriented (oL t } i osi on
o he 1 e B ot b e el G a0t on.
The magne of the ter 20 ring .are_ordented per Loular to the target
surt ace &5 F snurte 1, A7e: dererbRdd dsa Rt Beb B 0 by o hetatyoetresy
target to achieve full-faced erosion, thereby occupying additional space at
t he t ar géncasporated by eefeTercd herein.i on achi eves advant ageous er osi on wit hout
requiring additional space at the target inner edge. -14 The main.tunnel

41, which is ghedpyerséyrcdBaanatiuges behagndtrspiatemeicdthdé BRSEMBRIP®t ring
31 and the outer magnet ring 33, affects the target erosion at the

ff
begjani n s i fe . thi . i fined
Co 1"er Sumen R bBBTE! i wapeand Bae el B Sind 2R sep e WERER conePRs o
centerline 40 on the target 5 surface 26 at an internediate radius of the
annul ar withgthe 2Bis 12t eentgredén the geeningr 21 ¢in the Bxishilekderan BFgeewrceas t he
surface 26 erodes and recedes into the center of the target 25 along the

center | i aesé@blyt 22 ihieh @nergigss hdigh-aensing indudtiiely!doapled plashal(IoP) in

flattened along the centerline 40 due to the effect of the opposing

gﬁgngm g ;fﬁx% gh%gﬁ{grmg . Eg@tcfa%od@%?émﬁiynﬁo FartROinkifae & 8RlstOcohldl,  diner

truncated cone-shaped, sputtering target 25 having an conical sputtering surface 26

15 on the interior 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.



10 .shape of the main magnetic tunnel. The relative influences of the
+erosion profiles of the magnetic tunnels are such that theq@d ggpepgonfi ned
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 continuouslylland progressively changes to a

| esser target erosion rate at the centerline 40 than at the 15 inner and
outer areas 46,Th&7cathodeeassargbly 20 doledsdedree magretremdnagnetr assemblyi 30,
tunnel s 52, 53, respectively, distribute the target erosion toward the

i nner andpdisfed ih rﬁor‘éfdétﬁ'i?intﬁgg?i aRBUknE doRYsng atﬁ]ﬁra‘?i[}ﬁopﬁ([ggéﬁ?lg*’-iﬁr@ét

life. The erosion groove thereby broadens as the target "ero ading to

ot i zat i RGNS TGS Siagner SRERAN SR 36 et escaral e BE teidst 20 kg

bored parallel to the axis 15 which carry feedthroughs for water and DC
power to ektericapgbacktheraufe Thesoagnat astembindd geserates agnagnetisitunnel'thatar d
pol ymer coating such as pol yuret hane or enclosed w thin non-nagnetic,

metal i ¢ eiapl aRlctrons | AGEH 1@ tRk afifface 26 -dfSthehidibefRE RoMeALI® thEenamgnet
pack 30. The coating prevents the magnets of the rings 31-33 and the yoke

36 from becopin | di zed-in_ai n : n t rings
31- 35, wnoBHRAge BESRS THecrBghelRSsdtnaf: BrpeK 3R hEBaRR R0 3R lihat i g
particle source. Cooling water to the target 25 may pass through 5 stub
assenbl i estggidr ehenhigh megogtic teemeahkitityaBiatetiall o e dnagrrtaingss3ti3taren and
acconpanyi ng drawi ngs set forth various enbodi nents of . the i.nvention, it

will be appeferditly tirculboseastd fidemaghetsheachr forrbatof adsiirigsasrsaradycof discrete
nodi fications may be nmade w thout departing fromthe principles of the

et Lon s Eshbians hrinddd PP RdsrckbricalrspU i Al R
Pr OC$ SSi n%vit%htﬁgﬁeprolefsoén BBI%?E%Q 8riéant2 tI)r? ;(hreaéaemfeocgirection in a radial-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 paralle! 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.



processing; 5 a magnetron sputtering cathode assenbly including a

"frusto-conical sputtering target having an interior con|c€ ip ttering
surface facing the substrate support and having an i nner! d@ out er
edge that is closer to the substrate squort than the inner edge and a
centerline between the inner and outer ‘&dges thereof, and 10 a

frust o- coni cal _nmagne ssenb . situat ed I nd, and, paral.l el , th
sputtering tar b ef’ff@ﬁ?é@ﬁ@l '8¢ n'ﬁlsg'/tuﬂgqgr:@pféwmat?ﬁ)éh lfWaMrQ?g‘UEE”?%efl rst
magneti c tunnel having first magnetic field |ines extending al ong radi al

pl anes, sipaemost, ar Nppale ob the inoar ofaghbtring 81 eedithg centdrad ¢heveter nzggnet
centerline of the sputtering surface, 15 a second nmagnetic tunnel having

second WBBC ]gEhﬁ‘in@ tlhken@ﬁe&mg%qy dt&ﬁh 81 Wcéﬁl@rlfr@h@'?f%ér}ﬁﬁmaﬂ\‘é?ﬁéh@”t ed

to supp I rst “magnetic | 1 nes over an ann I nner a ea of t he

sputteri ce_predomn en. t he. inner, edge ent.er

Cher cof ovonel A" T ARermaBbaRo theoCamlSr fiobi 5 Bat< bibrSad dosch, f ired
magneti ¢ tunnel haV|ng third magnetic field |ines extending al ong the

radi & plpnsEcamar subistantiad magredipprontactivetlf thesyokedbet The polar dixes mdshever
an annul ar outer area of the sputtering surface predom nantly between 18

JUL 20QB haghbR STUhEEcRREFINGIY Aredriehtdd\srirh s gairaln 86 tHd Rirget Rirfagk 28, of

t he sputterl ng surface; the resultant nagnetiC fields being such that

Cargot 1 STHihAosac THUACEPRPRT M cibboe{ et ik ientPR pe bt BRp R B Gt

that plasma predom nantly confined by the second and third ma(h;netlc tunnel s
after theyaks 3@t Thesmagpaisdpolavaxinsf th«héeme&m $¢ btiotiested indhgeppesitsi on
rate that is greater at the centerline than at the inner and outer areas

when the dipgdioh dfshelpelap@sit sfibe irfrdr riegra i, shousl it RiIgd2 pvitahesSpaleldf tikdanges
to a target erosion rate that is less lo at the centerline than at the

| nngly and QUL 8 Tind $2%adrig W SIHIFR i R8P 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 illustrated 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 target toward the
end of the life of the target 25 over an euter annular area 47 of the target

20 surface 26. Magnetic flux lines 54 between the poles ef the center ring 32 oppose
the fiux 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



1 8 JUL 2~3 -18 2. The apparatus of claim21l wherein: the frusto-conical
‘magnet assenbly includes an inner pole of a first polarity_.and an outer
pol e of a second polarity producing the first magnetic tuiﬂeUU’-b)Zlm first
magnetic field extendi ng between the inner and outer poles. 3. The
apparatus of claim2 wherein: the frustd3conical magnet assenbly further

I ncl udes an inner-central pole of the second polarity and an outer-central
pol e of t hey the sontimiaus progressive inceaser ievbe sntmiputesr of fhieefluk pgoS2n588 t he
first magnetic field on the centerline of the target such 5 that the

resulting fatnrBiaeE aRE MindrBinhblsSia Al iMBVHIES BarBODE! bE 1id Bhéss Wealrens

on the centerl'ine as the sputtering surface ero Into the target. 4.

apparatus of claim 3 wherei.n:_the inner pole.and the inner-central e

o bauct ng iesesciiahATIRRINLSS. Gk SpapRBa A Unes T s aaciet 188 AT nes
ext endi ng between the inner and inner central poles beneath the first
magnet i c t3Bigancalywill existintbe aesuliané magnetic dieiashtsom theunagnehgssamiblpdd.
predom nantly between the inner edge and centerline thereof, and the outer

pol e and tTRisYHiMris fRBkERheBOthE dahRGiHd 40 cloke tb fthé BeARYMRAdret BB, fiag med
of third magnetic field |lines extendi ng between the outer and olter-central

pol es beneath the.first neti ¢ tunne ver an nul ar. outer area of the
sputteringnwgpgﬁfﬁhhﬁﬁﬂpgﬁgﬁ?%ﬁﬁ§vﬁa%%#gggﬁugﬁ8uﬁ "ap gﬁge and centerline
t her eof . 18 JUL 2(i03 -19 5. The apparatus of claim4 wherein the nmagnet
assenbl y furt heff he@figntation obthelinnen ring 3bof magnatapanalipide the suraee 36 cdnged
i n a cone behind, and parallel to, the conical sputtering target, each ring

having a cihectargetr Z51eahancesl tiefophatiorl oftheoiRren igltupneiss2 Bhe pehmitse
center of the cone and the center of the target, t he magnetic rings each

having a fLr et | : [ t | 6}
bet weent né 618 20cferiy MadPaRThod SPRleR e BREN BoroBt gl 0 Pan,
ring, the plurality of naq%ir;et ic rings including an _inner nmagnhetic ri ng
havi i t heofigpatiopafehediaiangxisiff the irerpie: 3t Raralel tostheotarget shitare 78
ring having the outer pole formng the second pole thereof and an
i nt er redi askowsfpretore targey erssiomgearthe inrfeediameter 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 aiready 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 central pole formng the first pole thereof and the inner-central pole
'formng the second pole thereof, the dianeter of the inner magnetic ring
being less than that of the internedi ate magnetic ring whidchUl g0g3ess t han
the dianeter of the outer magnetic ring;,the polar axes of the nagnetic
rings being further oriented 15 paralﬂa‘} to the cone for the inner
magnetic ring vxtth t he f|r e thereof closer to tg_ axis than the

e

second pol e t het®maipinge 8I1 WB'CPH%p adoby Magneticdiaid ings setwrpiinec

ring with the second pole thereof closer to the axis than the first pole
t her eof , ammenresgeetding8hand éhe beter oregniedring 133, affeets thedarfet erasisrgatihich t he
second pole 20 thereof closer to the axis than the first pole thereof; and

a yoke of Wﬁa{;%@h'w Jeos ﬂﬁaq*cﬁtﬂﬁkﬁ"tbl et8aRkMiad s.scegﬁm?éadtof?ﬂfg.%%p%a' ly

i nt erconnecti ng Yhe second pole of t ner gnetrc ring wth rst

pol e of the oute netic r L 2003 20 6. e a us of

Or et m 4 WiEPSYHSIonG A SHERCS 28 Bhine BraRtehan & Gifsues Ganteing 4 an g fsget
circular magnetic rings arranged in a cone behind, and s paraIIeI to, the
coni cal spurfaceidgatian igtermesdiate rading ohthel wdamﬁargmtrﬁfer leateein medamtiier and
a common central axis through the center of the cone and the center of the

target, thﬂsmegmmbk@rté(r]gug 768 shu@f‘éb8963er66é§bné'?€cédéseﬁ%‘ﬂw EbethréO'e

and a pol ar axis exten bet ween t he pol es thereof and perpendicular to

fﬂﬁe?”c“ﬁé 2521 o eEne B et® A Ined ki B el W T Pentalle? "

an outer netic ring having the outer pole form ng the second pole
t her eof arﬂ&i ned alengrigi canderag A8tdue tpithg effact oltherepmsing magnetiaffiefsodfe
formng the first pole thereof and the inner-central pole formng the

second poltpetdeaiteNfmagmet CRABRIATD e ERECt IMle MAGRRINIColiteR JuMedld B B2S
than that of the internediate 15 nagnetic ring which is less than the

diamgper Qi HAGIHE Fhail GGtk tLhRE. The'rdtathd-inflidnces 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 1o a iesser 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 erodes, 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,



21 7. The apparatus 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 y%w[nmf\
circunference, a s dianeter and a common central axis through-t center of
the cone and the center of the target, the magnetic rings each having a
first and a second magnetic pole and a pol ar axis extendi ng between the
pol es thereof and perpendi cul ar to the-ggr-cunference of the ring; the polar
axes of the magnetic rings being further oriented: 10 parallel to the cone
for the i nRAfChEREMRINGEd Bk MabRet ek 30.STheebatind BrR@inteirsPlghétstdiehaxi s
than the second pole thereof, parallel to the cone for the intérnedi ate
magnetic ri.n i,th th ecapd e thereof closer,to the axis than.the
(7ot pol efifie B33 801476 SPRE AR Hedin el on ExBlfRe a8 el Vigh &fe
ring with the 1 s second pole thereof closer to the axis than the first

pol e t her enfagnetsiofdhe wings I3 wvidch may kepphsiatared sonstruction figne becaming
magnet assenbly further conprises: a plurality of circular nagnetic rings

arranged i g conftinabifgipasticl@8suRar TWddtingtwatet e e tirgat 25 Patiy pasthré@giget |
each ring having a citfcunference, a 5 diraneter and a common central axis

t hrou th ent er t e ro@f the target, the nmagnetic
ri ngs eachgtrlr@v%]%?”ﬁ{elsr@& gﬁ(gﬁ@qgg%%t%%?Q pol e and a polar axis
extendi ng between the poles thereof and perpendicular to the circunference
of the ring; an¥Whilghecakavengeptsiptiealang araamranbngravings sedie vareusone
and magnetically interconnecting the second pole of the inner nmagnetic ring
with the fenrijodimeatsodf tHeeinvehtion nagriebecappargnt to thdbel skill@d @B the2art that

additions and modifications may be made without departing from the principles of
the invention.

10 l Claimed is:



9. The apparatus of claim 1l wherein the nmagnet assenbly further conprises:
‘a plurality of circular nmagnetic rings arranged in a cone behind, and
parallel to, the conical sputtering target, each ring havi g aw_z
circunference, a dianeter and a conmon central axis through the cgﬁter of
the cone and the center of the target, 5 the magnetic rings each having a
first and a second magnetic pol e and -aigpol ar axi s extendi ng between-the
pol es thereof and perpendicular to the circunference of the ring, the
plurality oﬁ.magﬁgﬁéﬁhggpggghnp@yﬁbﬂgngﬂ i nner magnetic ring, an outer
magnetic ring and an internmedi ate magnetic ring, the dianeter of the inner

magnetic ring bej | t  the internediate nmagnetic ring which

is less than t %énger%zﬁ%etsgﬁbo#%arhgg%uter magnetic ring; the polar axes of

the magnetic rings being further oriented: parallel to the cone for the

i nner magnet i @ SUBRYrAiR SHPRATEINFtheRrogRASING eharaber tr suppottingtaubstiaie feran t he
second pole thereof, parallel to the cone for the internedi ate nmagnetic

ring wthprbbessiggond 15 pole thereof closer to the axis than the first pole
t hereof, and perpendicular to the cone for the outer magnetic ring with the

second: pol e t f S %‘?ﬁb Lrst pole thereof; and a
yoke $ mgneﬁ@gﬁglnfﬁjggfs%’g%ﬁgé %ggg?r&lea?é ehllklc?ﬁ?l&gr@bne and magnetically

i nterconnecting the second pole of the inner magnetic ring with the first
pol e of the 20 o#t PStﬁeFé’rWﬁqR@PPﬁﬁ@DQ tanpeér}@ygn@mlrmnqro_comﬁ@l RS of
claiml1 wherein the magnet assenbly further conprises: a plurality of

circul ar nagodace facing sheasubstgatd suppart@miehdehg rath, inasdepge pah eutdreedgehe
coni cal sputtering target, each ring having a circunference, a s dianeter

and a_conmognegtddloray el diiafe bpoBANhah de Hher eARR &Y o benkhicer O

the target, e magnetic rings each I'rst and”a second magnetic
pole and a BO ar axis. extendin b%:gwee{ th $o| es thereof and perpendi cul ar
to the circ Fht¥ 'Biet ARC PHIRY €9k B?{ﬁo " of magnetic rings including
an inner nagnetic ring) an outer magnetic ring and an internedi ate magnetic
ring,1@ he di anet erfrestotaomicalmagnedg@seembly isitgated behinds and analigido, tite t he
internedi ate magnetic ring which is Iess than the dianeter of the outer
magnet | c 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 second 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



ring. "1 8 JUL 2003 25 11. The apparatus of claim1l wherein the nagnet
“assenbly further conprises: a plurality of circular nmagnetic rings arranged
in a cone behind, and parallel to, the conical sputtering taaﬂg'etz,ﬂneach ring
having a circunference, a 5 dianeter and a common central axis through the
center of the cone and the center of thgytarget, the magnetic rings each
having a first and a second magnetic pole and a pol ar axis extending

bet ween t he pol es ther Leular tao the.ci eren of the
'ing: the polar  axdb8sER @R B BAREHFE Bomel oo 1 ALEFBRAERCES” o
parallel to the cone for the jnner magnetic ring with the first pole

t hereof closer to t3H8ENE SUHARCt he second pol e thereof, parallel to the
cone for the internedi ate magnetic ring with the second pol e thereof closer
to the axis thartheresgltaniimagnadicifigddsbeingauehbatriasmais sonfired he cone for
the outer magnetic ring with the ~5 second pole thereof closer to the axis
than the fipretiopihantiyitey theffirst maghetictunb@&h2a the targbeisamexodédiandf claim 1
wherein the magnet assenbly further conprises: a plurality of circular

magneti ¢ ripggredshaiMgelanding t6 A8RIshRA a1d. steRdhagpiasingl pre@omikkhtiyoni cal

sputtering target, each ring having a circunference, a 5 dianetér and a

comon cent & alrind¥iisy i8Ry Ag tﬁﬁ&?rﬁéggrggtifcittpﬁ?ag% Ptk tGet RN Slodgl, t he

target, the nmagneti'c rings each havin a seco magneti c’ pol e

the ci Fountss B4R PR PreffbES dato®s R SF rardahelh P L BRbani e - °
mat eri al behi nd the cone and nagneti cal Igai nt er connectipg the second pole

of the i nneienteypedhan at e Nehane gutgraseagwihendhe targeb stweradedandc ring.

that continuously and progressively changes to a target erosion rate that is less

10  at the centerline than at the inner and outer areas as the target erodes.



1 8:JUL 2003 27 13. A magnetron sputtering cathode assenbly conprising: a
frusto-conical sputtering target having an interior conical sputtering
surface, a circular inner edge, a circular outer edge and 8ci cul ar
erosion centerline between the inner and outer edges ther egf, J@hdmﬁ a
frusto-conical magnet assenbly situated behind, and parallel to, the
sputtering target, the magnet assenbly fgving: an inner pole of a first
polarity and an outer pole of a second polarity producing a first nagnetic

tunnel forned ofheghpdratud GG § WHetbth: ext endi ng between the inner and
outer poles, an inner-central pole of the second polarity and an

outer-central le of the first polarit roducing.a revers etic field
opposi ng the. f RBe frufinsttiedl oend] senly BIdes Pl ifndr Haie 2F ATHEl BQEEN ¢ ha
the resulting flux of the first and reverse magnetic fields flattens on the
cent er | i n@angsan ftes pate @fra srpondraciarity @rodecing the firstienagmetiss tunns! by firsher
pole and the inner-central pole producing a second magnetic tunnel forned

of second rﬁ&?ﬁ@tdﬁ“elaie&t%dirﬁgﬁsétv@érﬁmiﬁﬁebéhmlﬂeﬁﬂiﬂeﬁﬂner and
i nner-central poles beneath the first magnetic tunnel and beneath the

sputtering surface when the target is uneroded, and which energe over an
annul ar inner area of the sputtering surface predom nantly between the 20 .
i nner edge and centerline thereof as the target erodes, and the outer pole
and the out eB- cEift eRPagdIsOF@FuGWRETBIN hi rd magnetic tunnel forned of
third magnetic field lines extending between the outer and outer-central

pol es beneat h tthe flustcstoniea magrettassemibiyaficthee i ded be ismertdetiaigotiof ace
when the target is uneroded, and which energe over 1 8 JU _ 2003 28 an

annul ar outgr ~ tari LD of
el o ouhElecBlToRlrh M ERNLURF CaABHEIBGE 1 FAPELBR bbdlBePelte
relative qugérgelt%uf}ellg ggpgéiné tJﬁee Hr%? rr}wee}gln%ti%t#{]erllg Ior31 t%%e%‘tjecrnné rc])?ghe 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 second 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.



confined plasma produces a target erosion rate that is greater at the
‘" centerline than at the inner and outer areas when the target is uneroded

and that continuously and progressively changes to a targetg §6° mn rate
that is less at the centerline than at the inner and outer are'a s the

target erodes. 1 8 JUL 2003 _2g_ 14. 1gdhe magnetron sputtering cat hode
assenbly of claim13 wherein the magnet assenbly further conprises: a

plural ity 06 orheubalrdiBoBPLlaimd WASH: Eﬁ{ﬂﬁgdeﬁ a3sE0Rfy Rﬁme?%on?d?ees

parallel to, sputterlng targe avi n
ci rcunf erence, nd 5 a ¢conmmon centraé@am S throuah the cen er of

a dia
the cone and t%@'%@'HYé’& 66@3@%@895@5@{1@% REAREBAR ACaNENRRNIB cﬁnqhaaraﬂg

first and a second nagnetic pole and a pol ar axis extendi ng between the
pol es t hepetife conical epptedng tdrget, each rimgchavingecienoefecsndeh @ diamptert dred
plurality of magnetic rings including an inner magnetic ring having the

| ner POl £ chRBGeiiA i ol ol ARHEQSS Bl %tbpoﬂﬁé&aggé«' ng

t he outer orm ng the 'second pole t ereof and an i nt er nedi

magnet j tﬁ? g_ﬁ havnn t he 9ce';\u'?er ce raI oIe fo h irs e t hereof
and the | HACFEHGHIOSRAD haying AdrEiaD %éSﬁ%P%BTa&i‘F &PEGtan ﬁé’oéﬁfaﬁ%‘é% er of
the inner magnetic ring being |less than that of the |nterrred| ate magnetic

ri ng whi ceéxtesdingetweam thenpolas dnereef and perpensicwar todbe eircemfgnegee Db thehe
pol ar axes of the nmagnetic rings being further oriented: parallel to the

cone for ﬁﬂtr% thé pRIralfR @ fidghefit ﬂa rfch.ld|r'i§af1'|rﬁr$ér rﬁggreetmﬁ{geﬁéwﬁé @seihnkp the

axi s than e second pol e thereo par al to the cone for th

e e e M e ol 22,

magnetic ring with the second pole thereof c|loser to the axis than the
first polfermingteemsecand polelthsrem@ng@qentesmeala}@mmtlﬁﬁgléﬁvm the ogtgrmeabl e
mat eri al behind the cone and magnetically interconnecting the second pole
of the0i neeitrarggietfoenihgnbeviirshpobleethkeresitamdtite dindriventral pole forming the
second pole thereof, the diameter of the inner magnetic ring being less than that of
the intermediate magnetic ring which is iess than the diameter of the outer magnetic
ring;
the polar axes of the magnetic rings being further oriented:
15 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
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.



outer magnetic ring. 15. The magnetron sputtering cathode assenbly of claim
13 wherein the nmagnet assenbly further conprises: a pIurint of circular
magnetic rings arranged in a cone behind, and parallel t&8 ¢¥e 208ni cal
sputtering target, each ring having a circunference, a dianeter and 5 a
comon central axis through the center gf the cone and the center of the
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 plurality of magnetic rings including an
i nner magnetic ring having the jnner pole formng the first pole thereof,
an outer ndyneti the pRPRNRNS plclaife4vhereintbeanagnstassendly Rsthescond pol e

t hereof and an internediate nagnetic ring having the outer central pole

f orm ng t hecdmprisespol e t hereof and the inner-central pole forning the
second pol e thereof, the dianeter of the inner magnetic ring being |ess
than that of thea phrslityedcat@amragaktic ringsarmanged in & dohesbdhiad, drite di anet er
of the outer magnetic ring. ~ 8 JUL 2003 -31 16. The magnetron

sput t er isng EALEAE, HeSEIAR splittshirg fargét,%eh?zng Hd¥ihd'B@RelmAseABE) ¥ further
conprises: a plurality of circular magnetic rings arranged in a cone

behi nd, and;par i ; i e i havi ng a
ci rcunf ereﬁdégﬁwegéﬂﬁadnétggp{rﬁﬁ%Egmerlgli%xﬁ'rgﬁ&% nkﬁr%?é@é?g%m?r%oa%hé@{%ecent er of
t he cone and the nter of the target, the nmagnetic. rin each having a
first and EUECAdRRget e SR INgS A Naung di At AgeReRdeen ho
pol es thereof and perpendicular to the circunference of the ring; the polar
axes of thenaapeis Pelerantyad pelarayis exterdingdiatwaer the polesdharecéentdo t he cone
for the inner magnetic ring with the first pole thereof closer to the axis
t han t he seguarpangicuiarththeoirqumiarendeof the rings theoplardliy of magnetierimgdi at e
magnetic ring wth the second pole thereof closer to the axis than the
first pele ihBleaRRf an finér peadrNdiring vdvihg tHeBnep pélef formingethe dirstrpal@gnet i ¢
ring wwth the second pole 15 thereof closer to the axis than the first pole

thereof.  thereof, an outer magnetic ring having the outer pole 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

15 magnetic ring which is less than the diameter of the outer magnetic ring.



1 ~ JUL 2009 -32 17. The magnetron sputtering cathode assenbly of claim 13
wherein the nmagnet assenbly further conprises: a plurality of circular
magnetic rings arranged in a cone behind, and parallel tol 8t#d ¢ai cal
sputtering target, each ring having a circunference, a dianeter and 5 a
common central axis through the center gf the cone and the center of the
target, the magnetic rings each having a first and a second magnetic pol e

and a pol ar., axi sext i t 0, i ereaf rpendicul ar to
the cir currf7er eniTeh%Ps&ﬁ'l@ﬂ% ﬁﬁé'gﬁ'ﬁg v&#%g%&h%ﬁn%@%&q%ggﬁﬁ@f abl e

mat eri al behind the cone and magnetically 10 interconnecting the second
pol e of t héeAHEIeSmgnetic ring with the first pole of the outer magnetic
ring. 1 8 JUL 208 -33 18. A magnet assenbly for a magnetron sputtering
cat hode assenbl ya plwality of ctewipt B1agestic riegs agangeddn agong kehinchasdi or

coni cal sputtering surface bounded by a circular inner edge and a circul ar
out er edge pardlidldu] the conical spltering targel, ieaeh oingthayiridha sirotinégrenge sair f ace
bet ween the inner and outer edges thereof, the nmagnet assenbly conpri sing:

a pluralsi t ydigheter a1 8lcofAaR cbhtrall HaS OGN tsicémtePof PR e A% fid uat ed
behi nd, and parallel to, the conical sputtering target, each ring having a

common cent falve A the tArch U ThEGRRAR IRk ALHHATRS Slfirst ARt RARGHAC i ngS
con por ar

having first and se 0 rmagneti1 c poles an axes éextendi ng between
the respective pol es, thereof and. perpendi cular tg ther ectiv

ci T cunt or orlBEANBHEPRBrNG A B0k dd S gnamEesh the PRgs RERLEMg an i nner
magnetic ring, an outer nmagnetic ring and an internedi ate magnetic ring,

the di anet eereengdigdlar i e aiegaterenc offhsdingy | ess than that of the
intermedi ate magnetic ring which is less than the dianeter of the outer

magneti ¢ 25 ri nghetpadapates ofthe magneticgingsdrring &urthesgsieptadig f urt her
oriented: parallel to the cone for the inner magnetic ring with the first
pol e thereof closer tparaliel taxths cohaffort the iseerondgpeticering aitadhe 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

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



parallel to the cone for the internediate magnetic ring with the second 30
pol e thereof closer to the axis than the first pole thereof, and

perpendi cul ar to the cone for the outer magnetic ring wilth ¥heXecond pol e
thereof closer to the axis than the first pole thereof; and 1 8 JUL 2003
-34 a yoke of magnetically perneabl e mabgrial behind the cone and
magnetically interconnecting the second pole of the inner magnetic ring

Sputt or’ ng tret no e P LR A BRRRY b cifne: sbaCb e aiBlor i a

vacuumin thgﬁ$rocessing chanber; energizing a frusto-conical sputtering
target to fCOFMRTPESI asma and sputtering material with the plasma from an
interior conical sputtering surface having a 5 centerline surrounding an
annul ar i nner arsepluslity pEcisguian @agngtic tingsaerasged buagenemehind, amdul ar out er
area of the sputtering surface; providing a frusto-conical magnet assenbly
behi nd t he papaitdl ¢o,i thg donicgpt spatbeting tadget, egch hiag daving a sirumfdrenegyreet i ¢
tunnel having first magnetic field |lines extending along 10 radi al planes

and spagni RfiaetBtiaiid #86HINSh Béntrdl XEPIIGRIN the SaHtéesfthe@op@GMitheagnet i
tunnel having second nmagnetic field Iines extending along the radial planes

d i ent i : t i Chid ek i I
Mner ar a SISy B8 et e MddHe MR cden it A e A ket M g
third tic field |i t endi . 5 th ial, pl d
or' ent od 1 Shals ROl AEtrs PSR ARG By aiRe eeliee e G0eS EBlRi A outer
area of the sputtering surface;, whereby an effectively flat magnetic fl ux

i s producedarpenrdiedar i the gesmferancspfdheringhandur f ace of the conical

Sputtering target.
a yoke of magnetically permeable material behind the cone and

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

first pole of the outer magnetic ring.



1 8 JUL 2(~3 -36 20. The nethod 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 magnet? dUnRdBs ener ge
respectively over the inner and outer areas of the sputtering surface and 5
pl asma i s 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 -beconmes | ess at the centerline
than at the inner and outer areas. .A{l.A . A% A L. A 2. A A3 AF,. AYE A . A

S. AU. Al 2. A 9. The apparatus of claim 1 wherein the magnet assembly further comprises:
CATHECA A% A e AUs. AL Au% A#. AA L AALL AT % AL#. AAL A&?, . A{. Af L AFIL. ALE" A9. AY2. A

© LAY L(j-/07. iat& rality of circular magnetic rin ed.in a cone behi arallel
zupkfa\Wca] ca Lfca ca] ca cal ca] calca ca ca ca] cal calcaJca ca calc”a]ca

calU] ca]c a ca
LS (-1 | i M O PR LD Spe o e B Vg cup b Eleyeas e e@rwfeamaq ca
] ca] ca] ca] ca] ca] ca] ca] ca] calcalca]ca]lca]calj Y3+B;q

" $u! {| wr nhcovrhoakealralexisirtalghalheatardeal teadars aaC]i thé cahtes]of Hietdrgef, ca) ca
] ca] ca] ca] ca] cal calca]calcalca]ca]ca]cal &ji/-

2111 5" o' " tHEnititib g aehavikg bl fra] &y 5%@@&&%&@4&;@]@4 sab%&a&] @,@1;?61] ca

]ca] ca]ca ca] ca] cal caJ ca] ca] ca] caj] ca] ca] ca] ca] ca] ca] ca] ca! Wb o(((,)

| cal caP Rl EEcasREpDioe apls e el i pet i CO) BB SR Rp R R oot

elf 1j 112Y223WB33WH44H5556\ 667W 771 8J8N88} xsni c*Y] ] ca] cal] ca] ca] ca] ca] ca] ca]
ca] ca] ca] aayc&}%@]Lﬁajlfda%a]aga]aba]rtng]sw]cw]r@]a@a]m@]rdapgawa]rm} @l eafeca] cal
889U999C: : : : :

, 2<} <<Frm@ﬂeﬂehh9%%%?@mmbla>@ heanetit cing ctrlecdihmeleralfeng irmes Alaxmletia] cal ¢

a] ca] ca] ca] c”a] ca] ca] ca] ca] ca] ca] ca] cha] ca] ca] ca] ca]ca] ca] ca!l @ @GAAQAAAKBTBB

o] ca) ca) oH HATN caReaty o) Ny Loy AP b abF G RMER Ly bRl 51 ¢

1! JvJ K K KpKKLe lef MWNIi NNO OOPTPPPGQQQ RRRR} xsni d_Y] ] U] ca] ca] ca] ca] ca] ca]
ca] call PE Q] He) QWP jaSRelaT @8] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]
cal ca! RRRSUSSSUTTT?UUU4VW1V\Y/\W X~XX) YvYYZZZgzZZ[ k[ [\ } xsni d_Z] ] U] ca] ca] ca] ca]
ca] ca] ca] ca] catlmapolar aa]asa] tre mapoalic shga beaighirtte) orieatdd:a] ca] ca] ca] ca] ca]
ca] ca] cajcal\g\\]m]~rfan

"8 " “arasaxaabi b a ca
ca] ca] ca] ca] ca] ca‘i f@a?%céﬁ%a h? L}]@g]g ﬁﬁ?%rpai ca]sgg% %ﬁ dd]( eu]e
ee;
fffg: gyggh~ HRIRTRTZPJNE @is RAEN & SRRPTY PRENNETSSY) Ul ca] ca] ca] ca] ca] ca] ca] ca] ca
] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca!)l
.1 SI'I I 3SmXnmmBnnnop@radeitioghpkepnedieCthe rdexmediate magnetic ring with the second
ttt}xsnid _Z]]U] ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]cal

ca] calga] calge ¢Rereat §|@k§ﬁid¢ﬁb0ﬂn§ﬂ~]é¥ﬁhb fHW?oI\éstMé]édf’fWX X/ xoxzxxy\yyy=zz

z){|{{] - |n|y|}xsn| d_Z] U ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] caj ca] ca] ca]

caJca]ca]ca]ca]c ca calcalca ~ ~~~C

rm]cw] 11 ]ca] ]ca] ]ca] %B@% 6} foa‘}’ 0] ﬁ}’SéP}-'g ’BQ%JE%]%H]QW]"E ']‘%3‘]’%%{] '%a] ca]
cal ca] ca] ca] ca] ca] cal] ca] ca] ca] cal PGL T1LNY\ >k\ esvt] wr mhc”Y] ] ] ca] ca] ca] ca] ca]
ca] ca] ca] ca]tbalesd ]cm]ecéq the a&]séhal] tﬁq trsf palectiecegfcanda] caj ca] ca) ca] ca] ca] ca
] ca] ca] ca! vX5e% 7DG) u: X;

}xsnid_Z]]]1] Cab%kéaim] orrlicalyodrarizprd Sateril @éhﬁ@]tﬁé]c@@b@idcmhgﬁéﬁcﬂl a] ca]

cal] ca] ca] ca] ca] ca] ca] ca] ca] cal ca] cal T<~"qi >z™° "I py| wmhc] X] ] caU] ca] ca] ca

b ca] ca] CBaEP)NESHEARSRER BRI R R @é?ﬁéﬁ?%h@&fﬂl\f@ R A

] ca] ca])ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! *+~( 15>DPJP

V outer magnetic ring.

$- 2x| wgl gb] X] ] ca] ca] ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]

ca] ca] cal] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca! >9Czzf zS=G wr mhc"X] U] ca] ca] ca] ca] ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] cal] ca] ca] ca]ca]ca]c

aJcaJca]cal.k

A5{O'Xej ., }xsnid _Z] U ]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca

] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca!, .k

A5{O' Xej ., }xsnid_Z] U] ]ca]ca] ca]ca]ca] ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca]ca

] ca] ca] ca] ca] ca] ca] ca] cal ca] ca] ca] ca]ca]ca] caj gH) 310%&& ()- "10%&& ()- F

310%& ()- @OY& () "F109%&' ()-S

10%@& () - @O ()-:/07aB) 310%@& @10%@& () -

10‘V@L ()-10%& () - Y$10‘V@L ()-!16Y$10% V& () 109 ()-7.(dE) 310%@& *
" 109%4& () ( " 100/@' ()-f& "109%& ()- &$ ' 100/@ O-! O/<100/(@L' O)-

1 A NN~ 7 NI A A ZE O A PNNAZ A




"10% & ()-33 "109% & ()-3 "10% & ()-$10% & ()-3" "10% & ()- GLOK& ()-

" edEbC310%@& 3, & "10% & ()-3# "10% & ()- !3"10% & ()- 3F '10% & ()- 3
0% & ()-3910% & ()- i e dEbC310%@& 33%40% & ()- 31 & Ybbg20y)-
3@3"10% & ()- - "10% & ()-3* "10% & ()-3l( %0% & ()-

ebC310%@' y109&Z&' ()-"10%& ()- 10( 10( 230( :3"10% & ()- y83"10% & ()-
963" 10% & ()- MAJEbC310%@& "10%Z& ()- @109%& ()-fglo& ()-

83" 109Z& ()" 1098 ()= 3" ' () - MR, 10 (h- " 109Z& () -

S (§>1&1033§a&?§>g,ana§b%}g@gﬁmM@mw@ét assRidrrier 0
1092Z8&' ( q{f!adlzbcsloO/@L |.3"10%Z& ()-, G 109%&Z& ()-)3"10%& () -
30/&0%2& ()C KSRz ()-"3"10%Z& ()- j YxnbC310%@& "10% & ()- 10Z 10Z

a plurality of circular magnetic rings arranged in a cone behind, and
parallel to, the conical sputtering target, each ring having a circumference, a
5 diameter and 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, an outer magnetic ring and an intermediate

10  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

ring.



10Z7MLO%ZE () - @3" 109&& () - 3FYA09%Z& () - 03" 109&& () -

© 3+dEMbC310%@& $10% & ()- yY'109% & ()-3&F"109% & ()- 33"10% & ()- mLO% & () -
S10% & () - +BAENhC310%@k Fs3"10% & ()-3 39A0% & () - 33" 1044g&) -ppaF10% & () -
3L10% & ()-3F"'10% & ()-;q $UdEnhC310%@& , Z10% & () -

) 10% & ()-3' "10% & ()- YIZ10% & ()-3#F1%°c(&' ()-3 3"10% & () - u! { dYNC310%@&
10( 10( 10( 7&L0% & ()- S5Y'10% & () - %40% & () - 30F" 10% & () -

|, Y"10% & (

- &XAEYNC310%a& 3F"10% & ():-F3"10% & ()-3sF"10% & () -
F10% & () - f1)110% &hg ?Pﬁﬁf@% ?539'?5”31 é%l%)%b@' magiiet dssermbly further
F3940% & ()-31 10% & ()-3F"10% & ()- 3F'10% & ()-F3"10% & ()- Y$10% & () -/ -
dEYNC310%@BeoMPSLsI0% & () -F %d0% & () - F$3"10% & ()-3"Y'10% & ()-F@
3"10% & ()-F3"10% & ()- 2!'!'15"w' " dEYNC310%a& 37Y10% & () - 34f10% & () -
2Y9 0% & () - FoGsplunatitg of circulasmegiese (ings-arfanged &n a)cohgrbehindt ahtb C310%@&’ &
"10%& ()-G' 10%& ()-, 10%& ()-!10%& ()- 10( 10( 10(39Y"10% & () -
gﬁi%ﬁgﬁ?%w%@ih@%m&h&éﬁm oo earh Ying g & kirchHfofedce)a
5 diameter and 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 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

15 second pole thereof closer to the axis than the first pole thereof.
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10b6- 109%& () - FAG 10%& ()-}**+p++#, {, dEPC310%@8 F " 10%& () - 3L

"109%& () -$LQUK (P,- 3. 109& (J-3f “10%& ()r3&

oo ()- (12 - Thg gpag Rk A 1 Whalgh e tragneraseomam yer ¢
%O0Y&' ()-F "10%& ()- F "109%& ()-V../Z///TOdEbC310%@& F/ "10%& ()- F-
"109& () - FEPMASHRS: () -3) 3" 1098’ () - F& %0%& ()- F$

"10%&' ()-TOO1Rlblcldlelf 1xnmbC310%@& ! 109& ()- 10 10

10F9910%& () - F63 plowality pf circular magnetic rings arranged in a cone behind, and

343" 109%&' () - 3@FW0%&' ()-f1j 112Y223dEnbC310%@& $109%&' ()-1" "109%& ()-Y
"10%&' () - Y prdiergo,(the conickd ¥Bltterirglget| adVBing MadirdEnbralntéBnte, a
"109& ()-Y3%40%& ()-1 "109%& ()-1 "109%& ()-ZI F "109%& ()-Y "109%& ()-
4H5556\ §6d ETHERAIAEH & CAMHIRCEMTAaxis AYBUAN thY SREPE! the-CHRIANENE) - | #
"10%& ()- |1 "100&' ()- 67W77F8GBH8I 8dYNC310%@& 10 10 10Y8G' 109%&' ()- |96

"10% () - %%ﬁ%/érogﬁhé)térglefz tﬁé%ﬁg‘r@tl’c' rﬁgs"é'a{%%gﬁé\hﬁg 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
10  magnetically interconnecting the second pole of the inner magnetic ring with the

first pole of the outer magnetic ring.
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centerline between 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 inner 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 and beneath
the sputtering surface when the target is uneroded, and which emerge over
an annular inner area of the sputtering surface predominantly between the

20 . inner edge and centerline thereof as the target erodes, and

the outer pole and the outer-central pole producing a third
magnetic tunnel formed of third magnetic field lines extending between the

outer and outer-central poles beneath the first magnetic tunnel and beneath

the sputtering surface when the target is uneroded, and which emerge over
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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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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
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
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;

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
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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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 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 for;’ning 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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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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5 acommon central ax:s 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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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:

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

outer magnetic ring.
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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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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.



