; 3eQ B4%wBd1Ts4 00 011 15862 . PCL' / US00121843 -,- 2 6 FER-RQQ60SEINDLE
ASSEMBLY FOR FORCE CONTROLLED POLI SHI NG BACKGROUND Thi's invention relates

to a high performance spindle assenbly for 5 forced controll gd_ pgl+shi of
netals, plastics, or other materials requit-i ng the applicati inﬁo?E'thmlf
constant force. More particularly, the present invention relates to a

spi ndl e assenbly for force controlled polishing or planarization of

sem conductor wafers. Systens for applying force to a workpi ece, such as a
senmi conductor 10 wafer, have in tﬁﬁﬂgﬁikEdﬁégﬁﬁ@ﬂLYhe pressure applied at
the spindle or focused onFRiFORGE CONTROLLED RBLISHEINGI ndl e rel ati ve
to the polishing surface. For exanple, one version of a spindle assenbly
for use in polishing a workpi ece includes a vertically oriented, spring
counter-balaH@é&”@@%ﬁaL@“@tiIizing a singl e-acting di aphragm cylinder as a

daown force nechani A i5 pneymati.c oportjonal regulator is used with a
built-in pressure TH]%T’HEH‘%’E@” fé@@&é@@p{”ﬁgﬁ) meece Pinglle RasemalHPagm

cylimder in ; t : Ar=jelgiel |

operati on, |t Ra RO RO BT Al PR o AR VBRI ity tle

usi ng two di fdppleatiooydfiandenstantitaes.s iviare iartstularly, tlompesseinbirakenpost on 20
cylinder lowers .the spindl.e to a nechani cal har t .Then, by. .
pressuri zi ng rg?q]tpg § ﬂ?ﬂ"g% ??ﬁfé?l?lyﬁ repo§fﬁ’ Ha&olfgfﬁ@;@w%% Fi"[?“%/"l‘l@tmr"kfpi ece
reaches the pgdmebnagciindsfees. The pressure transducer in this device

moni tors the performance of the di aphragmcylinder and feeds back the
result to the pneutrisietpfuERRYibgdPreedg Wodipied®e SHOB @steheepicossueior

d ' ' ' ' | he .E/ |
supBiying. pr a¥eBirangde ik Busir Adab Bl e B SR BB AL PRt Ponal
regul at or doefpcustd iecwionitoting the pusitich@reiee Bpirdkdredativiee theonsisag by the

spindle. In practice_ a certain anount of the pressure applied by the
di aphr agm pi sTWiRGes [ BEExamele.ene Yersiosnof a spindle assembiy for use in polishing

a workpiece includes a vertically oriented, spring counter-balanced spindie
utilizing a single-acting diaphragm cylinder as a down force mechanism. A
15 pneumatic proportionat regulator is used with a built-in pressure transducer
feedback loop connected to the diaphragm cylinder in order to control force
output of the diaphragm cylinder.
In operation, this system lowers the spindle to a correct polishing
height using two different cylinder mechanisms. First, a conventional piston
20 cylinder lowers the spindle to a mechanical hard stop. Then, by pressurizing
a diaphragm cylinder, the spindle is moved until the workpiece reaches the
polishing surface. The pressure transducer in this device monitors the
performance of the diaphragm cylinder and feeds back the resuit to the
pneumatic proportional regulator. Because the pressure transducer in this
25 system is an integral component of the E/P regulator supplying pressure to
. the diaphragm cylinder, the pneumatic proportional regulator does not receive
the actual force placed on the workpiece by the spindle. In practice, a certain
amount of the pressure applied by the diaphragm piston is lost due to friction
losses in the cylinder, bearings, and various other mechanical components of

30 the spindle assembly. This friction is not seen by the pneumatic proportional

SUBSTITUTE SHEET (RULE 26)



| osses in the cylinder, bearings, and various other mechani cal conponents
of 30 the spindle assenbly. This friction is not seen by tz ﬁﬁﬁgy?gp%
proportional SUBSTI TUTE SHEET ( RULE 26) 2 6 FEB 2004 2 r ZLIa ause
the differential pressure transducer oply receives information fromthe

di aphragm cyli nder. Another system for providing a continuous down force to
a wor kpi ece being polished includes a rolling diaphragm cyli nder

oper at i vel pegubnteisdcedse eh@ diRdHilf prdisQrIafsduBk 8RR BYahe® The spindle is
gui ded by a SE_: i ne bearing that al Pows | ongi tudi nal "and rotational novenent

by t he. spilRfrBatiopdrog Hysndiaphfesm cyitnder.i s control I ed by a servo val ve as

part of a propogtd L £ et | ceives feedback from between

t he servo val veAg?ltﬁQg%%%ﬁﬂraafgﬁ@&H"r%ggFBF@L#%%? cfc%vyn i‘%{g??? 6‘n“7’?r(5ﬁpé%ceappl ied to
ad\é\pr kpi et:lee}ing\gaa_lishedtihglutlei atrbﬁngdi?;ﬁmg@t@ﬁdﬂ@pdm@gm@yIciﬁﬁﬁgétedglad t he

aadi t1 ona ri 1 on agade the spli_pne bearing gulding the spinadle,

ar e, not se%ﬁp'inﬁ}etﬁéo‘t@h? ﬂglfa}/geo%@tg%_ tTnI’ilé SRS ‘ﬁ%&‘l%@@?i b[‘ﬂ%%SPIB'IQ E@alﬁmg ction, a

hyst er esi sthaf Aests l&?it@@inﬁ?@ﬁﬁo@é‘l@rﬁﬁl'ﬁ{ovéﬁﬁn@ﬁg%ﬁgfﬁla? fhdect reduces the

accuracy of position/force neasurenents. Accor spihdl e drive
assenbl y idapbragsseripdenis coptroled by a spivoveltedswwdroota propartioast BRI EF

SUWARY | j VE the accuracy of prior art systenms for

provi di ng%@%r’%@ fg%?éé)cve\a&e%giaggga%ﬁqn% SR %WPW@M%%@? t he

pref erred diaplrdigneatindee tcmohiest isditon/fore ayslicde 4 KbAGIEES OhYhiPN

capabi lity, of, .the i nd&le@assenbl y and reduce friction introdiced by
mechani cal tPRiffiginnedus 1o thegiaptiragmccyisdemang thexadditipaaliriction atded by

enbodi nentife leni r ESh measuri ng
force appli e%@g{létﬁ %gﬁﬁgeﬁ@cﬁeaﬁ%{ %’oﬁ?%@ggggéﬁigieg%nrﬂﬁwﬁég n force

f eedback rsnMeralvaaPugsioripe fistioni arhysteresie sfactembgdibagerimngsdrtthat a

point on t i om t.he wor kpi ece. The spindle

assenbl y, ﬂgggt?iﬂgégggﬁ?@%@#%srﬁgﬁ%%&f%é o p@&ﬁ'?{‘?ﬁfcep'?'@@%rﬁé“‘? Sa wor kpi ece

i ncl udes avcamdiablyyawpiral driepbssimbliay hegessahptidit peoeys fapseaect ed to
one end. A lo cell is mounted on the hol ding device and is positioned to
sense a pr%% P@eﬁﬁpf%‘to t he workpi ece and produce a | oad sense signal
representative of the pressure applied. A force producing device is

oper at i velBRBEBHIMARNYhe axially novabl e spindle and is configured to
inpart a force 2 6 FEB 2004 3 along a longitudinal axis of the spindle. A
servo control | dn drderita inprovendrotite accunadyhoft e lavisl staht for proaidisgdback | oop

for recei 0 si gnal....and al so co nicates with the force

pr oduci ng dcﬁe]\'%fé;eb% 4&] %g&ﬁ?@%ﬁ%l" ?P&h%%‘ﬂﬁ:&%‘“‘f@%%%@?%?ﬁf% y connected to

the spi ndIe&nbm‘dirdaats:mﬁdr@Bdeﬁldv@irﬂFmﬂuQﬁe forb@seddlatios LARilitytReent at i ve
e.. The servo controller is in

of the axi awositi OH of the spind|e. [ : ]

comuni catSPIIfREERET Efﬁi'léﬁefi_fjﬁ‘ﬁéﬂ'dtoﬂd%md Ry meghapicahliinkapgesdp ek | oop,
for recei WpiHk REs@RBHL !/QdBit?dr%'ﬂg,l the‘é@%ﬁ?ddﬂi%ﬁﬁts%df@s‘gmg £OLd g3; controls
the force producing dévice based on one of the position signal and the |oad
sense si gria¢reaspd pplistfieg pecraey hy dnelssdng ferde Egiptiad fab thd wodeiecat r ol | ed

processin Wor kpj _incl t s of Vi an. axi al.lL.y novabl e
R L S LU e T R P e

spi ndl e widrlprasdtire s¢edteetimedsurodpt afirtont the s‘pﬁidl@'b@sémﬁl%ﬁa\.@a?h%ﬁ?t erm ned
anount , tt}ﬁ met Eo.d i ncludes the step of disengaging the first teedback | oop
and appl yi‘lg Y¥'EBRSE-ant force to a workpi ece nounted on the end of the

spi ndl e by nonitxy édigdid dsREFBIA | : f eedback | oop
and conti nuously ad:jnusti ng t_hg'tggg?@%ﬁ%@wfeﬁg@xﬁ{%@gq@&ge ton the force
measur ed drespigevo akporkpiece Thsudesran fuialiy npovatble spigditevaving bshaldied t o

control paogitio f spindle iin a first nmode .of operation and force
applied to Jti#ee §%fﬁ\?5fe§§fg c?q? '%n‘ie@gﬂﬂd %'L@ BeuRisdon ﬁ@ﬁw_o é“ﬁ@ dsvigerred force
produci ng atevisqesitonad t6lsefitd apRESQlrt GpphRéd & PRONIKpREIMY fRdudata N
cooperati agﬁgnﬁt h aerostatic bearin reduces systemfriction and i1 ncreases

)
the resol epse signakrepmentatives the pressureiapplind. i Agowemspietingg/ gr i ndi ng
oper at i on.delltesis s@RAtRBly Gsupkae Ok % ' yethon only and
i's not intimpaed fgggl i m ty thg sc%pg{eog*'?ﬁg"@%?%ﬂp%léc?é{iﬁg.cgéﬁg%?‘? to

DESCRI PTION OF THE DRAWNGS FIG 1 is a schematic illustration of a spindle
assenbly for force controlled polishing according to a preferred enbodi nent
of the present invention. FIG 2 is a cross-sectional view of a wafer

hol der suitable for use with the apparatus of FIG 1.




FIG 3 is a cross-sectional view of a force producing device and |inear
belt polisher for use with the apparatus of FIG 1. FlI zr
cross-sectional view taken along line 4-4 of FIG 3. G&c&oﬁﬁ@e@?

PCT/ US00/ 21843 -4- 2 6 F E B 2004 FIG 35 is a cross-sectional view taken

along line 5-5 of FIG 3. FIG 6 is a flowchart illustrating a nmethod of
cont r ol | hpggbhenGRidH 8xi8 S BIEN PN, Eh&w % AESIR & A% ohRnGhifstRheki
enbodi nent gf thSgi rese)r(llt [ nvenr%{l on. ETA LEDrDESCRI PTI CIN %:%If-@e

PRESENTL 'P2pRet rigrg eém@hjpwmfsemfangihe |0I3Fj§?ﬁ%f-t gignal, apd Algbe assenbly 10
accor di ngorMunicaie VAt e SRR dRMg delii. S@Fﬁﬂflmﬁl;%ﬁ dér%feﬁ%;ffab' y

I ncludes a rotatable, axially 10 novable s e spindle 12 is
axi al |y ARRFabYely eepnssiad 8 theapindlg E!M%ﬁﬁ'ﬂfjgu(f%to RIRdues a pysiton sigoel produci ng

devi ce 1I‘bp@@é%rn@étiv¥%lfYhé&ﬂﬂ%%ﬁignto@tﬁer@plﬁd?é eeseWo coftrdleARlint 0 both rmove a

wor kpi ece and contr ol force ap e wor kpi ece through the
spi ndl e 3YMMUREate) WH @%@%Sétmaytrwqyﬁerr\@a@b‘uvherrf@edhmg leao férgectiviolt | oops

i N comueGRsitRR svgnfah whePéh 11 ée‘?v&esﬁtrdhb} Edntrbfs %B%rcéﬁ;@%@ qREr ation of

the force producing devic . The servo contr nmenory 17, a
pr ocessoPasey orueng ¢f the BB%JP@” é‘ﬁﬁ@' aadphe faadrsepge signplosi ti on f eedback | oop 18
provi des i nformat lon to the servo controller 16 by way of a positional

transducer 20! hPretrragmetied dasqibed bceﬁé"’ f%f@’ée petriler mpagesingof a4. One
sui t abl eypg %Iécbmdetsrtﬁé@féﬁg%&‘fogmg &Jaﬁgezsqlrﬁc}f@gloh %ﬁéﬁ%ﬁﬂﬁ%g dback

avai l abl e from RSF of Ranc forn| t|o
| oop i s axisdnguremitotieg thei Mit@naﬁMImIepﬂﬁhai first ieladfaaqkdmgi iAétar thdj ust i ng

he. spi rinad BouBER Rt inedlaityl Hicne PRL i b iR i OizeRosebh 8 T or -

cont r ol | fimpfebieackiosp asdapslliag @moaaant force to a workpiece mounted on the end of
the spindle by monitoring a force at the workpiece over a second feedback loop and
continuously adjusting the position of the spindle based on the force measured at the
workpiece. The same force producing device is used to control position of the spindle in
a first mode of operation and force applied to the workpiece in a second mode of
operation. The preferred force producing device is an electromagnetic force producing
device that, in cooperation with aerostatic bearings, reduces system friction and
increases the resolution of force control for the spindle during a polishing/grinding
operation.

This section has been provided by way of introduction only and is not intended to

fimit the scope of the following claims,

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a spindle assembly for force contralled
polishing according to a preferred embodiment of the present invention.

FIG. 2 is a cross-sectional view of a wafer holder suitable for use with the
apparatus of FIG. 1.

FIG. 3 is a cross-sectional view of a force producing device and linear belt
polisher for use with the apparatus of FIG. 1.

FIG. 4 is a cross-sectional view taken along line 4-4 of FIG. 3.



25 needed to bring the workpiece to a desired processing surface froma

st andby poXYQ P%it3%2The positional transducer 20 nonitors the BSTYI0BHB40f t he
spindle 12 relative to the position of the force produci ng device 14. The
positional transducer 20 supplies a position signal to the r 0 'l er
16 that corresponds to a given position of the spindle 12 gignggéﬁrggog

t hrough the 30 force produci ng device 14. 2 6 FEB 2004 WD 01/ 15862

PCT' / US00/ 21843 El§. &g 8 ciosiork@ionse vien mkhedidrng Enehbl5dififldGdeyvi ce, such as a
sem conduct or r I £r =l G 2 nd nmount.ed to the spindle 12
is noved to thgqﬁgggggéﬁkgvg@%?é@%&a§1 aéB%Wagégggggﬂ%T%ﬂgW@WE Bs froma
posi tion carsseolblyoifelG.0 acdoeding toenremramembotiméaf iy Rseant rol  node,
the 5 serva coqtroller 16 responds to a force control feedback |oop 22 that
carries a I'04d"®8nse signal produced by a |oad cell 24 to the servo
cogtroller 16. The | oad sense signal corresponds to a pressure the | oad
cell senses at the end of the spindle 12. The force control feedback | oop
22 provides_control of the force applied to the workpiece by the force

pr oduci ng d%ﬁ?&é‘—?ﬁr@ﬁ@r@%%ﬂméﬁgrﬂﬂﬁ.PRE@WE&XLPEEQERRE&\N kpi ece is
equal to tHeMBRREVEDITS ed di vided by the area of the workpi ece. As shown
in FIG 2, the load cell 24 is preferably positioned in the wafer carrier
30 attached the [dfd 1diustiatespisptncie agsermblyul® attosdingfter preferiesr i s t he

si ngl e poi i I f L [ I 4 m Res ch rporation
50t “rr e oot o e ep RIS EeriR drBltil Vo R At e | oad
célls may heovalde spindleapdl iThatspimiie I0dH aginllg hesdabid thigedreabeating

pl anari zatign g_rﬁl\jﬂ O?nﬁ pOLhShic?nP of ei htacanh di amet er sem conduct or
wafers, a pUsh: A GRBWNHBY aderGe HRIHAGILGVIRR Lt gperstivgly coprestay be used
to obtain acseaspintied 13 Af oRRPIOXLIRHBVY OndRpRRENGR &ﬁf’trofﬁﬁiéaﬁo?céé nch. One
suitable load cell is the 20 LPU-500-LRC-C avail abl e from Transducer

Techni ques @PIFEARER Workeiggs Hrenah thersmirdiades thaenindlg assambly #hges nay
al so be useffLLniI04h8 RShind | LONS. ant age of
sanpling t e{_efegrcigmaag% e ﬁee@ﬁéb@{#g%%gﬁ{%ﬁh{ng%%% %@??g%hoat any | osses
gjh% to fri ?lqnémli%rn‘l& ﬂ@tmgtde;ep:agmnamqrgg?mw foa:elpékodnm@aeameloi;mt'lmb f o[. t

so, in o r 0 e spindl e assemhly where nultiple actuators
or nechani csiaél ‘??ﬁ@g"gf&gﬁ% deosemﬁgkodyq?h@ %B?anb' ?%%@@éom% friction
generated kynplifies@1c@IPOsTBME Sectit@ick 18 Préviaes PEHnAMbn38 i 58got he force
at the workpi again to G 1, the | oad sense si ﬂnal sent

ece. Referrin N I €
fromthe | skatieien %Ey ?@Yaﬁgfcﬂngoilwénaféﬁsé@degﬁWQﬂn ¢ae@uaicrRtiPoBfih e | s
o pr esent o T ERe B DeuREot ST sPRaRe Rl Ban AP R s AR 5
sf@nal to tiiee fiogarenseddusvaipble o REE FURENAND Odidbb86Ral6HiA.US00/ 21843 - 6
The positional feedback loop is used when the spindle assembly
operates in a position adjusting mode to monitor and contrel gross axial
motion of the spindle. For example, the spindle assembly 10 preferably uses
the position feedback loop 18 for controlling the axial spindle movement
25 needed to bring the workpiece to a desired processing surface from a standby
position. The positional fransducer 20 monitors the position of the spindie 12
relative to the position of the force producing device 14. The positional
transducer 20 supplies a position signal to the servo controller 16 that

corresponds to a given position of the spindle 12 as measured through the

30 force producing device 14.



devi ce 14 based on signals received fromeither the positié%ﬁf&ﬂﬁBaEQOﬁoop
18 or forcewesanssdag feedback | oop 22. The servo control |l er thansobisis the
axi al position of the spindle based on the force control feedback |oop. In
one enbodi ment, an ACR2000/ PS/ E4/ D4/ 00/ A8/ 0/ 0 notion controller fromb5
Acrol oop in Chanhassen, M nnesota may b& used as the servo controller. A
processor 28, which may be a personal conputer, controls the servo

controller and ' : ARy | sigpal sent on the force
sensing feedback igo%“%g@%%éeéggﬁeesso? hgﬁgg"sg%%’c?é%ﬂﬁsﬁt and stop
commands t senfieorshoter waiet coirlee301(EcaF1Ged), ang rhbentdasb tedsHhgesyrie
setting. 10

The vo controller is preferably programmed to automatically
swi t chbet WP RN RIPeT5ING aiiass (Re 5B RorSSeBM L SWBYRE BRI f { he
spi ndl e angdshienfntel ire@idhaekiok@PBoh @6 ABde!t A RkNGrcd dIngol Bipds fe° 1 € On
thg wor kpi ece once certain criteria are nmet. The processor comuni cat es
with

the s&PHP eHtqlsr [1Brespongs toj s farpacoptseldredkack ipop 28 Heatf easddxagk | oops
and to noni ; ' r ers stored in
menory 17 g%éh;ﬁéeﬁgsaee%@gé@gg?lrl%cﬁgfgl@&f%@%ﬁ??ﬁe%&g %gﬁé?@?rsﬁ?ﬁm%de force
and posi ti évad sepsegsignalvaireepohds to hqaregshurdlﬂee draid\&llarﬁeébhﬁheﬁrﬁl 6f|0r Ced
f eedback | Qop_gai | yes .are determ n om ntegral, proportional an
derivat i ve%(ﬁﬁﬁ@dp%ﬁ XEE fesiGon QF f%?dg’é‘f:éiorﬂ PIYES sitiohel 16t al  mass
bei ng novedoradgpiied k@qymwaﬂgm@@@)mgﬂa fy_}cé Bﬁjdﬁjg{n@qj&ﬁégimg&{tﬁ ggvi ce. For

an

ex[?rrpl e, if the force producing device is a linear notor, the gain
vi¥ ues ar e SEISIG-i EBE PIeTRANe abiheuwPRpiesris aauabier e fpieeapplied dividas f - t uni ng

sof tware ppovhEeded ¥ iHabvoBpact urer of the particular Iinear notor
utilized. 'It'ﬁe servo control Fber{’%'s decision to switch between force feedback

and 25 positi onAsesidlvacio htéy 2 éhd bsedcadiRaisyprofeeatslf pasitiondein @fe criteri a.

I n one enbqg] - r ontroll.er 1s progra to switch from
posi tion fg‘géégﬁﬁrr? E)gﬁgﬁgﬁg‘%@]ﬁﬁ@‘g O\?\ﬁ?ﬁs@ﬂ Ieva%r k‘ggﬁ@%m%&ﬂw ctHMeHE wor k
surface andh¢ bingleopgint gimbadeafedesrriar sivgitdie frofh ICah RS cAfcRCBIRS SIONE

a?gi nst the gprkgi ece. In this enbodinent, the servo controller is also
pfagr ammred X 6 'E0RL AR R AGY el rermbsiof corergreially puailtable nadiealik | oop t o

SUrface ang The: oo e B < AR REA rahohleal Bl ot the
servo cont (6MRrand palishing of eight inch diameter semiconductor wafers, a push-puli1
type load cell having a range of 0-500 Ibf may be used 1o obtain a sensitivity
of approximately 0.10 pounds per square inch. One suitable load cell is the
20 LPU-500-LRC-C available from Transducer Techniques of Temecula,
California. Transducers having other ranges may also be used for other CMP
or polishing applications.
An advantage of sampling the force applied at the end of the spindle 12
is that any losses due to friction in the force producing device 14 are
25 accounted for. Also, in other embodiments of the spindle assembly where
multiple actuators or mechanical linkages may be used, the potential losses
due to friction generated by these components are taken into account by
sampling the force at the workpiece. ‘
Referring again to FIG. 1, the load sense signal sent from the load cell
20 24 along the force control feedback loop 22 is amplified by a load cell
amplifier 26 such that an appropriate signal level is presented to the servo

controller 16. The servo controller 16 sends a signal to the force producing



2 6 FEB 2004 WD 01/15862 PCT/ US00/ 21843 _7_ may be progr am%cﬁ IEIEB QQ t| on
node that eaidi/ssskhe number of steps that the spindle novespquwogﬁ

wor k surface and sinply switches from position feedback control to orce

f eedback control at the end of a desired nunber of steps. In yet another
enbodi nent, the servo controller may bé-5 programmed to have the force
produci ng device nove the spindle at a desired velocity and switch over
from positi i uch.as
cloctrie eynieiq Bt of SRR o bRy MoTEME M pETAE usrbbbR 18 ™81 e
f orce produciforpedmnistyg féddbackdnop RectThenmgretomrdlier terpadijditeitng asteyi ce t hat

is designed t roduce a 10 con orce out put i|e resolving extrenely
smal | forc@qsﬁtcl%e?ﬂﬁ?@gﬂée %i?f H'ﬁ’ff&rcﬁ @?t@i/%egﬁ?wk ©QBerlBPNeesponse.

Sui t abl e elegsbsAFRAN AcRQog@/HS/EdM/@@A@m/m ﬁﬂﬁloarc%n{rbﬂéaﬁorﬂvt ors and

voi ce coils. The splndle assenbly 10 uses a servo controlled

elect ronagrﬂ’é%fp@OPdF' &daphaseril, Mjnadesate eaube used avihersaive contpligranner. Wth
traditional lin i a linear
transducer is t?% 39/6'3258359}@% Bgarg ve\égg'rsgﬁ%féoonré Ut&%@ﬁﬁc?%ﬁ?a?eév%ti on
controller co‘ﬁltr@lleoamd owmtemoublgnrque\anglmcaser&mlgﬁaleemNbrt thd fegcecorrect
information to. vaéel%é le e% gnetlcfl in the servp notor in order
to achi eve SERENELERA %P%8QP SHereEI sqre‘r’r’ldﬁé§t%%’é &P he desired
posi tion, aRyn@BARYG it sfémeomso@frﬁseés YT é§1ﬁ1es@és\{r9d Preurs Seftigl © 20

mai ntain a_constant position. As shown in FIG E: eferred spi™ndl e
adsenbl y 10 heseerva doptrelterds perferahly pregraremed t@@utqmt ally swstchot i on of the
spi ndl e, and as a force
control dgﬁeg@eb\a\ﬁﬁ%ﬁ&%g&%%@éf:?e %E@t;ﬁge}s%gﬁg}e%ﬂgé@rﬁg?ﬁge %‘geil%llga% | oop 22.
By cl osi ng thadolcedpediradkdooe f@Inainttitiag agfregios ptéssnre dheh@adilpiere maybe
varied while the mai_nt ai n a constant_force qut expl ai ned
2bove. t he CCSAETARETBIPare A HEe oG Shed COBTSTSHRE Wl 19 S ch

bet ween t hexdh@foter ﬁm’btmﬂﬁaltpla?ﬂnfe&@glﬂﬁ%e lféé%‘éclam‘é £ i HPRiksy theom the

| cad cel | mdqqc{atlng whet her or not the workpiece is in contact with the

wot ksur f acSPINHE as§amPlath hagsapaameiersarasired i eeamng idatdiant tor que

ubstrate et e e s e O a bR RIS o oo

3-5 illustrgdie Vah@SﬁﬂeﬁTersmwlsrdrmellaesasbbnmhge fade fpedibadkdnep gabrove a linear

belt polisher re th elec net| roducin vi.ce includes
a pair of |VI%IJ]%%.SI’ Q%V\@eet E‘"ﬁ_‘fﬁ fﬁ?&ﬂ?%rﬁ rg?fbag ﬁépegwa %%”?E%atﬁf?ndl e
112. The | iemapiricaly deterrhibddassed@ipthedofapriae b& nebeedlddd Meakdolhr st 5
%erostatl c bearing The aeraqstatic bearing 130 creates an air cushion

atdund t he r§5Pﬂﬂ$€é°ﬁt%? faeRyodusing dewics; Fog GW?’eléih%fQSW 8eRfuciNG spindl e
assenbl y 11byiddR RE6EAGIF, tﬁgﬁmé“g% ih 3R RsShe 'ePrgd iHIRY RALAS hg&ffg%ehr ust

bearings 134, 136 that use the air shion in cooperation wt | anges 138,
140 extendﬁigntﬂa!mi lmelayrrfqi@rnsalﬂa@nsm Mvear&pzovzd&dpyﬁ\eenanufm&sereﬂtham al 10

novenment of t he spindles |ongitudinal axis. The first
aerostatic ée'ﬂ? ‘S"P'["Ii]% ?Eﬁ’ y conpl etely surrounds the circunference of
the spindle overThe pe@detoatrmla@décﬁﬂghkoQ&fwt@ﬂﬂsemendb@:elféadbéf&)@aﬁd rst

%ost atic beari n?ﬁﬂpr ovi des for substantiall g frictionless rotational
i on of tARS dBagly 3y pasaskos gy ane © 3Iné‘ﬁ§49tf96FW&‘F'aa>m &NeA sujtabl e

aerostatic éfﬁbB@ﬁ’ﬁérﬂgthb%e%Y@bJa WEA%I %ﬁ%%m%%%ﬁ%ﬁ% of Redwood

City, California. In another e only one r ust earlng and one
fl ange ar e fredbasitofores iedhnek whenphe workpece ¢antadts e wobsserfageal | y

frlctlonles tors. 114 rOV|det ositional and force

control alon ncf %@fog@%ell}%\f %%lﬁg gnﬁlngtc&tlv?ﬁ Eﬁ?ﬁ%&f—% Q.TQS£ %&ch | i near

]Emt or i nc: ude&mecsi a!mmséeflrﬁbdsramertg thel kehpl contbliet |ﬁl|g&o]pﬂfﬁgfdﬂ?heﬁﬁﬁel ve powgr
m a vol tage source 14 E I near notor, 4 also includes a rotor 15

n%‘gnt ed on %&Pmﬁé pavien aegkaﬁﬁwh@éqrcsc§%¢c{h8@hé%PFt’@at!aworsgtwaround t he

spi ndl e 112ecHB@ck qzsdywﬁagnf‘etwé&%l&@ 1RAGLIE b3tk Fefh he WeRi Ifedeldhd

cooperate with the coils 146 of
the load cell senses no pressure In another embodiment, the servo controller




25 respective stator 144 nounted to a fixed franme (not sho&ﬁi.FlBB 2004
oper ati on, Y@Aa¥158¢2 generated by the linear notors 114. A watP&T/UR9PBISA3 166
may be used to punp water through cooling channels in each stator 144,

adj acent to the coils 146, to renove excess heat. A second aerostatic
bearing 142 maintains an air gap between the 30 rotors 144 and stators 150
and substantially elimnates friction in the linear notors. The second

aer ost at i ¢ rbepbengodéimed §i g @sstiohinowiecthapcasss thezedmber of $tepatlaatsecond
forced air supply.156. The secand aerostatic bearing reduces 2 6 FEB 2004
V0 o1/ 15867 POPING By ER S SER e i SF i SRR R P T PR f onal

hyst eresi s pdsitidiefeaiback eorttast edrfdrive lebdbadk thatg it eangea bl arRsickinear rai |
beari ngs naybe used, aerostatic bearings are preferred because they are

wel | sui t edYrBPELHARPS B srﬁt@ﬁoﬁte(rﬁmoggﬂemoﬁ@ése%%ﬁem@% "BRY RBen’ t he
rotkor and t f | # | | I ahhei rings
pr’%duce a fé}?gﬁr@ﬁgp tﬁ;‘?%g?%%fdsm?ﬁr@%@ Zdeg# thg@%(t)ﬁr%:gﬁgglte%}tééésslo ution
capabl e wi tvelotity andhesitchoveasrironh poaitidn to tomce teedback wien g exteirat obt ai nabl e
W th aerostati.c beaCEi ngq?% thter. use of .aneraﬁr ostatic bearing 142, as conpared
to linear b %ﬁ'?%gc"%', iar?’p 9'88 'Fr?é(ergoﬂ'%’ Finout characteristics of the

spindle 112. 10 Afcordiggesiediprefiredtdmbddiment, tiiges piddloiry dedcany

comercially avail abl e |inear notor capabl e of produci pressure in a
desired rani§engleslroppRpeliciorcepiodugiagsiesicedhay ihelgsiongade PRAYNGR2 a
regol ution rea | SariRir T i fofc@r] hAY
ngabi iR gén%@oﬁﬁgﬁtgﬂt@ﬁge%g&?ﬁn%&%n%w LRRATolcR iAEreRiY Gha
| C33- 200A2 - prdichiag a AlgHHEY sterhdtedRenTRraspantab beitébleraleddmagnatic fomce of 15

Laguna Hills, California, v _be used. The. air .suppli_es f a
nunber of CBWF'&% qvg,cegv%{gﬁlésgremgf 360%5“3%&%%1 gﬂ st%mﬁ%igﬁmﬁgy E&desi red
ai r pressur gsesleefio carpllge réFciopthghgtie iwbe pfodutihgpasvicd a4 iie abgar-i ngs i s
preferably at |east 0.001 inches, The water supply Ha be any standard

wat er ci r culradifigRaldparasn PR Hrdtignaifigeat BokeTs @ndrd %%%ﬁ*ré(f’irﬂ °f enper at ur e

0k520 the 'h%ﬁén@ms%ﬁagw%ﬁnsﬁ\scﬁm@e%tyﬁéamyaur%@ftoTragoﬁeiﬁa&hemaﬁsenbl y 110

maybe used wth a sing i near notor nounted on one side of the spindle. A

pai r of |i n&adbask yiasa modionwentretieron hepisadotier tbea@soytes pe appligre 112
(FIG 3 and j rered.. [ iy’ m ni m ze
t he requi re‘#@httgéf: Q{rg%ﬁéfos@gggﬁ?gg% é@%g }E%{}g%% ggtr‘Jf ﬁgﬁi}ﬁéﬁ@%gh@r gr oupi ngs
of |inear moictosinrodetteddhieve thaldested pbsiitn. oWwhemahedystesn tias caadrerdence of
t he spindle_ my al so be. used. e of | t.i pl i near motors woul d

br'ef or abl y HFCHeaieckp ot 20 cHBRgS B BTset POT SO FTRIBhR0 AO1Br wher e
eagh servo gwhtaf] b ebndBhhp&difign.its own position and force feedback | oops
to account for the positional feedback and force control 30 feedback
necessary for eads showsdn fEt dr 2 prefeded spindigeassemiie 19pisediafosesenbl y 110

illustrated, - 254l ] t : tic
force pr oduf Iﬂ'cﬁjgﬂﬁg%\g?éﬂ%?ﬁ]@k gtrgéaSGrﬁ E@S%& {R%H(ﬁ;blu g@éi&b%%gjg/ 21843
-10 exanpl e by ppesitiat fdedbeek lovpt 18, 2nd b4, a toapesrdtd siewicehwhith iger ost ati c
bearings to present, an essentially_frjctionless,,highl ontrollabl e

for cel posi ¢ CONTSUF RihTREcq Feitind frsBAck BEP ey 1Y RS FUHBETONon 958 appl v
a gpnst ant  ghRehd oNPENHdA Ché ﬁbgiﬁoﬁinﬁa%b'v)érib@ witie t6Risset Alfintafteya | over the
spindle to a 5 programmabl e hei ght for polishing/buffing of a workpiece.

They al so alcopgiandforee puirsie dgtepataitassaiaye; Bie sfrvacontakar magbe where P is
a maxi mum f ' [ j ce and
1ot he outpoaarriey B A RGNS GC BIARRR G rerCE SRR REaGE, °F
control the lbapagadoshusigngisdenn dles lobd cefl dedicatmgnakethiez er hbtethaccur acy of
the force cont [(oJ _ . .

workpiece is in contact with the worksurface. This approach may aiso be
30 used fo create constant torque devices for use in applications such as

lens/mirror or computer hard drive substrate polishing.



10 feedback | oop, the load cell in the wafer carrier 30 mazﬁ)eEEeBiZIB%ed
usi ng a nuwaoipasseat cal i bration over the full scal e of the Ipaadisnetisss
Additionally, the servo controller may be programred to use |inear
interpolation, curve interpolation, or_gnon-linear functions of any desired
order to nore accurately translate the signal received fromthe | oad cell
and conpensate for non-linear 15 response properties. In another preferred
embodi ment, a simGBe3-Eilstrateicrel prefirast ssthdilecisseyhbipdnd ¢akitbhagar not or
maybe used to proyi de addi fi onal_ bal ance of radial forces and sinplify

mount i ng i ARE 2 gy PRl aPlithar Vo wieredhp efpctigmagarticdarca pivdasingot or ~ woul d

al so only reqdiRciadss BY=f ¥ RO i &il into
FIG 3, the spi nld?e 112$mybgin$gfg}oféﬁ%3f;l?ﬁ%0§é DC sgﬁgg%n%ﬁ)élbggg. he DC

servo not orspisie wda! dhedieeademotorpdridearertouptarhis thecpimderit@dioa firdte spi ndl e

itself and L) - e d . f |l.inear notor. A power
so%r ce 164 %aeeré%lg{'? ég%éﬁr@ngh%T% ei‘%sﬁa@%éﬁu\%(?ﬁgt%éﬁ%gp afh%usﬁff’rber Vo not or
158 takes aatvand dgespifdie Me 2fuglsd a Arcadrapss @iple 182 rbvided 82a lspinefieoVvi de
substantially fri c%i onja?ss rotational energ% to the spindle. Uilizing the
spi ndl e ass%%ﬁﬂb% 6 & perasRlichRaTig be0 8isorinelusps Rarestatissiematy 10 i's

i | | ust r at edhddpingh $3461 38R USRS Bir BHRIBNAR oésmtmwmgﬁg%{ﬁ 'S

nmounted on a wafer holder renovably attached to the spin t 30 200).
The processt0 exiendiag saaialy tomdbe spingle 1AAsiei prevepeurddsirgd@xsainet ers to t he

o301 par anneyEher e Ehing ioRB AT FRRS B NS Gl AR, Phe 83, 1 Po i ol 4
2 6 FEB 200dbrd@ad bi56R150bf T80y 246k Rtel) buresmdenhé oncimirenmnds

required to bring, the sem conductor wafer_to the processing surface, the
processor SBESPi P‘berrcaep@H?&‘“%LI%QHAPE%E%}IEG‘F& 1§e§®%ﬁat provi des

hon-zero posdrbsiafic b@gﬁn%9&@1&@;@%&@&5niiéuytmetiémteg@r&aﬁéﬁé?lnh&ron,J%he Servo
controller then noves the spindle linearly along the 5 | ongitudinal axis of

t he spi ndl éhegpingba ] 12abput thespisilaglendgibginal axa. off sditphle gerestatined
dis gt t : ' ting th
o Scass: ng SaraS SPARB b SR AFERS Ehis B RO ERL 00" R gai

par anet er s Califotriiee proantihen efrdediraekt, lbatporenthrubiebdomgearzbote fandeeedback

| oop so that the servo controller 10.responds to | oad sense signals

br oduced. byEITEeSY da PPN SDBroPTAE 1R eheusreR BB SHES ni o by
setting theropgieint i on feedback | oop gains to zero and the force control

f eedback gains to non-zero values. Utilizing the force control feedback

| oop, the positiUif biearmeotsp ht arqvidepositienial anstfopesseentish ajangdBeneasur ed
abpt he | oa |y | | ; . en the
dé'gi red prggggﬂrt%dl?% éﬁgfé fstéﬁgggﬂé@aﬁ I‘glgalcbfgg ¥P&@%A®ﬁ@9%~?§%€€0§3}tﬁ?on,

pol i shi ng, haviag hedtiple atelisgnfdt hatoapdiee pdyer wns pivolthge asamati4B. ceases

e Ton! o A Bl B2 SR PR SR e S s ot e
wor kpi ece naysdpebly abapeditiohbd @clgialg ahtlrd Beapkedietne. MHRGRST MEgnet
152 on each rotor 150 is designed to cooperate with the coils 146 of the
25 respective stator 144 mounted to a fixed frame (not shown). In operation,
heat is generated by the linear motors 114. A water supply 166 may be used
to pump water through cooling channels in each stator 144, adjacent to the
coils 146, to remove excess heaf. ‘
A second aerostatic bearing 142 maintains an air gap between the
30 rotors 144 and stators 150 and substantially eliminates friction in the linear
motors. The second aerostatic bearing 142 receives a flow of pressurized air,

from a second forced air supply 156. The second aerostatic bearing reduces



20 surface by engaging the DC servo notor on the end of th& BpFr%IBeZQQLr
rotate theygpisgse about the spindle's longitudinal axis. OCpergsefAgded
environment in which the spindle assembly 10, 110 may be used is in a

chem cal nmechani cal planarization (CVMP) systemfor planarizing or polishing
sem conductor wafers. Available CW systens. 25 commonly called wafer
polishers often use a rotating wafer hol der that brings the wafer into
cont act rface to be
pl anari ze F&A&p%ﬁ gEl ngg?'%ﬂ%@%s{hjcrﬁ%l h tghé(;stltsg#rr%at@gIS%pocf| | ng g@%t or slurry
cont ai ni ngO\Ithcmghatimrnasntrwl linsanml besdings mhséaqameedsmem@ﬁt@mbeaﬂrml i sh the
waf er. The wa rt presses the er .agai ns e lin

movi ng or BERCERG ARG TGepac ah s08 BT hFauBHRL Bk ARSI B 1 Ze the
waf er. OneygridrhiabltRetivibaraic Vebeand the sfagsr ofithd linbaciotdie Fppiadl imeassenbl y

2 6 FEB 2004 WO 011 15862 PCT' / USOOf 1t 843 - 12 mat%s bﬁ used is the TEREST""
pél i sher dpdibeapngs PFQﬂH%aﬁ‘rfWé‘?@ﬁt%tﬁlsﬁdPﬁ’qcﬁ PhiherfaiesRUPEal i f or ni a.
Fromthe f JrTale N t +d HCBwePRHiBh! ed spindle
assenbly h%sﬁ@gﬁ%gggggﬁﬁ@ﬁ% 01e a‘é‘ﬁﬁé’t{gﬁmﬂf‘aﬁcﬁpoﬁhe met \hlod 5 I| ncl udes the
steps of ntuivham@btehmtb@ermﬁtetltt bearins. e uee of shirgresaticbeanng Hbas novenent
increments w roducin deV| position
w th & posrinBAPdRdnEaKBraNEe. Aletesaha AP RlrbBl ek BRsTE & h) i ng
devi ce on gfiadiend20f the spindl e reaches the process surface, the gain

paranmeters of the position feedback lor%‘? € force control feedback ' O
"op are changeld HIRETREIEPPHINS INas mptpraat}4 1y g anpeanmessallt ¢ he

spi ndl e baé@&l itahtﬁa%&e HpSBTB Ut r cﬁu&rﬁ’%ﬁfﬂs%u?éﬁ%é%réoofan I

controlled po Ing is a one enbodi nent, the spindle
assenbl y i workpiess. ame)@tratblBea hagaamo;orrhaﬂm 2 rewiht@nreof@nprex:mﬁ@e

ProduC NG e f IRl AHhUEL I GOHRENLO-IIBRPLTL S b ABnsRiyy RONTrol | er

isin co eV| ce and provi a control
signal to tG@-QO@AEG@DMN@Hth Basﬁblaoailamé frmml&oltmorfgeur@@dfher a

first feedpack | second f eedb oop. The t feedback | oop
pﬁ)vi des SEFQW%E@& n'ia FEYRE 13 Jri Be e U ‘8?‘1813?’ PEI‘ oop provi des
i nf or mat i ORuRIbeP bEESMRRrERNG %daﬁ’é’blé hg mﬂwcma@wmamm@@dwee@nd of

t he spindle, The sane force producing device is used to control spindle

position i RIrPressuse. ffb@ealbga@geﬂetat by each®f the ae@skrlis RegAsgaM force on
the workpi SF@fetgbf?ﬂ%%QP@oﬁqq Bcrids. ORRL @bt by Eggr\r;ﬁgta%ea 'ReEAgY device is

preferably an e roma netlc orce pro u0|n e su h as one or nore
| i near rmt evagentirondtion smters capabler dfemaintainagithe ppefatingdempedtuneiadn for t he
ast one aerostatic bearing is preferably used to

i ndl nbl |
ﬁf(hlsﬁ‘: Qe ?lih%fe ré%ﬁ?é?&’ftgtﬁ‘ ‘Bf}ieis‘(‘i‘h f31f#f nal or rotational novenment of the

spindle. It is iTheapiade Hiaembiet f@regdengedatigi b sthgtemesdrpiston be regar ded
as illustrative rather than Ilmtlngq and that it be understood that the

fol | owi ng 30P\¥Nted RB onexifa@f He apindequt Palrohiiaearpalars d EhHRINRA 8B i ne t he
scope of tRjsposite sides of the spindle 112 (FIG. 3 and 4) is preferred because the

opposing linear motors minimize the requirements for the second aerostatic
25 bearing 142. Other groupings of linear motors mounted in a balanced fashion
around the circumference of the spindle may also be used. Use of multiple
linear motors would preferably include a separate servo controller for each
linear motor where each servo controlier maintains its owr position and force
feedback toops to account for the positional feedback and force control
3G feedback necessary for each linear motor.
An advantage of the spindle assembly 110 illustrated in FIGS. 3-5is

that the servo controlled, electromagnetic force producing device, in this



I nventi on. 2 6 FEB Z004 13 CLAIM 1. A spindle assenbl yZ(GdEEf%rZQQ# ce
control | ed woaeessszng of a workpi ece, the force controll ed smrdseasgenbly
(10) conprising: a holding device (30) for holding the workpi ece; an

axi ally novabl e spindle (12), the hol di1rbg device (30) connected to one end

of the axially novable spindle (12); a 10ad cell (24) nounted on the
hol ding device (30), the load cell (24) positioned to sense a pressure

applied {0 Lhgnifl K RbRGR iROS RORAIE P4 Sl AREE NN gé dBRs i aaral ve of

the pressure applied; a force producing device operatively Coupled to
t he axi al | ytonpreaghbag gsaentally fiotiontase, highlyeoptrotiatde fayceiposition (sydlem.

configured Iy farc l.ong .a.l ongiktudinal axis.,of the spindle (12);

2 servo. cont Peinea” rolyrsterBam b deeBR R PRl TEuER | (22 Via a

f eedback | _()Q]@c(r_aﬁ*)ﬁgfreltic}f@@eid‘#r"eﬁﬂ}jdtdlj&eb@&djléaﬁémleiji) IQW@L theadifind!d to (:ja v th
copmuni cation with the force producin evi ce , Characterised by the

pravi si on OPEO%EWQ?@%H“@WQ@EWBQW mOf@p\é’éﬁﬁpfe\P@} Yyt Bl QY t he '

spindle (12)4 rtc@qjtﬂﬁﬁi rteis?f‘uft‘ibnro’fgf‘i%QEPIBIZ”,(@Qéreﬁgg5H%'iﬁﬁurtn%ﬁfense an axi al
%e spindle (12) and p

position of t p roduce a position signal representative
of the axi aprqsssedimnthefeledteorsagnedicdolceyrodugiag flaviceand chiathe petiwed in

that the servo,cont ler LS.l Kyw i Lon wth the positiona
t ransducer ?§ﬁ¥&W¥%6§%F§$?%%$&?g@SBggﬁg 002‘%%§§8F%ﬁ&?é@%ﬁVF§g t he position
si gnal , whepgidudiripdedte o licorder @ hexirhiz6 the asduratysoftthe fdreeconaiodduci ng
devi ce (14) _based ?n one of q§,ﬁositi n sign | and the | oad,é sense signal.
218 FEB 200fFepbask lqep, taﬁg%ﬁ%% in dfre wa frﬁai,ef%r%ﬁ"év RetGbkedFPgfbvabl e
spindle is ﬁi‘tﬁﬁ)—pﬁﬁﬂfda%‘fa‘ﬁ@nfo%r fritra 5eAM A ioaB%el OPGditidALMR thaxi s. 3. The
apparatus. of claim1l, wherein the workpiece conprises a sem‘conductor
waf er . servo controller may be programmed to use linear interpolation, curve
interpolation, or non-linear functions of any desired order to more accurately
translate the signal received from the load cell and compensate for non-linear
156 response properties. .
In another preferred embodiment, a singie, cylindrical voice coil or
cylindrical linear motor maybe used to provide additional balance of radial
forces and simplify mounting issues. A cylindrical voice coil or cylindrical
linear motor would aiso only require a single pair of feedback loops.
20 Referring again to FIG. 3, the spindle 112 maybe rotated using a DC
servo motor 158. The DC servo motor 158 would include a permanent
magnet 160 mounted on the spindie itself and a coil 162 mounted to the rotor
150 of the linear motor. A power source 164 feeds the coil 162 of the DC
servo motor 158. The DC servo motor 158 takes advantage of the first
25 aerostatic bearing 132 to provide substantiaily frictioniess rotational energy to
the spindle.
Utilizing the spindle assembly of FIG. 1, the operation of the spindle
assembly 10 is illustrated in FIG. 6. A workpiece, such as a semiconductor
wafer, is mounted on a wafer holder removably attached to the spindle (at
30 200). The processor in the spindle assembly transmits operating parameters
to the servo controller (at 202). The parameters include a set of position loop

gain parameters and a set of force control gain parametars. For the initial



4. The apparatus of claim1l1l, wherein the force producing d%\ﬁ J:eE(EaZQﬂlf

conpri ses wp @hssghr omagnetic force produci ng device. 5. The pappat@iigs of
claim4 wherein the el ectronagnetic force produci ng device conprises a

i near notor (114). 6. The apparatus of claim4 wherein the el ectromagnetic
force producing device conprises a voi'dd& coil. 7. The apparatus of claim4,
wherein the el ectromagnetic force producing device conprises a first |inear

motor and %rgSeSCIQIBﬁOIII i(i{ﬂf?@lrneﬁg gquirgﬂqo%ﬁé%@séegcobb[zﬁr %@elstg(ﬁ?é"d li near

notors are~positioned on ra y opposite si e spindle (12) and
are confi gprestssmgnowéadeh thes piauetssorn 23 ttad onee chrdrdl gagi pardimedérsdgi s. 8. The
apparatus of claiml,. further conprising at. | east one rostati c bearing
coaxi al ly F64 POREYITOINAZEREPERTARIPP 435 PafReey SE0S o 26 Fep 2004
15 beari ng cBafrgldrt iTHE SetivalcontrsBe®ifien tholdiethe Rblitdielindatly M08y et at i on of
the spindle (12) relative to the |ongitudinal axis of the sgl ndle (12). 9.
THe appar aleritydingl axis of theseingie (atrd4s aptildhe spindé has trax@gdur t her

conpri ses AT i £ (ki cessor (19)
comnect od PCTRBIT i st M BB e o e O e

appar at us @bntdctingtiBe pvdrerssing sutacefEbPOB). 17) stores a first gain paraneter

for a first fee ck 1oop,(18) and a secqpnd gain par t for a. second
f eedback | oop (czi‘g)%'sfﬁmt"l'ﬂ(@ %’%’ﬁs?ﬁ?fdﬁsﬁtﬁq@%gm fi"’,"gffl??? efghg'grﬁ)orsﬁ'gpng a
processor (28dbdck I66pEMBItRaEHeR otintrid! fReediBback ibopardihatthe savo €3R)ollend in
comuni cation with the servo controller for force

ctiht rol | ed rpsrANsisigadFease é?ﬁ"@!ﬁw@l@@t’@?é \%?121)*@ %Q%Slﬁpé(“éng% 28\8 anl®nd of an

R T f o bl it il S

posi tion ofzeamaadithae fyrcampabbbfespbadk gains2y nehazerpyaiessUtiisegitae k | oop

(18); force control feedback loop, the position of the spindle is now adjusted based

on force measured at the load cell so that the spindle will move to

15 compensate when the desired pressure is not sensed (at 210, 212). Once the
planarization, polishing, or other processing is completed, the spindle
assembly ceases the monitoring of applied force and backs the spindle away
from the processing surface (at 214). Additionally, the semiconductor wafer
or other workpiece may be rotated while being held against the processing

20 surface by engaging the DC servo motor on the end of the spindle to rotate
the spindie about the spindle’s longitudinal axis.

One preferred environment in which the spindle assembly 10, 110 may
be used is in a chemical mechanical planarization (CMP) system for
planarizing or polishing semiconductor wafers. Available CMP systems,

25 commonly called wafer polishers, often use a rotating wafer holder that brings
the wafer into contact with a polishing pad moving in the plane of the wafer
surface to be planarized. A polishing fluid, such as a chemical polishing agent
or slurry containing microabrasives, is applied to the polisf)ing pad to polish
the wafer. The wafer holder then presses the wafer against the linearly

30 moving or rotating polishing pad and is rotated to polish and planarize the

wafer. One suitable linear wafer polisher with which the spindle assembly



di sengaging the first feedback | oop (18) when the spindle ZE)FE&QQQQ a
first posiwionisgqzgagi ng the second feedback | oop (22), thepcpusokiBeedback
| oop (22) nonitoring pressure applied at the sem conductor wafer; and 2 6
FEB 2004 16 maintaining a substantiall ){zconstant force at the sem conductor
wafer on the end of the spindle (12) by“adjusting the position of the
spindle (12) in accordance with the nonitored pressure, wherein the

position ofqpg r%e%@e@% %éi@hE@n‘ig&)h&é?rag%ﬁéﬁlg fé@g%@?‘?&f’ﬁm sem conduct or

wafer are controlled using the force producing 13. The met hod
of cl ai m 1X;ofgeertsiminttremeng i atifordiasengagi ng the first feedback | oop (18)

further conpris tep of adjustin first gain paranmet or the
first feedback ﬁﬁ%@%ﬁ?( gfl{?glfﬁﬁe Pf%@a%paé?tgﬁg‘i”_l%@%%&?@“ﬁkt%e step of
engagi ng a spaedischstestiarss banpddsiibetiuOMmREMBOdRIINS 86tHRMhEEIdINY a second
gain paraneter for the second, feedback. 15. The nethod of claim 12, wherein

the steps dRCIHASEHRSIERY Of MOVINGtHe spinstie iavwards g Preaepsingh et &fgal§i ng t he
second fee ; | A : fJ in.paranet er
For the 11 rhpet CuRartfacr ehinT ATBic adRing foEd By drilorhd el

par anet er fapindlagoséicondti 2 pdbitioh fearthack kp. t Onee fheadetkeiatersdthohadue,

e o o R S 0 bR YL bl BB SRRlEE e,
produci ng dgingarsneerd stthegibsttiondbeapmgrietp andl erfoeepssrdiet fgitdrxi ce
Opt? rativel ylogg %I?tl: %ﬂagxgoedt ahr(?d ?h%i snp?rlzc%e(alsgc)ammy adjusts the position of the spindle
based on force measurements.
A spindle assembly for force controlled polishing is also disclosed. in
one embodiment, the spindle assembly includes a rotatable, axially movable
spindle and a force producing device operatively coupled to the spindle. A
15 servo controiler is in communication with the force producing device and
provides a control signat to the force producing device based on information
from either a first feedback loop or a second feedback loop. The first
feedback loop provides spindle position information and the second feedback
loop provides information on pressure sensed at the workpiece mounted on
20 the end of the spindle. The same force producing device is used to control
spindle position in a first mode of operation and to maintain a constant force
on the workpiece in a second mode of operation. The force producing device
is preferably an electromagnetic force producing device such as one or more
linear motors or voice coils. In order to maximize force resolution for the
<5 spindle assembly, at least one aerostatic bearing is preferably used to
minimize friction generated by longitudinal or rotational movement of the
spindle.
It is intended that the foregoing detailed descriptionl be regarded as
illustrative rather than limiting, and that it be understood that the following
30 claims, including all equivalents, are intended to define the scope of this

invention,



2 6 FEB Z004 17 17. The apparatus of claim 16 wherein the el ectromagnetic

device conprises a linear motor (114). 18. The apparatus ®of i
wherein the el ectronmagneti c device conprises a voice coi l?@gﬁ%@g#

apparatus of claim 16, wherein the electromgnetic force producing device
conprises a first linear motor and a secofd |inear notor, and wherein the
first and second |inear notors are positioned on radially opposite sides of
the spindle (12) and configured to nove the spindle (12) along the

| ongi tudi nal axis of the spindle (12). 20. The apparatus of claim 16,
further conpriCiiMiyl:at | east one aerostatic bearing (130, 142) coaxially
positioned around the spindle (12), the aerostatic bearing (130, 142)

perm tting axial mhveneAtspihdishassephiigi (@ 0§ Jfab foed d:@‘tt&tl!wnpl@fcetsﬁﬂﬁ&ﬁﬁ adl e
(12) relative tq the Ion‘g]?rtudlnal axis, of the spindle (12).
appar atus of WPHPIRCEs the fres epnivelied sRINGle assqmlgly (38} eamatisiegdbear i ng (130)

di sposed between the spindle (12) and a first port| on of the

el ectromagneti ¢ f of ¢RIR@HEGIcRI3TFIEr HRIdI go-aerostatic bearing
(142) disposed between t%e fi rgt gortl onﬁg?.'the ectromagnetl c force

produci ng device and a second portion of the el ectromagnetic force
produci ng devi ce. an2xglymmvaiite spigdExX12)Hbediniding deyics! (30) abrmedted ftar t her

conti gur od tonnany BFEE Bkl IR Snb B R S ar e (1) about the

| ongi tudi nal axis of the spindle (12). 23. The apparatus of claim 1,
wherein the servo atoad cil (é’14)mﬁﬁ)ntmmnahéihokilngrdéelcef(Sopehah@w‘h@&)i n the

servo control | er. controls a position, of the Jndle u5| t he
force produci Py tﬂfiﬂﬁd)c %B@&B%a?ﬂ’#@dp fohe vier Eieﬁﬁzﬂn %rt‘? UPﬁ 8fvo

control | er (@ns‘éael?ﬁe@lré phaeARivEsiaheforeftiratdppiedherein the servo
controller (16) confrols a force applied by the force produci ng devi ce (14)

to the workpiece based on the | oad sense signal. AU#. AH AR A e. A@A
A A@AQ Ay .AO . a\ forsenpragucing . deviger ( j) Jonerquely coupled to the axially

movable spindle (12), the force producing device (14) configured to impart a
force along a longitudinal axis of the spindle (12);

a servo controller (16) in communication with the load cell (24) via a
feedback loop (22) for receiving the load sense signal, and in communication

with the force producing device (14), characterised by the provision of;

a positional transducer (20) operatively connected to the spindie (12),
the positional transducer (20) positioned to sense an axial position of the
spindle (12) and produce a position signal representative of the axial position
of the spindle (12); and

further characterised in that the servo controller (16) is in
communication with the positional transducer (20) via a further feedback loop
(18) for receiving the position signal, wherein the servo controller (16)
controls the force producing device (14) based on one of the position signal
and the load sense signal.
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5. The apparatus of claim 4 wherein the electromagnetic force

producing device comprises a linear motor (114).

6. The apparatus of claim 4 wherein the electromagnetic force

producing device comprises a voice coil.

7. The apparatus of claim 4, wherein the electromagnetic force
producing device comprises a first linear motor and a second linear motor,
and wherein the first and second linear motors are positioned on radially
opposite sides of the spindle (12) and are configured to move the spindle
(12) along the longitudinal axis.

8. The apparatus of claim 1, further comprising at least one
aerostatic bearing coaxially positioned around the spindle (12), the aerostatic
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urther cumpnses a memory (17), an output amplifier (21), and a processor

(19) connected to the memory (17) and the output amplifier (21).

10.  The apparatus of claim 9, wherein the memory (17) stores a
first gain parameter for a first feedback loop (18) and a second gain
parameter for a second feedback loop (22).

11.  The apparatus of claim 1, further comprising a processor (28) in
communication with a second feedback loop (22) and in communication with
the servo controller (186).

12. A method for force controlled processing of a semiconductor
wafer mounted on an end of an axially movable spindle assembly (10) as per
claim 1, the method comprising:

moving the spindle (12} along a longitudinal axis;

monitoring a position of an axially movable spindle (12) via the first
feedback loop (18);

disengaging the first feedback loop (18) when the spindie (12) reaches

a first position;

engaging the second feedback loop (22), the second feedback loop

(22) monitoring pressure applied at the semiconductor wafer; and
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13.  The method of claim 12, wherein the step of disengaging the
first feedback loop (18) further comprises the step of adjusting a first gain
parameter for the first feedback loop (18).

14.  The method of claim 13, wherein the step of engaging a second
feedback loop (22) further comprises adjusting a second gain parameter for
the second feedback.

15.  The method of claim 12, wherein the steps of disengaging the
first feedback loop (18) and engaging the second feedback loop (22) further
comprise setting the first gain parameter for the first feedback loop (18) to
zero and setting the second gain parameter for the second feedback loop
(22) to a predetermined value, wherein the second feedback loop (22)
controls the force applied to the semiconductor wafer.

16.  The apparatus of claim 1, wherein the force producing device
comprises an electromagnetic force producing device operatively coupled to
the spindle (12).
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19.  The apparatus of claim 16, wherein the electromagnetic force
producing device comprises a first linear motor and a second linear motor,
and wherein the first and second linear motors are positioned on radially
opposite sides of the spindle (12) and configured to move the spindle (12)
along the longitudinal axis of the spindle (12).

20. The apparatus of claim 16, further comprising at least one
aerostatic bearing (130, 142) coaxially positioned around the spindle (12), the
aerostatic bearing (130, 142) permitting axial movement of the spindle (12)
and rotation of the spindle (12) relative to the longitudinal axis of the spindle
(12).

21.  The apparatus of claim 16, further comprising a first aerostatic
bearing (130) disposed between the spindle (12) and a first portion of the
electromagnetic force producing device, and a second aerostatic bearing
(142) disposed between the first portion of the electromagnetic force
producing device and a second portion of the electromagnetic force
producing device.
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a first mode of operation wherein the servo controller (16) controls a position
of the spindle (12} using the force producing device (14) based on the
position signal, and the servo coniroller (16) having a second mode of
operation wherein the servo controller (16) controls a force applied by the
force producing device (14) to the workpiece based on the load sense signal.



