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POLI SHI NG BACKGROUND Thi s invention relates to a high performnce spindle
assenbly f¥POH1I8E ced control |l ed polishing of metals, plaBFFUSOVRR3,t ey
materials requiring the application of a constant force. Mre
particularly, the present invention re@es to a spindle assenbly for
force controlled polishing or planarizatdon of sem conductor wafers.
Systens for applying force to a workpi ece, such as a sem conductor 10

waf er, have in the past neasured the pressure applied at the spindle or

f ocused on nonitoring the positi SPINDUhASSEMBLY rel ative to the polishing
surface. For exanple, On?:ORg*IDREE)Cm?ROLQLED?FS@EIE}HbNéor use in
es

polishing a workpiece inclu a vertically oriented, spring

counter-bal anced spindle wutilizing a single-acting diaphragmcylinder as a
down force nBAGKIGROUNDS pneumatic proportional regulator is used with a
built-in pressure _transducer feedback | oop connected to the di aphragm
cylinder in order ks tnwentien relates do adighyperfermange spindie agspmblyifohder . 1 n

o, ; o Lol ;  ah
ioin8 two di rpSeDrEcd MBlsiAd Gt ABIAC digitbelof SHEFFratdtts IRMho B8 O
cyl i nder | owaapplicatiorsof andorstant farcee dMare partictilarlyl, the ppesenh invention

i Zi i aph | i nder., .t indl e i duntil .th kpi
Peachos the” BRI A SPEUR atsdibly o orsBatroled Al of bapetie i oo

noni tors the sepsicbrdutioyo®afers.t he di aphragm cyl i nder and feeds back the
result to the pneumatic proportional regulator. Because the pressure

transducer in thi sSYEf-P'E?g‘?fe?ﬂH'SQ"QAfP"?%t%Q_r“éﬂ"kfélﬁ%(ﬁ‘r@htas(ﬁ s?’ﬁ@oywpégyl at or
SUpRPy' NG DI 63s¥EF, have in tHE pastIREARHEY e b%@ﬁrel %;ggigeo'&ﬁﬁﬂﬁﬁbiﬁd@rd?po” i onal

regul ator does not receive the actual force p ] € workpi ece by the
spi ndl e. | n foeusaden moniteringithe pesiiemof the spindie relativerte the polishingy t he
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friction is reowodeiceinclides anevtiowly oripnteo spiirmedunter-balanced spindle
utilizing a single-acting diaphragm- cylinder as a down force mechanism. A
15 pneumatic proportional 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 prgssurizing
a diaphragm cylinder, the spindle is moved until the workpiece reaéhes the
polishing surface. The pressure transducer in this device monitors the
performance of the diaphragm cylinder and feeds back the result to the
pneumatic proportional requlator. 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
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the differential pressure transducer only receives information fromthe

di aphr agm WR 41486 . Anot her system for providing a conti rRfFESOHB force to
a wor kpi ece being polished includes a rolling diaphragm cyli nder
operatively connected to 5 a spindlethrough a Iinkage system The spindle
I's guided by a spline bearing that allows |ongitudinal and rotational
novenent by the spindle. The diaphragmcylinder is controlled by a servo

val ve as pdegulator begause the difierential prgssufe tansduogr anlyareceivesi ves f eedback from
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accuracy. t@ﬁl%ﬁwﬁmwn?iﬁ"grrﬂé&%%W%F’%\'}'gb%ﬁ’eﬁ%’%%eacy of prior art
systems forgj jril cPthdetl RVEohB6iR! Ha 8ol VERE @6 Daltidf @ ppépdriididlg envi ronnent,
the preferre enbodi nents_descrij bed bel ow i nprove the force resol ution

capabi l ity a(ﬂpﬁﬁﬁ"el"QBf‘r?ﬁﬁﬁ?i"@sé%%dé’ﬁﬁ'ﬁ fromhetweelitbe S_PF‘i_oc‘ﬁh@naﬂ%t roduced by
mechani cal didgHfagif ylindet {berggm]gaé?%iﬂomeér% ied Al dividriiiadd. Yagdifiese

enbodi nents address” the nee |ncreaseJMpoI | shing accuracy by measuring
f 8Pce appl iteelfriction Hue tthr giapheagm Aylindet end ghesadditional tristien adde on force

f eedback r : S b i h ki red at a
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assenbly, c¢eswyvanedl Dua oihe fristioahystergsia effectsnainbe expasisscedatibea wor kpi ece
I ncl udes a jsa | | ; | | connected to
one end. quugagé. Ll'é%lé@éﬁﬁg%ﬁhgghﬁirﬁggﬁbgﬁlﬁgﬁﬁgé?rékgsg%# |ss' positioned to
sense a pr éxsardingip @ spintlle drivenassambliypis deeessaty thebprovidesimproved

15 downforce accuracy.

BRIEF SUMMARY

In order to improve on the accuracy of prior art systems for providing
downforce on a workpiece in a polishing environment, the preferred
embodiments described below improve the force resolution capability of the

20 spindle assembly and reduce friction introduced by mechanical linkages in the
spindle assembly. Additionally, these embodiments address the need for
increased polishing accuracy by measuring force applied at the workpiece
and closing a servo control {oop on force feedback rather than using position
or pressure feedback measured at a point on the spindle assembly away from

25 the workpiece. _

The spindie assembly, described below, for applying a constant
pressure to a workpisce includes an axially movable spindle having a holding
device connected to one end. A load cell is mounted on the holding device
and is positioned to sense a pressure applied to the workpiece and produce a

30 load sense signal representative of the pressure applied. A force producing
device is operatively coupled to the spindle and is configured to impart a force



30 | oad sense signal representative of the pressure applied. A force
producing device is operatively coupled to the spindle and is configured
to i npamoeissszce WO 01/ 15862 PGI/ USOQ 21843 -3 al.ong, RETYUMRR2K84Xi nal axi s
of the spindle. A positional transducer is also operatively connected to
the spindle and is configured to produce a position signal representative
of the axial position of the spindle. A servo controller is in

comuni cation with the positional transducer via a first feedback | oop, the
5 | oad catbmg milengitudinabaxis bEtheispinkile. shgositienal transdlmeoiﬂnhmg devi ce. The

servo controller tr ] . trak. si t oduci ng devi ce.
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applying a, constant, forc oic v¥o recéJ un?e an the end of IOt he spindl e
by rmnl‘EQﬂthiiﬁrtéa’fs(W‘tf’ea fa?"f giopal |5h£%’ mﬁ“‘él“% E¥f8 f eedback | oop and
continuously l prefdritd rhé@ol deséribed below fo? ferbé sEhteolledgreceassinghe force 15
measured at the_ workpiece. The sane force produci r‘bg‘ device is used to

control efworkpiecsringiudessthe signs qf maying "F"!;?x'ﬁ'b’d@qﬁ e geindle alongind for ce

applied § ga 'itb&‘m&péi@aﬁ&ﬁ\ohnomﬂﬂs%&naﬁdﬁhefqum ith @irstThe preferred
force produ device is an ectromagnetic force rodu0| deV|ce t hat,

10 n coopefegdback iﬂPPhAﬁﬁéﬂTGsﬁpml%mﬁé%ﬁﬁﬁ@sdetqrﬁmﬁ%%mg mmﬂ di on and
| o oS S fuﬁ@s gtEHro'fo%eﬁ%agn?d? E%ﬁffe@dl{&:k%opf &id aplyisgandl e during a

pO|IShIng grin operat | |s section has been provided by way of
i nt roducc¢n§’ﬁafdrf¢r§=eé¢hé waskpieee moHpted eadhe endiofithe srirdieBype of the fol | owing
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illustration off a spind for force | ed poli shing
accor di ngontmuauqsiyaﬁmstlmlﬂwmnsﬁionmﬁth%plmdiebps%@ﬂ’hthe foreeention. FIG 2 is a
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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 syétem'friction and increases the resolution of
20 force control for the spindle during a polishing/g'rinding operation.
This section has been provided by way of introduction only and is not
intended to limit the scope of the following claims. '

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic illustration of a spindle assembly for force

25 controlled 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
30 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.




FIG 3 is a cross-sectional view of a force producing device and linear 30
belt polisher for use with the apparatus of FIG 1. FIG 4 is a

cross- sectWOAHISS ew taken along line 4-4 of FIG 3. WO BFTPS¥EISHC

T/ USOOL21843 -4 FIG 5 is a cross-sectional view taken along Iine 5-5 of
FIG 3. FIG 6 is a flow chart illusigating a nethod of controlling the
spindle assenbly of FIG | according to a preferred enbodi nent of the
present invention. 5 DETAILED DESCRI PTI ON OF THE PRESENTLY PREFERRED
EMBODI MENTS FI d1G. 5ii$ pgsasszaestiong! ¥igwrtaken algngng §-50 Fechrding to a
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nmovabl e t hassaphbly obel. ifragcardingtolaprefemed embadjmént of theopresendr oduci ng devi ce
14 operatiéﬁlx.‘%ﬁnnect ed to the spindle 12. In order to both nove a

wor kpi ece 816 trol the force applied to the workpiece through the
spibndle 12, the spindle assenbly 10 preferably includes two feedback | oops
in communi cation with a servo 15 controller 16 that regul ates operation of

the force oy ' ' des nmenory 17, a
processor %g% %ﬁd@ﬁﬁ%ﬁ%ﬂ%ﬁﬁﬁﬁmﬁhﬁﬁﬁgﬁ f eedback | oop 18
provi des i | the servo controller 16 by way of a positional
transducer 20 i Leat.| ' | vice 14. One

sui tabl e positi g‘rﬁiﬁ {lr ange%ué(:%n%ﬂ%rags%qqgggb%égf‘rgﬂgggt'éyééeﬂrr?ﬁear encoder

avai | abl e embodiRgmtoTh®Rapiotie aSsentblypreferdbily ineluties a rathtableoskialonal f eedback

| Op IS us i : : | | tjon adjusting
e to miAPRRRIEIE, Ik RTEaZ) buaRNBbRAIs it F BRI

exanpl e, t bhesebipdhat sheweniby g foke proaiieing dbyice 44 opeitativglp sonnexted eedback | oop
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15 controller 16 that regulates operation of the force producing device 14. The

servo controller includes memory 17, a processor 19, and a proportional

amplifier 21. A position feedback loop 18 provides information fo the servo

controller 16 by way of a positional transducer 20 in communication with the

force producing device 14. One suitable positional transducer is a glass scale
20 type linear encoder available from RSF of Rancho Cordoba, California.

The positional feedback loop is used when the spindle assembly
operates in a position adjusting mode to monitor and control 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 transducer 20 monitors the position of the spindle 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.



transducer 20 supplies a position signal to the servo controller 16 that
corresponds to a given position of the spindle 12 as neasured through the
30 f or cqyqporadsgai ng device 14. WO 01/ 15862 PCT/ US00. 218PET/USGUE: 5

wor kpi ece attached to a hol ding device, such as a sem conductor wafer
carrier 30 (see FIG 2), and nountgd to the spindle 12 is noved to the
processi ng surface, the spindle assenbly swtches froma position control
node to a force control node. In the force control node, the 5 servo
control | er 1®nceshaorkpidce atativedid aholdingldevicedsuatikad @op 22 that carries a-

| oad sense sigpal prqduced I ell . 24 tpo t.he serng, C roller 16.
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2, the | oad 24 is preferably positioned in the vvafgr carrier 30
at t achedloadl sensrisignalipsedused by aload celh24 to thegervogentrolien 16 Ihej s the single

poi nt gi a'sep@é &pn%ghh%oﬁé%'aad}éesﬁré% load'cBP secaat G 8/ af | on 15 of

Fr enont I'r'tornifa. Any of a nunber of commercjally available |oad cells

may be uthedpinde 43pThe farce santsal fepdback opi 22apromides smteel of Hieanar i zat i on

(CWP) an L.Shi ' [ ' A 1158 fers, a

push- pul r@fébprgﬂpgg ce ﬁkgf?gsibggﬁ%ﬂjr%e@ng@@g?'ﬁgf&?gfgg%P%t%e used to obtain
1G sensi t spindle. Thie presausx ahtheavorkpieasisesiyatte the foree applied divided One suitabl e

| oad cel |, Ls -LRC-C avail abl e from Transducer Techni ques of
b 85 e

Tenecul a, ansducers having other ranges may al so be used for
ot her CMP orAgshowmimigiGapthedaad ceik24 isrpratevably agstmedslart%ei ng the force °
applied at_ the

RO o Hegh By ebHEL A 8 bl kgt cler i 711 on I
enbodi e tiessindle point gimbal waferceenidsiayailable Formbar ReseatgbtGriperiaionr nmechani cal
W4 pesa e AR lorid R 55 Smerdl bubbidibbdtagerer at o by
may be used. In applications such as chemical mechanical planarization
(CMP) and polishing of eight inch diameter semiconductor wafers, a push-pull
type load cell having a range of 0-500 Ibf may be used to 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 ffiction 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 corﬁponents are taken into account by
sampling the force at the workpiece. L
Referring again to FIG. 1, the load sense signal sent from the load cell
30 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




sanpling the force at the workpiece. Referring again to FIG 1, the |oad
sense signal sent fromthe load cell 30 24 along the force control

f eedback | womassees anplified by a load cell anplifier ZTauseb2i8snt an
appropriate signal level is presented to the servo controller 16. The
servo controller 16 sends a signal tgthe force producing WO 01/1S862
PCT/ US00/ 21843 -6 device 14 based on signals received fromeither the
position feedback | oop 18+ or force sensing feedback | oop 22. The servo
control | er deviea 14djased on sigralaxeadiveddao eltiear té positorsieedisiok 15 ¢8 on t he

f t f eedbac enbodi

A%EESOS? gs?’%ﬁ?’?ﬁ?%‘)’)ﬁgfﬁeﬁ‘aﬁo%ﬁpoﬁ ?%V? r}qulgfﬁ?\gnﬂg%potgﬁ a?‘}"i“ Chanhassen,
M nnesot aI lnsas"tab@toﬂme@pmletﬂmma@h\membmﬂoe{eedlls?wwqesmneat% whi Ich {my Ee
a persona er ntrol | er cont i nuous racks
ans | oad s& Ug?%ma?n ggh‘%@@’%@’é@bﬁ&”@@ﬁ%@ﬁ@@ @@@ fRM o0p 22. yl'he
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as well as the desired pressure setting. 10 The servo controller is

preferably progPiipeasseizth whishanay. be B)P%SM“@I:‘PP"“R}@@ME@H"Q HdeRPEYa | on
feedback | gperdir aﬁ@%ﬁtﬁ\ugﬂgig Fatks éﬁ lBQc?sérEe’ﬁBr%l §éﬁi on'thetdreé ce feedback

| oop for maintaini ng @gem e pres Jure on the wor kpi ece once certain
criteria asensing feedhaciplogp 23s Jhe peoassaenalgaprovdesstart adsterervo control | er
to set ini ng wﬁ!ﬁr t he 15

spi ndl e astggﬁ%’?a?/f%% . egeez\'é 9@;@@2&?@9@?@5@;@%}@8@& at the servo
cént r ol | er The.sefoecantriotierds prﬂerahbtpemg;'amnlﬂdddeumadleauym}wtmhm tion loop gain

val ues for . 2 gain val ues
are deter mbﬁglgeéﬂg%%g ;%te\é bé‘é@@%ﬁficgggﬁ réér}l;&ﬁ%egl vgggé@dgaﬁ?s that are

enpi ri cal | yhelfores feedeatkidasefbr arinthiainga precise pesbarieran thewenk@ieck t he known 20
response of_ the forceﬁ%llr aoduci @‘e force produm ng
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gain values for the spindle drive assembly. The force feedback loop gain
values are determined from integral, proportional and derivative gains that are
empirically determined based on the total mass being moved and the known
20 response of the force producing device. For example, if the force producing
device is a linear motor, than the gain values are empirically derived using the
standard linear motor self-tuning software provided by the manufacturer of the
particular linear motor utilized.
The servo controller’s decision to switch between force feedback and
25 position feedback may be based on any one of a number of criteria. In one
embodiment, the servo controller is programmed to switch from position
feedback to force feedback when the workpiece contacts the work surface
and the load cell provides a signal indicative of a pressure‘ against the
workpiece. In this embodiment, the servo controller is also programmed to
30 automatically switch back from the force feedback loop to the position
feedback loop when the workpiece has pulled back from the work surface and
the load cell senses no pressure. In another embodiment, the servo controller



enbodi ment, the servo controller is programmed to switch from position
feedback to force feedback when the workpi ece contacts the surface

'
and t he WQUASEL| | provides a signal indicative of a pr,@gaﬂs\éwﬁ al nst t he

wor kpi ece. In this enbodi nent, the servo controller is also programred to
30 automatically sw tch back fromit/he force feedback loop to the position
f eedback | oop when the workpi ece has pulled back fromthe work surface and

the load ce]ll senses na pressure. |n ' t, the .servo
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roduci ng devi ce nmove the spindle at desired. velogcit nd swtch over
5fpr om poskreg@mmed tyhave thedorss prot icepaye,the sp Eéa, g@ﬂ@r‘? as an

el ect i Cyfyé&ty dnd wilcHGVEERom/Nosiod it foré@feelBadk Whén bR dxeekdi ment, the
force producing device 14 is an electromagnetic force produci ng device

that is.druseyseh asapeirpliceye. Itigeerdtant force output while resol ving
extremel y smeld ofcﬁﬁgfo ONEbRERe ﬁ@t?dim@hf?méifo%b proBLiéiRg A¥wkeAy! r equency
e el ect romagnet| c
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not or s ais@neléconagnetic fame pasiusingdeyicedhd) i degigned tospraduea o control | ed

electro ' r WO RAe I j - kihanal manner.
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with the correct information to vary the electromagnetic field in the servo .
motor in order to achieve the Hesired position. When the system has reached -
the desired position, any charige in force is offset by the servo motor so as to
20 maintain a constant position. |
As shown in FIG. 1, a preferred spindle assembly 10 uses a force
producing device 14 for both gross motion of the spindie, which is controlled
by a position feedback loop 18, and as a force control device, which is
controlled by the force sensing feedback loop 22. By closiri_g the loop on force
25 instead of position, the position maybe varied while the system maintains a
' constant force output. As explained above, the servo controller may be
programmed to automatically switch between the force and position feedback
loops based on signals from the load cell indicating whet_hér or not the .
workpiece is in contact with the worksurface. This approach may also be
30 used to create constant torque devices for use in applications such as
lens/mirror or computer hard drive substrate polishing.




controll ed by the force sensing feedback | oop 22. By closing the | oop on
force 25 instead of position, the position maybe varied while the system
mai nt ai ns wootasss: ant force output. As expl ai ned above, tRGEI/ESHNR1IB43
controller may be progranmed to automatically switch between the force and
pasi tion feedback |oops based on siggals fromthe |oad cell indicating
whet her or not the workpiece is in contact wwth the worksurface. This
approach may also be 30 used to create constant torque devices for use in
appl i cations suflG8s3-5lillustrate anereferred spindiecasshmbly 0 pasitionbdt r at e
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wher e t he alevicerinchadpsad pair bdinear motodsi ¢ 14 gositieneidos oppokitelsidesopther of | i near
notors 114 posj.ti OR_0pposi t ide les,112. _The |inear
notors 114 %’@‘%@ﬁ%ﬁﬁ&e F’be£ﬁ'é°§%rﬁﬁﬂgla§e lg}:f@etge]s&pgg @2 Ve 85‘(5& I ¢ bearing
138. The aeue;vsstaﬁo;jbedmgmisog Thé&ems@b&reg&gg as0 craamlmrrausumﬂb It he spi ndlhe
112 using a for aLr, s rovi ded 't y 110. The
aerostatic "H@H’P‘fﬁ'ﬁ '%!F'f%?*i%( Lﬂggé) 3'@?6%9'%3?@"5"?{[‘{‘]?&“3 %gs 134, 136
that use t hassgmbl Wlmaé?oﬂﬁma%gqm\dsbhnélhmoé@ﬁcthrdéo ext endi ng
radially fromt he gﬁl ndl e prevent undesired_axi al 10 novenment of

t he spi ndl &earpag1 e13§ﬁhﬁd-lsé’§h¢ Biﬁﬁﬁrﬁ‘éﬂ in-pooperation wifh flangas 1381 ost at i ¢

beari ng 13014y &étén bédféﬂ?%ﬁitﬁé%Fﬁuferﬁz”fbsprbb&t%ﬂéﬁféd%ﬁﬁ!Ce of the
spi.ndl e over a predeterm ned Ieng of the spindle 112. The first

adfost at i ¢ "PeEMey of thesrindie alopg infHes iengiudinal axisodhediEsty ot at i onal
motion of  JIdigstsi Béhridg 458 prérdbly &ﬁnpﬁ&b@‘ﬁﬁroﬁn&.@%' dirldinfdbndeés. A

suitable aerostatic 15 bearing is availa fromsS gﬁges Consul tants of
Redwood Ci tie spipdle m@rﬁlpaedatwnum!negth@ﬁﬁmm 113nihe thrust bearing

and one flﬁws? tafid Bedifig roRGLS ﬁPsMﬁtBLﬁﬁﬁcﬁ&@é%tﬁBﬁallrﬁﬁn &

substanti a rrction rotation I near notors pr ovi de

posi ti onal faﬁ(ﬁpmdlec‘eﬂcahﬂuithe spinsir)s longitudirl jaxisg A suitehiel aessstatiof t he spindl e
144 Each lﬁéé?ﬁéeér@\%‘%blb%dr'ﬁﬁ%éégr ésaéQﬁsuﬁéls JiReLRBodety! Pl € Wi ndings 146

that receive po roma vo source
California. In another embodlment only one thrust bearing and one flange

are necessary to obtain an appropriate level of substantially frictionless
rotation.
The linear motors 114 provide positional and force control along the
20 longitudinal axis of the spindle 112. Each linear motor includes a stator 144
having multiple windings 146 that receive power from a voltage source 148,
Each linear motor 114 also inc!ﬁdes a rotor 150 mounted on a linear guide
assembly 151 positioned coaxially around the spindle 112. The rotor magnet
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 heat. :
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 alr,
from a second forced air supply 156. The second aerostatic bearing reduces



Each linear notor 114 also includes a rotor 150 nounted on a |inear guide
assenbly 151 positioned coaxially around the spindle 112. The rotor magnet
152 on waolr1ssez or 150 is designed to cooperate with thECEHSI0R218486 of the 25
respective stator 144 nounted to a fixed frane (not shown). In operation,
heat is generated by the linear nogors 114. A water supply 166 may be used
to punp water through cooling channels in each stator 144, adjacent to the
coils 146, to renpve excess heat. i A second aerostatic bearing 142

mai nt ai frictiomand poeRmPating-fogtionsd hvsereﬁtstle the spindigagsemblyoli2: 150 and

subst a”{\I i c?dn\tg}\%? finddrir&il b&ﬂl rﬁJVBel used aéerogﬁhe béanrﬁ%e second

aerosta aril ng recel ves a [ ow’o ressurized air froma second

forced arerprefesredybernese they are well suiied tpsmemdp e thedhigh atiractionifaseesy 01/ 15862
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spi ndl eari ngs maybe
5used, amuﬁaﬂngs pm:cemﬁslcttmadzhysteﬂessne&xm%e fones/output wel | suited to

handl e t he h atira £ rotor and the
stator &S qLHP%Iqaﬂéé{evﬁhT@ 4m8%§§§5% ﬁ{]ﬁr\azﬁao?ﬁgq é‘gérlflarqgs produce a
fricti opdtaikytié Rith sierostaticbearings,dhe ubeof an aeroetatlpduearm@s& &S on capabl e
with the |inea tor. 1n addition ainable with
aer ost alcPE‘PSE%E{ pﬂ@gar beRIiNgS Mproves tbg f %‘Q&a{l" ﬁ%ﬁ éHcﬁ%’lsﬁ% oﬂ% conpared to
| i near lgPﬁ,rd@gﬁz i mproves the radial runout characteristics of the spindle
112. n one enbo nt ma commercially
10avai | abI e |iHeane ﬁ@geggﬂt%‘&éb?ﬁn%ﬁf BE?unﬁ“g % rcén]l?ﬁer ﬁ¥e3| red range at
a  wor kpivafisble ifarMBPLApable b mwcm@pmsm\m agiesired sarigetaten of

approximately 2_mcrons and a I|ne force duci.n lity of 1350
| bf, sudrpriseieesy Forgxampleslingss motef, 3@"61903@ p@oiegprpaiomﬁgglxval | abl e from

Kol | mor %&.%s aid éﬁnéé\'%fb% dﬂ:adcﬁng &ablliey of EB50MBYy stich aspatt ndhe ai r
capab Essa”%paeaﬁ%w-aca@méo B Braleblss o Klarde G Yentr at od by
15€ach of it néme%S tﬁ‘hfd?mheﬁhéy Peused. Thé efr%Upblias rady beasy oPa001 i nches. The
wat er supp e any stan d, water ti.on.syste abl e of
mai nt ai rnqq’gbqrwg cgwe&gp%a\@ﬁg calk QHnépsO?apaE)fe ofa malnpalm g a desiréd
air pressure. The air gap generated by each of the aerostatic bearings is
preferably at least 0.001 inches_. The water supply may be any standard
water circulation system capable of maintaining the operating temperature of
20 the linear motors within a desired range.
The spindle assembly 110 maybe used with a single linear motor
mounted on one side of the spindle. A pair of linear motors 114 mounted on
opposite 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 controller maintains its owrl position and force
feedback loops to account for the pdsitional feedback and force control
30 feedback necessary for each linear motor.
An advantage of the spindle assembly 110 illustrated in FIGS. 3-5 is
that the servo controlled, electromagnetic force producing device, in this




20 the linear notors within a desired range. The spindle assenbly 110 maybe
used with a single linear notor -nounted on one side of the spindle. A pair
of linear WOOKE8&@214 nounted on opposite sides of the spPEBUSKRIMI(F| G 3
and 4) is preferred because the opposing linear notors mnimze the

requi rements for the second aerostatigg25 bearing 142. Qther groupings of

| i near notors nmounted in a bal anced fashion around the circunference of
the spindle may al so be used. Use of multiple lihear nmotors woul d
preferably exarhplda pansafﬂlaeartmotsam cooperates aviththe aerastatic bearings not or wher e
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out put res servo control used to control the
fol@e pr odfrsidbgckiloppctbe load csflde therwalarsarrier20 'B’\ﬁié basalibrated usingme force
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e used {%SPZ’ 8%#%‘@9&%31 ti onal bal ance of radi al

In another preferred embodiment, a single, cylindrical voice coil or
cylindrical finear motor maybe used to provide additional balance of radial
forces and simplify mounting issues. A cylindricat voice coil or cylindrical
linear mator would also 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 1568. The DC servo motor 158 takes advantage of the first

25 aerostatic bearing 132 to provide substantially frictionless rotational energy to
the spindie.

Utilizing the spindle assembly of FIG. 1, the operation of the spindle
assembly 10 is illustrated in FIG. 8. 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 parameters. For the initial



forces and sinplify nmounting issues. A cylindrical voice coil or
cylindrical Ilinear notor would also only require a single pair of feedback
| oops. Wb élasge2ri ng again to FIG 3, the spindle 112 negraspa21ddded usi ng a
DC servo notor 158. The DC servo notor 158 woul d include a pernmanent
magnet 160 nounted on the spindle _jfself and a coil 162 nounted to the
rotor 150 of the linear notor. A power source 164 feeds the coil 162 of
the DC servo notor 158. The DC servo notor 158 takes advantage of the
first 25gross nwtieh incrdments mequiidd to bnpgtheishmxsmmmmiaiéﬂtpthe i ctionless

rotational ene he s | e. enbly of FIG
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force control gain paraneters. For the 01/ 15862 PCT/ USOQ/ 21843
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the pro&ﬁ-ﬁédtmgtﬁélbfo%ggsmgg Srfddeae30e)’ sets the force control gain
parameters to ~zero and provides non-zero position |ogp gain parameters to

the servo caMthisipoint, thepeocessargeseln the,gain pararesieffPE NI RRSIOR; ndl e | i nearly
al ong th@eébé&ﬂgbé Hﬂaﬂ?é éon%t feBBba0Ri 196 So fith treddorveBbitrollehe spi ndl e has

travel ed a erm ne stance that corresponds to the sem conduct or
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rocesso K | d
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conpensate esi re PEESlire i's not sense Once the
planarization, polishing, or other processing is completed, the spindle

assembly ceases the monitoring of applied force and backs the spindie 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 splndie to rotate -
the spindle 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 polisfting 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



pl anari zation, polishing, or other processing is conpleted, the spindle
assenbly ceases the nonitoring of applied force and backs the spindl e away
fromthe pWROEEBEg surface (at 214). Additionally, the sBET/USNRAPBOr
wafer. or other workpiece may be rotated while being held against the
processing 20 surface by engaging the pC servo notor on the end of the
spindle to rotate the spindle about the spindle's |ongitudinal axis. One
preferred environment in which the spindle assenbly 10, 110 may be used is
in a chem caayrhecisdiis tHe Tﬁﬁlﬁsm palishemavaln frepsiiawRessarch! anari zi ng or

polishing s con S .Avail able CVWP systens, 25 commonly call ed
waf er poli sﬁm pora 9'1'8?’8@8'1%1&?8{95(’[@ ng wafer hol der that brings the wafer
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slurry cont §PW§%§§§FE&E’J&S§%{7<§J§ SCrf 3211% embedimenoftop P@ﬁmﬁ'g pad to polish
theswafer. Hiudestre s@pédﬁmovuhgm@gmesowmsu@wesﬁa lsﬂﬁécélhe linearly 30
noving or rotating polishi 'aﬂfﬁé is rotated t sh and pl anari ze the

waf er. One SASSIRPEment ingre IW‘tB@I forogarodiying Wl‘q,%"yt rﬁ@”@&“ﬂd‘l‘% assenbl y
WO 01/ 15862 oFiixde! %ﬂfo@n% osiffor YRRk YSHA Oricdthe wgﬁgﬁzég attaefbg sher

avai l abl e from Lam Research Cor porat| on I'n Frenon fornia. Fromthe
foregoi ng, % mbplsing devicegmiie andof therspindie resshes therspeass sufaemdhe assenbl y

has been degﬁfnﬁ%e%oﬁﬂgggémbe%aéms uﬂ?ﬁ@@%rcécb%ﬂé{ﬁﬁawe steps of

movi ng t he p e towar rocessin ace in gross novemen

i nt@ ement s \aoprare changssi mﬂba@pwglec@semlmdjmtmmosmgn ohthe spiidiell e
position w | k 1 oop. Once the workpiece attached to a
hol di ng dev%gg&oﬁﬁﬁ%’éég{r%aggrgg{éﬁ{e\s spi ndl e reaches the process surface, the
gai n par anet er s Afspiridie assembiyior foseaitondioliédpalishing inakodiselosed: trol f eedback
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provides a control signal to the force producing device based on information
from either a first feedback loop or a second feedback lcop. The first
feedback loop provides spindie 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

25 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 descriptior; 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.



15 servo controller is In communication with the force producing device and
provides a control signal to the force producing device based on

i nf or raWQ#1/158620m ei t her a first feedback | oop or a secuonsoerzssusack | oop.
The first feedback | oop provides spindle position information and the
second feedback |oop provides infgegmation on pressure sensed at the

wor kpi ece nmounted on 20 the end of the spindle. The sane force producing
device is used to control spindle position in a first node of operation
and to maintain a constant: force on the workpiece in a second node of

oper at i dfCLAIM: f or ce producing device is preferably an el ectromagnetic
force producing device such as one or nore |inear notors or voice coils.

In order to Xi MpZ e -' Lon f e 25 gspindl e assenbly, at |east
one aerost at Wg bef'ils‘fsle\prll'{gé?‘irJ g&g@@gf«:ﬁ{»@e&gg{p[e prﬁﬁﬁspﬂgz&q: rictiongenerated by
| ongi t udwvoripiece, the ffarce controlied\spingie assenibihecompriging:e. |t is intended that

the foregoing detail ed description be regarded as illustrative rather than

limting, ang ﬁ&&hggkgﬁgfm%ﬁ# ﬁ}%ﬁ%@‘%{: he following 30 clains,

i ncl udi ng al I” equi S, are ' define the scope of this
invention. WO 01/15862 PCT//USO0/ 21843 -13- | CLAIM 1. A spindle assenbly
5 or force covaxiallyanenabiaespindig, thé haldingdeviceecannetted t6 @neendwit r ol | ed

spi ndl e ‘f*é%ﬁmgﬁf&gwéﬁﬁf&y a hol ding device for holding the workpiece; 5

an axially nov e spi t he hol di ng device connected to one end of the
axially nmovabl e spindle; a |oad cell nmounted on the hol ding device, the
| oad cel | pod lpadgelimountedanstbe hojstingsdevice, dppload ¢ell positienedbiok pi ece and

produc? @nseatre e t.ati {n pplied; 10 a
force pr oduc%ﬁpg .gge]@iéggboper-é?é\%fg cou%fde%s?g 't%ig’%g%eg'??%{gﬁgeabl.e spi ndl e,
t he for depaseniative gf thewressuire eppliegured to inpart a force along a

| ongi tudi nal axis of the spindle; a positional transducer operatively

1oconnect ed t 0 4 fafceiitbAGeifg d__é\hé‘e operatively coupled to the? axially movable

spindle, the force producing device configured to impart a force along a-
longitudinal axis of the spindle;

a positional transducer operatively connected to the spindle, the
positional transducer positioned to sense an axial pOSiﬁIOliIIOf the spindle and
15 ‘produce a position signal representative of the axial po:siﬁon of the spindle;
and o ' '

a servo controller in communication with the positional transducer via a
first feedback loop for receiving the position signal, in communication with the
load cell via a second feedback loop for receiving the load sense signal, and

20 in communication with the force producing device, wherein the servo
controller controls the force producing device based on one of the position
sighal and the load sense signal.

2. The apparatus of claim 1, wherein the axially movable spindle
25 configured for rotation about the longitudinal axis.
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posi tional transducer positioned to sense an axial position of the spindle
and 15 produce a position signal representative of the axial position of
the spi ndl OUAE2; servo controller in communication wi tﬁq’ﬂ%"%ﬁbsé?t i onal
transducer via a first feedback |oop for receiving the position signal, in
communi cation with the |oad cell vié#4a second feedback | oop for receiving
the | oad. sense signal, and 20 in comunication with the force producing
devi ce, wherein_the servo controller controls thedforce producing device
based on one of 3 he f)%%???%ﬁ{&sg?ﬁ'ﬁﬁﬁ‘ 1a‘Nﬁe'FWetﬁ?8’gﬁébé¥i‘?§é’"gqrﬁﬁ§F 2. The
appar at us Qfengibctdiictbr waker ei n the axi al ly novabl e spindle 25 configured
for rotation about the |ongitudinal axis. This Sheet Has Been Repl aced |
Prefe treerr vt veer e et L el e il l~~1 * CLMS W
01/ 15862 PGT/ usde/21%%@9%4%.“%5“apwh?ﬁer\fbesqu%Paq“#ﬁcms BPein the wdflk
i i ece conprdoptitisas ah VBcHBMAYAEIR forsfpbducihg déviceappar at us of claim 1,
wherein the force produci ng device <conprises an el ectromagnetic force

produci ng device. 5 The appar.at us ,of cl.aim 4 erein.the electromagnetic
foPce produci ng-dev?é%aewg‘gﬁg}aﬁnﬁimgnm ﬂ?%‘gﬂa#&gﬂﬁgr atus of claim
4 wherein tﬁgd@&;ﬁgaé@mﬁg@sfaqn@grmpmpluci ng devi ce conprises a voice
coil. 7. The apparatus of claim4, wherein the el ectromagnetic force 10

produci ng devi ce, co ises a first.linear .nmotor, an | i near notor,
and wherein the%¥i rgﬁlkﬁﬂﬂp?éﬁ’gr?écfai"ﬂé‘é? %@%9153‘59’8%%‘%%?8%%8 on radially
opposi t e sigleguéihg tiedcs porprisesaingbicy evilconf i gured to nove the spindle along
the longitudinal axis. 8. The apparatus of claim1l, further conprising at

the aerostatic ibear TG BBF AR SGTEA anetil BRsietsiRoeRt oty e Sha™ ©
rofpat i on of probigeifdg dewdte compristisiafirst iineahmotoragi tausdicond ligedr snatbr,t he spi ndl e.
and wherein the first and second linear motors are positioned on radially
opposite sides of the spindle and are configured to move the spindle along the
longitudinal axis.

8. The apparatus of claim 1, further comprising at least one
15 aerostatic bearing coaxially positioned around the spindle, the aerostatic
bearing permitting axial movement of the spindle and rotation of the spindle
relative to the longitudinal axis of the spindle.

9. The apparatus of claim 4, wherein the servo controller further
comprises a memory, an output amplifier, and a processor connected to the
20 memory and the output amplifier.

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

11.  The apparatus of claim 1, further comprising a processor in
25 communication with the second feedback loop and in communication with the
servo controller.

This Sheet Has Been Rep
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9. The apparatus of claim1l, wherein the servo controller further

conpris an output anplifier, and a processor connected to the
20 marme‘gogme output anplifier. 10. The apparatus FCEVIPRIHMS wherein
the nenory stores a first gain paranmeter for the first feedback |oop and a
second gain paraneter for the secd®d feedback |oop. 11. The apparatus of.
claim1, further conprising a processor in 25 comunication vm'th t he second

f eedback | oop,.and ,in n cation with the servo controller. 'hisSheet
Has Been Rep|1£ed AlWFﬁ]"%f 0f¢q ¢ani ’%iPﬂcﬁfsﬁPg 9fia semicondueter 1111 11111 WO

01/ 1586 2wEfeF MoucdB43 end bban Axially FRAVASIE siidld wé}smrénﬁ&éméoefé processi ng

of a sem onductor fer I"[{)ﬁl:lgét ed on an end of an axially novabl e spindle

oper at i v@fgree prpgusingidgvice, the: iorce praduring devies, senroliable by# first pr oduci ng

devi ce %@Hb@éﬂ iBBp Bnf¥% secbhd fedbhEICRBA e SR @edmgnﬁﬁgond f eedback | oop,

the method conprising: 5 noving the spindle a ong gi t udi nal axi s;

nltorlng a position qf an axia vabl e spindle via the first feedback

oop di sengdﬁ?ﬂ@gf'??esn'?q@@'qr@e%t?&éﬁu?%ﬁx\%en the spindle reaches a first
position; 10 engaging the second feedback | oop, the second feedback |oop
noni t ori ng prrassitoringappositich oftan ditallyendvablespindle visthefirstand nmai ntai ni ng a
subst ant é constant force. at. the sem conductor wafer on the end of the
spi ndl e t‘?fd %‘f'ﬁ'g??'ng the position of the spindle in accordance with the
nmoni tored pressure, wherein the position of the spindle 15 and the pressure
applied at t hilsereyagingrttie dirst feedbaek lovpaviemthe spindik reathes 4 it force

produci ng_device. 13. The nethod of claim 12, wherein the step of

di sengag ?ﬁj'qrhe first feedback | oop further conprises the step of
adjusting a first gain 20 paraneter for the first feedback | oop.

engaging the second feedback loop, the second feedback loop

monitoring pressure applied at the semiconductor wafer; and

maintaining a substantially constant force at the seiniconductor wafer
on the end of the spindle by adjusting the position of the spindle in
accordance with the monitored pressure, wherein the position of the spindle

15 and the pressure applied at the semiconductor wafer are controlied using the

force producing device.

13. The method of claim 12, wherein the step of disengaging the
first feedback loop further comprises the step of adjusting a first gain

20 parameter for the first feedback loop.

14. The method of claim 13, wherein the step 6f engaging a second
feedback loop further comprises adjusting a second gain parameter for the
second feedback.

15.  The method of claim 12, wherein the steps of disengaging the

25 first feedback loop and engaging the second feedback loop further comprise

setting the first gain parameter for the first feedback loop to zero and setting
the second gain parameter for the second feedback loop to a predetermined
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14. The method of claim 13, wherein the step of engaging a second feedback
| oop further conprises adjusting a second gain paraneter for the second

f eedback. ﬂ)‘?“ﬂ?g‘znet hod of claim 12, wherein the steps oPCHPSWRHBi ng t he
25 first feedback | oop and engagi ng the second feedback | oop further
conprise setting the first gain parangter for the first feedback |loop to
zero and setting the second gain paraneter for the second feedback loop to
a predeterm ned This Sheets.Has Been Replaced | L& I~ [I1'Il ~"Il Il1EJ II
LLE 111 Yalpe whareinthe pegond feedbapiolapp/coptiels thefpressamplisddathe - 16 val ue,
wher ei n t hegsmicohdticter waregdback | oop controls the force applied to the

sem conduct or wafer. 16. A force controlled spindle assenbly for applying a

constant pressuje tao a workpiece, the force controlled spindl e assenbly
conprising: 5 a Fot atAa’g’F‘@jc"é‘E’Pﬁ?q SPindle assambly fas @pelying seanstany devi ce

o nnee o0 nPreaSare 18 GHkolbts ot Rrrolar iy aiBeibl Sofpilihe; 2"

el ectromagnetic force produci ng device operatively co the spindle,

t he_ el ectromagnetic force producing device configured to inpart a force
al ohg a | ongi t ud retmtable; axigly meyable spipgle. a holding devige copRRates fo9ne

communi cat i gid ¥f the rbatab, akiallPFRYASE spintiRF ce  produci ng devi ce and
providing a control signal to the electromagnetic device; a first feedback

| oop for conmuni catigt? a &o?iii }i on sidgn,al representative of a position of
the spindl e to tHEeEEFMa £ IPe BFO Figgdgvi %§P?’iaéjﬁe’1ffﬁ'1‘l§%€% € and 15 a
second f eedbgiatile] PerRIdcongRBRN Yofod! produding dsiecSeiiguitddd fhpark §Pr esent ati ve
of a pressure applied t wor kpi ece by the spindle to the servo

Q a X
control | er efRriang gaenditudiaalaxis pfdhe spindlsensor positioned adj acent the
wor kpi ece. 17. The apparatus of claim 16 wherein the el ectronmagnetic device

201@onpri ses a |a 8&@b comrslier in communication with the electromagnetic force
producing device and providing a control signal to the electromagnetic device;

a first feedback loop for communicating a position signal representative
of a position of the spindle to the servo controller from a position transducer:;
and

15 a second feedback loop for communicating a load sense signal
representative of a pressure applied to a workpiece by the spindle to the
servo controller from a load sensor, the load sensor positioned adjacent the
workpiece.

17.  The apparatus of claim 16 wherein the electromagnetic device
20 comprises a linear motor.

18.  The apparatus of claim 16 wherein the electromagnetic device
comprises a voice coil.

19.  The apparatus of claim 16, wherein the electromagnetic force
producing device comprises a first linear motor and a second linear motor,
25 and wherein the first and second linear motors are positioned on radially
opposite sides of the spindle and configured to move the spindle along the
longitudinal axis of the spindle.
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18. The apparatus of claim 16 wherein the el ectromagnetic device conprises
a voice coil. 19. The apparatus of claim 16, wherein the el ectromagnetic
force [WQOMIBSB62g device conprises a first |inear notor RCEAUSKRBEIdDNd | i near
nmotor, 25 and wherein the first and second |inear notors are positioned on
radially opposite sides of the spingle and configured to nove the spindle
along the longitudinal axis of the spindle. This Sheet Has Been Repl aced c
INl 1112111011111 WO 01/15862 PCT/ USOQ 21843 -17 20. The apparatus of claim
16, further chpriEierpparatusafclaipmés, fudherstomprisinpeatieéasy opeaxi al | y

osition : Ji . tatic  bearin eLmtting axial
ﬁnvement Egrfo Qﬁ?g %ggbﬁ% Fé&éﬂw 9%3{@%%%%dj?‘attﬁ%sg'ﬂfiﬁdﬁ'& aqg‘éﬁa{"? ve to the
| ongi t udbearingpersitting akial mp'vadéntoflﬂ'léﬂpindlb@ndpmgcﬁ uﬁﬂﬁfspﬁd(ﬂé m 1g| fur 'élher
conpri si (AR? tic eari.ng di sposed between the spindle and a
first poﬂ%"tg’ﬁ téftﬁé W@S{t@(ﬁé%ﬁx%g'ﬁ%?‘?'ﬁ&ﬁorce produci ng -devi ce, and a second
aerostatic bearing disposed between the first portion of the
%l ect r omagnet2t. f ofhecagpasatus ohdaint 66, fughemmnaprisingenfirspaérostticof t he

el ectro ' cing.device, .10 22. The apparatus of claim 21,
furt herngg%g'ﬁrq éilsé]%re‘gwggﬁ'&&%pﬁ? 9%‘?9 ﬁE‘%Bﬁﬁ@& ;‘{}-gh? he spindle, the notor
confi gur etéctromagmt'rdfomerprbdmdingl\dévicé,@lndfa secog?eefds'taiﬁl)bléaﬁ]?gut f t he

| ongi t udi i s of the_spindle..23. A.spindle asse for force

con%J roll Q@%&%%Fﬁ%y eﬂé’&%@'ﬁ?ﬁ fon Bf@ﬁﬁ?‘%@ma@ﬂeﬂ?’ A 8‘7°Hé°'89 a wor kpi ece,
the for cdeviceand alsedosdpordiba of theastbdtiomadnetio farts piodicing deicdi ng device for
hol ding the workpi ece; an axially novable spindle, the holding device

onnected to e ' ial vabl e spindle; .a |load cell nounted
1§ the hol di g 'de\?‘f}‘geeé,)';ﬁaﬁ%tn%géa%w’ %E‘?’t%ﬂ’é Mg motor
operatively coupled to the spindle, the motor configured to impart a rotational
force to the spindle about the longitudinal axis of the spindle.

23. A spindle assémbly for force controlled chemical mechanical
planarization processing of a workpiece, the force conirolled spindle assembly
156 comprising:

a holding device for holding the workpiece;

an axially movable spindle, the holding device connected to one end of
the axially movable spindle; )

a load cell mounted on the holding device, the load cell positioned to
20 sense a pressure applied to the workpiece and produce a load sense signal
representative of the pressure applied;

a positional transducer operatively connected to the- Spindle, the
positional transducer positioned to sense an axial position of the spindle and
produce a position signal representative of the axial position of the spindle;

25 a force producing device operatively coupled to the gxially movable
spindle, the force producing device configured to impart a force along a
longitudinal axis of the spindle; and
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20 sense a pressure applied to the workpi ece and produce a | oad sense
signal representative of the pressure applied; a positional transducer
operativel yWoONEs862 ed to the spindle, the positional trarsdmses21pasiti oned
to sense an axial position of the spindle and produce a position signal
representative of the axial position gfg.the spindle; 25 a force producing
devi ce operatively coupled to the axially novable spindle, the force
producing device configured to inmpart a force along a |ongitudinal axis of
the spindle; andaBene QnireliEiinsoBamnicRtion witk thd foﬁ&d rodiuclrigldéﬁce*l L v Tl
1T VI Lh Ml i, WO 01/ 15 PCT[USC£121843 -18 a
servo cont r&%’l lp aylncel{oné'u#lé%s}t%gﬁl quﬁufﬂethﬁbsegmp?% |9 AVESA B8t the | oad
cell and thenq:ﬂnsoﬁaperaﬂontwtmwd#wserw bentetier cortrdls & pbsiton bMENg a first
node of oper n i the servo, controller controls a p03|t|on of the
spindl e usif @iqdﬁe u?'?ﬁe@gfﬁps&cf afryicePased on g pesiton,signali 3 thegnal , and
t he85 servo semdamkb&ermmmgs@oﬁ@mdmaeraﬁbn%efémlﬁrhewre' n the servo

controller caon pplie t he force producing device to the
wor kpi ece b&QB{E"'&ﬁ"Pﬁ*@' é‘E '@dg?yg%slfmﬁ? Produgingid exmiqﬁ'lq H11!111j 11111
L M This m@iorﬁﬂmd%@ﬂhéﬁﬁééenéé%ﬁ&ll LU TEE F il
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