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RESOLUTI ON ENHANCEMENT FEATURE FOR | MPROVI NG ACCURACY OF CONVERSI ON OF
REQUI RED MECHANI CAL POLI SHI NG PRESSURE TO 5 FORCE. PLI ED
POLI SHI Nﬁ%ﬁ% WAFER 10 Field of the Invention The pr eseﬂﬁsﬁﬁ\??ﬁti on
rel ates generally to high performancg systens and techni ques for polishing
wor kpi eces. Specifically, the present invention relates to chem cal

mechani cal polishing (CWP) apparatus and nmethods for inproving the accuracy
of conversion of data 15 representing required CVP pressures to data
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fabrication of sem evi ces, operations are perfornmed for

buffing, cleaning, planarization, and polishing of wafers. A typical

sem conductor wafer may 25 be made fromsilicon and may be a disk that is

200 mmor 300 mmin dianeter. The term"wafer"” is used below to describe

and include su iconductor wafers and other planar structures, or
o3P 15

substrates, 10 support el ' l ectronic circuits. As
intggrated circuit device conplexity i ’Jm‘ ’Bﬂmﬁ " I)mmFe is an increased need
to inprove the accuracy of CMP operations T, anarizing dielectric

or
mat eri al s deposited onto 30 wafers. Al so, agmﬁg*re nmetallization |line
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each ot . Two aspects of achieving accuracy of the polishing force

appl i eddyagtizatignfeaorssare nupiniptdeaves though cemponealsavilg average tsolatiopatei shi ng
pressure. | cified, .that val ye st first be accurately converted to a
correspgsr? ?%él%(r%éf&usfnrngé)f%}gr aéa‘ésﬁg 1 Wéﬁo?voer O QY EY: f or ce” si gnal t hat
accurately represents the required force. The force signal is applied to a
force-produci ng 10 device. Secondly, the actual force applied by the

f ore- produci ng devi ce mBAJKGReUNDGOTHRANVAINTION t o adj ust the force

signal. Inprovenents have been nmade to facilitate nmaking
Description of the Related Art

¢

In the fabrication of semiconductor devices, CMP operations are performed for
buffing, cleaning, planarization, and polishing of wafers. A typical semiconductor wafer may
25  be made from silicon and may be a disk that is 200 mm or 300 mm in diameter. The term
“wafer” is used below to describe and include such semiconductor wafers and other planar

structures, or substrates, that are used to support electrical or electronic circuits.

As integrated circuit device complexity increases, there is an increased need to
improve the accuracy of CMP operations for planarizing dielectric materials deposited onto
30  wafers. Also, as more metallization line patterns are formed in the dielectric materials, there

is an increased need for higher accuracy in CMP operations that remove excess metallization.
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repeat abl e nmeasurenents of the actual polishing forces applied to the
waf er. However, there is still a need to nore accurately convert the val ue

of the r i essure to the value of the force signal d

exi sts, W“@ﬁ@ﬁﬁ e, in CWP systens in which the val ue ofpgﬁgﬁ?ggfﬁqui red
CWP force nust be rapidly changed in,relation to rapidly changing val ues of
the exposed area of the wafer that is in contact wth the polishing pad as
the lateral positi t he pol ishin i t fer.
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ar ea i sACEBIAGIHTARNEIIBA SricestesPonsling fegiiredyforqeriad dradaereq Eﬁ‘gP%lstB@ct ive
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conversions of the value of 5 the required pressure to the force signal,
t her e i foree sigeal. Soch needesists, fdrexamplel wtGMR systempin whighdhitowdog oftbe si gnal
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having a 10 bit resolution, for exanple. In detail, a range of polishing
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square inches. The maxi numforce is 502. 6 pounds (10 psi x 50,26 sqg. in.).
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signal, and those aspects have an effect on accurac I very
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2.5 psi intervals, i.e., pressure values of 0, 2.5, 5.0, 7.5, 30 and 10

psi. If the CMP system perforns the conversion conputations with respect to
a



V1' O 02/ 079887 PCT/ US02/ (19777 required pressure having a value of 8.25
psi, for exanple, the increnents (or steps} of the pressure may be 0.25
psi, whi referred to as a paranmeter resolution i Al so,
7.5 psi &gﬂﬁgxgggthe val ue of the avail abl e out put pressd&gﬁggggﬁ?ﬂat IS
closest to the required 8.25 psi pregsure. An accuracy problemresulting
fromsuch lowresolution is 5 shown by an exanple in which the required
pressure val ue of. 8.25 psi .is to,be | j T si on
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"quantization error”. nerally, a high value of 20 resaolution results in
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t he thi?@g%g§£?f¥ﬂ§§%&ggch step based on the higher resolution would have a
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val ue of each s decreases, an he j | I : he
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the 2 bit computational resolution would provide that a 10 psi pressure range be divided into

four parts, such as discrete steps at 2.5 psi intervals, i.e., pressure values of 0, 2.5, 5.0,7.5,

30  and 10 psi. If the CMP system performs the conversion computations with respect to a




15 determ ning the values of the conmand signals (voltages) applied to the
actuators. However, there is limted availability of such digital devices
havi ng hi ent resolution (e.g., in excess of abou bits ).
Ref er ence‘g{)]é'g/ﬁr&ggﬁto t he above-described need to incr easelgct ngrayeogiﬁuti on of
t he conmanded force signal when the gct uat or that is used displays anal og
controllability better than that of conventional digital control nethods.
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val ues ofMPeystems evopidcissumaeceptablor ce, for exanple, fromone set of units to
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7 PCT/ LI S(12/ 09777 conputed results having an acceptabl e accuracy, such
that quantization errors are elimnated or significantly reduced. One
aspect oagagﬁﬁg&ﬁsent invention relates to reduci ng quantpzpfi@meehror in
speci fyi pressure in which a conputational resolution 1s to be used
in processing a required 5 val ue of ghe pressure to obtain a conputed val ue
of the required pressure. Apparatus is provided for defining a relatively
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t he conpuehabllabikity teitgrthin thanefecobyentivaaldigitad cowffol imrihasdse iugh Beed;tp dncrease

operational resolution to represent.a..pluralify..of scal Wit hj

par Ahet SOMRATER! regARPIH I cmy%gcg SJfitadhe, Liited aﬁmtﬁé{}g% n%tg%g%ec')fﬁhg{rﬁ??%’h%ear

i ncrement,q; a,?aam 1018 R B RipbRinkg 1RpOKta REYA udeQvbfige RI4OIEDN Qigital

i ncrements. gsso 'Tﬁ{eaﬂg%gﬁggci spglgélﬁg%tted anad incllllgdeg agget poi?lt gt hat

i dent i f | gsvideef 50 retlibitsetidwathesant tintreinpreaserthe wsolutipr ok e semamndebioscehayi ng
a scale range of units. The sel ected scal e |.s. repr.es ] f a
first outifRals-sHewayersqeRyenuongy WHS H?P’EPé’e%H’rgpchg%l ggﬂﬁ? &ré}bgﬂg#&j?éﬁeé@n%ﬁd t he

Set POl e aBol EFRMTBSINE Fof dkahfpld!Th G pRCESANEE AYLBLC oGt prétaire) drea Lhi n

t he conpu Ional signal rang her aspect of the present invention
rel gses iml foegieilueg, e andartdakedon eserafrthe kessavalaldepgh wselgHobdighal i ni ng
synchroni zation data for synchroni zi ng conputati onal operations of first
and secofgViefsgior gkampplecessors. The conputational operations are perfornmed
~on data representing a paraneter. Based on the synchronization data, first
and second daWhatdoneeded they, iop &P isyiem and msthotdn bérbghe arairacy of Pregivss ¢ al

processor. .The first datg convertin erat] : LaLd il ue of
The’ par ditbars pommand Ry PRAVE b BRoBRAL B bRMRRAY Bt Bl LI 4wy

pl ural i ty1e0§ d§feali&f oh et eRhiph resdlitidNlessThailable, coagloaeitdsurthidihigh one range
of values of the paraneter within an entire set of values of the paraneter.
The 38ec aesblatinedigital vevitesn dn SisapatiredCMEBpyeemssuch @eedistiPhd Wo¥iaBoieo second
digital data corresponding to a range function that identifies one set
point in the one range of values corresponding to the scale. Based on the
synchroni zation data, the second digital processor converts the first and
second digital data 20 to a data itemthat digitally represents the exact
initial value of the paraneter. An additional aspect of the present
invention relates to reducing quantization error in a conputation of CW
pressure. The synchronization data is defined for synchronizing operations

Y b1 o -, o S o —— o -, = .



WO U2/ 079887 PCT/ US02/ 09777 conversion operation based on the

synchroni zati on data. The first conversion operation is perforned on a
required val the pressure, and converts the requiredy¥pi&B9i77t he

pr essure‘%/@o?/(ﬁpg{7 out put pressure digital data representing a particular
one of the scales. The first digital gprocessor also perforns a second
conversi on operation based on the synchroni zation data. 5 The second
conversion operatian.is per Lred Ug el g Rressure to
conver t¥f Wél%ﬁ)%‘fﬂwl?‘ga tr%fa‘fa@ge ({fg&jsggscc:% (r?ljg a%ﬁl?e&t?%é&%f%ﬁ%t ’dlﬁ)éi t %ﬁlﬂd’at a

r epr esefylisRBigtpae nfes Ritdrally fedive eeduch ifdrivaree quiingthe VB syeretiom t he
particular scale. In the second processor a third conversion operation is
- per f or neberbiassach opmpuretiansheenunsy doss no depend ontheusert highassplwian @&ltdper at i on

i f red t the fi t t put i Qi c
dat b 1 efaan o Fheughipsr bt oS RBU G g hllondt Sorhite 6 ©
s P;erf@wﬁés Bth (i a3 SR RchicH Fetatibnd ' RGASH Okis hagRYedPorhflRattonaCfuconicgat i on

data. The fourth conversion operation is perfornmed on the second out put
pr essur shodldpet ahicvad avémthoeghiemey bbiaecsesaont eonvertvalpescaf SequirediPERsPWE O8ata t o

digital _data nore accurately representing.the.requir vial f el

pr essur‘.cé’.meléorlﬁxﬁ’é‘!’?%g@g} ‘i“ﬁ’t%b‘?f Lg‘fts %%Selﬁ?‘g‘?l\f%(% uﬂ*ﬂseanﬁlﬁg%nen cﬂﬁ%@grg %}gsﬁt wi | |
be readyf ﬁhiédf‘%‘?éﬁh%‘flw%)ﬁoh!‘@veﬁ@ SroWefired§iradsh Ry RRARPIBL inGRe fifdt &OBF UNCti ON
w th the acconpanying draw ngs, wherein |ike reference nunerals designate

| i ke st unietshoald telve tentame valugufter thécosvessiare fcafiotie theetopyersioon &t andtiesy showi ng

a preferred enbodi nent of the 20 present invention in which a | j.shi ng
heat0 coffnsettiena Wghtsdepded ag mgthods %%f@%rf?’e‘&f‘%ﬂza&%‘?'hlfﬂgﬁereﬁfégb‘,’e Fi gure

1Bis a ' Bl LA ' ' fe@lliingadfadeni ti al

posi ti o‘r};’wgwttﬁéeﬁ%go ihs%él& %3%3%‘5”‘%%@%3%%%%g‘yﬁ”wﬁ}éﬁ dentli'i?yi ng an initial
cont act canpaati@ialveaolutios ivalfless impotancpal olsthining quatputnd resvéts hewdg a5 Fi gure
1Cis a plan view simlar to Figure 1B, iII%st.rati%? .th.(?.ir{'!aytigl osition
of the peepthlerngewaay SFHhRLARREAEOR STEY G HURINALE A SERGEITe Yt al
contact area between a retainer ring surrounding the wafer and the
polishing pad on the head, and in dashed-dot lines identifying an initial
contact area between a puck_carried by a pad conditioner carrier and the
pol 1&hi ng pad on the head; SUMMABYQIREHE IWVENHON 09777 10 Figure 1D is a
schematic view of a systemof the preferred enbodi nent of the present

i nvention, wmeegilnsgeakingsthe prese simentipn fills these fideds by proyiding €MFasysieosnd

processor, the first inputs representing the positian of th ol.i shing pad
rel ati vend gethods jmpdich thearciey %%W&%%DSJQ%GP“‘BBPHQH%Hb‘?ﬁﬁﬁ?%élg‘?‘\s}iOHg
second i;nputs fepr . - HibieRshtidh@eRaldesiRbng 5
pad on tﬁﬁegus\%/zao1‘fériac"f}1 IE?OSE‘?%‘Q%S% g%g%lgﬁghh&??%n%?gcﬁf 1% hesfi rlst gi gi tal

pr ocess gpclskaupitARe hadlbggorhasas anhamlsgroidigitzh nohvepesi. f ThergMPaystenandequi r ed
CWP pressures; Figure 3 depicts a flow chart ill useﬁargatl nLg ?rf)er tiops of a
met BBd fenthedsed ithe Pragent HyeREIUATPEES By 4 MOT FECPEAGHY, CURPES H16 &1 04 e
identifier specifyi.ng a ' . er.a : l8di 012016 vet i

r equi re(fmﬁ'%@s ra@}é?lg@foo%g’ g%j?&g%rgfoé%gg%@ﬁaéﬁ %@tﬁ%s@?%gr% d?%é’%i fayi ngheel valeue of
a_set pQb Bhich\vafBt Earfibiedigthé CRIP Reatioh. Sheh saapuaationkl gpanrctdos rat schemat i ¢
view illustrating the scales resul tlﬂg fromthe nmethod. depicted in Figure
3, and tdepersken fheiuse of high msobier frgitabdayirgs oMpIRRVE cHch fmproved accuracy 1s

achieved even though the computation involves both digital and analog operations, and even

25  though it may be necessary to convert values of required pressure or force, for example, from
one set of units to a second set of units and then back to the first set of units. In such
conversion, a pressure value, for example, in the first set of units may have the same value
after the conversion as before the conversion. The present CMP system and methods enable a
quantization process to be performed without the use of data from high resolution digital

30  devices , and in which an average computational resolution is of less importance in obtaining




Figure 5 depicts a flow chart illustrating operations of a further nethod
performed in 15 the first digital processor for providing scale and set
point signals representing the required pressure to be apgrtygghlod;vhe
wafer; FYRUPEY834’s a schematic diagramillustrating how to join Figures 6A
and 6B; Figure 6A is a schematic diagramof one of two sections of the
second digital processor that converts pressure request data to a pressure

request. 20 ki &g\[tgggvgg%gn ?@ﬁﬂﬁf%&&ﬁ%@l AL 3 QhadBiSF QM Reqinhibme@f the

second SQPgPEear converts’ pressure request data to a force

requestg, S?'ng%ﬁh?reg@@dgt s a flowchart illustrating operations perforned by
the second processor for processing a scale signal and a set point signal
* to define t I hverftof Y1 Re Stot@ RS q@anitiz averCdtevt in sfebifging at i ng
further ope:ta?ﬁe’lp%ﬁéc%gfer ﬁ%@%gyetﬁe segond 25 pr%qessor for defining the
requi r egdMiPG&ure in tvdiole a@fmputdtionstresdutioa i tebr useidan pesewingd wguiEdpar ti cul ar
- scale as the scale in which the regui red flor.ce.ia | ocat e% and . g second

i dert i fvabye of pepressurrfoobiin acomputsd ¥ape pHilfeqRePFSt e SFREA &Y one of
the scal es;. Figure . 9 i Q\%;r%ei IR HAARPI b NGsclused (e®f, 10a6 a2
scal es gﬂﬁ‘dﬁg#ogﬁ%@mgg?l%&ﬁ\r/ﬁ?ywt r?&gl(r% i dentified force scale to represent

a requil_r,ig?l, @ E&Refinind@ R2bf ST pRETNEISDRY 49 7dTtains phisile salues ddps cts a
b OC e Samessics: s by o, segaRe VFIoP ORhe SISO ¢ biehe aae S Preag bt st ¢
pr oces spessii; n efine the
required farce in terns.qf f - I | i Q&R s torddird bea¥RIof S;

Fi gure ¥ IY’ge(gbystBﬁgﬁlﬁ? PE%&C&%{ gﬁ‘ﬁtlgﬁﬁéﬁsogﬁgbztaﬁggaéégspr eSpr t(g)(l:essrorcat hat

r eCRj Vegedat ank PrdsSirdEcads lepRsém uaidoratpinereasing possible Valuceosibe prssiit, vol ts;
Figure 12 depicts a flow chart illustrating operation erformed by the

S

anal og hmbjihe squlasrave egrb rangey ofquassatet ¢ash of HBIGILARESS Hat %Er;ﬁ]é‘eg’fexfcfisrsc Ual e
volts and force set point volts.to B . far ¥ ‘b

topi ot s valus poRe exared Piertiut. Ayt it RESvIdEaNE then O B beich B¢

anal og #Q aﬁr&g&% szdEtPé ReRBST diBsreslafritniditifiends eqand thervamerditige si gnal s for
input to an analog | ogic processor; Figure 14 is a scg&nﬁi{)c dj.agram of the

anal og pompesisanl wholohomuTheteguirerbvalealithepresHres Spec! B anal og
voltage to be applied to a farce actuator; Fi gyt ' alek | ow
chat$ imf&'ﬁma%qor%@l@aeltﬂs’i Qg4 SSE Pr%%it a&“ﬁaﬂgmgr?gySgec?fgcglg%%lfgﬁe;srcogessor
for def il %% PXP’E Eé%@n&ftotaﬂggl%i@ulﬁ agrorallii gEhd runiter ap giffeesit sasondhe f or ce

actuator. SCRI PTI OF THE PREFERRED EMBODI MENTS
identifiers is equal to the value of the computational resolution.

Another aspect of the present invention relates to a method of accurately representing,
for computational processing, a required value among a pressure range of values of pressure
20  to be applied to a wafer in chemical mechanical polishing. Operations of the method include
dividing the pressure range by the value of a component resolution to define scale portions of
the pressure range. Another operation generates a first output signal to identify one of the
scale portions that includes the required value. A final operation generates a second output

signal to identify a set point that defines the requested value in the identified scale portion.

25 Yet another aspect of the present invention relates to more accurately representing, for
computational processing, a required value of a variable parameter, the value being among a
range of parameter values. A system component, such as a digital device, is selected and has
an operational resolution defined in terms of a number of increments. A computational signal
range of a computational signal is defined to represent the amount by which the required

30  values of the parameter may vary in the parameter range. A processor is programmed to



An invention is described for a CWPP system and net hods that provide
solutions to the above-desci zbed problens. Such CVMP systens and net hods
render the y of CMP20 rel ated conputations |ess deﬂﬁﬂ t he use
of |ess 3’5%?&@@?@0 hi gh resol uti on conponents, such as hig ?%@@P&?i on
digital devices. Such CW system and,net hods of the present invention
provide a way to nore accurately conpute val ues of required pressure and

forces to be applied tqQq a wafer carrier, faqr. exanple,.as_a_polishing pad
moves Katids gl|e|c§:n}p§§agppe8§1gp\éﬁgg%aﬂb é‘f"mbﬁrr‘%i“é‘fre%} % REMERREE per at i on,
Such ~ i Hahé@l FRBe ROE 86He koalhe
perfogn%gﬁ%{mﬁ)%ﬁ%@?%ﬁgﬂu@ggg@e%hﬁ? gvét(gjlﬁlut'f1 ?gn c]orrpong%t 3 SO te hat a
" resul t ihaging et agenunsep uf atiisqgralncrasalt ythe ommibsr afschlesbeingrploout agipd to e
Quant | ZaEbsHoBInESmenEr Onelo fasbbe G AN EBET § riaae dt il fhe
~quant i 281bghOEMERIENEr &/NEI0L MR :
fol Lowi_ng.descripti.on I Qus if j .Qr tihle kdleQéfler to
pr ovi d&SBYeE ¢ uoerotglt}b%paﬁ% erlég1 %nsgﬁgge(a(%%dl?R%ﬁfg{égcgﬁ{aﬁ%%@tn‘ﬁl%n. ic:t Svi 1 be
under stsesldis RPWRMRE intiOmBSE a firMRUIRIQATEABBTAtl? WRET thiS0ahpeAEIna kightled in the
art, that the present invention may be fpractl ced without sone aqr all of
t hese dengsi krd therelquoisrs fepsseniedin a3 of asseons PR sieaal fit I Vigte theng
structure hgax.e rllot0 bgean described in detail in order not to obscure the
pr esent TR 8RR 88T i ng to Figures 1A - 1D, there is schematically
shown a preferred enbodi nent of the ﬁr esent ti nvdanii on udi Ng.g system

i ncl )
200 havi ng 2 AWy asneaPf dRHBESSENEn RIS P 57A0CIng T IPRET AR acy of
conyer i i lefifife ' i ' iz13 daghplufaiBhalpesibAEofP t 0
For e, Eop o A R e R S R e
Gener alfirys arldnecoydsdiginal peessays. Ukte compatations op2@gorfskirg perforh®yl, ontdatapr ovi de
encoder signals 210 indicating the p?ls_i tion of trgg gg&heacg 02 relative to
t he waflepresding prarameiere Raseshon ke synchagnization data, titsf penddala Crjgiing s 5
per sonal r .8 fec t-Rats i &4 hbenemgsmt i ons of
Phe syaRsriERsbgerb iyl BE88 Trd SEEN Boia | DRIFRAR. (el 100 aREe
oper at | @RgertsTALinRI0 9896 of tha barameyerhe fisst fiitabdead camspartding toanescplact at ed

processing capacity of a 600MHz Pentium TM serjes procesgor, or
equisval mrality efiegalesina segle fiartiona T hrpnepseiaidgntifig one snge oF Xplups,ithe

control |l er progr.am:(VL sol e,mif | &nvdrfind N€
processQﬁrarﬁ%fr tsmoq(ﬁlteﬁﬁke Sseg%a‘Fag eg%gf?lgegﬁaa?%gg%él,“f%%?&gng 718 ' Fepresenting
i ndi vi dyRbatf ek &Es tRE RS MaRicPotsBedndaligital dapicorespondibg tappinge frlotion
polishing, or planarization, pad 220. For exanple,_ signals élg%re resent

val ues ihat ideetifiesaine petensbniie teygue rangsof Aplyes eurepponding ke 8 S¢he waf er
204. Signal s,216 represent val ues. .
oopi | cu B ROt ST e sy P pROSfor TR 3l SocShR dlgablus

valypes @fa ddigitohhei d?é?taﬁ?‘?ébrd%‘éﬁﬁ%ﬂ&a&@itia@vzﬂ@e affxpb padmisiert he pad 220 on a
retainer ring 224. Use of the letter "P" refers generally to such required

Fequi red pr ot e g ey B o e m
" Pr essugsamplitafiod eSCMPhaeusuien ’Ilﬁiegmohrdrﬁza'tindidataﬁeéefhh’dtfonﬂy’echr@@iilme 213 may
specify that the value of any such pressurﬁg{z i S to.b«% cgjgga;(flrflt or that
s_u;:h Y@Dﬁ@?m@lst(lf thegfirgt Wé?cct‘}.drﬁé.g“ai@rqeﬁzspﬁ'&fr Zﬁ;@%@ we o t° lflflsv%gti on, a
situation i n [ 545 tiohs [0seP6f :
const anf?mgﬁtag:&?laq\%\%#g@ﬂo{l h%%gggal%ggoatﬁd&%ﬁe Toad ZI{Z%%@rray nﬁ%vae rzl atei ve to
eacps of valhes wpdiput Pogksurt detafoctondBBnicaivns biteveen thg fR@an(seeondrdigitel 226 in
Figure |A). O course, the pressure P may vary in the eration of .the

syst em POGESSPFS, & iealedaaprmyeisioniiacten thadediagy drelgtiopsyip Bgtw PRa TTBIE | v e
" motion r Lts_in changi : hGuk Bhf vatlesttdheAC and AR
(shown Pﬁﬁél%m«?ssf% ﬁ{g%a%8¥$éf;£@3% fh?gé\fﬁgglf %A\\ﬁé(g ﬁl %g tlgea%e 228 oenS (or with)
., the respgebines d@ided; 2d4 seppiikt E2Pcoraegdion fogetRA4hat Hhfingreesktioaship i s i n

terns of the force F ) i . ,
between a range of the pressures in a particular one of the scales and a set point that defines

30 one value of the required pressure in the particular scale. The first processor performs a first



WO 02/ Ur9887 13 PCT/ US02/ 09777 applied to an area A. Wth the values of the
respective pressures Pwp, Pcp, and Prp naintai ned constant in this exanple,
as the pa ves in the directions of the arrow 226, | of the
respecti \)goﬁé&é’ Fwp, Fcp, and Frp applied to respecti veﬁgﬁgg@(’g@g, Acp,
or Arp nust change in proportion to dphe changes in the values of the
respective area AW AC, or 5 AR The term"Force Profiles" shown in Figure
1D | nd'&?ﬂv%ioﬁ%@&aﬁen b 3fe %@cﬁr@ﬁﬁzﬁtﬁﬁi P8a. 2R SRESIVYIsINE operadibuigs of any
such pressure P, the corresponding value of the force F (e.g., Frp, Fcp, or
Fwp) meyerfortnyd on @reduie.valief drgockenre singreahgerltbe saqdiredivalpe el peessitgnal s
214, 216, and 218 are applied to a nulti-axi ? forc? lcont rol+er %gcg .éﬁ,herei n
+ one axi ® firat quéEput PressWiadagitabdata reprsEHENG 2-pardcylar ongof fhescalet | TSt digital, 1o
ot her axis is for t Li ] : I dh@. a
pr ogr an?fﬁ%?sggrsﬁl%n%ﬁ%grrng83?%%%%‘%@%1{ @%eﬁzﬁl%ﬁj aE%g%i@F,sﬁCRgﬁ&éﬁﬁhg@i ng a per
- aXi s5 prpgEssbibcs¥BRMH dpetition ioptrfoited ovtheaediifedsatueas thenredsuiENb powowssor

or equivalent. Such processor 228 has three axes, Qne correspo ding to each
of the tharespirgdyalugse secobéguipnpigiressurg sigital dafe 1‘%H¥%$¢PH%@¢§S’<Q&°“§&{}]“6’€ nes

processed at .the sanme.tine. The er i I & Processes
t he encﬁ‘&é?qué‘iegﬁbéfsmﬁén P’ﬁ pﬁgﬁcgglép]&@eé %gﬂa%ggﬁdpélgg%sgglg%trgﬁg%we?%x the area
Awp, 2306 rfifn ik Perféme tAeY orfthel s @d8RniAtion dstaaTha thhrdronResipeopemdosisgnal s
232W 232C, and 232R represent the respective areas. Awp, Acp, SFd Arp at a

monent pdrfarined tapenvedthe Bsoautpwgressuebsifph data s popte daia BPISEH8NE i on of the
pad 220 and the r ective wafer 2 - QU ] o . ctive
e R R R N e e T SR RS
234W  234Cq oAk 330RoMIhEsh ERNVENd foh Il cab erREPaRIrition ippatatied oaitgnal s 214,
216, and 218 and“the respective area signals 232W 232C, and 232R to

r espect sacond bytpat me@B6/JigiRd 6igia tandn 288 saspné eeipi prgssurecdigical daattp digifebr ces
Fwp, Fcp, and Frp iriterms of force.units SP@‘F’} as _gunds, for exanple. The
si gnal s data@Rre seggeately sepresepingths rediiised xafue GG PISSTSy | ogi ¢ processor 237
havi ng a section corresponding to each of the signals 236W 236C and 236R
The respective sections of the anal og | ogic 25 processor 237 provide
respective force signals 238W 238C and 238R to respective force actuators
239\ 239C, RBrifDRo@riptiomoli theDpwivkigsch urge the respective wafer 204, puck
222, and ring, 6224 toward the.pad 220 to.apply, I I j - ssure
bup, Pop.  andPpPFEd PR SHLET rod e Sty GRARTOHAE aLa dtigle®e
describ ‘?‘QW ieaOwhHEinkeQbfetdie RinGibralsaReiguite on
type, s&g% Scﬁogéﬁ@t&?éﬁcﬁ ng%lﬁ%?{a?rggg»t uators, rather than the 30 | ow

r esol ut iliqe spaurabtlementst uat ors not ed above. WO 02/ 07' 1887 PCT/US02/0') 777
14 The processor 212, the force contyrall eB 228, an the%?ngl %ﬁt&fqgéc
processor 23Fige [Adhe sefsmadc el5vaHmRhYIS| Shping § Pretersl Srpadinert,

aboyg- d ftrésgﬁ n?ééﬁ?i'ah i @hidAh ngd'li@ﬂﬁu hédl doRBic&AYoRigkt Aa bhEwaks hdihikQ0n ot he

above- define m "quanti zation® refers to the bel ow described process of
conput atwader qaeddror med by t he processor 212, the force controller 228, and

h | og | ogi 237, i i ] i onal l.ut i on. i s of
TRt e P N e
Fwp, Fepye ?ﬂggﬁ\réﬁxae&? H}?&'Efgashgc? Hxlxéﬁdenﬁ?ﬁ?g of inddi1 eBnfidSar@beh &arhe Mater

accuracy. nti1zation process perforned with respect to one of the
axes, a jpanhdotbieng PRYobehettead;r equired pressure P, such as the required
pressure Pwp, for exanple. O her_ 10 guantjzation prgcesse y b erformed
wi t 5 espect HignreAE ipaipdan vigw simikes 1q %BETP ]aﬁwgltl?'ﬁtrﬂﬂgg %ﬁﬁﬂluﬁﬁ%‘gﬁépﬁ%r s may
be the T SRRRRE b HE0H LGS WL RN G ER: SRS PHRORAN Ao BAREORI It ni L1 2
val ues. g € required pressure s an exanple for purposes of
* descri pthgpsuebuadidg Sieohateesid thegolshigguden tiwiead Po indasheRidot lisasch

exenpl ary pressure Pwp may have an initial value of 0.0Q005 psi,.for exanple.
Such i niidentifyinglan énigpl qomtactaenpetaesn ¢ Bk GaEEAIRAg on 1°B§r°&mﬁf &Pdg{ﬁp i's
'subj ected.to the.belo scri bed conmputational operations in the processor
212, t hepth}l%gé pg%ﬁﬂ%ﬁvﬁegrﬁ’ 228, and the anal og | ogi ¢ processor 237 to obtain
the conputed result, which is the value of the force Fwp corresponding to
the initial value of the pressure Pw. Simlar operations wth respect to
the other required pressures Pcp and Prp result in obtaining the val ue of
the required respective forces Fcp and Frp as the respective conputed 20
results. Such quantization process may be performed with mninum or no,
quanti zation error, as defined above, even though the system 200 incl udes
digital devices such as the force controller 228, for exanple, having the
rel atively average conponent resolution defined bel ow and even though the
conputations in the processor 212, the force controller 228, and 25 the

o o o o o P — o o o o o o e,



WO 112/ U 79887 PCT/ U S02/ 09777 15 exanple. As described above with respect
to conponent availability, digital devices having relatively average

resol uti J gadily avail able, whereas as resolution i §-such high
resolutigﬂ)géﬁ?%gl devices are |l ess avail able. The recipéqg?g%?épﬁcally
specifies a preferred range of requipjed pressure P of from5 about zero psi
to about ten psi. However, w thout the benefits of the present invention,
the I ow endof the.ra i eraal k @iltentoth®SlesenyV t h t he
present. | nvERETON 14 f&¥Enide "SRR e B R e RedboBiienl nE Bl 1o
psi . ThfeREGANMBERIN 4 650 pricesor paviddetitsn ahuahiovapcoll frowsqrahefirstthpptsessur e
range is 0.001 psi, for exanple, which is to say that the required pressure

© Pwp i srepoesentinasthe pesitbonyofsthe oplishing pad rlaivetodhe wasy, apddhesespndpioesseisi . 10
Wth such ter. | ut.i d Lut an .k ne B0
conpar Aei SR phakweReiarRls AR PARAG el Fo R Aralch By Pepisthdl,

) folgom§wggnq§u@ﬁ@gne whet her quantization error would normally result from
the use of the selected relatively average conponent resolution of 10 bits
(or 1024 coifigusd 2 isia shemafi¢ hiewtofttheefinst digial tproossasn shaown opmatinghangs &y 3/
absol ute val ue of._the paraneter ssure) increnent is 0.001 psi. The
absoluf%“@%m@éPﬁ%ﬁQﬁg ﬁFﬁPFgﬁgﬁh%P5§¥ & range steps is determnined by
the pressurqﬁ%l%pgg Abes hA1dR EhhH iYiustedind Ypdi@Bdhs(Jf a@neth&PRi kp&iffingkd per
step). Thus, e absolute value of thé paraneter resolution increnent is
nuch | esgitet arestire iratesrad of fisakede identiffee spacfymgrgartinuips seale ps theaepdiinon t he
above normal criteria, one mnu%? expect %&nh.icant qqgntHzat'on error to
red0l t VHuelnibs seayired presang s 1oeqier gpd .S‘E?Pné nHEER HeHEYR 4 VIR PEA 3L PPRE st eps
cl osest_ . i ry 20 0.005 psi pressure Pwp. Each of such
st eps é?hﬁ%gggﬁéﬁggi%%ﬂﬁgmﬁggggén error of 0.005 psi, or 100% However, as
descri bed batige 4 3 kehgtharit ivieat illastrazing tire steles resolting donr thermatived depistast  t he
present invention. Rather, with the ten ﬁr tmque bit conmponent resol ution
of t he inEegue head degiet aeintinthe srachied one ohhesedles control | er 228) and the
sanme conput at.j onal. resal ut | t y r Etileliin 25 In
Fi gure 1D, ﬁ%%“%?ggglggsoarﬁ‘;‘ﬁﬂaﬁ ﬂgls‘?%i?lgedpg%ﬁ%r 0 f?‘eﬁlﬁéalg?&gggp% he a%?il} og
| 0gisC RROERS ERialdRScRE® fEhPONidae selpandte poit signald cepaedohengtht heuiredui r ed
m nim zation or elimnation of the quantization error, the present
i nvent ipgessinedd belappliedrietiieodater: speci fyi ng the chenical nechanical polishing
pressure P (it.he pressure praofiles.in. Fi . f . The net hod
facilitates 'I%Pg\}%ﬂé egmlﬁﬁ%bao Y %H?Jégﬁr%g{ ot%hljeo?\eglfﬁémg?é}t&r%éaégénpl ary 30
requi red preagsiteARYA sEli@matichBaddim @8 56061 tRlodettivnk loé tHeaecandatigital ol | er 228,
and fromthe force WO 02/ 079887 16 PCT/ US02/ 09777 controller 228 to the
anal og proggssoryiha cernts pEByUIe serpestslatae aMseseee aeqUGHt or s 239. Referring to

Figures 2 a 3 he processoy 212 | r i - j 0. The
relha”i & adfieigbas BRI dhagf it of bR AMAREIRA A ARebRE bR ORsBE 0. T
an oper@hi QRvafitbriilcaBgIYsi dda I eforeskauest,i on 240. Cperation 244 outputs

the exenplary required pressure 5 Pwp (0.005 psi) as a pressure request
246. The metRigaeolepicts oflaw chpw ilkusiratingomBrations B (b dhe $eeondoprgeassor

conputational resolution o be used i.n processi [0 conputed

val ue oéorPF%"'?S_Hiﬁtﬁ ¥a Sb?ét%‘lffaes%ﬂﬁmt Sl*ﬁ‘é"ﬂé% hn[eetﬁgplg Stlfg&lte_gh%&_ have i nproved
accuracy. 'nFighﬁLgr@epidPs 2116RYReR st e OfurBéNeraiibRs e ied ®yitlise ecend ded for
perform ng operation 248. The nmethod noves to an operation 252 for defining

t he2% et protessad fordefming ds eeuired fotee i teryeofof fispscplsg densifier pragifyingd pressures

Pwp . The set includes the r ired val Q. 005 psi) .0 . | ary
pressurBi‘Ip%ﬁ?‘r S?E'@ aﬁgleﬁﬁale%vz‘g#’ttée e {a e @5‘%118200 ‘gﬁ r@%%ﬁ%&ﬁ&%‘%ﬁﬁstructi on
256. Op Ui Iy : j iM& 1 drifk siek; of the exenplary

" range o epoglggSﬁgﬁsggéisgggm}ot?ggﬁgi&?{e&%\%\%ﬁby t he val ue of the conputational
resol ution (FigareeXismpchematikOddgrainalepioting a set of forpescatsts apd edeige ectPpeit es 258.
The pressure scal es 258 may be identifiedﬁ% O - LI, LI 15 - L2, ... (Ln-1)
- Ln, a¥iBpordenibed W@Sﬁcf%ep@ﬁ%ﬁlr@u“ 3éc’rﬁ"r’essure scal es 258 represent
ranges 260 of uniformy increasing possible values of the exenplary
pressure Pwp, where the ranges 260 have equal anounts of the required
pressure Pwp. In the exenplary situation, each of the ranges 2Q0 equal s
0.01 psi. Adifferent first scale identifier (e.g., "I1", "L", ... "In") is
provi ded for each of the scales 258 of the exenplary range of pressure Pwp.
A nunber (the 20 exenplary 1024) of different first identifiers "In" is
equal to the value of the conputational resolution (the exenplary 1024). In
t he exanple, operation 254 results in the first scale identifier specifying
scale Il as the scale in which the required exenplary pressure Pw is

| ocated. The instructions 256 are further inplenmented as the nethod noves
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30 resolution (the exenplary 1024 in the exenplary situation). The set
poi nt 266 corresponding to the pressure Pw is identified by the second

i dentifigr ﬁg&%ﬁ%%rw Figure 4. In Figure 3 the WO 021 079887y &iehh14$02/ 09777
17 specify? the exenplary CWVP pressure Pwp is conpleted as operations
254 and 264 output the respective fiqyst and second identifiers 11 and
SP512. It may be understood that the conputational resolution is used to

obtain each of t cal e identif.i J .set i i tobf B o ot her
voras. each BEupE ERRl AT Syl aRE sbgaySR pebBbi bR drigi LT
exenpl giYcekQR4oPRRSEMNE tRabroRREAE Snd Rededet polgt todefih@theasqredrfdred in ot her

instructions are processed by the processor 212, including instruction 270,
' 272, 2TMarm9aforc@ aggle solts @gdorcatsetaiodveltsnpl ement ed by operations of a flow

hart 284 in.Fi f i cating . the. i fii i ped. val
of the exenpiiEpy 1hine SHieiann gt Mot it 108 PRETRERO: St s SEE O 1
Pr oGes iRtk & tht Ritced Qaletbits heifold sepsiht {d18; exenpl ary pressure Pup.

Qperation 286 I nplenments a pressure scal e-tocount conversion of instruction
270, by whi cRighied 2edepivtd seflow Eharsidlutdasing dpeestiony performed by theranalpetegia. nunber

of counts. For exanple, the exenplary identifier, |1 representli first
scal e 2@'8P1i°§esrs%b€‘<)ég&i’?§ﬁ‘g6§3 at?:gﬁﬁlfn.géftlﬁglqe&@ﬂ? inf)]itSe‘Ef'milfﬁlpcr'3 éﬁ‘r@é%‘%t%g‘)e t he

| ast scaly e%ﬁgn%QH#mee represented by the exenplary 1024 counts
corresponding to ah appropriate value of the 15 pressure . The net hod
noves to opeFiguieal’ @PR:tavhilaw charpiliemeating fartherepsatienssperiosmiet bY thecaalos
conversjon of instruction, 272, by ich the second identifier SP512 is
contfer t gic seRrosRssIdPT Qﬁf1nglg,}ﬂgrg_an¢£$c%§gg%|slg§léﬁf ?Pé By ﬁbﬂ?gﬁ?‘?%lgﬁ'tci fier
SP512 rg rg;gpting the set point 266 is represented by 512 counts to
corresp Hd-to’the val ue of 0.005 psi which is one-half way between 0.00 psi
and 0.01 psi Fighte BXieaptismyatic déxptirh b theSRAI0R pravessbrwhigbrouiugs thheequitsd 20 set

poi nt 266 and woul d be represented by 1824 founts. Fpr(ifficiency of
oper at i fmceoin tetmes Gfene angleg Veltage &0 baapplien &0 HIEEIHWIAC%- t 0- count

conversi on pgovid I . chunber ed
pressure sca 5§“§§§d%§3§£?&QégﬁzQR%Fgﬁﬁgﬁ%gﬁgﬁfﬁaﬂ%9§§§®?ﬁ%h?§§ﬂ?gva|ues of
t hej £Veprdab¥befR deMiing SieralusdiesondmBapp e ohatene &o afflidd tatice DreeHematost hod
noves to operations 290 and 292 which respectively inplenent 25
instructions 274 and 276 to collectively generate one of the signals 214

when pressure i's processed r the gq;gggé' } I nd 218 when
t he respectiveﬁ@ﬁﬂé&kﬁéﬁiﬁﬁgnﬂnggﬁ(Hf;H‘TUCéssgéﬁnégggggﬂ%ﬁigggnaI isin

two parts. In the exenplary situation, one part represents the‘reguired
val ue (0. 005 Apsinyemion tidesenimdfbaa CMR systom andrpthpds thatprevige selupensde (e

| t 2145, and t t ' t
3145, " ehereeoRPoAGO T D S F svasehs BRERlofs BrE8 AT ot Fley BE R D"
cony§r Si Qe tomPahfisilibQ e schientBiehé TR SITBRLRLILMIE, hizhGpeiladdnuongeagai n

uses the conputational resolution, by which the count WO (12/079887 1s
PCT/ USO 2440 Higly selsolatiod dighal deivices. Supbr{EMPisgstem and methods 9f Bethiepenlo a

vol tage. The conversion is perforned by selecting a : ¢ r f

Vol t age IBHeEAR BN s s mS arr B 6o s rh e ar T B BREE P
by the . af 4 k bRl RGN siany AdRoRs 1atepgIelatiee aatle dat a
convers?%%Bﬁ%%g?%gﬁ¥b$ﬁ®§%H%ne§héﬁgxen%#%?y %?tuation is 0.01 volts per
count. Thgerneicadutihg he\GMBepahtioneSddrGVPsysttw anderethdds épable at hus
corresponds to a 0.01 volt value, which may be referred to as pres

scal8 vENaRiZAHEN PEISPSIRRE Eelfwe@ét‘flﬁ‘é’“b'fhetuﬁ%o 1L ISP 8{‘8‘&8?‘81"%??‘%’ %ﬁi‘g{gf t he
two part shgnal 214 - 31 QRGP ARE ik S aihital confRtaTedils a
pressurée%Q%E%8F%F gguﬁ@?ggkggﬁ?ggéﬁgbgegrsiBn of %nstrpgﬁ%on 276. The
"1l eneMadinipQin dceplibdd akcinaty. 2822 agaltquastsativherrds acoekpuinatadonaignifisgailut i on,
by which the count value of the second identifier "SP512" is converted to a
vol t age.redys8dabove 10 volt val ue of the range of the signal 214 divided by

“the conputational resolution provides a pressure set p%%ﬁt daj a conver si on
function havilnghafolleiving dekcriptiont nongyous,sneeisic gerails agiset fofRdn SHIST (ARFAYING | ue

T X e e e A A

represents the value of the pressure set point part 214SP of the two part
signal 214. The nethod noves to operation 294 to inplenent instructions 278
and 280. The




exenplary required pressure Pwp is defined in terns of the signal 214S
(i.e., the 0.01 volt value of the pressure scale volts) and the signal

214SP (i ., ».0 volt value of the pressure set pointpMgii§ler7hhe
met hod is Z/HB%’O As shown in Figure 2, the signals 214%9an03 214SP 20
are out put fromthe processor 212, d are applied to the force controller

228 shown in Fi gure 6A. The nethods of flow charts 242 and 284 facilitate

i mprove curac muni cati on of e v xe equi red
pr essurgﬂga/ﬁ’ 6’# Eﬁ’ﬁrpé%gggts’B}’e f@nfaé/tqeﬁéa&(??‘igni%&sgﬁ% Oéngﬁ Sg@ésc{n t hat ,

as desqfetedrp ﬁh&WnstBﬁh%se%élPRndbﬁl MBcl op&ati GsamalsaldtufedaVE heithepti €SSUr € PWP
may be obtained in the force controller 228. 25 One aspect of the inproved

" accur aadesaibed dordetail namdelrmaiftoblbmumahweeefnttmnmm ary required pressure

Pwp fromthe rocessor 212 to forc ont er 228 s allltate

Gor ni ng. sy RATOMEIaFIEsiES dy - Bbabet FescBomemusisoatr sare e AR L o

© 300 ,  Whi ch
SSyqﬁ?ér%Qén?I rSEﬂhﬁ} g:?%i%ﬂﬁ%ﬁ e ZWE%\)?]&GQ Q#@?ﬁ)ftloﬁ BEhREARER 3Qkurd Far Ic

represen rocessor force processor 234W of
t he corhipadvigy thé 28curidyi sfftonegsies ehteguidedsehearichl atnaghmﬁd:al 3611$hir(g:(®§B}. The

synchroni zati on data 300 includes the data set rth i Table WO
02/ 079887sswg Prisgiorce | tovaqapRiisd byt WY sae 20 %@map@% r38hAPpeRemPlerh e

conput [ the ded 10f

posei b e PRl PESTh B0 sklR T odhr A RE TPl Al 2880 16 he
pr essurgosadtfintahe peRinesSthe CMRINGUI :m rdlagveptoahis unter 264. Phe systedn2()
conversion function As described above, the operations in flow charts 242

andl(284may elsq)as;eedpreepswre’llév swbraéan)tﬂé%al GPIPRET.I9 REIGEHT 26PF 61 @4t a 300. The

g;ggﬁfiﬁ@ﬁ%ﬁﬁ%ﬁg{a 5 %‘tﬁ? LR 1rr%%?r§d Blpeltidt Vdf‘?r?éjwﬁqe} Bod Qg for oo,

The dat@ ekatioh!) Tl'fbepxﬂ)@éﬁbxoilﬁﬂay%%?é’%@drﬁh@dmmﬁ{ ha@ﬂlota(lateb@rdoesm
controller 228, for exanple. In genera based on one or nore itens of the

synchr ovspacityi g @@bﬁ{szmlmmEl\/é@@emromsgom a1 eqyivies grd yunnig undefanthE c e

2 ts f t .
Phe. oxcits ditymiesh Bt et ooayer posra QYL O B SRPRE R RckRpBR Ul ¢
si gpal ’?ﬂéﬁ&es&cﬁ' APn &pﬁttsefgﬁlgtgglgné(l@tz@h 118, AndZ IBSSpesenting urRiBiidihat
ideally digitally represents the exact initi al val ue (e.g., the exenplary

0. 005 peeigliresf pmstsarqs é’.’rthacteetle req@irbdtoerepplied hy 2 polishing opplesariratorr@gy 220-n nor e

detail, F_| gure ?B t aken t g éher slrlmw t he fortCﬁ) \%Bﬁcg%s%c Was
15 bei n 1@"6‘&‘? ng FETSRcRGh PR B BEESTS By P RS ARPISE oY
si gnal ) 544 Gk %fé}%q S Oén‘é?s ﬁ%]rebfbééni ﬂﬁu&qﬁ aRSBer sRR pfeREHE PBY RARSSOr 234W

i ncl udes 1 nstructi ons for processing the signal 214S, and
i nst r uchppdied b ik, pad 220 omm:bo’ﬂﬁﬁlohmrpupk @2&3 Signgls A8 repiresanl vapues helliﬂgfmr e 7

h fl hart 320 d t f. | 214S.
A Sber Sioh GHFSS52 FRHOBCESPIRLENE BT B0 PhE PP TR W O aeTe aal e
si gnal ?e%g'ssﬁ&%rﬂl b salh edufiad fredaits ra‘?ﬁﬁ? SIRIWA i'?lgr'lg% DS Rdtekeh@Mb @Qpé’mﬂ@' ue

correspon e fespective exenplary specified pressure scale |1,
i.e., 10ﬁ)f0<bfhhe rdqnnsdjpx}&smmflegsnmmted)lp);eﬂmws@nf B2f, Repesr Bipe The égsure scal e

data conversion fungtion of the s hroni zati on .da 00. The hod noves
to oper abressyreRofiiey” shavienin Figered IF‘ atgpaf eﬁ?%B%é@e‘G‘*‘}f @eéghg’gﬁh ®the 1

count V@%lgf g é‘g}gmgh gfegéutlé‘!) is toWerRs?térW&StﬁZt s66n Q5hé H%Q%B%Z? tigata 324 to

di gi tal resen the one” of the 1024 scal es shown in Figure 4.
I'n 25 To illustrate the present mventlon a situation is described in which the value of the

pressure P is to be constant, and in which the head 202 and the pad 220 may move relative to
each of the wafer 204, the puck 222, and the ring 224 (see arrow 226 in Figure 1A). Of
course, the pressure P may vary in the operation of the system 200. In the exemplary constant
pressure situation, the relative motion results in changing values of areas AW (Figure 1B),

30 and AC and AR (shown in Figure 1C) of overlap (or contact) of the pad 220 on (or with) the

respective wafer 204, puck 222, and ring 224. The pressure P is in terms of the force F



such conversion, operation 326 uses the definition of the scales 258 of the
synchroni zati on data 300. \Wen the nethod noves to operation 322, the

net hod ag@8 ﬂ@%ﬁﬁ to operation 330 for 5 converting the wwlgsoehoihe

vol t age P pressure set point signal 214SP to digital data-332
representing counts and having a val ye corresponding to the respective
specified scale SP512, i.e., 512 counts. In such conversion, operation 330
uses the pressure t j er.S) . i 0 chroni zati on
dat a SOBPURE Hutroa NBohlie A8 of SRMERLE irtek: Solbat a0 e

pr oces sgdinkAn&Paishkt ih Aes BlanslouRtthy pldE20ahovebén thegiiteatiomatf the3B®w 22Mdi gi t al
10 data 33d representing the set point in scale |1 show in Fivggre 4. In

- such cotheenbiconf thepespeativeiogesFuRAED: #il FempPliad tgFePEC RATeas A1 EY ABOr The
met hod noves to operation.338 in which i [ i sgd. 4.0
convert%@“@@ﬁﬁ&d??‘%&%ﬁpéheﬁ% égﬁ P ttﬁ%%a?\%ﬁolfﬁ%erg%g{éﬁ% %JSQ%?;@ ’tlﬁg’ di gi tal

~ dat a5 328R_afb bR “IRIr&SBloFifesS ShowPinFigindamt intliates faeaesmuhsdio thbeccitmt a 336.
Conversion of the pressure scale Il results in 15 an identifi cg}ad'eon of

val ue 0213 fecifyinge valne 0b anysuoh Plespere P, B corespending valug of thpterce degs
described in Fiqure 4 that includes the exe r o rsion
of "t he Lt FBbi R vEpees PRSIl Emn PRSRCF T ARy SR e Sy PR

exenpl ag %6%?@ Wi & Gl apgﬁ&%raemﬁ’l\fmaxié o codtrB0& 208] whérBinshehxpdnfeeniss wafer

operati uses e definition of the pressure scales 258 of the

sync hlr oR04ainbther siat B f&;)ﬁhe fpﬁtlﬁm%,land etm(;lmx@xi:s dpfos derming P4 nkheigrcge ( L he

exe ary 0.005 20 psi) of the requir res s out t he
presdur égrrtéﬂl‘?éggs Q’Gg!’e P?Qf‘@r@ﬂ’@ég?glﬁﬂia&f?geés%?ﬂég? %b%goig n%!?g%% %gdt hat the
above- dﬁgﬁgg 2&% %&ﬁ?ln%é?sgi gicgé]a%gt? B by b beDi gRdehied It M 3REebdor bhe force

processor e"selec the rel atively average conputati onal
resol ut equtvalen Subke pebicydsdi 22R lods thnee bxasoomutoatcsmmdingrte sathuef thpithiert a¥ebot h t he

pressure range of the exenplary required pressur nd the vol tage range
of the @escpibed 280wsi yihfhat theghrep 4369 ‘PP%?%%I%F%&CF%&%}?%&B%M acy of the
communi cat | 0y, f, 154 ¥ RlabfIE: PURLAL (Kb IS diRRPORHNGedpBEinG! OM L he

processor 21 or ce processor 4 descri bed above, the encoder

Si gngl s aZshGracidsdNEIaW €6iSHE @reai gnRI230C Fds the ila AxpdarRZBOR for dispir¢aetit o t he
force processor 234Wof the multi-axis for ce controller 228. The force

cont r ol [Respezzige pigyalp @35V pe s aRfeBPR reiensal thp FRdys ArehSPiP: %Pdanﬁl)/grp
Logosol , I nc. and.30 havi o A : ' | abavind hat of
a 486 sdf fELMGY 8f TR G AiksBottite M@\B%%?‘ﬁlé“g o BEAAG W3 pad uBbinC

equi val QR resgdttive RRRr RONGRSE 0R2 AZBrih@s24. TiRaeseetive siriath23BHR32Chand t he

three axes (each of the wafer 208, the ring 226 and uck 222) may be
pr ocess&32Rtare hpplicd teerespaskive fOreRproSeEHs 8%‘%6 B3t aiddh *%géﬁ%‘} QN Hhe

details of the force prq 0 waf h&-23bwgunes 7 and 8
R e e v W
detai | s £,@m36R80 tadPeilvE Signals 236 W) d3sOanteBbRdepeendtg thesedpoctiveforrenxes are
simlar to those shown in Figures 6A, 6B, 7 and 8. The wafer g]élzépg; t he
na

pr ocess dfwR T slddup ini ter1As g WS aheh BHOPRde EE SEAMPIke 15 SHE gnal 210
L R IS B RS LT 588 e e B e,
respect i & WRbfhe signals 236W, 236C and 236R. The respective sections of the analog logic
25  processor 237 provide respective force signals 238W, 238C and 238R to respective force
actuators 239W, 239C, and 239R (Figure 1A) which urge the respective wafer 204, puck 222,
and ring 224 toward the pad 220 to apply respective required pressure Pwp, Pcp, and Prp to
the respective wafer 204, puck 222, and ring 224. As described above, the force actuators 239

may be of the high resolution type, such as linear electromagnetic actuators, rather than the

30 low resolution pneumatic actuators noted above.



10 204. It is understood that the resolution of the encoder 208 is high
enough as to induce only small errors in such defining of the areas A This
processing.is g? cribed in the Prior Application, and resgdtgsdfdoihe signal
232W bei ﬁ%’gﬁﬁ?ﬂ) ’%d to the force processor 234Wof the force controller 228.
Fi gures 6A and 6B show the pressure yyequest 302 and the area signal 232W
input to a force calculation instruction 350. The instruction 350 is

processed as,al so 15 i bed in 2 i i . 1% sina
force r equezqheﬁ%%essl%g‘??’gﬁ%@r&eéqoﬁ%%p &‘%‘ﬁ, %%&E%hélﬁ@%dg?d%mg%w% 937% dat a
354 1 eReEaRtE Wnififife01ra8: éilinfnafes BieiBbis defliet qamtpatindaraoin depongkng t o

the exenplary required pressure Pwp to be applied to the exenplary area

© Anp. Tofalehdystem 200 theedpoive-definedrienn Yquantzation” eferinieibslevodeseried

quanti zation error, the 20 present invent i ugther i S t hod of
speci f yRIPRFSS pecapIptnRstie ?(ﬁzy %Pﬁ%ccﬁﬁobr?ﬁé{%e |°ﬁ&lé°§h?gér § ?Igdrtﬂgxarrpl e).

- The et f88i ok AL QURARBESutFioRATEIONtALs BOsiffcadimporadnct e
exer?pl a"lrﬁg/if$ é?%lgp#m%&??:%ﬂ@spondi ngrcpto the required pressure Pw) fromthe
force ceppiiniokltes vadd dfohd leepeatied fogeds Gyirs Fop. apd Sepecroputelrespiss aaidli n Fi gure

11. Referring to Figures 6A, 6B, 8 and 9, the force processor 234Wis
pr ogr an¥reigh Bgs phadcepiable 3FRI%80. The 25 method is defined by a flow chart
362, and starts with an operation 364. Operation 364 outiuts an_exenpl ary

required forlne @eptization prenasideeyformpd B4BesPReE to198° PHIDE 84X % § RERMICHE MY The
met hod noyes to an operation_ 368 for.. Cl byl td | resolution
(e.g., eé‘?%?’ﬁg@%%"%? ?LufHBF fhecr &ruplhet%lg{q igggirlll)él%ég%fe&tgﬁ g%]e? ('?tg&ge used in

pr ques S¢ &Qti%ﬁi&bﬁrééégs@_n%rﬂé!ﬁeﬁdnﬁ&i wih edsptdieo fheratieer Fup axiHpudoamdutrg),i onal
resolutron (e.g., 10 bits) is read fromthe pressure 30 synchronization
dat a 30fhdshepedimieters may He theaePodtiveTnauirask pTewUTeH VER 2GRNy PEARPIBH%70 f or
defining the set of val ues .representjng_ the r i . | xed
force. inpialyakes. Hpigg req%%lﬂéffsﬁl’}rﬁéjéﬁg Bt /"iﬁg%@% @€§%§$t°ﬁg€sr" {e.lgﬂ(i%r(gﬁ val ue
(exenpl af Yok Lﬂpéanggés)suﬁé Pﬁg,l%?%ﬂ P sl éxemplipy piRssueeBwp ngrydfavé e ces Fcp
and Frpi1s pergor In a nner simlar to that described below with

r espect jrifal tvaRiefod 0095 Map for Bremplet 1Sadh intidyatue of thegremptarppaaired PESYUIS t her

SR e A S A S R D S s
by the ) ue: Rlred NuEAEPILALIARBLAI6S Rlg profesbdibaTexebmIARY cidfdbd L o obt ai n

a series orce sca The force scales 376 na}/@tie%iﬁﬁdtgnti fied by 0 -
B € PI8T¥ or ce

ML, ML tesWB, which i{ fiB-vAlue bhthedsrce Fampreormsiinginggo the inigia
scal es 376 represent ranges 378 of uniformy increasi ' val ues of
the exempiparsymiler ereratigns Wikdeweetia tﬁWtLgﬁﬁﬁ%rﬁgﬂeﬁ%%W%i;g%glgc}sﬁg%ﬁlrll 1@ of
force. In th QIEH{e ' i each @k Fhend BpaRshSkipeauatsmphelit 1
pound. Rgﬁlmf“?%?ﬁeént %f)sﬁ%esﬂseégfég r?%ee(r:ltl fi ér (eﬁg. T, %‘IB?Z --"1fn") is
proypdedess. each of the force scales 376 of the exenplary force Fwp, and a
nunber (the exenplary 1024) of different first identifiers "lIn" is equal
to the val ue Qfp bEuGeRTH B Rl be@BabhddONit irisimeme wphay quad@24ipn efrar,t he
exanpl e, operation 372 results in the first scale identifier specifying 15
scal e | 1a8 defindchaboberaven oagtethiesystbin@R0indudes Sigitahdgyices gueh Bdhe 6% Fup i s

| ocated. The instruction 60. are further | : d noves
to an oﬁep%i?lif‘ér?%%eéf F’éﬁméﬁ ?”f’ﬁitﬁe ef%%lé’ © eaagﬁqg'léggi@%n%gt l%t§ ﬂgﬂ(glx‘g]%)dlagr y 7.5
pounds) b%{ov& Bga b ciﬁmfgmh@é/onﬁ{ft@e_\ﬂdﬁ% nothe prodefsor 2N, thefoacectdnteli¢n F28eand( SSP)
to indicate a value of a set point 382 within any S_pECIfI(f one, of the

scalygs AEGanaboglogichmoenssirBare Haseden s aYesage|RMPYHEORy) resoluiop. parsferedo nay
20 correspond to any particular force val ue in t [ tiLd geal e
376, e. g‘{aﬁ)‘%effg thg gsieAtegy PMPOgeTY AESOYEION S 3@% 851, g@hﬁeﬁlﬁ%rﬁgéfr"3 ﬁgﬁl (@lﬁ??‘fer ent

- second | It Rhn i EXRIPkALYA 4 0R4) prefer@dyalue b tHelvempahere of t he
conmput atcgmbgétgégqlﬁﬁ%&%%%&?ﬁi n the exenplary situation). The force set
poi Nt 38Rselai¢reRFrond abmt tad tb eelvobite Thapcampondets in the sighyyidih dhis gangp gre
‘identifier SSP512 in Fiqure 9. In Figure 8 the specifyi f - | ary
GNP 1 or ceaig thas bbb Ry X Bt rrsng s o e 1hl s feohiBRre
respacti ye: g SERONLsbRRBA & £6H abbt fBiekBBRE I2abddell & bits,Mgr t 0

Fi gures égl,télé%,%;cgrgﬁ%q%&%ot ﬁer i nstruct iaons are processed by the force
processor 234W including instructions 400, 402, 404, 406, 408, and 410

whi ch are inplenented by operations of a flow chart 412 for comunicating
the specific required value 30 of the exenplary force Fwp to the anal og

| ogi ¢ preprocessor 237PP far nore accurate processing of the required val ue
of the exenplary force Fwp. The anal og | ogi c preprocessor WO (12/ 079887
PCT/ US02/ 09777 23 237PP nmay be a programmabl e signal processor {DSP) sold
by Logosol, Inc. and having a per axis_prqcessing capacity of about that of

o S - g, 2 a



5 first identifier "lIIn" is converted to a nunber of counts. For exanple,
the exenplary identifier 118 representing the eighth force scale 376 is
represen counts; and the exenplary identifier |1 3QQ0;dpeRsBSENtI NG
t he Iast\\?(gpﬁiwgsgal e 376 is represented by the exenplary 1024 counts. The
met hod noves to operation 416 which 13l enents a force set point
identifier-tocount conversion of instruction 406, by which the second
i dent i fdx@fpRSPAL 8eseAPMEABRE witRl réspeét BBl avMdhiliSy, dipdal e heving he
exenpl ary identifier SSP512 repreéesenting the set point 382 is represented
by 512 rehuintly averagoraselsipondretreadilyavaiddbles whiereds 8 rosalniden ibeteasgs suh lighf way
bet ween 7.0@80 nds and 8.0 goundfb For efficiency of operation of the force
- act uat diegolytep digptal deyiges are Jess giARPlE nyer si on provi des count val ues of
between 0 and 1024 for the odd numbered force scales 376 (6'1%' scales 11,
13, etc.) whbhewmsipeRd3 svnieallysaicifiss aqneiered sxpen of BOnmARESIERPLEO¥Cal es 376
"~ are Jet 4 ot h i 3 . . 420 whi ch
res psgcta\f%\%gl%%lgéﬁll t§%§% ttf’l}lgstef'r %&Fg%s&ﬁ%%ﬁé%%be%gﬁ{sfo ttglth%g[ﬁ ?Sleéé& ge Iﬁllgg’r?er ate
one of foleersl IR fandSHWenerdfhfa pRBshre SR olun 1.5 pei. FWithtefptisat Pasdton, the t he
exenplary situation relating to signal 236W one part represents the
requi r eangxeftbe aregsura Pusay tarsirpawabhdelzens piihdhepanprigr sesolotior (awefined t er ms
of a force 2 cale part 236S and rce.set int .part 236SP. .In nore
et ai | HPNES hibf Brter e Ee aped: P OhF RSt i Bl SE0RALPE L coa e
count - t @R RESURIPYE I SmBE pRiferrdby Speeific@in HéFemeheorstapk 8FBODAPEON 1N
operation 418 again uses the conputational resolution, by which the count
val of theyd:jr ' (L ! : vol
corbior ai on & Bl ARSI HBbbh fad anEARHEEL AR RS LPU IR ¢ ¢ he
out put papies sheckoragl ditenotdssribelhbovomagde udil asdolgevd o ddievinthedvizyhdrhe
conput ational resolution to obtain a value of a force scale data conversion
funct i otHangiEatiaR qrer pvanldnermaliy rapuld froppthe gse pithe sddactedyelasivplyaverdgamt . The
ei ght count val . I | e i.denti I : F es ds to a
0. 08 vochtmélogie ﬁte%égc\%ﬁtﬁ%igfrla({l&gg&r e ercﬁggggﬁéig'agvlltﬁ élrlt(:déelgltgg%zm\(}'gfuﬁogl' an
r epr esefiesnpldl§ avedinte vafuelof ehefpariiQplessupdlificrd@bd 196.00hgsit ide @BEdluei gnal
236. 30 The nethod noves to operation 420 that inplenments a force set point
couht - t valyedf cegeputaiivnal pressHregingerssaps it dgtemiagiy tipprossise eanenpbi@ BH in

i .4 i VI ~'0.02/079887 PCIT/ US02/ 777 24
e ot wiika by AR R A BRul 051 pgi P Thle 108G 0 P ol W I bk aiier qent i1 or
" SSP512¢esb181i60 M@ id Buéh K& thatBe abitButd RENE oL iR PRdstlirY rafbe VRt Bagddieh of

the range of the signal 236SP divided by the conputational resolution
pr ovi detheabbvr namaberitgta,mne dankl expadtsiRiibant quantizaionieaer fyresult/egcgesedt 0. 01

| t ; t. T 12 t | f . th le identifi 5
5oPs1 2" SR e lBARES ot e Ry % i gt SRReR S el PRI, o as
forge sgabspyYrssuevy. CPABEBich stdpB of BletBoRE Wikl A€ 6R ciBE of OGE %ﬁ,ac_&t

236SP of the two part signal 236. The nethod noves to operation 422 in
whi ch t HD%x Eopleaey as desaribeaibelow, suchFquantizatibefernoe dodsmot egous irothe ubgzokthgnal

236S (i.e., the Q.08 | t | f the f | | t d,th i |
2365p (Pregnt ipveatan oRYGF: WaItRieRpr v BhF SniiEnCrid sbhateroed fon
done. Ag; 5Bkl %: etﬁé ftee QRuBNG 2%%) atd¥8e §érﬂ@@érﬁplﬁ§tﬁ)|%aﬁ%gola§(§§%oar e

comuni cated from t orce controller 228 to the anal og | ogi c preprocessor
237PP. dimntizetidrogisorshodldoesuttharts 362 and 412 facilitate inproved accuracy

of nmuni cati gn of the val ue of .t he _exenpl ar uired force Fwp fromthe
foréd procesdbylgge, ’ttge PIRSesspiA 1 dgthe Sofce: g&t@&%bgé%‘ﬁ ﬁ‘????ilé???gﬁct hat, as
describ : ; e Fwp may be
bt ol nell B P T o B O i Ch ¢ he use
- of the gimimtior ofthecjunntiviarian emer, thatpaes8@dntantion dnntudes e atdtlordsoflspecibyéng t he

processor 212 and the force processor. 234W commupj catjions hetween the
P orco pBCDESISAl DR RPT B A S I CPIE G5 R ORLSS By FIB P, o

“synchr opj Nl j t : i dat a
351 synehEae DR R X Db s BT B hiABRE e dafhe Wy
234%¢ wriquired presare v feorh ithegtrocds@ir 282 tgpthe dass oontradlad228, atd&omrtht fgcd ogi
preprocessor 237PP, which represents a second digital processor. Figures 6A
and 6B show the farce processor 234Was being provided with the anal og
synchroni zation data 431 fromthe hard drive 30l via the bus 296 in the
formof the RS232 signal. The anal og synchronization data 431 includes the
data set forth in Table I1I: ~~"0 02/ 079887




25 TABLE |1 ANALOG SYNCHRONI ZATI ON DATA 431 PCT/ US02/ 09777 The

conput ational resolution The set of values representing the range of

possi bl e regui red force F The definition of the force sc U&Z[gg;l;lge force
scal e dat™¥O8HM®’si on function The force set point data conversion function
As descri bed above, the operations i1'3 flow charts 362 and 412 are based on
one or 5 nore itens of the anal og synchronization data 431. Simlarly, in
general , based_on one or re itens th al og synchrgnizatd on data 431,
" e coBlEr dR BB geloB R BIoEEE dy 4 T Gt G APy r Bt a® en
second i gl Esshi2 1218 pidptatd bi g #REL&DN PO THeMRMAGeSSor  237PP
convertlgé@#%g%nd;%’gﬁgég)gnﬁ di gi tgf(%?:lata (the exenplary respective 0.08 volt

- signal ®B6& endfibhehexenpldepiyted invBigtresd, gndbta8@8R)antopeatien dét a it em which

is a force request 10 450 éFi gure 11 hat idgally diagsi;(talléirre resents the

exact iimplanantiog fheangtuctiop ghtaQperano245-0uput B EmBlaLY, Byt B8 i r ed

“ for K r [ . i processor
2378p Jerb O B e G e e e B Tt he

f or m of spké16i35R3 2 0 itoalputdtioan resonaiod tobé useddf Pradessitdie dhvan 480mpEedure 11

al so shows 't he anaigé)(g | ogi c_preprocessor 237PP as incl udi gaﬁi nstrycti ons
452 andvahssofitey regpisecbrisssie PR The spruteds valpeis 4o §aug mpieke ﬂﬁaciyng?ructi ons
456 and_.4S8 . i . S| : i E i 460.

i gur o HTEHLRREPRa SO ol s eRieet Broviled T, Mt e 208, e

si gnal PRESethHMnRRE! @tdntpelién 06D Idefininpehevset ubvalfestrapresckihgthe rafgetdie
force scale signal 236S to digital data 466 represent iéqr)lgpéounts and havi ng

a VH) uepassibleasguredipresstrss Phe .r Baspetinelpdesethe agsiuared valye B Hrthe scal e

18, i.e., ts. | h i i f
scal eI d%%eﬁlp }C‘nsg’g%srﬁﬁwg’uﬁg’{%i %QO@/ﬁ@ﬁeé?‘gﬁ%?@egE‘@dnc rtég?]ﬁgéﬁeg?\ﬁ%g%%ﬁﬁr C‘el'he
met hod 5y QSper iR {iass the BidhBstWhius 10 psS 6URé Emplad rhsgenf posssided t o

convert the ‘exenplary 8 count value of the digital data 466 to di4%i tal data
470 r epregsieat prgsuteiRwp hp thefvalueeof thanompptasipgalgesaietignatia &g Y9249 624

les 37G identifjed t lary fo in.Fi 91 h
conver sPU ASERFAT B aRgC st e eERR o Bk bR aE Pl o
?ang syschrepizaihof 984a ift Fleurd M g6 damplet TidproRvRsSschies 0feptcsan 464,

e et hod ‘al’'so fnoves to operation 470 for converting the value of the
vol t ageranfest 160 of ugifatmiF36BEastng mhisgble apludnobtha premplarepressraRy i shstesths and
havi ng a val ue correspondin the.respective specified scal.e S
e smEecEe PRl AERURS ) BT OIe SRS PO 470 Rl C el B
point d ' 61 QN AfifrER: B¥NChIeQRikRel Qg data 431, . The) wet hod
noves t?%ﬁ@%ﬁ@%ﬁfﬁﬁﬁ?ch ilnsltructi one458 IS g:%cessed to convert the
512 couptovidellder eath bhthedtaes 208 afabeexsmdlary ratiggiof pressige Bwpy @ nusphes §8At i ng
the force set point in scale |18 shown in Figure 9. .1In ch caonversjon,
opePQt i exemamany 024 dikferanidfims lﬁﬁﬁtﬁw p {Sr?@“%gi’ g‘ée walug @59 8‘?‘“%%%&2‘1 hod
noves t cakd | i ol th'Satddtd. oPBrafiD25FreRlIRGRIES st Ragonvert the
force s %ﬁ@ﬁpﬁgh?g)é%g@#ﬂro\ggjfe@é%t ed Bgy’tﬁeadi gi tarl dat a 470,S and the force
set poi identifl@¥pbdifyingepaRsidns et doyleimehithttiee #dGiredexemplag prisfire Bwpoh of t he
value of the range (7.0 to 8.0 pounds) of the one force scale 376 shown in
Fi gure %ocatgdt includes the exenplary force Fwp. Conversion 15 of the force
set point SSRol Ul t Sy sl ! Aent i Glethbanve®to ihemtioap! ary
required for cév?/i[')r,ﬁé%nesi,%% pg%ﬂﬁg%?éﬁ%r?wsa&‘g@%onversi or?, Oopdg%gtilon 478
usesst hegaedispidifyaiy BF rédierell onloe (the atenspl a7 6).05 sheofdnapressusyRemboni zat i on

data 431. Digital data 480 representing the ex | ary requjired force Fwp is
out put _ gsovidig pAHESEH SeragiLaNTisSOP) FEmEicaicEY A ¥ i BUTEA0 WHINARY 11

i ndi cates that the above-descri f LA zati on
data a0 oo e o iaf SRR SRR bioblP s Bt G ARRLARPUREDRTL =R

rel at i veluiaue pReirs 0ans inihk aduatifie@salda3gpag. @OOS piien diald Hi Mhe ohmbacef

conput ational resolution into both the force range of the _exenplary.
“r equi r edliffereatserand ideniifiereSE Ghe eranplary d82bris gl gmha yelugioh ﬁm ngfg@é"&ﬂd

2369PR, facilitahes the i v.ied, a of . FULRhifRs e rRiponRfgval ue
of tie éﬁ%’hﬁ?ogf(&ereéé{?ﬁraéﬂm%rIgghel:ev\g%%r?%%sﬂ%%%r ce pr gégggs%é(r)&ZSAPWt o't he
anal og |ig@hpréRuitiTens BGaERIIed DY (RRecdrididemifict SPEL2 heFigsfeahsn Figate 3 He anal og
| ogi ¢ preprocessor 237PP is al so provided with




i nstructions 500 for converting the force request 450 into an anal og upper
range signal 502 and an anal og | ower range signal S04, and to two digital

| ogic signhals 506 and 508. The instructions 500 are inpl ey By,,a met hod
depictedqw9oawpﬁ%hlchart 510 shown in Figure WO 02/ 0798 QHE§$PUé82/09777
z7 13. An operation 512 uses the foqge scale 376 and the exenplary force
identifier 118 to cause the signals 502 and 504 to define, or represent,

the respective upper and |ower boundaries, qr range, of ong force scale
376 i deprcifyinel e aXgEPERE %PEPS?%&WPF% @mﬂq?t%‘.‘ asrﬁlt?é‘;‘t“%fﬁ?@gia‘é%?‘{ 502
represen v i t ' ifiers B I m4Q bk inbidtstobe trxdap! ary
si t uat 58‘%@% ﬁlegg\]@%;&gﬁqﬂ%teﬂgfg%agégﬁ?lggl}?lra{é(ggfpgir ce rlé1 |9s tg b(sa 7.5 pounds.

- The methe@uiiByes résolutipriaisedno birindacic bf e fiateeislentififirtant theogt poifior

identifying the set point 382 within the identified force.scgle 376, and
the netdendilies Taoteer wpds, gachi afdhe exsgiiary §O%¥§t§’sgﬁ§ﬁf§év’@8ﬁﬁﬁ? gle’l onal
“resplution (e. g, 10.bits {n the exenplary situation). For ease of
destri ﬁ??%ﬂfar*ﬂgﬂrpgsﬁ@cﬁgﬁﬂr?g?%'l y shows an exanple of 2 bit logic of the 10
signal s 506 1@&61115%& Fialbs thadfsp biherinsguotiescart piécessed & ehesprocesbaR12he 2 bi t
it

| ogic and the 10 lpogi c are inplenented. Fi,(aure' 14 schemati cal I.%n depicts
anal og indlnding insyugioh 378 2€bR74r 2T0ng78 19ad 28 hidHire iRplgRniedy SPEBHONS 506,

and 508 _t g, one of t.he anal si gnal tid bhSei € bevaxeophary

anal og Cediedt Sisdeatsdfinih T Rk ORE piiaftah ol RO Rl AE AUCORE

circui te'kxmgﬂa%y P&@Wp @NHEIFERE @odiBollbhD2iod emire huaté prvsesshardf E50. | n an
operation 552" the range 15 signals 502 and 504 are applied to bt ract or

as
ci noui treGitedtaluger dreatxemphara pegseye Paing £2psration 286 fsm@lﬁla!emﬁmf?%wieégagﬁf‘?'ng t he
di fference between the val ue the.si I .an wl A | ar

si t uat iSOHDt gaREerioP Q5! fma(fﬁ%‘ @@L&WQ#@}‘?%@&%&? l,r&\}\%fng%%lr sﬂnt hste&é\éﬁ%gngf t%e

anal og '}HJ‘IFD of QUAER. Fod BRlmpidZhe Bangflar) idéntifier B SOpretdnting tie firkisscalegi t al
| ogi c stlE)%na ;&EB%wgng 888, V\hliﬁch in thealgxanpl e of Figure 14 is 2 bits, in

an operxzsiio rephééniad Hy ticdent. diheddentifisoln repmseating thedast fealg 2P4wodld behe anal og
-of - f ignal 522 (j.e., the differ bet ween. t he t |
for o SrpRauesDa Aeraa Ay 10T skl S Bh b SRRl D L Mgt g o ©9
. 2 Ot e i
: gg{?ﬁﬁ?é}%%sﬂ%eﬁ\élya’f%e%?{%og nfove¥ B &erdtiontBE wAX@B A Herid buedset pomt-to

input to the divider circuit 524 may, for exanple,
be fr onaduRecstvierinds Znsundtios 2T dgavhich thieccand idsgtifonilgns eetveded @at a 431.
An input to the divider 524 is provided by..a diviger 527. The_ divider S27
r educesnuraler % coyityy eF%ﬁxﬁﬁélesF}GﬁéP@p@@?dﬁﬁﬁl% ghg%g’(f’BFeﬁFWH‘gttge ?eﬁ QXIrn gnge of
t he an . Si.ghal 1nE j ifto. @5t B4R tvhoh ifomd-hadf (2 X 2)
o b, et AR Ra RS 12 B EYARIpordlo IO A TR 2. and in the
10 bit ®hy Beiieon0.004i dngl 00 vpsie dniwkerhPlry wbatifter SP10ewenldrigintify theddstie shown
in Figure 14). Based on the |ogic defined b%é hefftv.vo di gi t al t.I o&itﬁ signal s
5062Gndses @eing 266 anl wewld bg represegipdbydUghspunss &or gHEeRcy HPBFARYT Tt s30
converts the, val f c i i 2+ R8T bt
PCT/ USU%’F%%%Q%IFg%%Ith%%S%? %é&%xggon%ﬁgtr%/&g@gﬁ @g?%lcé%é\gog lgan anal 03 1? %Hr ce set
poi nt  sp@nalo2B: tHevddifnebeasinpragsyresicalea?iSofw. o sealoalluls, efc. X weredsdiital 532 i s

0.5 volts (0.25 times the value 2 of the anal og | ogi i gn 528). Figure
14 showesqurdvaluepefrthe P W%@‘Ptf’ss@sspaléﬁ?%?egﬁ egﬁipgjgg? ‘ce signals 502

and 504 (e. t he . [ . S] - &ml;% 1Gh&Gf set point 5
signal 532 tghgg}eg}o%rﬁc\éﬁgﬁ@)%%%ﬁ%gaﬁ‘ﬁ?@g&%ﬁ%{%f 7. voIIIts) of the force
act st ok, s oHGHs 2238 2T A tcoRBleetiedngenbiitd e Jf ecegrads 2iak whersprgssate XFBW/ i s

out put and has the inproved accuracy. It may be understood L)hat ith the 2

bit | ogipwcstsedrorithe wspashvesicnalFp Hoaid 218 when|the Tefproiyg PESSHPGEP & gRA% 506

arid 508 are ysed (e.g.. l.ogic ot i ent®0i C IS
- used fonprcfcﬁ%geﬂo‘éﬁih Sélfgﬁl&flgl,lg%tcvﬁé gés}gSgisthg\r%SﬁBl ) é{&gﬁ&ﬂtoég p?ttjgeﬁ}%ogi c

si gnal s yaf Rqs&vA ©.005/pRDi0E tiyr ekemplefepeisufPWwp yn feons dhepibsulss ¢caleqgitc wi | |
be understogd by first referring to the 2 bit |ogic shown in Figure 14. An
‘anal og 2148 ymids secorclpiart IEPEseneTRPIPewIY Jeb PpiapsE AR AReselias 48gi ¢ signal s

506 and 508. The circuit 570 be a proar ! cessor (DSP
ot B0y DRl  PrsuageeR OHE -l BFESRITE st el PrRCEonor (BSF)

possi bl i £.54at i R¥s e chmpitiadesh! basolutient byowhiop the dooxfi ¢
signalsqgggggﬁﬁﬁ%%gfégﬁ%%ﬁgﬁﬁgg F?E%ase, 1824 | ogi c state@pare achi evabl e
with 10 bit logic signals corresponding to logic A through logic J. In the
2 bit exanple, one of the logic states 572-57S outputs a | ogic signal 590
for any given logic input collectively defined by the signals 506 and 508.
Each logic signal 590 is acconpanied by a nultiplier input 592 having a one
volt value. The value of the signals 590 20 is selected according to the
requi red values of the analog force set point signals 532. CGenerally, the

e 4 a1 o o NN S o Y o ~



exanple, the signals 590 would be in a range of 0.0 volts to 3 volts, for
exanple, in 1.0 volt 25 increnents, such that one exenplary signal 596
could have a 2 volt value. The value of the signals 532iﬁbﬁv§ﬂm?ﬁpends on
the val udO P signal's 526 arid 528. The corresponding nultiplier input
592 and logic signal 590 are input t@ a respective corresponding nmultiplier
594. For any given logic input to the analog logic evaluation circuit 570,

only one multiplier S94 guiputs a product sigpal havi e ot her

han zutes ofife sa Hrause s Rutar e 668 HPlodhony B anaid: R amEBtl® Coers

600 to provide ' W B2hR7DB8 fucRGE 1D/SARE. 0BiTe/ Vol BRe singaal s

602, 68%%83£ ggﬁfﬁ#hg&§§#J§Hoe(¥he I%@t sun1gﬁgnal is the valge of the

- anal ogid digidedlby i doagmitsiogaatsdbRin tandtaiepsnds obnprebwie giecdathput by t he

signals S06 and 508. In the 10 bit |lo ic,exaB@He, t here a{QQ%924001n

mul t i pkPrvessign nchpg winchsindhe greznnlary sfuationds P 91 §BHS PALORAN NSHEEEOFEr the 2

“bit_logic, with.the 7.5 volirV W1 e vaRleC®hichinaytheand t he
val de gflﬁlﬁ.ogghe\/hfblls{]sscal(e @englglf{ Il&%ﬁéﬁggéﬁg)té g? l@!tlﬁg’ arellaleog ]fcor caeyﬁ? ncr enent

si gnal ;&3fed tPasftbRre stile valtbandakprevantaibe vhlue of thepressurarsedlo gatt 3t el

vol tage, signal 528 has the value of 2 volts based on the 2 volt signal 596
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15 Al though the foregoing invention has been described in some detail for
pﬁrposes of clarity of understanding, it will be apparent that certain
changes an Lfjcations may be practiced within the scopep appended
cl ai ms. &68%%&‘&: y, the present enbodi nents are to be cons/ggorzg)g%;spp
illustrative and not restrictive, a”ﬂ the invention is not to be limted to
the de]t ails g:cveﬂ herein, but nay be nodified within the scope and 20

equi val ents of the appended cl ai ns. is clainmed is: WO 02/ 079887 31
PCT/ US02/ 09777 1. A nethod of accurgxgﬁ'glrepresenti ng, for conputational

processing, a desired value anong a pressure range of values of pressure to
be applied to a wafer in cm%ﬁomghﬁmﬁaf\%ﬁ Qhi ng, conprising the
" oper atj-ens—ef=—di-viding—the pressure range by the value of a conponent
][_esol ution to define scal e 5Thecbimputatiodal téselutiorssur e range; generating a
st . . : : :
S t

- desired val ue; TfRdetARNGRRE teptbsentHB BN SIbPPEssibledBuirddPrésdemes PTy a set
poi nt [t hat defi nesethe requégsted ?ial uen% the idpn?ihfif?d scale z\glxt:Lgn 10

2. A nethod as recited i | alem.: i nent resolution is|the

r]ccasglhu Il on of ahdi gi tlal S]é}\?ﬁ%élmtﬁgto ou%%h%}g}%g?%g)?g%resenti ng the idenfity

of the[one of the scale portions and of the set_.poi.nt. 15 3. A nmethod gas

recited in claimi, vvherrﬁl‘!lenplf’ﬁérec?ﬁa!aQ@ﬁaﬁﬁnWSI%HBFh?? ng the first outplt

si gnal —comprisesT converting the fdentified scale portion to resolutioh

units;| dividing a rangelhefpressarefsetpaintslagtanonvesighdrngsiont he conponent
by :

r esol uHen—te—defHH+ne—aft+r+st—stgrat—conversionr factor; and

As described above, the operations in flow charts 242 and 284 are based on one or
5  more items of the synchronization data 300. The processor 212 and the force controller 228
are provided with the synchronization data 300 from a hard drive 301, for example, via a bus
296. The data 300 is in the form of an RS232 signal applied to the force controller 228, for
example. In general, based on one or more items of the synchronization data 300, the second
digital processor (i.e., the force processor 234W, Figure 1D) converts first and second digital
10  data (e.g., the exemplary respective 0.01 volt signal 214S and the exemplary 5 volt signal
214SP) to one data item 302, which is a pressure request that ideally digitally represents the
exact initial value (e.g., the exemplary 0.005 psi) of the parameter (the exemplary required

pressure Pwp).

Tn more detail, Figures 6A and 6B taken together show the force processor 234W as

15 being provided with the synchronization data 300 (shown as the RS232 signal) from the hard
drive 301 via the bus 296. The force processor 234W includes instructions 304, 306, and 308
for processing the signal 2148, and instructions 310, 312, and 308 for processing the signal
214SP. Figure 7 shows a flow chart 320 depicting operations for processing the signal 214S.
An operation 322 converts the value of the voltage of the pressure scale signal 2148 to digital

20  data 324 representing counts and having a value corresponding to the respective exemplary
specified pressure scale I1, i.e., 1 count. In such conversion, operation 322 uses the pressure
scale data conversion function of the synchronization data 300. The method moves to

operation 326 in which instruction 306 is processed to convert the 1 count value of the digital



20 converting the identified scale portion in resolution units to the first
out put signal by nultiplying the count value of the identified scale

portion ;Nisgﬁz first signal conversion factor. 4. A BRofecited in
claiml, e?"e@%gt he operation of generating the second 25 output signal
conprises: converting the identifiedyset point to resolution units; WO
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synchroni zation data, the first conversion operation being perforned on a
requi r edpevation$26fusestbe defizitien ef theserdes258st conversi on operation converting
the required value of the paraneter to 20 first output paraneter digital
dat a r epr es€Tiid methad prives cudperation$38in whieh sisaiueson Pef is eroviessgd &0 smwyerid
conversion operation in the first digital processor ang%ﬁbas on the
synchr offe gaemplarygaesurersqale d bdsnutydeppeped by tpdistel e ’ﬁb‘fg‘@ﬂ??‘ffﬁd on

th i.red, e of. i : d
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r equ r egh MehiifRafbn bhealpaobile tigei(ferd tved. Plpdi) ofithaon®6f thedD24 sqaiesf or mi ng a
third conversion operation in the second processor and based on the

synchr of¢sgabeddn Figrire 4 thai dnalpdes thecsmpkasy BIRsYper WP SANKESIAR ChRESEHBAY on t he
first o ramet er..di gj 1.1 t .par amet er
i g1t ar SRaaeR B IRt B SRe bEUERRYA ! R e IRH, 187 O e
and  WR002HA7 8B&ikch conversion, operation 338 uses the definition of the pressure scales 258 of

the synchronization data 300. Digital data 340 representing the value (the exemplary 0.005

20  psi) of the required pressure Pwp is output as the pressure request 302.

Reference to Figures 2, 6A and 6B indicates that the above-described use of the
pressure synchronization data 300 in the force processor 234W, the selection of the relatively
average computational resolution, and the dividing of such computational resolution into both
the pressure range of the exemplary required pressure Pwp and the voltage range of the output

25  signals 214, facilitates the improved accuracy of the communication of the value of the
exemplary required pressure Pwp from the processor 212 to the force processor 234W.

As described above, the encoder signals 210 and the pressure signals 214, 216, and
218 are applied to the force processor 234W of the multi-axis force controller 228. The force
controller 228 may be a programmable signal processor (DSP) sold by Logosol, Inc. and

30  having a per axis processing capacity of about that of a 486 series Intel TM processor or



33 PCT/ US02/ W9777 performng a fourth conversion operation in the second
processor and based on the synchroni zation data, the fourth conversion
operation being nerformed on the second output paraneter ghgidalofata to
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in Figure 1D, for example). The method facilitates improvements in communicating the value
of the exemplary force Fwp (corresponding to the required pressure Pwp) from the force
controller 228 to the analog logic preprocessor 237PP shown in Figure 11. Referring to
Figures 6A, 6B, 8 and 9, the force processor 234W is programmed by instructions 360. The

25  method is defined by a flow chart 362, and starts with an operation 364. Operation 364
outputs an exemplary required force Fwp (7.5 pounds) representing the force request 352.
The method moves to an operation 368 for specifying a computational resolution (e.g., the
average 10 or 12 bit computational resolution) to be used in processing to obtain a computed
value of the force Fwp. The computational resolution (e.g., 10 bits) is read from the pressure

30  synchronization data 300 stored in the drive 301. The method moves to an operation 370 for

defining the set of values representing the range of possible required force. The set includes
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operat 03r810 ?c]:r: specifying the required value (the exemplary 7.5 pounds) of the force Fwp by

providing a different second identifier (SSP) to indicate a value of a set point 382 within any
specific one of the scales 376, e.g. the exemplary force scale I18. The force set point 382 may

20  correspond to any particular force value in the identified force scale 376, e.g. the exemplary
7.5 pounds in scale II8. The number of different second identifiers SSP (the exemplary 1024)
is equal to the value of the computational resolution (1024 in the exemplary situation). The
force set point 382 corresponding to the force Fwp is identified by the second identifier
SSP512 in Figure 9. In Figure 8 the specifying of the exemplary CMP force Fwp is

25  completed as operations 372 and 380 output the respective first and second identifiers I8 and
SSP512.

Referring to Figures 6A, 6B, and 10, other instructions are processed by the force
processor 234W, including instructions 400, 402, 404, 406, 408, and 410 which are
implemented by operations of a flow chart 412 for communicating the specific required value

30  of the exemplary force Fwp to the analog logic preprocessor 237PP for more accurate

processing of the required value of the exemplary force Fwp. The analog logic preprocessor



converting the two-part output to a force to be applied to a wafer, the
val ue of the force corresponding to the required value of the pressure. 14.

A method of reducing quantization error in an anal og conpy r
conver t i MO 383H7i nput representing force in terms of uni tsﬁ%%oe{‘a?)?ge to an
anal og force output representing forge in terms of a force actuator signal,
conprising the operations of: converting the input to two anal og force
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di gi ogic signals, converting a difference between the two anal og force
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t he opemnaiyeen7 OfpotRdyakits.0gotimiie. Fontffigiehor afeoperation of the force actuators 2309, ,
the scale-to-count conversion provides count values of between 0 and 1024 for the odd
numbered force scales 376 (e.g., scales 11, I3, etc.) whereas the count values of the even
15 numbered force scales 376 are between 1024 and 0.
The method moves to operations 418 and 420 which respectively implement
instructions 402 and 408 to collectively generate one of the signals 236W, 236C, and 236R in
the form of two parts. In the exemplary situation relating to signal 236W, one part represents
the required exemplary value (7.5 pounds) of the exemplary force Fwp in terms of a force
20  scale part 236S and a force set point part 2365P. In more detail, the method moves to
operation 418 which implements a force scale count-to-voltage conversion of instruction 402.
The implementation in operation 418 again uses the computational resolution, by which the
count value of the first identifier “IIn” is converted to a voltage. The conversion is performed
by selecting a value of a range of voltage of the output 236W, such as 10 volts. The voltage
25  range is divided by the computational resolution to obtain a value of a force scale data
conversion function, which in the exemplary situation is 0.01 volts per count. The eight count
value of the first scale identifier II1 thus corresponds to a 0.08 volt value, which may be
referred to as force scale volts and represents the value of the force scale part 2368 of the two
part signal 236.
30 The method moves to operation 420 that implements a force set point count-to-voltage

conversion of instruction 408. The implementation in operation 420 again uses the
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Fwp from the force processor 234W to the analog logic preprocessor 237PP, in that, as
described below, the exact value of the exemplary required force Fwp may be obtained in the

15  analog logic preprocessor 237PP.

Consistent with the use of the pressure synchronization data 300 for communications
between the processor 212 and the force processor 234W, communications between the force
processor 234W and the analog logic preprocessor 237PP are synchronized by analog
synchronization data 431 described below. This data 431 synchronizes the computational

20  operations of the force processor 234W, which represents a first digital processor, and of the
analog logic preprocessor 237PP, which represents a second digital processor. Figures 6A
and 6B show the force processor 234W as being provided with the analog synchronization
data 431 from the hard drive 301 via the bus 296 in the form of the RS232 signal. The analog
synchronization data 431 includes the data set forth in Table II:



21. Apparatus as recited in claim19, wherein the programm ng of the
processor to generate the second output signal conprises programm ng for:
converting the identified set point to resolution units; gliwvi.gi range
of the f?ﬁ%?”%@?ﬂut signal by the conponent resol ution thgé¥§%@92ﬁ25
second signal conversion factor; and w0 02/ 079887 PCT/ US02/ U9777 38
converting the identified set point 1Tn resolution units to the second

out put signal by multiplying the count value of the identified set point
times the second signal conversiDABLE® or. 22. Apparatus for reducing
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signal 2368 and the exemplary 5 volt signal 236SP) to one data item, which is a force request

10 450 (Figure 11) that ideally digitally represents the exact initial value (7.5 pounds) of a
parameter (the exemplary required force Fwp). In more detail, Figure 11 shows the analog
logic preprocessor 237PP as being provided with the analog synchronization data 431 (in the
form of the RS232 signal) from a hard drive 432 via the bus 430. Figure 11 also shows the
analog logic preprocessor 237PP as including instructions 452 and 454 for processing the

15 force scale signal 2368, and instructions 456 and 458 for processing the signal 236; along
with instructions 460. Figure 12 shows a flow chart 462 depicting operations for processing
the signal 236S. An operation 464 converts the value of the voltage of the force scale signal
2368 to digital data 466 representing counts and having a value corresponding to the
respective exemplary specified force scale I8, i.e., 8 counts. In such conversion, operation

20 464 uses the force scale data conversion function of the analog synchronization data 431. The
method moves to operation 468 in which instruction 454 is processed to convert the

exemplary 8 count value of the digital data 466 to digital data 470 representing the one of the



WO 02/ U79887 39 PCT/US02/ 09777 23. Apparatus as recited in claim 22,
wherein the progranm ng of the first processor to first convert includes:

i nstructions. for dividing the conputational resolution in h-ghest
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PCT/ US02/ 09777 26. Apparatus as recited in claim?22, wherein the set point

data conversifgR fdRgd mBls to operation 478 in which instruction 460 is processed to convert
the force scale II8 identity represented by the digital data 470, and the force set point identity
represented by the data 476 to an identification of the value of the range (7.0 to 8.0 pounds) of
the one force scale 376 shown in Figure 9 that includes the exemplary force Fwp. Conversion
15  of the force set point SSP512 results in identifying the exact value of the exemplary required
force Fwp, i.e., 7.5 pounds. In such conversion, operation 478 uses the definition of the force
scales 376 of the analog synchronization data 431. Digital data 480 representing the

exemplary required force Fwp is output as the pressure request 450.

Reference to Figures 6A, 6B, and 11 indicates that the above-described use of the
20  analog synchronization data 431 in the analog logic preprocessor 237PP, the selection of the
relatively average computational resolution, and the dividing of such computational resolution
into both the force range of the exemplary required force Fwp and the voltage range of the
output signals 236S and 236SP, facilitates the improved accuracy of the communication of the
value of the exemplary required force Fwp from the force processor 234W to the analog logic

25  preprocessor 237PP.

Figure 11 further shows that the analog logic preprocessor 237PP is also provided with
instructions 500 for converting the force request 450 into an analog upper range signal 502
and an analog lower range signal 504, and to two digital logic signals 506 and 508. The

instructions 500 are implemented by a method depicted by a flow chart 510 shown in Figure
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of the ggakesplhpditian6n, Witeealdd thedidferade is 1 volt, which is the value of the analog

range-of-force signal 522. Based on the resolution of the digital logic signals 506 and 508,

which in the example of Figure 14 is 2 bits, in an operation 554 a divider circuit 524 converts
20  the value of the analog range-of-force signal 522 (i.e., the difference between the two analog
force signals 502 and 504) to an analog force increment signal 526, representing a value of
0.25 volts in the exemplary situation. The resolution (e.g., 2 bit) input to the divider circuit
524 may, for example, be from the drive 432 and is based on the analog synchronization data
431. Aninput to the divider 524 is provided by a divider 527. The divider 527 reduces the
25  value of the signals 502 and 504 according to the range of the analog signals 238. For
example, in the 2 bit situation 2 bits (2 x 2) is divided by 1; or in the 4 bit situation, 16 is
divided by 2; and in the 10 bit situation 1024 is divided by 100 (which is the exemplary value

shown in Figure 14).

Based on the logic defined by the two digital logic signals 506 and 508 via an analog

30 logic signal 528, a multiplier circuit 530 converts the value of the analog force increment
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CONPT i S§ the 2 bit example, one of the logic states 572-575 outputs a logic signal 590 for any given

logic input collectively defined by the signals 506 and 508. Each logic signal 590 is

accompanied by a multiplier input 592 having a one volt value. The value of the signals 590

20 s selected according to the required values of the analog force set point signals 532.

Generally, the values of the logic signals 590 are within the range of a 24 volt power supply.

Thus, in the 10 bit example, the values of the logic signals 590 may range from 0.0 volts to

about 10.0 volts (in the exemplary 0.01 volt increments shown in Figure 14). In the 2 bit

example, the signals 590 would be in a range of 0.0 volts to 3 volts, for example, in 1.0 volt

25 increments, such that one exemplary signal 596 could have a2 volt value.

The value of the signals 532 in turn depends on the values of the signals 526 and 528.
The corresponding multiplier input 592 and logic signal 590 are input to a respective
corresponding multiplier 594. For any given logic input to the analog logic evaluation circuit
570, only one multiplier 594 outputs a product signal 596 having a value other than zero. The

30  product signals 596 are added as shown by staged adders 600 to provide a series of sum
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An example of the exemplary 10 bit logic is as follows when the required pressure

Pwp is the exemplary 0.005 psi, and a corresponding required force Fwp is 0.25 pounds for a

15 200 mm wafer 208, for example. An exemplary voltage range of the signals 236 (Figure 6B)
is 10 volts (which corresponds to a range of 502 pounds of the required force Fwp for a 10 psi
maximum pressure P for the 200 mm wafer 208). The value of the inputs 592 may range
from zero volts to 10.24 volts in 0.01 volt increments, and as shown in Figure 14, the
difference between the LR voltage signal 504 and the UR voltage signal 502 (the value of the

20  signal 522) may be 9.766 millivolts. The ten logic inputs 506, 508, etc. may thus cause the
analog logical voltage signal 528 to change in increments of 9.537 times 10 to the minus six
power. As aresult, the LR voltage 504 may be increased in increments of 9.537 times 10 to
the minus six power. Therefore, the double use of the relatively average 10 bit resolution
results in the signals 238 (e.g., the signal 238W in Figure 14) having a very small incremental

25  value, which significantly improves the accuracy of the force signals 238, and importantly
may conform the increments in which the force signals 238 are valued to the increments of the

high resolution electromagnetic actuators, for example.

In view of the foregoing description, it may be understood that in the use of the system
200 the accuracy of computations of the pressure P and the force F are less dependent on the

30  use of high resolution, less available digital devices. The CMP system 200 and the described
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15 Although the foregoing invention has been described in some detail for purposes
of clarity of understanding, it will be apparent that certain changes and modifications may
be practiced within the scope of the appended claims. Accordingly, the present
embodiments are to be considered as illustrative and not restrictive, and the invention is
not to be limited to the details given herein, but may be modified within the scope and

20  equivalents of the appended claims.

What is claimed is:
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set point signal. 37. Apparatus as rgcited in claim35, wherein the second
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sum the adder cir di't's Ade n@anet sumto
pr oducedssira¢xhlusuimdand addi ng in sequence until a final next sumis a sum
havi ng a nunber one |less that the value of the count of the resolution; and

5 a mltipli géneﬁdtlhgld'sécdﬁﬂ\ﬂuﬁﬂt §iBalftd I&hugsaxget poidt @t definks fe rbdiReedand the
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2. A method as recited in claim 1, wherein the component resolution is the resolution
of a digital device that outputs data representing the identity of the one of the scale portions

and of the set point.

15 3. A method as recited in claim 1, wherein the operation of generating the first output

signal comprises:
converting the identified scale portion to resolution units;

dividing a range of the first output signal by the component resolution to define a fixrst

signal conversion factor; and

20 converting the identified scale portion in resolution units to the first output signal by
multiplying the count value of the identified scale portion times the first signal conversion

factor.

4. A method as recited in claim 1, wherein the operation of generating the second

25  output signal comprises:

converting the identified set point to resolution units;
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to define the scale data conversion function in terms of a number of the plurality of the scales,
each of the scales having a range within the set of values; each range being of equal-value,
10  and wherein the first conversion operation further includes identifying which of the scales

corresponds to the required value of the parameter.

7. A method as recited in claim 6, wherein the set point data conversion function is
based on the ratio of the required value of the parameter to the range of values of the

15  parameter in the particular scale.

8. A method as recited in claim 6, wherein the synchronization data further includes a
definition of a voltage conversion value in terms of numbers of counts per voltage value and
wherein the third conversion operation includes multiplying a voltage value of the first output

20  parameter digital data by the voltage conversion value to convert the first output parameter
digital data to digital count data, and wherein the synchronization data further includes a
definition of a count conversion value in terms of numbers of counts per particular ones of the
scales, and wherein the third conversion operation includes multiplying the digital count data
value of the first output parameter digital data by the count conversion value to convert the

25  digital count data to the scale data.

" 9. A method as recited in claim 6, wherein the set point data conversion function

further includes a definition of a voltage conversion value in terms of numbers of counts per
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10. A method of reducing quantization error in specifying a chemical mechanical
polishing parameter in which a computational resolution is to be used in processing a required

value of the parameter to obtain a computed value of the parameter, comprising the operations

10 of:
defining a relatively average value of the computational resolution;

defining a set of values of the parameter, the set containing possible values of the

parameter, the set of possible parameter values including the required value of the parameter;

dividing the highest value of the parameter of the set by the value of the computational
15 resolution to obtain a series of parameter scales of the set, the parameter scales representing
uniformly increasing possible values of the parameter, the scales having equal ranges of value
of the parameter each of which ranges has a value in excess of the value of the required

parameter;

providing a different first identifier for each of the scales of the parameter, the number

20  of different first identifiers being equal to the value of the computational resolution; and

specifying the required value of the parameter by providing a different second
identifier to indicate a set point value within any specific one of the scales, the set point
corresponding to any particular parameter value, the number of different second identifiers

being equal to the value of the computational resolution.

11. A method as recited in claim 10, wherein the specific required value of the
parameter is to be communicated to a processor for processing the required value of the

parameter, comprising the further operations of:
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12. A method as recited in claim 11, the method further comprising the operation of:
receiving the first and second data of the output; and

converting the output to the exact amount of the required value of the parameter by
10  selecting one of the parameter scales corresponding to the first identifier, and by selecting a

value within the selected parameter scale corresponding to the second identifier.

13. A method as recited in claim 10, wherein the operation of defining the relatively
average value of the computational resolution defines a resolution not higher than 10 bits; the

15 method further comprising the operation of:

converting the two-part output to a force to be applied to a wafer, the value of the

force corresponding to the required value of the pressure.

14. A method of reducing quantization error in an analog computation for converting
20  an input representing force in terms of units of force to an analog force output representing

force in terms of a force actuator signal, comprising the operations of:

converting the input to two analog force signals and a plurality of digital logic signals,
the analog force signals representing the boundaries of a range of force actuator signals to be
input to a force actuator, the range including a force actuator signal having a value
25  corresponding to the value of the force in force units; the digital logic signals having a
resolution less than or equal to 12 bits, the digital logic signals representing the force actuator

signals in the range having the value corresponding to the value of the force in force units;
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15. A method as recited in claim 14, the operation of converting the difference

compiising the operations of:

10 determining the difference between the two analog force signals to output an analog

range signal representing the range of the force actuator signals; and

dividing the analog range signal by the resolution of the digital signals to output the

analog force increment signal.

15 16. A method as recited in claim 14, the operation of converting the analog force

increment signal comprising the operations of:
using the digital logic signals to select an analog logical signal; and

multiplying the analog force increment signal by the logical analog signal to output the

analog force set point signal.

20

17. A method as recited in claim 14, wherein each of the force actuator signal, the two
analog force signals, the analog force increment si gnal, and the analog force set point signal is

a voltage signal.

25 18. Apparatus for processing a desired value among a range of pressure values to be
applied to a wafer in chemical mechanical polishing, the processing providing improved

accuracy in representing the desired value, the apparatus comprising:
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19. Apparatus as recited in claim 18, wherein the component resolution is the
resolution of a digital device that outputs data representing the identity of the one of the scale

10  portions and of the set point.

20. Apparatus as recited in claim 19, wherein the programming of the processor to

generate the first output signal comprises programming for:
converting the identified scale portion to resolution units;

15 dividing a range of the first output signal by the component resolution to define a first

signal conversion factor; and

converting the identified scale portion in resolution units to the first output signal by
multiplying the count value of the identified scale portion times the first signal conversion

factor.
20

21. Apparatus as recited in claim 19, wherein the programming of the processor to

generate the second output signal comprises programming for:
converting the identified set point to resolution units;

dividing a range of the first output signal by the component resolution to define a

25  second signal conversion factor; and
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mechanical polishing parameter, the appalatus comprising:

first and second digital data processors each provided with data storage for storing
synchronization data for synchronization operations of the first and second di gital processors,
the synchronization data defining a computational resolution, a set of values of the parameter
10  to be used in computations, a set of values of output parameter data for communications

between the first and second digital processors, a scale data conversion function that defines a
relationship between the parameter and each one of a plurality of scales into which the set of
values of the parameter is divided; a set point data conversion function that defines a
relationship between a range of values of the parameter in a particular one of the scales and a

15  set point that defines a required value of the parameter in the particular scale;

the first processor being programmed to use the synchronization data to first convert a
required value of the parameter to first output pressure digital data representing a particular

one of the scales;

the first processor being further programmed to use the synchronization data to second
20  convert the required value of the parameter to second output pressure digital data representing

the set point that defines the parameter in the particular scale;

the second processor being further programmed to use the synchronization data to
third convert the first output parameter digital data to scale data representing the particular

one of the scales; and

25 the second processor being further programmed to use the synchronization data to
fourth convert the second output pressure digital data to digital data representing the required

value of the parameter.
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10 24. Apparatus as recited in claim 22, wherein the set point data conversion function is
based on the ratio of the required value of the parameter to the range of values of the

parameter in the particular scale.

25. Apparatus as recited in claim 22, wherein the synchronization data further
15 includes a definition of a voltage conversion value in terms of numbers of counts per voltage
value, and wherein the programming of the second processor to third convert includes

instructions for:

multiplying a voltage value of the first output parameter digital data by the voltage

conversion value to convert the first output parameter digital data to digital count data,

20 wherein the synchronization data further includes a definition of a count conversion

value in terms of numbers of counts per particular ones of the scales, and

wherein the programming of the second processor to third convert includes
instructions for multiplying the digital count data value of the first output parameter digital

data by the count conversion value to convert the digital count data to the scale data.
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voltage value, and

wherein the programming of the second processor to fourth convert includes
5  instructions for multiplying a voltage value of the second output pressure digital data by the
voltage conversion value to convert the second output parameter digital data to digital count

data.

27. Apparatus for reducing quantization error in specifying chemical mechanical
10 polishing pressure in which a computational resolution is to be used in processing a required

value of the pressure to obtain a computed value of the pressure, the apparatus comprising:

a chemical mechanical polishing system configured with a polishing pad for applying
pressure to a wafer, the pressure being within a set of pressure values that includes the

required value of the pressure;

15 a first digital processor programmed with a computational resolution having a
relatively average value, the first processor being further programmed to divide the highest
value of pressure of the set by the value of the computational resolution to obtain a series of
pressure scales of the set, the pressure scales representing uniformly increasing possible
values of the pressure, the scales having equal ranges of pressure each of which ranges has a

20  value in excess of the value of the required pressure;

the first digital processor being further programmed to provide a different first
identifier for each of the scales of the pressure, the number of different first identifiers being

equal to the value of the computational resolution; and

the first digital processor being further programmed to specify the required value of
25  the pressure by providing a different second identifier to indicate a set point value within any
specific one of the scales, the set point corresponding to any particular pressure value, the
number of different second identifiers being equal to the value of the computational

resolution.
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of the pressure, the apparatus comprising:

5 the first digital processor being further programmed for generating a two-part output
representing the required value of the pressure, the output including first data representing the
first identifier that corresponds to the specific one of the scales that includes the required
value of the pressure, the output further including second data representing the second
identifier that corresponds to the required value of the pressure within the specific one of the

10  scales.

29. Apparatus as recited in claim 28, wherein the second digital processor is
configured to receive the first and second data of the output, the second digital processor is

programmed with the computational resolution having the relatively average value; and

15 the second digital processor is programmed to convert the output to the exact amount
of the required value of the pressure by selecting one of the pressure scales corresponding to
the first identifier and by selecting a value within the selected pressure scale corresponding to

the second identifier.

20 30. Apparatus for reducing quantization error in an analog computation for converting
an input representing force in terms of units of force to an analog force output representing

force in terms of a signal to be input to a force actuator, the apparatus comprising:

a processor programmed to convert the input to two analog force signals and a
plurality of digital logic signals, the analog force signals representing the boundaries of a
25  range of signals to be input to a force actuator, the range including a force actuator signal
having a value corresponding to the value of the force in force units; each of the digital logic

signals having a resolution less than or equal to 12 bits, the digital logic signals together



10@ 10@

\1{?@;3}%30/@; ()-36$100/%' ()-Vs, 210((%)@; ()-1sl."10%G () -, LOUGE ()-' XCOXX* YAY
A 0T ()-  109F& ()- SLO%& ()-3LL0%&' ()- |

| 10%m! %?@%ﬁ% & ()-YYzz! [ [ dEVK@ 10@® OlO%I’&'()-s()105’/gjé'UE32-/091'8‘V6r&'()-
109@& ()- "1094& ()- GLOYT& ()-[[\o\\)) dEVK@ 10@@, ,

10957& () - 9*gL0%T& ()- &(! 10%5T& () - 4S&1 10%T&' () - 38$ 109G& ()-"

24.0%r &' - *, ANNN : 10T : ;

oo ShisSenthad foce AR RS i (] Lk S the valys comrespondingiotbe 1 oy
10@D 1094née dthe 1@ &K fodce WikQ%Z & () - z10% & ()-! "10%z& ()-!v

"109%&' ()- _ gbbctcc)A?YNC 10@@ %0%& () - #3"10%& ()-GY" - 10%& ()-

ma 0% & () - VA ON& Gl (PRERXEVE Io ﬁé@&@ﬂﬁ%ﬁ%@%}(‘\%ﬂ% logis signags for,

=
JQ

10@@ 2#109%2 & () - 30-10%&°()-. '10%& ()- 9-10%

' %4 0% z&inf¢rtief fafdiffébrde: Heb@eh Ol@@du ol0R80g fojce sighdBi&a pnalGPfogie iperetr@nt 10z
102%610%%‘ ()-F4"10% & ()-3:fffggg>haBbC 10@@ Lf 1090& ()- Y&LO0%& ()-!

%0 T&RYAL 10007& () - 9&109& ()-1109%& () -

second analog circuitry responsive to logic defined by the digital logic signals for

converting the analog force increment signal to an analog force set point signal; and

third analog circuitry for adding one of the analog force signals to the analog force set

point signal to determine the value of the force actuator signal.

10
31. Apparatus as recited in claim 30, wherein the input representing force in terms of
units of force is based on an input resolution, and wherein the input resolution equals the
resolution of the digital logic signals.
15 32. Apparatus as recited in claim 30, wherein the first analog circuitry comprises

a difference circuit for generating an analog range voltage signal representing the
range of the force actuator signal, the range being the difference between the two analog force

signals; and

a divider circuit for dividing the analog range voltage signal by a function of the
20 resolution of the digital signals to output the analog force increment signal in terms of

voltage.

33. Apparatus as recited in claim 30, wherein the second analog circuitry comprises:

digital logic circuitry responsive to logic of the digital logic signals for selecting an

25 analoglogical voltage signal; and

analog multiplier circuitry for multiplying the analog voltage force increment signal by

the logical analog voltage signal to output a voltage value of the analog force set point signal.
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logic evaluation circuitry having one logic input corresponding to each bit of the

resolution of the digital logic signals, the logic evaluation circuitry having one binary logical

5 output corresponding to each count of the resolution of the digital logic signals;

logic multiplier circuitry comprising one multiplier corresponding to each count of the
resolution of the digital logic signals, each multiplier having one binary logical input
corresponding to each binary logical output, the multipliers having one logic voltage input
having different values selected according to the number of counts of the resolution of the

10  digital logic signals, each multiplier having a set point factor output;

a series of adder circuits for respectively sequentially adding two of the set point factor
outputs to produce a first sum, the adder circuits adding a next set point factor to the first sum
to produce a next sum and adding in sequence until a final next sum is a sum having a number

one less that the value of the count of the resolution; and

15 a multiplier circuit having the final next sum as a first input and the analog force

increment signal as a second input, the multiplier outputting the analog force set point signal.

35. Apparatus for reducing quantization error in an analog computation for converting
an input representing force in terms of units of force to an analog force output representing
20 force in terms of a signal to be input to a force actuator, wherein the input representing force
in terms of units of force is based on an input resolution, and wherein the input resolution

equals the resolution of the digital logic signals, the apparatus comprising:

a processor programmed to convert the input to two analog force signals and a
plurality of digital logic signals, the analog force signals representing the boundaries of a
25 range of force actuator signals to be input to a force actuator, the range of the force actuator
signals including the value of a force actuator signal having a value corresponding to the value

of the force in force units; the digital logic signals having a resolution less than or equal to 12



#10%9& () - wwwxxyydE~ @ 10@@ @10%g& ()-""10%& ()- & $10%& () -

S 10098 () - 10%& ()- 10%& ()-yz{|||[]]}oP1 1f 10% ()-10%& ()- 10 10
10! k/ $10% 10% : & ()-1K *940%& ()-1||-}P}}}~dEoP1
1f 109%109 %”l’% & () -y @10% () - &10%& ()- & 10%& ()-! 1098 ()X BsdEop1

1f 10% 109 () - SS109%& () - FS109%& ()- 1Qy& ()-sY10%&: ()-MLO%& ()- /: GJEoP1
1f 109% 10%&' ()-% #109& ()-9$9109& ()-  "f#109%& ()-

109&' 9110 GVdEoP1 1f 10951 09%& 0%&' 09%&

Hooe | Py g osi SiEs g e PR s S B SedA RS e Bine . 10 10
108" 10%&511@ oS L LhEOEIEAOHAOE oy OB 1002 & R A
"1002& ()-f10% o S e e U e ()" 10%& () - vz

L TG T

. &10% &' (angd/oritleGorce actuator signal, the range being the difference between the two analog force

5  signals; and

a divider circuit for dividing the analog range voltage signal by the resolution of the

digital signals to output the analog force increment signal in terms of voltage;

second analog circuitry responsive to logic defined by the digital logic signals for

converting the analog force increment signal to an analog force set point signal; and

10 third analog circuitry for adding one of the analog force signals to the analog force set

point signal to determine the value of the force actuator signal.

36. Apparatus as recited in claim 35, wherein the second analog circuitry comprises:

digital logic circuitry responsive to logic of the digital logic signals for selecting an

15  analog logical voltage signal; and

analog multiplier circuitry for multiplying the analog voltage force increment signal by

the logical analog voltage signal to output a voltage value of the analog force set point signal.

37. Apparatus as recited in claim 35, wherein the second analog circuitry comprises:

20 logic evaluation circuitry having one logic input corresponding to each bit of the
resolution of the digital logic signals, the logic evaluation circuitry having one binary logical

output corresponding to each count of the resolution of the digital logic signals;

logic multiplier circuitry comprising one multiplier corresponding to each count of the
resolution of the digital logic signals, each multiplier having one binary logical input
25  comesponding to each binary logical output, the multipliers having one logic voltage input
having different values selected according to the number of counts of the resolution of the

digital logic signals, each multiplier having a set point factor output;
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