 ELECTROCHEM CALLY PROCESSI NG A M CROELECTRONI C WORKPI ECE FI ELD OF THE“ =Ed
| NVENTI ON s The present invention is directed to the field of automatic
process control, and, nore particularly, to the field of controlling a

mat eri al deposition process. BACKGROUND OF THE I NVENTION .' The fabrication
of m croel ectronic conponents froma mcroelectronic to workpiece) such as
a sem conduct or wafer substrate) polyner substrate, etc., involves a
substanti al nunber. of processes. For -purposes of the present application, a
m croel ectroni c workpiece is defined to include a workpiece forned from a
substrate upon which mcroelectronic circuits or conponents, data storage
el enents or |ayers, and/or micro-mechanical elenents are foaned. There are
a nunber of is different processing operations performed on the

m croel ectroni c workpiece to fabricate the mcroel ectronic conponent(s).
Such operations include, for exanple, material deposition, patterning,

doping) chert cal MG}t EpAEBSED REATSPALTON FOR and heat

treatnent. WMateri al i On processi ng I nvol ves depositing or otherw se
20 formng thi ELEW&@HEW@ABLN&R@GESWQwMé@BOELEQT@B oel ectronic

wor kpi ece. Patterning provides s eposition of a thin |ayer and/or
renmoval of selected portions of %@%ﬁgﬁgd | ayers. Doping of the

sem conductor wafer) or simlar mcroel ectronic workpiece, is the process
of adding inpurities known as "dopants" to selected portions of the wafer

;mopqgre3e., . T6T, I f TUNI NG ELECTRODES USED I N A REACTOR FOR G MAR San

to alter the electrical ch teristics of the substrate zs material. Heat
-ty eat ment FHLR (QF THE D EN i ¢ workpi ece involves heating and/or -1
5 The present invention is directed to the field of automatic process

control, and, more particularly, to the field of controlling a material deposition

process.
BACKGROUND OF THE INVENTION *

The fabrication of microelectronic components from a microelectronic

10 workpiece, such as a semiconductor wafer substrate, polymer substrate, etc.,
involves a substantial number of processes. For purposes of the present application,

a microelectronic workpiece is defined to include a workpiece formed from a
substrate upon which microelectronic circuits or components, data storage elements

L]
or layers, and/or micro-mechanical elements are formed. There are a number of

i

15 different processing operations performed on the microelectronic workpiece to
fabricate the microelectronic component(s). Such operations include, for example,
material  deposition, patterning, doping, chemical mechanical polishing,
electropolishing, and heat treatment.

' Material deposition processing involves depositing or otherwise

20 forming thin layers of material on the surface of the microelectronic workpiece.
‘Patterning provides selective deposition of a thin layer and/or removal of selected
portions of these added layers. Doping of the semiconductor wafer, or similar
microelectronic workpiece, is the process of adding impurities known as "dopants”
to selected portions of the wafer to alter the electrical characteristics of the substrate

25 material. Heat treatment of the microelectronic workpiece involves heating and/or
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cooling the workpiece to achieve specific process results. -Chem cal o
nmechani-cal polishing involves the renoval of material through a contli A& 2553
chem cal / mechani.cal process while el ectropolishing involves the renoval of

- material froma workpiece surface using el ectrochem cal reactions: 5

Nuner ous processing devices, known as processing "tools,"” have been

devel oped to i nplenment one or nore of the foregoing processing operations.
These tools take on different configurations depending on the type of

wor kpi ece used in the fabrication process and the process or processes
executed by the tool. One tool configuration) known as the LT-210CT"'
processing tool and available fromto Semitool) Inc., of Kalispell,

Mont ana, includes a plurality of mcroel ectronic workpi ece processing
stations that are serviced by one or nore workpiece transfer robots.

Sever al chooﬂis\lg tHO apksies: & SR spacifit Prbeuss redults] ZCheamivslr mptl@izahol der and
a process ho or container for_inplenenting vvei) pr.o eSSiQ!%F pera‘ti ons.

such wet PRisEEgdnyRjvesthe emaeyakof materialdhrongle 2 coppiner cgemicakeriiniad] eani ng,
el ect 1 ol epdedss WRRCALIBisEhE ivoRRS e fintilal 8F fatdrldl GRANEMérkpied L the

pr esent n) It e el ectrochem cal processing stations used in

t he LT- 219WpRe using clecwochsmasabraanyionsSuch el ect rocheni cal- processing stations
perform the foregohngShf at | Q#WM b SBLP Yool AL FRL4 On, etc.,
of t hemm' croel ectroni CC%J\R%&E%%%@ h{k?ccvﬁl er eé%%%hgeﬁmtsgat tﬁ’g{:

el ect r ochdevetoped po Duplementopneys nere of thefforeghinggredessing operadénsy Theseadapt ed to

i npl ement _ each, of the foregqing..electrochenm cal .procgssgs... ln cor dance
i Th one. 1o0R e pa dierent CtiiaBibeSns toeRing e sBPCHE RBRbses eBL i

processi NgheShkridaBon protRbLAR e PRICKH dtqRodtetd Rkedilél By FHeat6ls SOROMoRI ner t hat
are di sposed, proxi mat e one anot her.

The wor kpi ece hol der apd. process
cont ai ner CofHiguEAong tkagwing ag rthe L T4 06T rRresessing otoot ng I@b?‘[;g@ @ by the

25 wor fgpi seRitdsll BR!, b CalRPEl affonink N ifdlud¥s €4 { pIARA SRkmigvoeresslieg f1uid
di sposed in the process container. en the mcroelectroni.c workpiece is
‘posi t i oneWorkpigasi PFORRSFIAG statiohe thah preicadeednpy g OB MOERIECeERERI ner form

8 Pr 0CESSH i NGARAI of IR wMicBE pRRERing SN G0k wRILR Holdl g eNC 05 ed.

El ectropl ating and other elettro al processes have becone so inportant
in the pragoesespbowk orseomtatuan focimplernentiag vt procshsieg pPperations. dluchwet 2 T..
J ~ ~—~ Ve 1L.Gr r onj yi ce m m.cr.oel e '

wor kpi ece 'roclgsosrm %x%?@ngeﬁg'%ﬁ%pﬁgéfor?gﬁﬂg’ o?’ ttc{é{r’ﬁlgUsgia%lglﬁg’t hég&lf'u%?ér?gti on of
one or 1frodepositiaa, eleatrepalisbimg) éte. o capieetion wikth dlseprestd linveation,sit ivtheof t en

used to el ri;cal.ly interconnect the, varjo irk€s..0f _the |ntegrated

cireut . elFRehic SO FHEE HHEEhs apae I O D e R E

const i t ut Such cdlemtoehémnnl Pratessinge stasiund) pasforme atié Wordgoirpe atkstroplating,

El ectropl at ed tals typically include co r, nickel, .gold l.ati num

‘sol der, niﬂiqggpgqﬁ}sg}ﬂg, é’ggﬁi‘zﬂ%f’ﬁ"op‘?fg&’fzn@‘q?‘gc?ﬁ@jﬁg’rcamoijkp_é&ecyegﬂgg’ei nitial

<X ormati on redogfize@ Qhat! RY Vechdchdrfcdl %rbé@kiﬁgts&ﬁ&ncsé@%kﬁ!lﬁ?ﬁn'iﬁ réddfyf orm of a
“very thin |layer of nmetal, whereby the surfaCe of the m croel ectrohic .

vior kpi @& e adapted ruierdementeach ofthe faregaing eaettashemical muecesses. ect r o- conducti vity

permts subsequent ﬁoa&;%ﬁg%gﬁmao{gé %ghﬁégggoﬁg?f Led q_’e[qziog,g.r to%i Ihge desired

metal by el ectroplating. uent proc such "as m cdl mechani cal
pl anar i zatelestrochemyicile pusestingo statonsy ncludeant workpiece i lmiderofind fae presesser ned or

nmetal bla . r. forpmed during el-ectroplatin resylting ki th

or mat + on etained e b3t AesPd IR mteCFad, ABbiRe. "the LB plesBoholdti 8 of

met al s at proeess ooitamer afe dpevidedk R Bidy thevificreiectioficr workyice Gkldaby theast sone
of the nmetal , usin n el ectrochem cal, process. The e| ec%g%m C process
Us ef f dtt MRSkyices Holder Bia gonggot o & @e?tmﬁﬁfatqahgrqcssa&a osed 1 t en
carried Ouhe peddess téiftaindiT® WilenSthEnhi8foelc@BEAIC Workfiebd ©F poafbritld! iOthis

manner, the workpiece holder and process container form a processing chamber that

may be open, enclosed, or substantially enclosed.
Electroplating and other electrochemical processes have become

30 important in the production of semiconductor integrated circuits and other
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--and error approach. Augdizagiony bipicallyainyelves oxidiziag

Anodi zation typically involves oxidizing a thin-filmlayer at the 20 ..
surface of the workpi ece. For exanple, it may be desirable .to sele ﬁﬁ%%ry*”
oxi dize certain portions of a netal Layer, such as a Cu |ayer, to
facilitate subsequent renoval of the selected portions in a solution that
etches the oxidized material faster than the non-oxidized material.

Furt her, anodi zation nay be used to deposit certain materials, such as
“perovskite materials, onto the surface of the workpiece. zs As the size of
various mcroelectronic circuits and conponents decreases, there is a
correspondi ng decrease in the manufacturing tol erances that nust be net by
the manufacturing tools. In connection with the present invention as

descri bed bel ow) el ectrochenm cal processes nust uniformy process the
surface of a given mcroelectronic workpiece. Further, the el ectrochem cal
process rmmoa%@aonso dovigesi dtom t micioelkeiranic worlpigeest y FORuRXERRIAts. -3 9
MAR 2003 1 ; i i anbers
navi ng. of SRGOPREEE ifth, Bef 3 E Torkpl Br S8 4k inBal Sigls O the”

si ngl e- el wotkpizde. r Fhesei metat Haydreard oftes aed itopelentiieadlyt ndercesnert the formity

achi eved by. .t Pro S t i nvol.ve u i.al - - R,
nodi fi catY%'r? S Svlgﬁsegﬁg}ed@gﬁggaq%%ﬁlﬁgﬁhrg Iomn’ %4" %ﬂcﬂiécfeacggg]&%ﬁ%nber. For
exanpl @, mpal hiyersanayf canbtitupe mivecedectrapicalepieed such s véadiwntepeads; £toni ng or

reorienting the el ectrod t he rkpi.ece r a baffle s raii:ng the

el ectrode fromt he%&‘i?FI?BfaEéie’,“e %@lalﬁbmc*@eésg%%t %“cg L g&?r @fa ow Wi t hin
t he react ifdderchiaRélsifon, BtcatRledtiptating i panetally cffectel dyahitiahfolmatiorn of echi eved
by the process. to In a nmultiple-el ectrodeatée ctioﬂa chanb'Sr-, t WO gr nor e

el ect rode&eeérléYQIr‘P*h%’e&‘qrﬂelﬁwch@‘??P IEA8R 18T (RS ¥FT¥C o lEr P

connect edmkﬁl,%&klgfﬁ.]@'sﬁﬁﬁc § midtBaktrdnikdofkpRitk feRnldied elegicalleal power
used to execute the el ectrochem cal processing operations, Preferably, at

| east Woneonductivee Bhis slactowonductivily prratitsebsequentfipenation of ahlanket 8T nodes so
that the i [ j : Fopd may be
provi ded ﬁ%\%g%%dnﬁgéﬁ&gﬁ@fl ﬁgg{eg&ég?ﬁyégfé%g’\[/\% Bg'pisgg?cgg%ﬁtpcr)b%ts ﬂg%ﬁgmct r odes

i n the aresghenfitalanechdricalrplaneasizition, muydepised & femove funwianted podiess phici | it at e

or ocese.  HE TRERsd: ol ol bl doahed ARG bRatisdtines st g

el ect ri calforpakionef diesdesingd metalled seaktinve. provi de greater uniformty of the
el ectrochem cal praqgessi ng acro?s the s rfg‘gfe of . t he n‘i.croelﬁct r@ni (o
g‘lﬁ

wor kpi £te when conpHFEEPRYsEng g 152k the Jurtassfeh ol Rigr5 URVHESES t at i ng

hardvar e refithaRQffSat Tdasesttie of The miBtdll Miind AR Qt@%thdrhizhl pivcadket ahe for each
of the electrodes .in the arr%}( t.0o .achi eve the desired B,r ocess, uniformty '
L+

can be pr SlscBrehemical pipsesn g sftectivgy dhetaveise of tisaslsraplating eqqtiog and

el ectri calis Gt &hified ¥l dsp@ahe Sirfe or sitilacreftitS Qs Bleb@éplaiy. i N @ given

el ectrochem cal process IS determ ned experi nent al g using a manuyal trial
: incfilg fgyich 8 hthe however
gan be

er, nﬁf gimzpl F f tE] I . pot easily
translé es@%t efrme ec r%%hg[ﬁ%t E%mpgé,ggggagg%_&éﬁ%@%&@ﬁ%@ﬁ?aﬁ@gﬁ set of
el ect ri calcepainpoeticns of asectaltiayed osuch ag & Codhyer ctofacibitatd subsequentremkvadss X ont o

t he surfac f ] ctronic. . i =T W 1 i ece
eamnot cattiF sslkeldiorioriih s ¥oliion hat bohes the gpidiien matbrigliaviek SR

el ect r opl ajom-gxidieédaImdterial. t FHutthere Senodizafon |thay et bsed) té hdeposdie certaiaal

par anet ers %seq to electroplate a.desi retg fi mtgi cknef(s. X of a given netal
(e.g., coppdfa %P{‘:‘%@%B‘frﬁfﬁ‘g’e%" » OB e PBTach thcﬁ’_"‘g BE¥Fopl ating anot her
netal (e.9:) platinpg)theShige | ofr varidiRl hitdrBaleétimid Rifchit$ dndl Bdmpéi@ngr r or
approach are associated with other types of electrochem cal processes
(i.e., and¥fieasesofhere e coppmonding decrease in thepmagfagtusing faleraasestthiata) and

error appr i : i ces, such
P28 be ik 50 R Shp o ARE LR I SoSRUBLT SRR Bl o0, o

as when the thickn ayer changes,
when t he tdeseréheddielow,relectiochdmicalprosesgasafiust gnifermly psgcesy thesswdacered apl at i ng
to rate ch@o&e : ' f ' ically
processing a mﬁlcl:crrgéelfég:ﬁ\éog{%@m%re kg?@g%k’?ﬂgte&g% egﬂ%ﬁsl gﬁo‘?ggg{d{sg%gﬁﬂc ally
i dent i 39 ewerkpiece-40-wodkmenstusiformityarequirements, nul tiple el ectrode array to
achieve a high level of uniformty for a wide range of el ectrocheni cal
processing variables (e.g., seed |layer-3t5 thicknesses) seed | ayer types,
el ectroplating materials, etc.) would have significant utility.




SUMVARY , In the following, a facility for automatically identifyir;mgG ATy A
el ectrical paraneters that produce a high level of uniformty in ! ¥ MAR alitt
el ectrochem cal ly processing a 20 m croel ectronic workpi ece is descri bed.
Enbodi ments of this facility are adapted to acconmpdate vari ous

el ectrochem cal processes; reactor designs and conditions; plating

mat eri al s and sol utions; workpi ece di nensions, materials, and conditions,

and the nature and condition of existifng coatings on the workpiece.
Accordingly, use of the facility may typically result in substanti al
~automation of electrochem cal 25 processing, even where a |arge nunber of
variables in different dinensions are present. Such autonation has the
capacity to reduce the cost of skilled |labor required to oversee a
processi ng operation, as well as increase output quality and throughput.

Addi tional ly, use dledtiehémical ptogessen ninyt be somduatedi imereandon wharobers t he

process of designing ne | ectyopl ating reactors 5 . n xenpl ary
o men iR ethe f el Seriiadecttmuopth fIRAERT.c Wiz 4 sipaP et oy
processi Ngeadtifh Chafba Gt ueed, GmpRividy @€ devel uaifBiMie sctiiogdcihatieerocethe
facility initially configures the elegfrical paraneters in accordance with
either 2 REERTEINCE FARHYABPL-1d-aTRs cationsip B, Srdevare o iEYEAtoROht al dat a
5 deri ved gid patiRedbiRg Fheetmiple opia@sis 96 HROprobas hidy: exdetiflenPwith kpi ece
is processed with the initjal_ paranmeter configuration, the results are
measur ed APRPSHIOBHT TeQuenfingdhe plectindee the workpicht aray baffla srpass | of the
ProCessi NGI&RBEDHonl e WBHpiR:SH! Rty ASREPRBERIETS ALRPHOROWIERI GE O any
-deficiencies neasured in the procesSing of the first workpiece. These

par amet er geastiontdhambes dul attamptsotoe epraye dhe devek cwifdrmaty laghisked byhtheh may be
Si mlarlyrpr;&aewred, and the results used to further refine the paraneters.
I n anot herr exenpl ary enbodi nent, the facility utilizes a sensitivity matrix
dat a stieuct ure. Thelnsemsitiplecleytraxiet reactiodathambtr, it or angre | eddctrodesoara :

d it h f j 1] ial . i .Jhe d it
Chanber hameqs soind pafiER” Hath B3Itk ke € Porihe el 048 tputAlpiRcoch of
whi ch is aupplpt that pparidesetirer elebificalepowd sedt e efeqitsithdé @lecadeleasicalnay have

deposition initiators.that_are el ectrodes, se_control paraneters are
el ect ri calPTeYfSHIRE CPEralNss %'{:;e&lﬂérat St joge &&Sﬁﬁcﬁé‘?s afp copageedter uct ur e

contains aiffuetieéledficdl 1dkd dethhitRe SREGHR ovRABRoYRIed D hdin By BB Sier for 2

gi ven change in the control paraneter associated wth 20 a" gi ven deposition
i ni tiatlér SUPRY WRY et E@vmdﬂgéenendmmfsﬂwe@emaérnoavertnmuﬂﬁgég gthera gi ven
radi us. T@e&%ﬁ&ﬂﬁttﬁe%ﬁ his data structure may be used to determ ne

revi sed deposition initiator paraneters for better conformi ng deposited

mat eri al thi cknesseEleetsode amaysebavmrgof ipheralityr oftlelpctsodee dacititate iawhlized

hi ck ' I nmbodi , 2t he faci|i ili
e e e e e S e o W

- par amet er mizroslectrenizdworkpieconThid latalibed esntrolauf the eleegival firemeteppgaanet er s

““have been gener,ated hy adjusting an earlier-used set of paraneters to

r esol ve®di 5 BiE 1R FTOREs wEsateT mgmlm@ﬁ% %wacma}lﬁﬁi@e@syeg&emwegs@ ng the
ear | i er - Usfa8@tofOthed AicHOBIeO chid "Witkpitbd Siherle Bopdrt @ toPkinble! Blesisdel fied for

t he deposition prQcess. The contents of this data structure may -6

systems without necessitating hardware changes. However, determining the

electrical parameters for each of the electrodes in the array to achieve the desired

process uniformity can be problematic. Typically, the electrical parameter

25 (i.e., electrical current, voltage, etc.) for a given electrode in a given electrochemical

process is determined experimentally using a manual trial and error approach.

Using such a manual trial and error approach, however, can be very time-

consuming. Further, the electrical parameters do not easily translate to other

electrochemical processes. For example, a given set of electrical parameters used to

30 electroplate a metal to a thickness X onto the surface of a microelectronic
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9 MAR 2003 be used to deposit an additional workpiece in great conf ar FRRCENNG
with the specified deposition profile. In another exenplary enbodi nent, t'he
facility controls an electroplating process having multiple steps, which is
performed in an electroplating 5 chanber having a nunber of el ectrodes. For
each electrode, the facility determ nes the net plating charge delivered
through the electrode during a first plating cycle to plate a first

wor kpi ece. This is acconplished by sumr ng the plating charges delivered
through the electrode in each step of the process. The facility then
conpares a plating profile achieved in plating the first workpiece to a
target plating ~o profile. In such conparison, the facility identifies

devi ati ons between the achieved plating profile and the target plating
profile. The facility determ nes new net platln charges for each el ectrode

sel ect ed wark%ceamn& easibniber ised tededys dhes electaiced Ei’é@ﬂﬁafswd?‘ildpmace For
each of t @t\é’ar}ﬁ&apﬂﬁa&&%é‘ﬁgg i f\lrﬁﬁrftﬂ&'eielzﬁfﬁaﬂg E Ht‘§| stche new net

plating c a across the steps e process) ri buted
new t5 neclepﬂrenianm dﬂsuc@ﬁknttlmcldessa)(mfraegmemmctabfngf ompma)careeglcwa!ﬂ)ode for

each step r yehe Yothiden. cted to
plate a selé){)n &%fk‘%@%g s %g@ﬂll%"%urgé%tﬂn "":u e@e;?‘rﬁalér eac"ﬁﬂq‘fject rode
for each de@cpenchass an dtih erialeaeivpirar ypproiuhd anrgeadsociated \ﬁnlmldﬂndrytypmbﬂat es a

d f t | at t The f I f .
ot hamat | EXERORECAL OHFE Ty (S REAGL Hrckmpeliti ot s ot s i i ol

-n(U

D

el ect r ode nfuafuile fial t fndlRHOF NpPeoadh f ofidnt miSE Wet fdpdatel alni BeveRdl Oédduﬁon The
;faC| lity conpares the first resulting plating profl le tg a target plating

profile t&UeHRenees such & whenthe M@eswéewdcq (unifprmite At thepseed dayer

sensi ti Vi tNarde@€ NPhGlUiet 194k t V, e nts, and
applies them%t ’henat i gélﬁ’rgbldﬁ% 4%‘1‘?%%%5%%%?%%@? esdbgqﬁ%ﬁggedgugﬁgr ents to
det er nther#e shangasl 25 resulting plating profile. The facility conpares the
second resul ting pl f gobtain a
second di fference, Ii"n ag\?gpga%&eeg ﬁ‘% Lg ssf%rgn gg%dﬁghat%haw%&éae?sﬁﬁ second
differ enceucrlonleawwnenrmétmnpIthartyc@nbod:sqbrlm ,autdmeatically |identify sclentiicalii ed in an
appar at us a S 0 |n p n of a
dopos t oheamelits ikt BAuRSE MRIGBIE o Blrodl” G AR o BB ROAL " ay T
opt i nmi zes vatnfmityrfarya wide ratmgbhnf ales;ne@eﬁnadprbepssmgtvmbhaa(igr seed'rdt;a:r appar at us

|ncIud asur enent,recei v subsystem t eiv t he .fql.l ow ng
measurg ﬁ?lgﬁncﬁfeé gc}gﬁfetrq%?ﬁsh?lg%ﬁ%’i%% it c'i”ﬂ% f hayer signifeans, o
mat eri al igilideposi ted on the wafer; post-deposition thicknesses of an
al ready-deposited wafer after material is deposited onsthe

al ready-d i waf er; and pre-deposition thicknesses of the
al ready-d fer before material is depeosited on the wafer. The

- apparatus further includes aparanmeter selection subsystemthat selects the

f:..::-;,par ameters to be ushkdtheofodlopirg, tfrrﬁaodntyaforcuutdtimGaﬁy aderdying f electiedded on t he

B fied t t t t kn f. th
<ol oct ea mRL R pRE LR s B RrfirROYdh erocheday Baugsing Aosi 1 oo

waf er) z@ammwc&onﬂ&eebrkﬁrecae desecribbM OERBbdiedls oFThik mﬂ%ra?@mﬁp%ﬁtesl ted
waf er, and the B st dep05| i on thicknesses of the already-deposited

waf er. | n AEYRBPIYER SRPPYT )? egtrpRvmical (Proqessesy ERartor idgsigne and @ﬁpéﬁtﬂé@&a |
sel ect edsqﬂzit Heetinld ahdPdolitRInk Wo m%l: Qﬁzlhéﬁg mittﬁ-lai@%hh'éox ' ns a

current specificationset conprised current each

~ speci fi ed 3@ thenpHre F%F%&Wfoﬁﬁlﬁmﬁéopﬁwmﬂ thp \mrkpleeet P“@deslmgﬁhe current

| evel s of Js@%f%r fa€il (ftﬂr g{&?‘ﬁg—% reflle dub l%ﬂgo?éazi[% &eﬁ%ﬁ%’oﬁﬂe&ﬁ?ﬂon of

current |evels of a current speclftlicatlonse 'ed in .
Order R9 iPIpResHiBg.r exenl Wberpra)ban@eedumberebéumab‘lﬂsam different adimensienscarei t h t he

di sti ngui ur t i n, el [

facili tyd?l?lgé\%gfs S’[uﬁg a&?ﬁr}‘?@rﬂ“ h‘lg “g’g‘%:‘?% e cﬁg‘?% C%g 8@5@){8@1&? Tt he
current sd’é@ilfqdcfatm@rﬁes@tmw;smgewpedaecm rasdeell As mcnimse tout;mlt gaalitgpdndt e t he
sel ected | e I nt '
aut omat i c;tll'hlrilj on i 87‘1%@5%2 a%tég)%‘gt%% obrr?bn °al$hnc?p%}'%a't"p5§wo?h°

reacti on diegesest d@!ﬁnmnwpdbctmﬁaimgetm:ed wafer in a way that optimzes
confornmity with a specifiedel ectropolishing pattern. The facility receives
pre polishing thicknesses of the25sel eéted wafer before the sel ected wafer
i si polished. The facility also receives post-polishing thicknesses of an
al ready-pol i shed wafer the already-polished wafer ispolished. The facility
further receives pre-polishing thicknesses of the already-polished wafer
before the al ready-polished wafer is polished. The facility selectsthe

paraneters to poI [ sh the seI ect ed waf er based on the speC|f| ed poI i-shi ng

. a o Y o - o .



to control paraneters to a plating tool for use in plating the morkgl Pe 508
I n another exenplary enbodiment, the facility is enbodied in a proc mn ALLH
container for electrochem cally processing a m croel ectronic workpi ece. The
processi ng container includes a principal fluid flow chanber. At different
el evations in the principal fluid fl ow chanber, a nunber of concentric
anodes are is disposed so as to place the concentric anodes at different

di stances froma mcroel ectroni c workpi ece under process. The processing
contai ner further includes a controller that is configured to deliver

t hrough each of the concentric anodes a current that is both (a) based upon
a current delivery through the concentric anode to process an _
earlier-processed mcroel ectronic workpi ece and (b) selected to z, zo
produce a nore uniform processing of the workpiece under process then t he
processi ng of the élamneetexgmpbeswcbmrn@meﬂbﬁ:tfﬁ@hm sptectspiand erefings anot her

exenpl ar e f e e

m cr oel ec g‘(g)ﬂr:#?% é%%ete}est;@ r ;%Slées J{!\% Jnfc%{l%%l h&? aétp%cﬁg&s%r face of

t he m cr ochamdter.orfihe ihuhlgplr&mél)n dsﬁxxﬁgmseheelebmhhparmet&m In actbeiaheci ity zs

- provi des pl.ural ity of a des .i he el ectr ti bat h, spaced at

APt Por ont b BdhEa ol ardACRG Tt of dhe Sroceriane, Abardier BE RaHIe A e ¢ hat

is to he eérmﬁrﬁainabpdaml‘g)rthae&ethapfprdohenagﬂeﬂﬁﬁbert herfteCa | wirtkpietglyees an

el ectrical cur r‘fnt bet ween t he anOdeM?@ﬁ t he surface of the m croel ectronic

wor kpi ecePrOPFEes g igytigk prramgier coRbgTRtiqns theasesplis s mEasyrrdaAndcd r i cal
current i sgudfRidy Reine %Qsefdhﬁ)oﬂﬂﬁéjﬁxaaﬂnﬁﬂgal FndUL¥f ﬁié%rb{ce%ls:ﬁ% Chafbatied

cm croel ectroni c” workpi ece and (b) selected to - . MAR 2003 i rove on an
al ect r opl Biednig %@@Im%nﬂﬂm@eﬁ thot coﬁectﬁpe\anb@ﬁyleecl@@m@mrademl

m croel ec [ f I e facility
perforns glr gggr?gll BTV ;/ﬁ %tﬁ\g?ﬂ( 1F:gE'O %%5%‘%@?@0% )aﬂ'[eﬁ &hﬁrﬁ% SSSEI‘&D%SI s for
sel ect iongsecoad workpiext, wﬂlmhtmawbessimiilarle nteasur8kaqd tﬁfﬁﬁitﬁ]ﬁkm firtheHE

DRAW NGS F'ﬁixurtﬁa | OCeSS schemati c di agram showi ng i nputs and out puts of
the opti ey % P-is a process schematic di agram showi ng a branched
10correction syst emxlmbtheiedcrbylagomb@dm&ﬂ e fcility dthifzeo Rl $emsxli€ity Figure
schemati c_bl oc a ram of, an el ect roche[Hécal proce55| n

const r uct SHfHE 42 CUe dhHSERSHEAY BROX st HYcHE &F ateﬁq@&rimsmgn

flowchart chdxhbtﬁrtfbﬁtdbﬁ&nﬁigenm{mﬁbnlanwm gedte ! NEheO B oRitiORT chainbEy Ewe 3 can
use a E)rede set. of, sensitivity vaI ues to generate a nore

accur af® 8¢ F‘r i ‘ﬁjepﬁélﬁlaﬁe’cﬂétiat%fé-t apsociatpgde wWith gacdy jof gwhishgist édc?ﬂ%l cal
char act er ipgairfefer! Fol BaniH10 GRS aLiitih cﬁmﬁb&qﬁgm B@E&gg@ﬁ@a ifar@ 9raph

of a sanple Jacobian sensitivity matrix for e reaction
chamber. Rr¢gglestradgss @@pr@gﬁgh@mt@r&aﬁne@@m%gmmqm develscor oter out put s

20cal cul atgghedll PAhbtErs "B Sath Qrubdlfe Lodisths Qhdntlef Bt dtintitdfive entries,

. : each of which predicts, for a given change in the control parameter associated with
e

20 a given deposition initiator, the expected change in deposited material thickness at a
given radius. The contents of this data structure may be used to determine revised
deposition initiator parameters for better conforming deposited material thicknesses
to a target profile for deposited material thicknesses.

In another exemplary embodiment, the facility utilizes a material

25 deposition process data structure, which contains a set of parameter values used in a
material deposition process. These parameters have been generated by adjusting an
earlier-used set of parameters to resolve differences between measurements of a
workpiece deposited using the earlier-used set of parameters in a target deposition
profile specified for the deposition process. The contents of this data structure may



Figure 7 is a spreadsheet diagram showi ng the new current outputs ?i 1R 9003 ;
calculated fromthe inputs for the second optim zation tun. Figure 8 £ s
schemati c di agram of one enbodi ment of a process container that nmay be used

in the reactor assenbly shown .in Figure 3 and includes 25 an illustration
of the velocity flow profiles associated with the flow of the processing
fluid through the reactor chanber. Figures 9 and 10 illustrate one

enbodi nent of a conpl ete processing chanber assenbly that nmay be used in
connection with the present invention. -10 9 MAR 2003 Figures 11 and 12
are cross-sectional views of computer-generated velocity flow contours of

t he processi ng chanber enbodi nent of Figures 9 and 10. Figures L3 and 14
illustrate a nodified version of the processing chanber of Figures 9 and
10. 5 Figures 15 and 16 illustrate two_enbodi ments of processing tools that
may inco%pcused@mSiSIanmddiéiOpalowkpiengnsgrawmﬁom@e with taospecifigdt ed and
operate i o¥e with the teachings of the present invention. DETAILED
DESCRI PTI%&%@?F?%y for automatically selecting and refining electrical
to parameters for jw ommslsrngxemplacy oembediment, ¢ theor Easildye controle @pti mi zer™)

is disclosed. Jn many enbodi nent.s he timzer determ L Ss

Ipar almet er"iecg‘f’fdé&‘flg Hﬁycﬁ?f?m@ﬁﬁée&s %*%mrmﬁ%f%%ag%%l%& ction of
'PL oces tsl r@amesulad_v&;g?é n?xﬁbérmf:‘el legoadgés. OIFbrtdae}; %?ﬂ@ﬂceﬂﬁ-flafiﬁl}?mml ' todidmant s,

e optinjzer ust.s el egtrode, qurren or. a i.ple el ectrode
el ect rpopl ?Pﬁ@qﬁmge gﬂ’c‘:’ﬁ“"éﬁ‘ﬁ%‘g’?iﬁlﬁ ﬂe%%ﬁ%ﬂgg P?&&W@W&:Wgﬁcoté’r s of the
Paragon tgak Rt ds&ﬁ_mée.Se'mE Q9laccdriglished byahinsiing! the \flndignaharges order to
achi eve a_specified thickness profile (tl .e., flat, corﬁgﬁaﬁﬁon(ﬁ%‘e, etc.)
i

of a coatdaliyered ibrough e Rlecirods rin tagh stepo AE dke BFOceHppl
sem con %&%‘fﬁz{ @%tenéér p&mpaam@vé&nn aghﬂg gﬁaiﬁﬂgsggbf@ﬁ%e 4 t@BESpIAtRle

successi ve 0 conpensate’for- s 1n the thi ckness of the
seed |igyeprofite. tInsugly companisongthadadijitycidentifies sloviatiensdretweandthe gaehiaved control ),

d/ t f i i1 ' [ . t he -
andior LoyRed S o SRR RET S, FAOMERY AdeRLelev Rl hE
way, the cntgesifaeeachzlabibde seleqed tolaeduceahe edeatifichdepiations dh thef segoid ornity in

t he coating,deposi.ted an rkpi eces without substanti.;

i nter vent\”gﬂ(f“g% #ﬁé o Pmeﬁglnﬂgi %WW&&@F&F%&E‘E%%@CW%F ey chamber
cont ai ni ngeva ngy pladngdétargd avressith©wephaihthe procasi and pseyithe disytivatedatenct r odes
di sposed in the principal fluid flow chanber. The q%Irgctr | at i&rtlghchanber
typi caldl ynetuRlaing: chasgasaiorfletermyps & sHEeR Kb eady clgerade; 9n &ach RS di%t | east
one surfag@eeds cthe bﬁﬁh&%*d‘l_@ﬂia Y teoRBcté d oGtk 3CGkcdtd Workpiece

el ectrochem cal processing fluid I'n the principal fluid . .11_~ 9
f| ow chanBdng thgrcurientsidetermingd fed qach elsetreds fonraghrstapessi ng of the

m croel ectroni c workRpi . @it SRS figured
to contact the at Ilggggﬁgrn%%%c%? ! %ﬂg’%E%&h fis3 @JS@%P

€ m croefectroni ¢ workpi ece, and

MAR 2003

...an el ect r an alecipoplatingsiepgtby Tl facititiefitseapplivs & netiomzatioal modal embedying cal

:‘"-‘;k;fOntac s and e.pluralijty..of. electrodes, AL | east t f t.h

Sour an i, Mckeholo ASM I &k of iRlial kBRI RO Ron? i Bt iRE Al ASL R 1 over
S:Jppl y tlopraa'n'g lprofitee Tl}td&p@i@dem arepHeyfief rd@@lﬁﬁ% pﬂdl'ﬁllgﬁirﬁfille'rﬂoel fappre | ratus
al so inclugdes a control, systemthat is cqnnect.e o the, electrical power
suppl y t oPEYHEHEP llﬁttol‘?abé%"i{ aoﬁb“@? qucaﬁ%g?ﬁ@}tyﬂé?"amﬁgﬁ 4 ¥ISOAY el y
associ at egechhigile eac Hd&dtify he sdideperedindd | dlechdpccirpshie! and r fties thee control
system sets the at, to | east one electri calqsgower araneter for a given one

of the i néBhemasicel moddindbe aet of revisedeleatraslssaurents torfistemingot &408Er | nput
Par ameEer SesaRihaplitnyf HoFile/ Phe AP LB FhEF theRBRd fehitik Yiking Hromger e n L he

sensitivity values correspond to process perturbations résulting from
pert ur bat toHs tareet platiag peafile do obtstve seqond siference; and eyaluajes, e dspignof t he

i”depe”de'Bﬁic\ﬂd&notﬂé‘ﬁgfagﬁd%le?ﬁhrd?ﬁ@én&? For exanpl e, although the present
e ed In

invention Is ScCri e context of electrochem cal processing of the
m croel ect roni ¢ worlepirather eteeplargotmbugamérs; dienfadity ails sonbaliekireaded t o

h ' ' i ng. f f .ih
Feachi nos heemh 6L AL AU TSP LECR, RURSHBE R & 4. SfepichBe
pr ocesst nghaybérgnsiepdndt mh@vial omalsaledediviager o atwayl tha(bgnihdzes;ahﬂgmity
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20 elenents that are responsive to control paraneters and that have 333
i nterdependent effects on a physical characteristic of the nlcroelectscmﬁ
wor kpi ece that is processed using the elenents. Such systens nay enpl oy
sensitivity tables or matrices as set forth herein and use themin
calculations with one or nore input paraneters sets to arrive at contro
paraneter values that accurately result in the 25 targeted physical
characteristic of the mcroelectroniic workpiece. Figure 1 is a process
schemati c di-agram showi ng i nputs and outputs of the optimzer. Figure 1
shows that the optimzer |40 uses up to three sources of input: baseline
currents 110, seed change 120, and thickness error |130. The baseline
currents I 10 are the anode currents used to plate the previous wafer or 30
anot her set of currents for which plating thickness results are known. For
the firstwith & specified depositiom paer.  ; The- apparatns Jggludsy lepFERITERER sequence
Of Wor kPirgifiing ' RBo IS hilerdibives f&lﬁﬁﬂnrﬁ Gndisitficha® ﬁﬁépo@{]ﬁmt ypi cal l'y

specified i;na source other than the optinfzer. For exa ey may be

speci f i edhisknesseseefi the salyetstdt\mafpﬂ h@feret metewalf isrdspositednay theewafieri pasi-y
det .Th ed ch di f t Kk f
he' seed SeRppoD pifiEs{E BEAF aletivr dpontd Vafe HE SSap RS odiia ' C005°° ©

| ayer of ﬂah@lrﬁdgxde?uﬁteﬂlvadfad aiidpierdepdsition thidk@essescof mhahmiykdupuilteﬂzo is said

fgcgspgr Z‘?&Cgﬁgﬁ’r eed,—{] Bi‘ OntrOIG’lfﬁI#rntg; b & tl g 5’6#\5 “a‘ih‘ﬁf % eflects

the nmeasUseirRéter bél6ctt@l fibsyRerR hit! RIRE iR 1%] ﬁn&t@rsUﬁCBéﬂda& B depérar cycl e.
.- Thi ckness error 130 is the difference in thickness between the previous

pl at ed waR@eripizon Higselected walss based; eng Hesspepifigd jdepositin Baftsansf e P$-or t he
upcom ng Ringkitid thiYkesses UTRhE BHESLEE Safde! (e pré-AbpdsitichPthibknessbe of tiOUT CE Of

f eedback control, because it incorporates i nf ormation froman earlier

pl ati ng ca,ltﬁaéy-d@mteﬁl s}vaf@nn@atame&ﬂtmsgl &ir depesiting enatgriad raadthienalready-pr evi ous
plating c ts new
Dl at i ng. chgeSied et i Bt posklidSioR il d2be ASLAR. BfSfed bRl T
expressed i n anp- n{manceharrW(EmplaﬂShembmhmpmatherfgclhtyaalqamphu&qmﬂclcceedconbl ned

Too ' iuREe BERE A BRF of eMiCEE TR RN Dnsins b OHERCERBAG ©11 " The
reci pe scetdompriséihefSeplueality of cvemndns lmB Eﬂh@edﬁbg{ fmr’rmpmtmulnmﬂgréqgoﬁélc]efsz r 2 gt
n

pl ate g fer xt. platin enbodi ment.s. i

t ypes of S&Wagiyp%eﬁlﬁ leFg 3@ %Tgﬁﬁ%\fels[gf;tgg °8fre’éto§?FF§I° ation setgael < are
gener at edrepyestitea afidifidation of Gurremclevéls QP Qr dibtinpuishbé cRAVEY spevifihtion FOr

exanpl e, where qQl tage control power supply 1s used, the control

par anet er &et’g’aﬂél%&ﬁ By Osfgerttﬂ AMBIAVE FESpp pgedet%gr sleswoplating Bxacsardapcs ol ts. The
wafer 25 gannha t(ﬁﬂldgﬁ:sﬁé'@@uﬁ&m s%@ﬂﬁ@at{dﬁ QRS dkh WledHRliE Ol@0cili, measur e

its plated thickness timzer i's shown as recelving |nputs

wiand pr odugelivgrsodie @utrsntdpvcl aspmﬂgi fsmtlm elestroderty the cumensi specifitationest val ues,

i AR bedmggeega@@ﬁ&a.Trtg%&%ub afe 16 &'i dhsu}faéhe optim zer may be

vari ously I ne € or ch lde 3 aspecets of such processing. For

exanpl e, while Fi glﬁneaﬂo&homacctﬂp&rgemmbaﬂmt ofthe 18facility &e&ﬁhatlhﬂl}ge from
ck nes a d see B%er t hi.ckness, out t he

basel i ne r seed t hi

opti m zerx\éaqfe SIS aﬂsé A COUERl OBRIAEOR, Of oy FRAGHOD (€ g?"ﬁ & Rl y be
per f or rredcluttdpolllslﬁ raesemawdnwsz in Emyrtﬁat%pn&uﬁesn:roﬁfoeﬁmyaem ABpedified agr am
show ng a, br an OSF%EHS correctj.on syst emuytili zeogé%nsorre enbodi nents of the

optimi zer® 8 HRAfert) uhendariitg yeeedyas prernoligiing \{fjicknesses of the

i ndependegdlédterRans eeﬂalr@me@a@aea waleradpolhe® NMRe fa@lﬂtfﬁggwl‘%glgﬂﬁl ment
(230, 240, 272 Eiﬁ’i‘@%ﬁ% ickness errgors and a f forward adj ustment (220,

240, 271 ¥O @e@@aﬂweksheﬂl‘tf#ﬁ'é&@ axlmdxmoaﬂwdvmf@r tithe anode
currents pémhu&e Ak 8e0ap ARhE Hokiley B Yolishilg hRRANIGK of AP alERayPe

polished wafer before the already-polished wafer is polished. The facility selects
the parameters to polish the selected wafer based on the specified polishing pattern,
30 the pre-polishing thicknesses of the selected wafer, the pre-polishing thicknesses of

m:T
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to disengaged fromthe transformation of baseline currents 210 to figMp 2453
currents 280. The feed forward conpensation may be di sengaged in situations
where the seed | ayer variations are not expected to affect thickness
uniformty. For exanple, after the first wafer of a simlar batch is
corrected for, the feed-forward conpensati on may be di sengaged and t he
corrections may be applied to each sequenti al Yvafer i'n 15 the batch. Figure
3 is schematic block diagram of an el ectrochem'cal processing system

"~ constructed in accordance with one enbodi nent of the optimzer. Figure 3
shows a reactor assenbly 20 for el ectrochemcally processing a

m cr oel ectroni ¢ workpi ece 25. such as a sem conductor wafer, that can be
used in connection with 20 the present invention. Cenerally stated, an
enbodi ment of the reactor assenbly 20 includes a reactor head 30 and a

cor r espontengreadrpolishedawafear paameteinaseds forwpolisbingr i yiready3mliside r eact or
base 35 ¢ > §: | ow of an

el ectrochgﬁlfegg’fnagfr?%%%éggﬁsgtﬁ%hg%ﬁgﬁgqfhtggélé%g?#h%lag?& i'gure 3 can be used
to inplement a var iwt gnolierekexanplagyh embodimant,o dbs sfacidity pelecttdplates such as 25

el ectropl at i | ec i_shy ] i . I S et o

i npl enment Hl?adrgm Ecetpo\?gcr %ﬂg’%ﬁe' gt lﬂegﬁacﬁgfg%{eg\{es etﬁlo'gc&) ﬁsg%rﬁ%e%\ﬁﬁ‘{’fggeosf 2 For

pur poses sdedtliner tiolt has\barg apgphel wshoworlgiqrecsush ab flohea apeoldgyataichodi ment
set forth herein w.ll.be scri.bed, without |imtation, in the_.context of
o el oct 1 BBF Sttty emictes fERSRRGFORL ) seriL Iavers bR Ypng the arath S5 SE0rE 1y 50
_can i ncl ugikdalager séprédenttar by ahé eBddived( Afth, aRd\WalerMités 3 lsef ®F csnieNdl y (not
‘shown). The rotor - | 4 9 MAR 2003 assenbly nay be configured_to receive

" and car r yPHAmstesHior plating thecverkpiees inghmanngs thab cermpensates frydhe idsptified
m croe eCHéﬁE?érfméﬁ%"tﬂh Geéd 1dyef %?ﬁﬁ?ﬁgﬁmg@g@gﬂﬁ%%h&@d%wf n reactor

container 35, and to rotate’or s ' r I'he reactor head 30 can
al so i Wcl eendre) paragreterptoca platingitopsfos Bsg nimlatingsbtrwosipiesal | y) s that provi de

el ectroplatin o] e [ e qf J;th L,.Cr gel.ect roni kpi ece. In
the ill 5st r at gdpemnﬁ%aén%éﬁ?,ex?’ 'Q{a‘gn "i\b@tdén%‘&ngfee?%:blﬁyi ﬁu?’gﬁoq%gJ (%nq act a
see](ctl I ayepranessfltgmntaimd'uceﬁﬁmdhamizﬁgllﬁtprdchﬁfixlxg' & niicroblectpbrtié gtbrlqﬂcdehe pl a';]i ng
surf ace roel ect.r oni c. wor kpi.ece . Lt J. be recogni zed, .however, that
the cont adfis RRCESSIRE SRAGHIET APGINGRS 4 REIPERuid; o SHamber. p At GHEEDs { he
wor kpi ece elbomtondiingheiprincipal flié foMOEuRbeqt £nGaBEUSE dontertat Anb@dsween t he
contacts gnd tege area that is to bg%tﬁl at ed. Sui%g,ble react or heads 3Q vm'jth
cont acts SEPEE & 5| IR Qlpce nihe) eoncentiic Anodes ap digerept distanses) om g i cati on
Nos. 09/ 3%ficReRitréifi¢ 3@RkHdR unde pt8kesd. 9The ﬂ%ﬁ:is%ﬂlg%aﬁf’airéf‘ﬁlrﬁ%f fiefude¢s, all of

whi ch are expressly incorporated herein in eir entirety by reference. is
The react @reontiglersthat iincasdigusd tp dlgliver thraugirieach of theappsentrigsanotiest a r ot at es

the react dhmbidtlari0 bEHOM Based iR Al il SAIER] PRl hO Bohdbattl SlogL L can
- receive the mcroelectronic workpiece to a Jownware l'y"tacing orientation in
- hi ch t he thIIesasy anu edticepwiessed microelestronic r woikpienordadi fr)e sdeoted dmt act t he

';_”'éii}ectr | atl Lt | 0 r r b 35. The lifl/rotate atus can
bring t e?,\%\%drﬁgf)isée)é{égrég% in %%%%H'tga ?K'/ﬁ H?"flﬂ%“ef“é‘i rBrﬁF?fPi ﬁﬂggﬁb? ution

ei t her copreuessingof the eariigf-ymnemtgmmaqeminm\ivsrk?teeé.em whi ch can include an

end effector, is typical enpl qyed for | oadi nl_oadi t he

m croel ectroni c wor pP%@béZS’w e gdiment, "I‘I.Ftybé{;g’éﬁf@gﬁﬁ Z‘BEI t hat

ot her r eagiadériaAd SGE ADIMYCreEBtA HorlgisceTRThPSfaiBRA inkddhctd @t i160¢E %&}/e

aspects of the disclosed reactor chanber, the foregoing being nerely zs
i || ust r at isyface of the microelectronic workpiece into an electroplating bath. The facility

25 -provides a plurality of anodes in the electroplating bath, spaced at different
distances from the surface of the microelectronic workpiece that is to be
eleciroplated. For each of the anodes, the facility induces an eléctrical current
between the anode and the surface of the microelectronic workpiece. The induced
electrical current is (a) based on an electrical current induced between the anode

30 and a previously electroplated microelectronic workpiece and (b) selected to

0.



The reactor base 35 can include an outer overflow container 37 and MAR 2083
interior processing container 39. A flow of electroplating fluid fl'ows into
t he processing container 39 through an inlet 42 (arrow n. The
el ectroplating fluid flows through the interior of the processing container

-39 and overflows a weir 44 at 30 the top of processing container 39 (arrow
~. The fluid overflowing the weir 44 -15 t hen passes through an overfl ow
container 37 and exits the reactor 20 through an outlet 46 (arrow O . The
fluid exiting the outlet 46 nay be directed to a recirculation system
chem cal replenishment system disposal system etc. The reactor 20 al so
i ncludes an el ectrode in the processing s container 39 to contact the
el ectrochemi cal processing fluid .9.,.the electroplating fluid) as it
f1 ows throdﬁWnPﬁem}@ch8gg§ﬁ#“$n“%ﬁ%qﬁhﬁ8§fﬁ@hgmbP“FFﬁﬁbb ?UQWqueactor 20
i ncl udes ammietRkfromle waggrese! y 50 having a base nenber 52 through which a
plurality of fluid flow apertures 54 extend. The fluid flow apertures 54
assi st in di sbursi ndn@rertesrsxemplpryambagiment; the factity patfemisigseniigty 42 so
that the fl I Al £ 1 Uk g f i ectronic
wor kpi ece fgwrgglfgg%glﬁ%gopgg?é% lﬁaals“b%l%rgg'it ?%e r dfﬁglqn |c§?]r§%cﬁﬁ on. - The
el ectrode #ysemdly 50 al so includes an el ectrode array 56 that can conprise
a plurality of individual electrodes 58 supported by the base nmenber 52.

The el ect r GIEERIESCRPTION GRTEESSRAVANGONf i gurations, including those in
whi ch el ectrodes ar %ﬂdi sgo,sed at different_ is distances fromthe

 microel ectronic wor KPEEEE. 1S RHEOsaY PTHCMats dingtam shawing mnui3ng SRS hat i s

-~ utilized i nragheddptighizdreact or can depend on the particular type and shape of
‘the mcroelectronic workpiece 25. In the illustrated enmbodi nent, the

m croel ectroni ¢ wor Kig@ee22B B spracesssichematie dlisgsane SIIIBE 0F Watced

Accordi ngly DN : i ndi vi dual

el ectrodes ngggrrtgo?%ggé&g{t#ez@/g}g&%é?l n S%@Eg%&g?@ﬁﬁgl anmeters and that

they may be arrangedFigendenteticoatit plock deigiagm e cloftrdshenisabpraeassingf

i cr oel ect ronk 6 MRLKRLATE 2abrddnke Wik lonDSmb ARG didle ofiENeT , thal grid
er electro y 0

arrays or 0O e array configurations nay al'so be enployed wi thout
departing fromthe skigpe 4df atflvevchart dbstratingvengtriamer Onehishy itealphiouzer

configuration.of the reactor .base 3 nd. el ect.rode array 56 i j.sclosed in
55" USSN 0o/ A0S Can Ve RiERTnc s SEffithn il fdefy & it

29195. 814 9URluraW tid@rici phriikted Sdt fabise if Akl tanietddphiysicali chistaomestics n USSN
09/ 804,697, filed March 12, 2001 (Attorney Docket No. 29195.8120US), both
of which arid thepepsssingobp pusiaeleeirenc werkpiestice. When the reactor 20

el ectroplates at |eagl,RNeiSHIIAREoPfa Sl TARBIBCIcuSiRivEy WRAtKRITBCR 25, the
plating surface of the workpiece 25 functions as -16 9 MAR 2003 a cat hode
in the el ecowbiphrepipetende reagten HIMSEH t he el ectrode array 56 functions as an
anode. To this end, ' kioe ' oRhgGiked to a
.. Negative potential tié?%mggﬁg (L:InB gaé%%i&gfég%?},%%gi % ﬁlr%o%g“hb%g&n)t ac?s 85 and
23t he i ndi2oi deadtulaske omabie npss forf the fitst epmizebeierwr ray 56 are connected to

‘positive potential termnals s of : - t i d

enbodi nent, each of Fh’ém:i 2d$\9i58ge§f!§de%§te§l i?'g}(%ssh%g’%n% glec%(nang%ljtr%hgtot{@hg di screte
term nal of cilbdatsd fiphythé hpat fohht stdoad spiplzatiéOrumay | ndi vi dual |y set and/ or
alter one or nore electricgal paranet.er such as t e f
associated with eachﬁ%?f“r? e‘siﬂﬁa‘ik\?%fiﬁﬂ? _ toll}oodlgserggqtﬁlﬂéﬁtsﬁiﬁp@\g%sh of the
i ndi vi dual - ebmsibeotigsnH8bolseligtheaeR tarassembily showrdindfipyre Somd mEluddsl e

el ectrode. It wll be recognized owev t hat. one of re of e

Cndivi ddsi e dlbsues eBHe VeAGhL BN Rohes syl nih B Bokneb ™Ry 1o .
comon node{;%&emmui@imbmtﬁ@m&owmlwﬁo- In such instances, the power
~supply 60 wll alter the one or nore electrical paraneters of the comonly
connect ed el ect r odes FaBiresohand & Hlustrate gac gpbediagnt of 3 FRMPIFEPRPISEINE her eby
ef fectivel y Bk j : I : ingle,

i ndi vi dual I_; con%?%ﬁeﬁgbr@agﬁ%%g?ﬁ%gﬁgﬁtﬂlﬂﬁgllte\?i? ulzlll y nggﬁt rol |l abl e

el ectrodes can be physically distinct electrodes that are connected to
discrete term nals of power supply 60 as well as physically distinct

gl ectrodes that are commonly connect ed 1% a si ngl e discrete term nal of
power supply 60. The electrode array 56 preferably conprises at |east two
zZo individually controll able el ectrodes. The el ectrode array 56 and the
power supply 60 facilitate |ocalized control of the electrical parameters
used to electrochenically process the nicroel ectronic workpiece 25. This

| ocalized control of the electrical paranmeters can be used to enhance the
uniformty of the electrochem cal processing across the zs surface of the
~m croel ectroni c workpi ece when conpared to a single electrode system

Y T I T - . o r




OMAR 2004 sensitivity values, either experinmentally or through nU”EpiﬂﬁP’mgé f
si mul ation, and subsequently uses the sensitivity values to adjust the™ A
el ectrical paranmeters associated with each of the individually controllable
el ectrodes. The sensitivity values tray be placed in a table or may be in
the formof a Jacobian matrix. This s table/matrix holds information
correspondi ng to process paraneter changes (i.e., thickness of the
electroplated film at various points on the workpiece 25 due to el ectrical
parameter perturbations (i.e., electrical current changes) to each of the
individually controllable electrodes. This table/matrix is derived from
data from a baseline workpiece plus data fromseparate runs with a
perturbation of at .cont&gh@gble el ectrical paraneter to each of the
i ndi vi dual I'y cont rol 1858 18308t 12028 crasseecionalnyigws of wampatergensxgedites in a
control sy stebomitgFlothaintduts SAREGERGnE Qha}rﬁﬁr%ﬁlﬂﬁﬂixﬂ%ﬂ%ﬁ?{aﬁ% b ng E ler to

0

supply current val UE% for a plating cycle. e contr System can take a
variety of forms, incPWafdg genkt dlustaie & pudifiad- pusippsd the mpotessinsy st ens,
ei ther int Q@ﬁﬁb@(bfipﬂ%&egé'lﬁlmuf acturing toot is containing the reaction
chanber or separate fromthe nanufacturing tool, such as a | aptop or other
portabl &€ conput er sydgwss 1yard Koillnsteite syoserabedimenth of pronessinizaadls thel v
Connect ed tyfayt MEoBOMRY or WP Rlof s - e alues that are in
“turn manual |y inprgt ted to the O\ﬁl%s?ngt%%éf)y- %e?g&{sﬁg&%%éﬁgfﬂ%tﬁgl emis
connect ed t36CTA#ICH Kikythe tepghinestnf the presewbinkentionher conput er syst ens and
simlar 20 devices may intervene between the control system and the power
. .supply. | n INETAII4TODESORIPEION he control system contai ns such conponents as
~.one or nore processors, a prinmary nmenory for storing prograns and data, a

persistent menory fot [RRUEYsfnEhipmatisaliy gselacting ased améindat @lecirvplit / out put

devi cesyo andrand@iPi; eplotad@b! § ARILULRLIY R drive or a
DVD dri ve, r})(2?115 Once theﬁ\(/]al ueg ?or the sugr;#s?i ﬁo\gl?#%/&t ?@Feg/‘?%ﬁ“#lf%{ )héﬁle been
det er mi ned,dicHsed o) lp gBanya gubedisenss cthei optignizer idstuimings quoteso pamyetesm 65 t 0
control ongfRkLlOHLE [ t r supply 60 uses
~in connection w't h,_ggggﬁéso ‘?ﬂﬁg‘%ﬁ%ﬁﬁkgﬁﬁ?ﬁ?ﬁ@?‘%?fﬁ%ﬁ‘%\g@ﬁﬁ%aﬁs 58.

Fi gure 4 i garoys todii dinathe avarkpiters t Inasonregerobmlinrents) ahe ioptimtiee djulye dsensi tivity
tabl e/ matri I te,an electrical 3a paraneter (i.e..
current) f o%“ﬂg%%%&&e%r %’W@?lg gigﬁvg,dcccgﬁogﬁp% %ﬁ%&wﬂ@@lﬁ hat -18

9 MAR 2003 amage beactise:hambereest thepPRRRGS 166N BOVIdBANBMSeRItobl, -18¢., of ar get
t hi ckness 3{21]1 h"jg!gﬁ(:t roegl-at erg fil %’E‘l n the?czé eps ,%govm in Figure 4, the
optimizer dFfF B L 'Y npotpar Afttceied BramgsswpRle e s@si tivity
tabl e/ mat r icenvex, arcave. @icd) dfaQob@ip shdths®l BARYK dre@ies RSARITRI: Spdlicd b St ep 70,

the optim zer , perforns first plating cycle (a "test run")usi ng a known,

pr edet er ni FEAHCOBAuGEPr waks r Thé oPpmEsHE0Rist . clegodexawgnts, fos wewssiyaincan be
perfornmed hQy, btRGh| ) i L 5

~electroplati onrggr ocgs S&;ﬁﬂfé \I}\ﬁ[ &cg&féhhgﬁ%éu??éﬁ% \ﬁgélgl\glgsggﬁﬂt%osetg‘gé%%fﬁt%ee

2255 ndi vi d#fal lipeoseing merkpiesedelsevrce ofl &sdSBrward tooted), anhd/ar pr edtetce forinoad m

ROl e oy SRGBEL ARk AT o R By BTl G il T
t hi cknes5 cbutchef Gedbackaphmblpd i ihisnyaihd dpinties tyablk e geiekly ackieatice a

first t qf - l e, . in. 72, .the test kpi b
cubj cct oa o RVER BBl BEERROE per BB SR ot Piiirgs PR Bk Buci ny o

set of par ametualistepastianni ng t hi ckness neasurenents at each of at5nunber of
poi nts N t he test rkli%i.@ce. nghzte 74, the optjim zer conpares
t hephysftal char act et o BPIcElhp ORERIES HbFIRGITOR : “&ﬁﬁ%‘ﬂ?‘gd:of’ﬁ"‘é‘i% 72
agai nst a seheipdbfiiddlow ERbeRaha ARl GERy of Rlebh&dek lldpadcaah ek miRal ment  of
p

t he met hod,_the second setqf input paraneters corresponds to the target
physi cal cHM¥HSABY jTemper. ofThehélﬁ?‘&Pg@lﬂécﬁhﬁWt tymieallyi Buwher frantatsea t o be
ultimately hi : i i : .

el ectropl at‘gﬁrﬁ?‘?yﬁlf)ﬁﬁgkgﬁlgegﬁ ﬁ?ﬁ)tlgra 52%&5%%&2%@& %Egﬁ igﬁug{(ﬁc%?r? %nsl%an ei t her
be uni f or m¥WEpIcEh@ contachwish gh clehisochicnicab processingifluidvor thpipeoeip@3udd  var yover
the surface. For exanple, in the illustrated enbodi nent, the thickness of
anel ectroplated filmon the surface of*!4he ni croel ectronic wor kpi ece- 25 can
be usedas the target physical characteristic, and the user may expressly
specify the targetzsthicknesses at various radial distances fromthe center
of the workpiece, a gridrelative to the workpi ece, or other reference
systenms relative to fiducials on theworkpiece.In step 74, the optim zer
uses the first and second set of inputparaneters to generate a set of
process error values. In step 80, the optim zersoderives a new el ectrical
par anet er set based on cal culations including the set of-19-



9 MAR 2003 process error values and the val ues of the sensitivity nan
table/matrix. In step 83. once the new el ectrical paraneter set is deﬁiwggb”J
the optimzer directs power supply 60 to use the derived el ectrical
paranmeters in processing the next m croel ectronic workpi ece. Then, in step
404, the optim zer neasures physical characteristics of 5 the test

wor kpi ece in a manner simlar to step 72. In step 406, the optim zer

conpares the characteristics nmeasured in step 404 with a set of target
characteristics to generate a set of process error values. The set of

target characteristics may be the same set of target characteristics as

used in step 74 or may be a different set of target characteristics I n

step 408, if EhSiLr 2Vl e i N ste 406

pr edet er mi g% angeﬂe&)t'?tt lﬁ!’st%I d@“@% ﬁﬁé‘é& tpir?t g H?ﬁe B‘ﬁg%e& e the
facility comdrkpies, i Gnd6r more elbﬁpc.ﬂ&pmia&e aﬁ&)bcbriﬂgitfﬂd UdGJ’OtlwﬁSthﬁ a0 @dist

el ectrical .para er t. In 410, . t.he optim es t he newest

el ectri cal 6&?5@‘:&()%&%%?‘3? E‘P B BPIFeFs ﬁB%éB @8?@&6 o i

mi croel ect r eoiugcwdrd phecoreesor mmmanmdt@aﬁdsm(mebmhﬁy\mﬁi&ﬁ@depr ocessed
m cr oel ect roni ¢, or kpi hei rreasur ed s characteri st| Cs are
exam ned,” ei rfﬁ’ﬁu%’ieﬁ]‘? B\Fnﬁ& Bfréi éqsym’ilﬂ Fepdsatly Corpegigto the

troubl es hOOfeleTcﬁfﬁapb@@@SﬁippW o facRitRE ShdPerttal Bupply fof PenRr Ierdthe Tha st and
second set of |n|8 paranmeters nmay be provided to the control system 65 by

a user intefP b2 Sﬁﬁ@ﬂ‘@ﬁesé‘ coptr) EBfSF“-‘éfs thap & cagpectqthio thsafleqmeab PPEEe 64 can
include a keyhpand cofirdOH qg&s? BS klebiRaZPowe&' ekineter %&%vél?cnﬁgﬁﬁtéﬂon

~system and/or other input devices. The netrics too e an aut omat ed

~ tool that i githksagh 96thﬁesﬁ§a¢r@enﬂtecqm9@pd:@imtma$ 2 Bhetangp) BS1et S e at est
wor kpi ecg af h a user
Pl €Cfy léﬂoﬁc@ccﬁ%ﬁ g)aJF‘aH 36 £ 1%‘1? ﬂd@%ser )y%})er? o

interface 64 and a rretri are ace 64 may
be used to |C@H@dq5hba$ér@fet0nph9rsmm¢ ltsharlmnmepmmeic§ ahdta aphealtlte be

achi eved by SS 0 y. u ectIy
comruni cat e % tegrr?elglggr eag‘éﬁ‘% CgngfEﬁg%rg g‘rgi é“?‘g‘é’f% F{fﬁes Ogrgetsb |ece to
t he control psgcssseparthatibns rehdtisghfemperafbatomatfithesletcd] povat paramet_er

comuni cat e A contro st t red .physi cal characteristics
of the test f%‘bg51"3%é“%é%‘ﬁﬁbﬁdgir%?‘w&%&?@%%m Ystem 65 through the user
interfacs 64, or by rremnxabibh: diitheugli deagrsemt dinsentiniCia dssceibdd dpphe di sk. It
30 will be reco fore ol N e only_ exanpl es of suitable data
50 " o VAR SOUR B ArRRlHG pEFeRE Hf dhe R P L TR Thnt | o
devi ces may t@RhiageHere RhAYoMR dxffdndbd tcsbma;n@psﬁ@mctrmcn%ml WEpie&Ar anmet er s
to control system®65. In order to predict change in thickness as a function

of change i WPIRG§FsIREt N affset, Bistieaehings hgéiﬁlétaatbesxtgnieédem;ﬁ Heerﬁsiettrqrrq y

matriX. An GxGPpk&: | ShiveVi t he
optimzer is bg@ed uﬂggér,iggga{@rratgﬁ{ghrrgt ?%2 h“tr?’S é‘“"’ excr0 gg@ﬁdg cha é IS

.4 scusse¥ belementy Hhahawi Krpangive 'te rﬁbamlrmmmt;temcﬁndv@m hmemmmtxdem t y

“pmtrix used he ap r t roduced by
oper ati ng ¢ Keaey T PRI chafeAARRC! of G LpRicoRA Sy ot Bl igh UL )
matri x i ncl pdesssdhsgy theeelements.t Buchrsysemprméy lemploydsasitivapytables or -

matrices as set forth herein and use them in calculations with one or more input

parameters sets to amrive at contol parameter values that accurately result in the
25  targeted physical characteristic of the microelectronic workpiece.

Figure 1 is a process schematic diagram showing inputs and outputs
of the optimizer. Figure 1 shows that the optimizer 140 uses up to three sources of
imput: baseline currents 110, seed change 120, and thickness error 130. The
baseline currents 110 are the anode currents used to plate the previous wafer or

30 another sct of currents for which plating thickness results are known. For the first
-12-
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to perturbation curves as anodes, where each perturbation curve invd@l ;ﬂé@ i
addi ng roughly 0.05 anps to one specific anode. The Jacobian is a matrix of
partial derivatives, representing the change in thickness in mcrons over
the change in current in anp mnutes. Specifically, the Jacobian is an mx
n matri x where m the nunber of rows, is equal to the nunber of radial
| ocation data points in the nodeled t5 data and n, the nunber of col ums,
is equal to the nunber of anodes on the reactor. Typically, the value of m
is relatively large (> 00) due to the conputational nmesh chosen for the
nodel. of the chanber. The conponents of the matrix are cal cul ated by taking
the quotient of the difference in thickness due to the perturbed anode and
the current wghNEe ih aéﬁaeﬁeemft%r LS nd §a§eh§e RISt s 1ot PigteCier ent
change in 20 afps and the run ti rre in mnutes. As one source of feedback
control, t h@a@ptarquwﬂm%ﬁqﬁlebx nisewne sthe thapithe pptimizenc Bt sXpmlat ed waf er
at each of @eQuRReLe Q;E)ec{f?eﬂlbgl tﬁsfaa'% [htégfemf%e@r %% mifRRg radial
posi tions nay elther e sel écte fromt 'al poSitions correspondl ng to
the rows of d¢teraminedri x, or may be interpol ated between the radial 25
posi ti ong CO”GSPO”d'THQS%é& dHafied mls%etdh@er%we&mﬁtm%cmw@f @f nunmbers
of radial positions nmay be used. As the nunber of radi amdposmlons used
i ncreases, sded lamrl%th@mcgmmwhfes IiZh anérﬂmsﬂmmﬁamﬂﬂ:g seed fayem®k $iei nproves.
However , e 180 t unt of
time requi rg%vfbus #e{rg%dtrj‘rvg]tc thé wa%e%gé{ é ‘ﬁ’%f} %gagﬁigﬁrr%r?t;&'rﬁggu ts,
and/ or to ofeeddbmevard eoromi umttme:puhm:s,cmgbmat mhmpnﬂwesaufmamﬁm aimm ihacr ease.
~.Accor di ngl y the S adi al . |ons t hat
- produce acc ctogﬂ?%p ég%ﬁcée’ |ar§m[ r%'ia‘cé @Fyleagtganeme w%@? 602%131?@ ﬁse t he
nunber qor agpatimih@platipptydls Thitlaess aretiao dathd dufﬁarmdee@ﬁnﬂammtwemp (4 for
200mm and 4 or 6 .for 30 ,. Where the ex aint_.is_ added to
better the SEredpys R}ﬁtﬁgg’% qﬁ@ﬁarﬁéﬁ W@h@%ﬁt@o‘hﬁlé SpgeHfi gﬂﬂ t he
di anet er scaﬁeo:mﬁgﬁlaﬁﬁgeyéle CTREMSKhSIERAor P90 RisaliAp bERYsoifte WESdeghatt for the
~ nmetrology station, which will neasure the approprlate oi nts on the wafer
correspondi AeAtRLt 'PFCﬂIPFé i &H’Pmorﬁi@ﬁsiﬂquﬁﬁgoh Sers &k EFliePlating: CYle: i that A
operati on. GhRRLAILERE wadd} sidikd RGh e 5 1M th reference to a
specific errbao%dl nenéisgpn \FI:VhI g‘ﬁpt he leI eecﬁ‘é‘gch %r ocess is electroplating,
the thiclkness of, toFugveeélﬁeﬂxerelpnveﬁtbanmpmmgeltmpqtan@émiayngﬁ 888
par anet er, h [ gentrol l ed
el ect rodes ggglf&h e cgl[(gj%hr? ﬁ%gﬁ{é qgérbgt#g ?ﬁaﬁ@ﬁq cfesgxﬁr@ g&élgtr‘i"?l %‘?‘1“ed to
achi eve t heunis. g@hc fnt:erlatmccdhaws outpyt ceronbdeadcwitiviat iacipeisehedple @infiac

embodi nent, a J CObI S iLivi tr| S] \V r

experi nment afm%? nﬂ?r‘éc?? ‘i?? tglgﬁﬂlfg %?n?%lflgidr{g %ﬁf'gé tgd%é; 3‘8‘? (r)r?d a sanpl e

Jacobi an slelﬂs-bﬁghltdcy clc‘ﬂtrﬁdﬁa?tlexdf}mr’i]nta?m tecipé leelﬁﬂﬂei Theke neerammcl 'maamhan’ge][ |
In particul ar re5.is a sa e an |neectrop at e ilm

-1 hi cknes¥® pé‘?edcgéi & ?'ﬂ‘%PF‘&% Eq rfr‘gat%sa g &8 %‘? afEa Y PEsi 1 {I on on

#itithe m cr oel effbo8Rheats VR WiikE Aeffetbnt fiPpesadtibwet sappmmaﬁr ugell, othekd wpehmﬂ |y

controll ed el ectrodes, such as ancg es Al -A4 shown (n Figure A first

basel i ne woCRBFIREFREES S5 ERFale Hyﬂéfr"Pémb‘F@' NSt eRf &qf&a P8V time

by deliverinp pr%@%k%@k”%e&@i v@fag@lébﬁt%ltpo%k‘ WESplY Gs QLRAC tHeOEREol N t he
mul ti pl e anode reactor he thi ckness of the resulting el ectropl ated film

i s then neadarameters sencralpd by 8ie QIIMIFY A URlIECs: SXPrEsssh b Mol el ReoVER ece.
These dajsa Reipihel Rifen! SIBR:HA RIDQRRARE cBITy 3 HBIRD LS plafialhiByfess ompar ed
a e anode

to the taaqwre e cur to each -AMdis
perturbated.l3Bine 90 is a plot of the 25 Jacobi an terms associ at ed vmth a

perturbation in the Vl.dedb ower_ s ly. 60, t0 W th
the current to the re 11?1%18 08#5‘&?5% !MXO\Q'NPShréF%Q 'Pﬁlétlsra“go r%?l?m

- predet er m nextpatd ategriobs pitﬁnt@lin ti® proqebatig Mmbmahﬁeabwmbéehﬂ@stmml at ed
with a pertuybat.ion in the current proyided b r, .Sy 60 to. anode A2
W in theCculbSRindl FRE TR HBabS vatoRaTed e RS 50
const ants ;ogr ESdcty 6 SUCH pYleit@fe. Edrtkafifhld Swhile Higire Afshbiie (lagaiei=6bn ber Ns
assom ate . -13- ‘



9 MAR2003 s with a perturbatlon in the current provided by power suppl
to anode A3 with the current to the remai ning anodes Al -A2 and A4 hé&l

their const

Jacobi an terns associated with a perturbation in the current provided by

ant predeterm ned values. Lastly, line 96 is a plot of the

goEe

power supply 60 to anode AA with the current to the remaini ng anodes Al -
their constant predeterm ned values. The data for the Jacobi an

A3 hel d at

~ paraneters shown in Figure 5 be conputed using the foll ow ng equations: at,
t; (AMFE~) -t; (AM) J~_ | E~ Equation(Al) BAM to t(AM =~r, (AM r, (AMA ..,
t~ ~AM~~ Equatlon (A2) AM:SAM AV ~ - AM ~ Equation(A3) is DAM 0 E, _ -
E, 00 0 0.9M, E~ .0 0 I | DAM Equation (A4) where: t represents

t hi ckness [

per tubat i on%‘eéﬁﬁa”%ﬁ@&éqs%eﬂsﬁ e g 06 preadpen Bkt SR ol

posi tion onoptheizeitkipiceaeinplated that such generation may alternatively be performed

10

15

20

25

30

within the optimizer.

Figure 2 is a process schematic diagram showing a branched
correction system utilized by some embodiments of the optimizer. The branched
adjustment system utilizes two independently-engageable correction adjustments, a
feedback adjustment (230, 240, 272) due to thickness errors and a feed forward
adjustment (220, 240, 271) due to incoming seed layer thickness variation. When
the anode currents produce an acceptable uniformity, the feedback loop may be
disengaged from the transformation of baseline currents 210 to new cugrents 280.
The feed forward compensation may be disengaged in situations where the seed
layer vaniations are not expected to affect thickness uniformity. For example, after
the first wafer of a similar batch is comrected for, the feed-forward compensation
may be disengaged and the cormrections may be applied to each sequential wafer in
the batch.

Figure 3 is schematic block diagram of an electrochemical processing
system constructed in accordance with one embodiment of the optimizer. Figure 3
shows a reactor assembly 20 for electrochemically processing a microelectronic
waorkpiece 23. such as a semiconductor wafer, that can be used in connection with
the present invention. Generally stated, an embodiment of the reactor assembly 20
inciudes a reactor head 30 and a corresponding reactor base or container shown
generally at 35. The reactor base 35 can be a bowl and cup assembly for containing
a flow of an electrochemical processing solution. The reactor 20 of Figure 3 can be
used to implement a variety of electrochemical processing operations such as
clectroplating. electropolishing, anodization, etc., as well as to implement a wide
variety of other marerial deposition techniques. For purposes of the following
discussion, aspects of the specific embodiment set forth herein will be described,
without limitation, in the context of an electroplating process.

The reactor head 30 of the reactor assembly 20 can include a

stationary assembly (not shown) and a rotor assembly (not shown). The roter
-14-



] is an integer representing a particular anode; mis an integer A
corresponding to the total nunber of radial positions on the mnrkplegéﬁ %néma
ra is an integer representing the total nunber of individually s

control |l abl e anodes. The Jacobi an sensitivity matrix, set forth bel ow as
Equation (A5), is an index of the Jacobian val ues conputed using Equations
(Al)-(A4). The Jacobian matrix may be generated either using a sinulation

of the operation_ of the deposition chanber based upon a nat hemati cal nodel

of the deposition chanber, to or using experinental data derived fromthe
plating of one or nore test wafers. Construction of such a mathenati cal

nodel , as well as its use to sinulate operation of the nodel ed deposition
chanber, is discussed in detail in G Ritter, P. McHugh, G WIson and T.

Rit zdorf, "Two- and three- dinensional numerical nodeling of copper
electroplat r | JddZ &k : ecEbget roni cs,

is volune 4§Q9P@§dgag%@Q5ﬁﬁ?h%&§%5&%hg;bgooo ;Q%§§§B§%§gﬁ%?%n]

http: |/ waw. @péwceﬂﬁ.nppsg@?n m@qmmevemnz@/vggﬁwem iac pecpyfsideadg@m avai | abl e

fromhttp:/ 463 pd 0.192982
i 0, 148448 Jé’ﬁ%ﬁga‘gfgg %tdgg:?%%{ %g§ 8%5 6}1535”756 g&g’%i OfT087475
0.057634 0. tasPy begl 193@@11@&0mmleameo)raﬁc@-smntacts@s?@@w eomomticgl 17811
0.d22264 0. : 4 e
Jacobi an’ ma{iil gljar € a%yo&g e‘éﬁ%ﬁ%cfg g&a%f %ig%% rgl g&?%f\g?g}ée‘g?ﬂn e&hn t he
graph of Fi bu:he:lﬁjstrathésmbuéimasﬂ'emonmstpéﬁdrdamnﬁgmadadcm:ltacpaseetdllmm on the
surface of a sghm conc&ﬁct%‘pr fer é’ﬁ b kgﬁl I Y hos for aCgsurement
~.Once the val ués"F oF U4 facoibfréafll & SIF'[I Vi Fy r %% avé’%‘é‘én rrved, they
_may be stor mtroer‘lecmmmtcr\odurkmps&ﬁin T Svifl be réaoghiked, hnwevcrzmat the cM@tR:tQG@B TabI el
bel ow sets forth exe ta, corre to a,test run.in
200 vt or “HsUT8RES SHeh o s o hE BEHIE 6 b bRt gkl n
-nom'znal Ly ??ﬁ&pgr®ha&kcdnﬂuéuiwlpaﬂobaage%@mcduﬂawf and @@nireg ahat Gring ®dt S 01;1
1.12 Anps or m rovided to all fou 1 - A4 The
resul ting tﬂ?@?néggg"gc&afto\fl\ﬁ 961“94@“@?65%350%% ];’S?Cﬁ’éﬁﬁgeé W¥P-and is
recorded i nghRersECHRd U:sl Uapbihtiokr Y 6. 199/53@303 SOdy9%e,610; f 09/384 Yo the
wafer is 9.4% usi oi nt contour Tar get t hi'ckness were 't hen

brovi ded an®/ALoTaand GHIERS S, sbiod hich 5 oxaresel’ meomDeFaled hereR ARG, | because
a fiat Coathtﬁﬂetk% degidngd, the target thickness is the sane at each radial
p05|t|on gkness errors &processed errors) between the plated

The reactor head 30 can be carried by a lift/rotate apparatus that

rotates the reactor head 30 from an upwardly-facing orientation in which it can
receive the microelectronic workpiece to a downwardly facing orientation in which
the plating surface of the microelectronic workpiece can contact the electroplating
solution in reactor base 35. The lift/rotate apparatus can bring the wortkpiece 25
20 into contact with the electroplating solution either coplanar or at a given angle. A
~ robotic system., which can include an end effector, is typically employed for
léading/unloading the microelectronic workpiece 25 on the head 30. It will be
recognized that other reactor assembly configurations may be used with the
inventive aspects of the disclosed reactor chamber, ﬂlc_foregoing being merely

25 illustrative.

The reactor base 35 can include an outer overflow container 37 and
an interior processing comtainer 39. A flow of electroplating fluid flows into the
processing container 39 through an inlet 42 (arrow 7). The electroplating fluid
flows through the interior of the processing container 39 and overflows a weir 44 at

30 the top of processing container 39 (arrow F). The fluid overflowing the weir 44
- -15- |



: e
~o0 filmand the target thickness were then cal culated and are provi@qﬁﬁ&&ﬁgﬁ
the last colum of Table 1. These cal cul ated thickness errors are uSed by
the optim zer as a source of feedback control. Table 1. Data from wafer
plated with 1.12 Anps to each anode.

Rl VI eTaadi al asnredrget Error Locati onThi cknessThi cknes(m crons) (m (m crons) s(
m crons01. 11. 0- 081291 0. 07900. LO1. 0- 0327782910. 04870. 1. 01. 00. 00632262910650.
1.01. 00.00811692911220. 10.01. 00.00989987291304 _i~- 9 MAR 2003 The
Jacobi an sensitivity matrix may then be used along with the Thickness error
values to provide a revised set of anode current values that should yield
better filmuniformty. The equations sunmarizing this approach are set
forth ' below 5 ~M=J "~ (for a square systemin which the Equation (B 1 )
. nunber of measured radial positions corresponds to the nunber of

i ndividually controll ed anodes in the s r~r (for

stem
a non- squatiEnsasies HongkhAR OMerEy H’a‘tOF‘@FP"Eé %ﬁélt%ﬁﬁ?tfé?“%‘:fl\%nd’é%‘iﬂhe@ radi al
posi tions isgndidel fhR @hanrﬁchﬁumuez’ﬁﬁﬁa Qfm | Vi vidy YeCaivdcicdl hedh anodes in

the systen). aegen nId"e n" ed d°eyeC|ed|sf|r =r, -r; -(r, -t;

) +r° Equat .rmcplstst,m smmrr&qhgmc@rrcmlssyhmqnt system,jdisposel SYSPBERCt hi ckness
required to obtain ayateof sdleald Gfnddl bheathide sRngldpragidde total
current adjustnent, r, e old overal Fth ness, t;""" t he

t hi ckness ebntuiner oty ®9@dt ﬂhaybmoqh,emical' procssmgeﬂmcb(etgu bk n@gomiﬁtmgne ol d
seed | ayer SR n t he
center of 'Eﬂngcﬂqs ? er%wstq}ura%j ‘Qh hﬁ?ﬁ]mrﬁﬁ ?ﬁ%g}%%?%@e%?&f%ﬂgfcejt Elrtlaé l%égcrtglgt pl ati ng
~-profile. | I?.OFiaq:ltuilGSLHnaelgecttdde aseembly S0 hiving 4 hasproesdat 52 threughawheh a hi ckness,
~while the [ty g e - " repr at k fr ous waf er,
~and the qu%ﬁ?ﬁ% c%f;ffmd Ylow :Eﬂe;rm""cssg'&% %p?%lgenlﬁgqfw %&\7\&@5}% ?rsgkr/nknf he

t hi ckness co]isbuhmgsdedelleay@iatmfg fiind Bewi elmrmgngﬂﬂmeso -thatt thedflewbbe f eedback

contr Ol t h?ecrrblglzsltgnqut%gtaJt 5;1}16 slms'fac(:)en& rtfu%goe eBonic x#orkpigce%s%gs%%ocalizcd

and has a desired radial distribution. The electrode assembly 50 also includes an

electrode amray 56 that can comprise a plurality of individual electrodes 58

supported by the base member 52. The electrode array 56 can have several

configurations, inchiding those in which clectrodes are disposed at different

15 distances from the microelectronic workpiece.  The particular physical

configuration that is utilized in a given reactor can depend on the particular type

and shape of the microelectronic workpiece 25. In the illustrated embodiment, the

microelectronic workpiece 25 is a disk-shaped semiconductor wafer. Accordingly,

the present inventors have found that the individual electrodes 58 may be formed as

20 rings of different diameters and that they may be arranged concentrically in

alignment with the center of microelectronic workpiece 25. 1t will be recognized,

however, that grid arrays or other electrode amay configurations may also be

employed withour departing from the scope of the present invention. Omne suitable

configuration of the reactor base 35 and electrode array 56 is disclosed in

25 USSN 09/804,696, filed March 12, 2001 (Attorney Docket No. 29195.8119U8),

while another suitable configuration is disclosed in USSN 09/804,697, filed

March 12, 2001 (Attorney Docket No. 29195.8120U8), both of which are hereby
mcorporated by reference.

| When the reactor20 electroplates at least one surface of

microelectronic workpiece 25, the plating surface of the workpiece 75 functions as
-16-
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equation B3 ); to disable feedforward control, the second quantltyg f’iﬁlf\) 2000
omtted fromequation (B3). Table 2 shows the foregoi ng equations &s “
applied to the given data sec and the correspondi ng current changes that
have been derived fromthe equations to s neet the target thickness at each
radi al | ocation (best |east square ft). Such application of the equations,
and construction of the Jacobian matrix is in sone enbodi nents perforned
usi ng a spreadsheet application programsuch as Mcrosoft Exel in
connection wth specialized macro prograns. |In other enbodinents, different
approaches are used in constructing the Jacobian matrix and to applying the
above equations. The wafer uniformty obtained with the currents in the

| ast columm of Table 2 was t . 7% (conpared to 9.4%for the test run wafer).
Thi s procedure cart be repeated main to try to further irrprove t he
uniformty In_this. t he eren en_th e S were

I gnored si nélé:a'ihﬂ%eg‘ dc gm%fragrefléuo g(?@en@ \A%§7 %QZEN% Oqsa%e{n

Cur Ei en'E:u Adj esédﬁeﬁlto s éndMﬁdﬂatﬁé&Q?‘@cc@ﬂw(ﬁnpﬁcd‘m is RdfineétedAtastegatihge to
Anode rrents sAno rrents r # g e

(Anps) 11. 1208 e@ﬁl efg;aﬂf“@é&v@z ngu @@Péwamaqfiéf #54 Be ipdfxidugly e
corrected Véieié@édefs @B o‘f'ﬂfb ANNBe Gihy %ﬁx@ cBﬁ&é‘éteQQ@ Posifd CpdtadiRiermanls ol
system 65 of _Fi gure 3 directs power 60 to praovide the zo corrected

current to Chethfeipebtthe Indle !&‘“Fffate ﬁf%hﬂdilﬁ@lt:s@ﬁ@‘eoﬂfeme prdrdudles to

meet the tag@ekodes s ik doake&s t@%ddxb'&ht%ot&ﬁnhiﬂ of the shpbly 80 8ol Mgt #laces, it
may be desirable to iterativel y(a @ the foregoing equations to arrive at

‘a set of cuﬁlmlﬁf Qmmg@w&va}b’sse nedierere ehoons dlaetrical parAmsient sucabl e 2)

~that add up ﬁg i Qb ggﬁ]q I
"'charge and t ere orxe[ t tot ;q?éﬁrr"avlstg 0 pI a? &@EFEL}? (%egtsge Fﬁsleﬁql ‘const ant
s Wit hout haaqhngf the mérvydttah@lﬂchtﬂqséSt pfrBigure 3 is an individually controllable

10 electrode. It will be recognized, however, that one or more of the individual

elecirodes 58 of the electrode array 56 may be connected to a common
node/terminal of the power supply 60. In such instances, the power supply 60 will
alter the one or more electrical parameters of the commonly connected
electrodes 58 concurrently, as opposed to individually, thereby effectively making
15 the commonly connected electrodes 58 a single, individually controllable electrode.
As such, individually controllable electrodes can be physically distinct electrodes
that are connected to discrete terminals of power supply 60 as well as physically
distinct electrodes that are commonly connected to a single discrete terminal of
i power supply 60. The electrode array 56 preferably comprises at least two
e 20 individually controllable electrodes.

The electrode array 56 and the power supply 60 facilitate localized
control of the electrical parameters used to electrochemically process the
microelectronic workpiece 25. This localized control of the electrical parameters
can be used to enhance the uniformity of the electrochemical processing across the

‘25 surface of the microelectronic workpiece when compared to a single electrode
system.  Unfortunately, determining the electrical parameters for each of the
electrodes 58 in the array 56 to achieve the desired process uniformity can be
difficult. The optimizer, however, simplifies and substantially automates the
determination of the electrical parameters associated with each of the individualily

30 controllable electrodes. In particular, the optimizer determines a plurality of
' -17-



The Jacobi an sensitivity matrix in the foregoing exanple quantifies the
system response to anode current changes about a baseline conditiorf MAR 2053
Ideally. a different matrix nay be enployed if the processing conditions
vary significantly fromthe baseline. The nunber of system paraneters that
may influence the to sensitivity values of the sensitivity matrix is quite

| arge. Such system paraneters include the seed | ayer thickness, the

el ectrol yte conductivity, the netal being plated, the filmthickness, the
plating rate, the contact ring geonetry, the wafer position relative to the
chanber, and the anode shape/current distribution. Anode shape/current
distribution is included to acconmopdat e chanber designs where is changes in
t he shape: of consumabl e anodes over rinme affect plating characteristics of
"the chanber. Changes to all of these itens can change the current density
across the watmitihigr valug, e t .esult, can
change the responslg of th\ﬁgﬁﬁﬁpﬁﬁﬁbﬁ%ﬂgﬁggﬁé‘%ﬂt E‘é’ﬂ%%aégﬁ%glraﬁgﬁt ér}d It is
expect ed, howrBRssAuently apses nthie] sensitivigi svaleesnemyadpdst tthe selegtrica npiramstewsi | | not

require the ty . Sitivid trix. erthel.ess, a
plurality of %?é’ﬁié%e?i‘b’@?ﬁ{hagﬁ glgﬁ%?}dlagp&c %Pnﬁﬁlegeg?‘i“i?gﬁs'f )(‘e FFRY B Rt
processi ng cdriyes ey de pinted iroa cble or maybe il the Yorie 6T §FacoWinGhatak, AR

sensi tivity tapl@staedd) [ S used by the control system 65 can be
entered manual ly by a(fjgsgrﬁﬁc’ljgrls‘mé%r? EPERENE 1T BHSETSCRRATRYCE FRAEEh §-%on

measur enent s thiekasss of/the ealecirioplated o) it oaridusepdintk @n (the vorkgiCHHISr @leUoe
sensors, chepje ' its,.etg. ) .that indicate the existence of

S one or nore pa‘(gtt?iik%i ar %%%E%%ﬁa rrillfg‘jmscSzh'?cri‘(fi @1 cypentoiapgss) &9 eﬁ‘gﬂlofiﬂ?o be
“used to conp@isaduslly montuoiabl demedennThin eMidanhdinioitAieg Bémiha fa ki al seed
-layer of the @e{iﬂ o%&ﬁtir oni E‘i rkpi.ece. CGenerally stated, a bl anket seed

| ayer can af P § ReTER % S;A@ataf figmy) SeRagale fiupsy With 3% nefyrbaige: of 28— 9O

MAR 2003 1b. tdnttoliebls eldtricalyfitarhet@iio il THRE v ihai ' i form ty
is added to the final Li | m. For exanple, if t?{e gﬂ%@ t?gl/lgtrﬂ%ie[s&?ﬁ%nA t hi nner
at the outer edge thafhPeqpoRYzeg typisally iexesutesi inne tdnntreh eystemags ahatoisbe 100 A

t hi nner at té&mneste®ko aﬁqg,wé sgpp@ f60tiﬂ%r&’éﬁ13 g&&rl?%&ﬂfﬂtg%ag%ét o:iE gﬁ]ﬂess changes

significantl %/ th% resi stance of the seed- nf‘?ng in a
modi fi ed curPEH dBHSPIGRl Fysem; ¢ueanciake orwasistyt dfefomns, eincladids ajeheBthrf | | m

uniformty. e‘p@ggg i ced decreases from200Q A tg 1000 A,
the final fi%ﬁr?f\?m P e mé{_‘rﬁ“f/érrt;%s%??’hﬁié@ %‘&%f&‘e‘“ﬁ%g‘ﬁ RARREFIRDE 19qls
t hi nner ) hut ConfaIRing fheeaniopehangbertor vepayate Fonkie naiuforiapted], fehagdge due to

the higher rgsist Vi of, 1 000 A seed-| ay conpared to the 2000 A
seed- | ayer (agﬂs?ﬁmb}r/\g&g%r ggé‘g\ﬁ%o%f%ﬁr. Sbiﬁgﬂ'“'optehﬁ FeRrely $YBemu SRy e

conpensat e f&mmutatyelydonayasd Welié abwenspplyl &, 8bYnayt duh#icifeseRs ayer
t hi cknesses @ﬁﬂeﬁﬁl’dfncﬁar(ﬂjallf ?ed-fﬁ‘ﬂ rd control. la the first case above,
‘the changes in seed-layer Ui PRyt ‘%/Aﬁﬁﬁ?wﬁ"esupply- Where the control system is
3'_;'22,}.3';;\} connected to the power supply by a network, other computer systems and similar
T 20  devices may intervene between the control system and the power supply. In many

embodiments, the control system contains such components as one or more

processors, a primary memory for storing programs and data, a persistent memory
for persistently storing programs and data, input/output devices, and a computer-
readable medium drive, such as a CD-ROM drive or 2 DVD drive.

a5 Once the values for the sensitivity table/matrix have been determined,
the values may be stored in and used by control system 65 to control one or more of
the electrical parameters that power supply 60 uses in connection with each of the
individually controliable elecrodes 58. Figure 4 is a flow diagram illustrating one
manner in which the sensitivity table/matrix may be used to calculate an electrical
30

parameter (i.e.. current) for each of the individually controllable electrodes 58 that
18-



15 handled in the sane manner that errors between target thicknesz%ﬁﬂﬁ% s

nmeasured thickness are handl ed. A pre-neasurenent of the wafer quaht g% N

changes in the seed-layer thickness at the various radi al neasurenent

| ocations and these changes (errors) are figured into the current

adj ust ment cal cul ati ons- Using this approach, 5 excellent uniformty

results can be obtained on the new seed | ayer, even on the first zo attenpt

~at electroplating In the second case noted above, an update of or selection
of another stored sensitivity/Jacobian matrix can be used to account for a

significantly different resistance of the seed-layer. A sinple nethod to

adj ust for the new seed |l ayer thickness is to plate a filmonto the new

seed | ayer using the sane currents 25 used in plating a filmon the

previ ous seed | ayer. The thickness errors neasured fromthis wafer can be

used with a ol Ji gyt Lo ] I :he j adj ust
t he current s&ggl?ef {lﬁéré%jhegr H?Ttl %ﬁrﬁ%ﬁ?%%%a%agaer{l%ﬁ g%”o@agﬁzﬁ%gft@%%?e#]? a
second test ¢lestrapiatetbBlon)i bed. In the second test run, the optimzation
process begins with a;baseline sg.curren et or. standard recipe currents.
A waf er -must be pre- r BadIC PiSpe @83’8'?5%34'65?@““%&%&&1%?% K?Pé‘gs dat a,
and then plja?atdnetzism?mtghﬁﬂithdkfﬁhi@ﬂymhlldmm.to cﬂ?ﬁlft{étﬁﬂx&hﬁiﬁ’@f elédmecav\/afelr is
T e- measur or _the fat ickness_values. T oW n er myse al so
be pre- regd ROTEE Y IPa?%@r.;(?ﬁli‘cc ’é’é‘%erd%?fé@%iﬂ%-lg °n°y|8% &?&e%m ie
standard fi visingakadwm @sédeieemisied 3of eRitricB3mramdies 6 ForexHiena @&.remm are
typically meas red{_@nd c@Q,av raged for ‘ﬁach waf eLgir@%gfu ng. The thickness
‘data from t K& pr& ouRenat -‘,cc'g'}ﬁja?’ﬁcéo O 1 QYA GCGEIPRHBE t i on to
- the anode cusroess dn eliich @iy efesht iphdwdéd & eABULE BROMADAidLANG eflollaAer . The

user may al s‘g el act .061' ngut a thickness specification, or chose to nodify
the plating THT Fﬁegils pred g 3 e magmipdecior 2 given pariedf tmeut es. After

to all the data is comR& v} afePge & rud Qecoﬁ'f‘;pféte,%éb Bh6er kagsupRlh gl zer. In

response, the optinjzer predicts thickness changes and cal cul ates new
THRIVPES)

currents. - fedragiersgicy {em, ghigknses \aift et lectenplaied dlmanefighecdest ent s and
then measur egorifies® &PPHdaRM ﬁkﬁ%ﬁdg‘r}aaﬁm% TR dfsle! fn 873 HhEKRESS

profile is not satisfactory. is € urther iteration i's required, the
opti m zat i orVerkPigemmiay e gubjpeiedyisf thickness meapyementp hising d metfaogyi Satimmasur ed

for thickne auk : | er is-pre-read for ew seed set of
seed | ayer t ?%ﬂ%&]@gg ssgpgg@%%?%o%%ﬁdnaﬁwcpgeg %ﬁ’ﬁ ﬁ? ered on
t he i nputs pagenbet of pbitseoh vimf test wdrkpikeresn step ‘74, the: o tibfizét. confjRele the!r rent s)
3. plated V‘thﬁéic e.%d Iﬁaﬁer t hi.ckness). and 4. ne ,wafper seed l'ayer thickness
The reci pe th B aAnd: PRICCRIESS U ET i W BRUERe dnpasteein Slep g Azdnsles 5ARY st ent
with the presetafiispitipersnictan. InTheilpsegedembainon of dRdMethed, W6 §cdbnB@ai n to 25
provi de a new set of anode currenés for the next plating attenpt. After

pl ating wit 't TEYh SRFEEINTfOEesPOREs e Jhedarggt whysival | dhampsipsistiesd ofirtbe i f t he

couniformty imicEeldchrometwakpier @bl &e b b8 uMiASERURiNRY bgethtfg gﬂ:tcbﬂ"’(?g with
“-another iteration. The standard val ue determning the Uniformty of a wafer
i's the 324, Rekess qfifhe eleatraplated Bav; ANqtehy.che tahst physical sbapdemstiss r el at i ve
to the nmean @AGiBG Tk foRh o9& @Y st ilE ol nine, point map is
used with measurements at -30 NKR%EW Rideleofton? utf'&kplece 298 Viry
over the surface. For example, in the illustrated embodiment, the thickness of an

electroplated film on the surface of the microelectronic workpiece 25 can be used

as the target physical characteristic, and the user may expressly specify the target

25  thicknesses at various radial distances from the cepter of the workpiece, a grid

relative to the workpiece, or other reference systems relative to fiducials on the
workpicce.

In step 74, the optimizer uses the first and second set of input

parameters to generaite a set of process error vahies. In step 80, the optimizer

30 derives a new electrical parameter set based on calculations including the set of
-19.



s the radial positions of approximtely Omm 32nn1 64tnn1 and 95nn¥§$ %f
for uniformty. The above procedure will be denonstrated using a
multi-iteration exanple. Wafer #3934 is the first plated wafer using a set
of standard anode currents: 0.557/ 0.818/ 1.039/ 0.786 (anodel/ anode2/
anode3/ anode4 in anps) wth a recipe tinme of 2.33 mnutes (140 seconds).
Before plating, the wafer is preread for seed | ayer data. These thickness
val ues, -in mcrons, fromthe center to the outer edge, are shown in Table
3: Table 3. SEED LAYER THI CKNESS VALUES FOR WAFER #3934 Radi ns ~ Thi ckness
0. 000. 13020731. 830. 1310863. 670. 13188280. 000. 12995895. S00. 127886 to The
wafer is then sent to the plating chanber, and then re-neasured after being
processed. The resulting thickness values (in mcrons) for the postplated
waf er #3934 are shown in Table 4: Table A TH CKNESS VALUES FOR POST- PLATED
WAFER #3934 Radi us

0. 000. 61593@&%%50‘3’@&?%%%“%%56V%‘E%sl%fzf%s%’&"g%é’ﬁ’beé’“"m dB step 82. gneg 9557 The
3-a for the ti mireslemi harameenba id dﬁr&ddtthatqmﬁz&?dﬁ;eomqmmrsmpgeﬁ&)ﬁo 230. 4

Angstrons. Sincge t r ents are al ready produci fer hel ow 3~0, any
adj ust ment &% L%o J%B"'f ei;@n}ﬁah(glammﬁpés s‘ﬂb%'ﬁ&"t?@‘ﬁg @\’Igf gerx hBEre c“ggmﬁre read
for 5 seed hayigiiecéal TIRS, imstep ded, ﬁx@oﬁt@iﬂ%@nﬁéﬁs@rés%hy&ﬂal shardtdrisiar of

di ff er ences. fer #4004 is neasured,_ and the _thickness values jn mcrons
are showA i ﬁheT 8 workpiepgip & @W@MW‘WW@(@WWA@@E@%@?W%ER #4004
Radi us | Thi.gkpaesthe charicteristics measured in siep 404 with a set of target characteristics

0. 000. 13030831 830. 13117863. 670. 13206880, 000. 130799S. 500. 130314 For this
_optini zati ofP BENSYALE PEREOT MORRSS erpiYakess Theort phtasges haragarstion may Peor
overal | thi glegas aiislabRitaractlibidlas bl iRIEAU] BOmARbEaldrbaRuL g | nto
the optimizer, and the Optim zer is activated to generate a new set of
currents Théxsgetcabarastsristion |In ep 40%Bdf the erort walyaseeneviedviarster 48 atere 6 i s a
spreadshget diy SR N -TaL Ss 6 |4%te t he

I nput s P@r theﬂ?aﬁmt: tlﬁgzrgﬁgl%oﬁ@rﬁuﬁyo?t Cgﬁ&!&:& esen L t thes{ﬁ%trjnt val ues
601 have gefasility sdntuuw@m 80adn &R 30 the pplazgr dervewa oew chnmcgfazarammg

optim zer h § s 603 t hat
this new curg?s[eﬁﬁ&gmg\ldﬂlhﬁtogg%lyg e newpggcgggﬁg ﬂ]és%eﬁls é?egﬁz‘gsn to the
process recidfdngmotessing 'subsedpenphmtmclgctndnm'herkpwthe i sorne renbadghentt al

currents (a m, nut es) remai n constant, . . .
( ?E) t shown? l)he processe Ao titronic workpicces, and/or their measured

15 characteristics are examined, either manually or automatically, in order to further
troubleshoot the process.

With reference again to Figure 3, the first and second set of input

parameters may be provided to the control system 65 by a user interface 64 and/or a

SN . metrics tool 86. The user interface 64 can include a keyboard, a touch-sensitive

20 screen, a voice recognition system, and/or other input devices, The metrics tool 86

) may be an automated tool that is used to measure the physical characteristics of the
test workptece after the test run, such as a metrology station. When both a user

 interface 64 and a metrics tool 86 are employed, the user interface 64 may be used

to input the target physical characteristics that are to be achieved by the process

25 while metrics tool 86 may be used to directly communicate the measured physical

characteristics of the test workpiece to the control system 65. In the absence of a

metrics tool that can communicate with control system 65, the measured physical

characteristics of the test workpiece can be provided to control system 65 through

the user interface 64. or by removable data storage media, such as a floppy disk. It

10 will be r;cognized that the foregoing are only examples of suitable data
-20-



- 32- and the current density on the wafer is unchanged. The new B &R cuw

| ayer data fromthis run for wafer #4004 will becone the old seed | ayer
data for the next iteration. The thickness (mcrons) resulting fromthe
adjusted currents plated on wafer #4004 are shown in Table 6: s Table 6.
THI CKNESS VALUES FOR POST- PLATED WAFER #4004 Radi us Thi ckness (mm m 0.00
0. 624351 31. S30. 621S5363. 670. 62270480. 000. 6207695- 500. 618746 ~o0 The
post-plated wafer has a 3-a of 2.117% over a range of 248.6 Angstrons. To
do another iteration, a new seed |ayer neasurenent is required, unless
notified that the batch of wafers has equival ent seed' |ayers. Wafer # 4220
I's pre-neasured and the thickness values in mcrons are shown in Table 7:
Tabl e 7. SEED LAYER THI CKNESS VALUES FOR WAFER #4220 Radi us ~ Thi ckness

0. 000. 12786931. 830. 12974463. 670. t 3340380. 000. 134055 ' 95. 500. 1335560 - 33 9
MAR 2003 Again, all of ,the new.data is. 1 nput I iydh&ed , al ong
with the cLﬁOPHWETgcal?Q%d‘fvéceﬁlaB%ng?ﬁ@wﬁgw r r%%ﬁgéﬁsﬁ%évgﬁls g%zgglsﬁof t he

pl at ed waf a'peovadedle fif ndRichnd e bf MphiaRiniaatk kycdntahsfsensod.he new currents
into the old currents anong the inputs., e optimzer i aectivated to
generate a new set o ¥gFT P@gl‘:%c E%%cpﬁ%%ﬁr@ﬂ%%eé{]%nﬁgﬁgm showi ng
the new curggihe el dpihizes dbfdrited £Fhchbiamtdnbitiviu patrix. f A exdmpls grwiidh

optim zation run. It can, be seen that; from.i npgt ¥al ue 70l . t ﬁ;a?pti m zer
has pr oducelic SERSHINItY7HALIn SINGERiSMy Y BRAPRIBRFR it D&EY UPPE 2 BAUPHATTEr be seen
that that t#ﬂ@délaogithé tr¥achas cRABSH: Gt Vekcafked® lelofy. and addidoge trithidokees ses 703
that will be produced using the new currents. 19 The,corrected anode
currents arkoveayal. theseamsitiviy mrerix usaddy e PPHper dybesgd upen 51‘%&’1‘?@‘% ocess.

"~ The 2' ~ adj E%% RakiRe hirokaes & twal ues in
microns shoﬁ&lﬁ@%%bgwﬁ e %g&ﬁrﬁﬁ%ﬁ%@% VALUEEH%& g%,‘lg_r_ PLATED WAFER

#14220 Radi segsitivithi mimia  dnah@ies 6241668k, $dn. Cickress Prefie. 8b 1 9BIH00. 627005

95.50 = 19 : 6§§r§1¥§aﬁon curves as anodes, where each perturbation curve involves adding

%=

C

roughly 0.05 amps to one specific anode. The Jacobian is a matrix of partial
derivatives, representing the change in thickoess in microns over the change in
current in amp minutes. Speciﬁc-ally, the Jacobian is an m x n matrix where m, the
number of rows, is equal to the number of radial location data points in the modeled
15 data and », the number of columns, is equal to the number of anodes on the reactor.
Typically, the value of m is relatively large (>100) due to the computational mesh
chosen for the model of the chamber. The components of the matrix are calculated
by taking the quotient of the difference in thickness due to the perrurbed anode and
Ly the current change in amp-minutes, which is the product of the current change in
| 20 amps and the run time in minutes.,

As one source of feedback control, the optimizer uses the thickness of
the most-recently plated wafer at each of a number of radial positions on the plated
wafer. These radial positions may either be selected from the radial positions
corresponding to the rows of the matrix, or may be interpolated between the radial

25  positions corresponding to the rows of the matrix. A wide range of numbers of
radial positions may be used. As the number of radial positions used increases, the
optimizer's results in terms of coating uniformity improves. However, as the
number of radial positions used increases, the amount of time required to measure
the wafer, to input the measurement results, and/or to operate the optimizer to

30, generate mew currents can increase. Accordingly, the smallest number of radial
J2]-



“.gycle repeats, delivering +9 a

is The 3-o0 for wafer #4220 is 1.97% over a range of 213.6 AngstrorrE}.r B@ggg%}g
procedure may continue to better the uniformty, but the for the p :
this explanation. a 3-a below 2% is acceptable. The optim zer may al so be
used to conpensate for reactor-to-reactor variations in a nultiple reactor
system such as the LT-210CrM avail able fromzo Semtool, Inc.. of

Kal i spell. Montana. In such a system there is a possibility that the anode
currents required to plate a specified filmmght be different on one _34_
"9 MAR 2003 reactor when conpared to another. Sone possible sources for such
di fferences include variations in the wafer position due to tolerances in
the lift-rotate nmechanism variations in the current provided to each anode
due to power supply manufacturing tol erances, variations in the chanber
geonetry due to manufacturing s tolerances, variations in the plating
solution, etc..Iln singl e _anode syste the . reagtor-to-r £ O riation
is typicall K}"S."é%’aé@a& pé‘i“ﬁﬁ%?“ﬁ@“ﬁ&d%f&"tﬁgg %ﬂcg\%?seeﬁhgﬁrﬂff%g{%?ﬂlsg Otaé?er ances
?r by mal tiﬂ@zﬁhih;hbfba’ﬂmvﬁdtq:otffwwtihﬁﬁi isﬁg@arﬂmeem&gyrc&mmmeapo(d%mﬁpensate
or reactor_yariatigns. i pl e apo react or construct i n

accor dance W@H@gpééé?ﬁrﬁ?ﬁﬁpﬁﬁ@w%@ ﬁF G2 PARL ?ﬁq%aﬁé 10 befier the

r eact or - t o- 3 gigfilaGiniféafitpfor @l SheGth@. o, esbardirldidhaatsesh)by running slightly
different current sets in_each reactor. As long as the r,eac‘ig{? v‘?riations
do not faindanent al | yAc TReASWERER PO nEAR ™Y Be  desigmed ofogi ryity
matrix), theegslbky tsthiodd WGHERiIdnkehes afle NPpRIpHateS poReohethet Gafdrnd anode
currents that neet _filmthickness targets. Reactor-to-reactor variations
~can be quan$qrFssRRNRE wighihg ridig) nositigns Yesessary dar thy opiiaizes 9psFatiiode currents

for each chamber. Theseoglihier GRCRANGAR RRlRAEE it Ml o MpeciL f set
tables in the control system 65 so that the sane recipe nmay be utilized in

each react otmbadimggidn tihieh the plesteochemisal progass Blerrpplotingidbeithidmessofease t he
2l . AL . _ e ok
ot e 1 e RGP M RCRARERIGF BRI bR iRlaig o

Fur t her nor e, T dbl'é-'shoot "réactor set up. zo
For exanpl esachfof theandimiduaéy ¢amtrolied elédtendes $&islie eledrical paramefratitat subar

t hreshol d, { h Lation. may, i ndi e..a.hardware deficiency.that..needs to
be correct e‘ag]g%gl%ﬁ%ﬁ% %Cﬁ'éc(‘:fe eo@’@,*@i%%f%?ﬁﬁc?ﬁ? c&?fl eﬁpcﬂgﬁ be used
to se]E cquanlhmiiIaad, atlaafbimgsaﬁﬁtrhymétgx iﬁtﬁmﬂ(ﬁlﬁvétﬂﬁfmi EkpsHRint emcalrmeslthat
speci changes.ipn curren uri t he. deposition c . JAs an exanpl e,
eﬁbodi ?lrent st equﬁy ﬁgm%tﬁs ﬁf“?erﬂg'&?@b‘éﬂé@&‘?ga&@é‘%nﬁﬁ@‘%éﬁﬁlwnrents in
accor danse mhtdfk fo£s imfigtiflavieb@odeveadtichicBimhdr. $h pRSicul:, ?ﬁgu}e 9fis 4 BRpheci pe

| asts for .5, mnutes uring which a total of ~ 1 anp of current is

del i vered tHriRpPlE Si!ﬁﬂgéliféeg%‘a@%t?d f)ra thigknsss perechargs ipSUnER-ARE pPhedi at el v

fol lows stefimdtion f fad Podititne on | RO InicRdelekishis Widti@iece2d Pbachogent of +9
anps is delivered for, 95 mlliseconds. |Imediately afterwards. a 3o total
current of Wb Risindidyally veriellep slectmodes, snehs ax ahetiss AtenAfiishpwvsdBonds

~after 35 Fig%r%&m%asgﬁicivycrﬁ-}prc%ieg is teﬂ@u-'[ﬁsét?d 8@% ﬁﬁt&%n&z‘%&%@%&“de‘j’ t he

; ver | _tor ano secon hé period
duri ng i chmg Bodplivepag cupredetermmed sich 9f dutremevauesi © klzoiwdeasintthe " f or war d

phase" of t doh i r eh _a.negativV urrent is being
del i vered i%ﬁl&gﬁoas t%fgor}‘ ﬁ%i&%g%h%fﬁg‘?%u eclg'ﬁlg’éat%degg%lﬁmﬁm phases
may be used@meRyredesécnnetion of thedadia positieyoh alid wirkpiccar Macke dutd peing! at ed
surface as }Hend € ' nees withint | ating solution. In
order to appl $h {nhlzslég%ts %%@é?%%%@?% %?ﬁi?ﬁpgmaﬁegf%&ﬁ? H?tg aF%‘ETeaea.s initial
currents ar@cshussroicmchof tiedand® Al + R4tibpemebited. LTRSHEIsa SlobHOWR bel ow in

Table 9.,.10 . 9: INTIAL. MULTI - STEP RECI PE 1.tinme2.forward
fractions. a‘ﬁléoelllf?%:rﬁlfraémqﬁt Y8 L PEtFPEnSn ke fursntcpiovidad dyaprnrs 4

current7. ~tuppvélr o driode (Al owith AROEBreht 6 HedShfiniAhdEs ASLIANER gnode 3
current 11. apode 4 cur regt 12. forward anp-m nl3. backward anp-m nl4.Tot al
Arp- i elr constant predetermined values. L_me 92 is a plot of the Jacobian terms
associated with a perturbation in the current provided by power supply 60 to
anode A2 with the current to the remaining anodes Al and A3 — A4 held at their

30 constant predetermined values. Line 94 is a plot of the Jacobian terms associated
22



Ste 1Ste 20S1.2510. 7307690. 21. 80. 242. 160. 343. 060. 22L.980. 192307- 0. 86-4 r,,i.f 803
.03-1, 46- 0. 950. 58. 221 7530- L0336537. 6875 - The left-hand col unm of Tab I@%g
shows currents and other information for the first step of the recipe,

whil e the right-hand col um shows -36 9 MAR 2003 currents and ot her
information far the second step of the recipe. In line t, a can be seen
that step 1 has a duration of .S mnutes, while step 2 has a duration of 1
25 minutes. Inline Z, it can be seen that, in step 1, forward plating is
performed for 1d0% of the duration of the step, while in step 2, forward
plating is performed for 5 about 73% of the duration of the step (95
mlliseconds out of the 130 mllisecond period of the step). Lines 3-6 show
the currents delivered through each of the anodes during the forward phase
of each of the two steps. For exanple, it can be seen that .24 anps are
delivered t %}rﬁ% r deay’witht can be
seen t hat agﬁgé Ive gﬁxrl r%]egité ciutgré eﬁld?/lg%degy ?Jezhaﬁ%%ﬂ‘i%g}‘o]ﬁdthe duration of
to step 2 (@8 eairtdn Jecthademaininpfanodes Alot AR gt iAdd held aBdhels IcPR¥ERonds) .

~Lines 8-11 i d phase
of ‘step 2. DERReBSel BARS, KEEHLRER 8 atfir of le3ec il B BEAGUNRRT, ©

f orwar d phas@emirhmhusﬂlemmﬁmrpmvﬂpd by pokvies sipsply 60 tnprodenirt adth beonput ed by
mul ti plyi 5 4e t ion of 1,
and by t% &tﬁﬁn%)ﬁés e]m% cﬁ‘rlreArgr;tgg gtlg%lr Hﬁs{fiﬁ{ (#Wa% %I ating
charge for wtlegs. 2 is about 8 ZZ anp- m nut es corrput ed by multiplying the
duration of step 2 yt.es). by.the forwar fract oy 73% and
. ‘by t he sum of the foﬂgf\/l\/a%a{n Prrtg%tjgcl frm PammiterSQS a’r%ls ?‘he %d'ﬁgho%vs t he
-results of eonspured wingcat fallostingeuatiénst he backward phase of step 2. Line |4
shows the net plating charge, 7.6875 anp-m nutes obtai ned by summ ng the
signed charge 20 values on |ines 15 gnd 13. The deposition chanber is used
to deposit a wafer i oy acchr da i i ni Beahtigpyangnts. That is,
during the first hal f’mawMe of dedﬁﬂltlon (step™ ), +.2 anps are
delivered through anode 1. ‘Duri ng the next 1.25 mnutes of the process

(step 2), +1,8 anps are delivered through anode 1 for 95 m.lliseconds, then
-0.86 zs anps are delivered through anode I for 25 mlliseconds, then no
current flows through 1 { r 1O 'II;seconds, and then the cycl e is repeated
until tHB end of tHdM)=|r(4M) n(4AM f, (AM)] Equation (A2)
AM =[AM, AM, - - 4M,] Equation(A3)
), - - - - q
) AAM,] 0 0
0 AAM,
€= - €,=| 0 B = - Equation (A4)
0
| 0 L 0 | A4M,

where;
t represents thickness '[microns];
15 AM represents current [amp-~-minutes);
£ represents perturbation [amp-minutes];

i is an integer corresponding to a radial position on the workpiece;

-
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- delivere

1.25 mnute duration of step 2. Overall, the charge of 1.537 anp-nk$gﬁﬁg9Mﬁ
“delivered through anode 1. This value is deternmed by multiplying d v
forward fraction, and anode 1 current fromstep 1) then adding the product
of the 30 duration of step 2, the forward fraction of step 2, and the
forward anode f current of -37 9 MAR 2003 step -2 then adding the product
of the duration of step 2. the backward fraction of step 2, and the
backward anode 1 current of step 2. Such net plating charges may be

cal cul ated for each of the anodes, as shown below in Table 10. 2. TABLE 10:
“NET PLATI NG CHARGES I N I NI TI AL MJLTI - STEP 5 RECI PE Anodel 1.537 Anp-nin
Anode2 1.845 Anp-m n Anode3 2.614 Anp-min Anode4 1.690 Anp-mn These

pl ati ng charge values are subnmitted to the optim zer together with

t hi cknesses neasured fromthe wafer plated using the initial current. In

response, the optim Zﬂgagﬁﬂ@g’ea}e%&g&tﬁ]@taﬁ}ﬁcﬂﬁwaﬁ@{c;m ating charges for each
to el ectrode. These riew net plating charges are shown below in Table 11. 3.

TABLE 11: NEW NET PLATING GHRGRGESTESpRudREy/HohB teeonrebad dediali pasgipns

Anp- m n+0. 17 =m.n=:1. 709 Anp-m n Anodc2 1.845 Anp-min 0.46657
Amp- i n= 1. 3‘;7%&%%%‘%&;"#3%3 Z-61d Anp-nin + 0.106337 Anp-m n=1.271

Anp-mi n Anode4 1.690 /Anip- & rinteg®r. 1§BS4Ringnpharitotal nundied HKnprdividudllye

optim zert or each anode a share of the current to is be
dstﬂtfoggg@mt?ﬁéen%gﬁ%de by dividing the new net plating charge

deternined for the anDuelabgbitmeensiivityimativg seeforthiteldwgs Eqaaged Adetier m ned -
TABLE 12 CUBRERIE il R e s B i e B R Dmo A e 3Be5, 13
‘9 MAR 2003 Jacobian matnx may be generated either using a simulation of the operation of the
deposition chamber based upon a mathematical model of the deposition chamber,
10 or using experimental data derived from the plating of one or more test wafers.
‘ Construction of such a mathematical model, as well as its use to simulate operation
of the modeled deposition chamber, is discussed in detail'in G. Ritter, P. McHugh,
G. Wilson and T. Ritzdorf, "Two- and three- dimensional numerical modeling of
copper electroplating for advanced ULSI metallization," Solid State Electronics,
15 volume 44, issue 5, pp. 797-807 (May 2000), available from
http://www elsevier.nl/gej-ng/10/30/25/29/28/2 7 /atticle.pdf, also available from
http://joumals.ohiolink edu/pdflinks/01040215463800982.pdf.

0.192982  0.071570 0.030913 0.017811
10.148443  0.084824 0.039650 0.022264
J=10.066126 0.087475 0.076612 0.047073| Equation (AS5)
{0.0371 12 0.057654 0.090725 0.092239
[0.029689 0.045725 0.073924 0.138040

The values in the Jacobian matrix are also presented as highlighted
20  data points in the graph of Figure 5. These values correspond to the radial positions
on the surface of a semiconductor wafer that are typically chosen for measurement.

Once the values for the Jacobian sensitivity matrix have been derived, they may be
stored in control system 65 for further use.
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Anode21. 379/ 7. 6875

17. 9%Anode31371/ 7. 6875 =35. 5%Anode4l. 879/ 7. 687 M é
B e

The optim zer then determ nes a new current for each anode in each

phase of the recipe by multiplying the total
by the current share conputed for each anode.
5 5. TABLE 13: REVI SED MJULTI - STEP RECI PE 1.ti mef orward

bel ow.

current for the step and phase
These are shown in Table 13

fracti on3. anode 1 currenta.anode 2 currentb, anode 3 current6. anode 4
current 7. backward fracti on8.anode 1 current9. anode 2 current 10. anode 3
current 11, anode 4 current12.forward anmp-m nl3. backward anp-m nl4. Tot al

Anp-m n St

1St0.5L2510;7307690.2222812.0008300.1793711.6I43390.3838953.1850550.2444522

. 200p750. 1933070- 0. 9558080- 0. 7712950- 1. 5317480- 1. 0511470. 58. 22t 1530- |
it can be seen in line 4 of Table 13 that the forward

37. 6875 For exanpl e,

. 03365

anode 2 current for st Pbélswabe Grthlex@mphiip data comipbedndio aubtiaplnyi ng t he

+9 -39

changes specified’'b

9 MAR 2003 anps %
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20 performance on the incom ng workpiece by subtracting these di ffeé enc 5%
fromthe target thickness changes to be effected by current change ow‘,
the incom ng workpiece. In this way, the optimzer is able to nore quickly -
achieve the target plating profile. Further sanple wafer processing
processes enploying the optimzer z5 are discussed below. It should be
noted that no attenpt.is made to exhaustively |list such processes, and that
those included are nerely exenplary. Table 13 bel ow shows a sanpl e wafer
processi ng process enploying the optimzer. fromwhich a subset of the
steps may be selected and/or nodified to define additional such processes.
40 6, TABLE 13: SAMPLE WAFER PROCESSI NG PROCESS EMPLOYI NG OPTI M ZER St ep
Tool / Process | . Deposit nmetal seed | ayer using one or nore physical vapor
deposition ("PVD') tools different chanbers on the same pVD tool, or CVD
chanbers or el ectr ol'B&SJAHRR | sbAPIVINAARE may %he%@sdé&@ a’ﬁﬁ%dwhﬁ%ﬁé film

t hi ckness using netrology station, éither on the tool or an independent
station - raickessgyosyaludsgapreade ¢ 6evasedises of auede kweens vatusmtlhsbeuld esi st ance
Measur ementyfel@ bedd: tnQflbifiy. TPRSUREHER Snfark 8 i hfbriaci R\t Gy | M zer -~
residing on toot or of an a personal conpfiter == 1h Seed [ayer
enhancenentbelo¥SLE") chanber using neasurenents from step 2 (feedforvvard)
and nmeasur enment results from previous SLE wafer on step 6 or 8 (feedback)
4. -Deposit metal I rja SLE chanmber 5. Rinse wafer in SRDI Capsul e chanber
6. Measure wafer thickrieSs f@laﬁﬁu%§¥%?'%§yW§Fhﬁ}%ﬁ%ﬂnoﬂr{ﬁ’éél waf er in
anneal i ng chanber on the tool or in independent stations 8. I\/basure waf er

- thickness using Metrology Stationn3mbéRRmeaaRtd fdze glporg usi ng
.measurenents fromstep 7 (feedforypmdhyand yigg onbS 8 5 Jo
previ ous ECD wafer on step 13 or ;I{Lthég 05|t |na rret al

| ayer in ECD chanber 11. C ean and bevel et’c waf er |n Capsul e chanber , .,
-12. Measure wafer thickness using Metrology Station 13. Apnea] wafer in
anneal chanber 14. I\/basure waf er thickness using Metrology Station These
steps may be qualléé c.} a variety of ways including: the 5

reasur efgent / opdPhireErjsdotence gepRoeaf RS, BGH R WIRG FRkDY (55°

qual i fication

the number of measured radial positions is
different than the number of individually
controlled anodes in the system).

id i i 1
15 A!, — t‘mrgzr e (t ewived oldjeed)+r:p¢c{r ed Equatlon (B3)

i 1

In Equation (B3), +“* is the target thickness required to obtain a
wafer of desired profile while considering the total current adjustment, +* is the
old overall thickness, £/°*““ is the thickness of the new seed layer, “*“ is the

20 thickness of the old seed layer, and ™% is the thickness specification relative to

the center of the wafer, that is, the thickness specified by the target plating profile.

In particular, the term %' represents the target thickness, while the quantity

laryet ald . - - .
L7 1" represents feedback from the previous wafer, and the quantity

newseed  cold seal H
¢ —17"*" represents feedforward from the thickness of the seed layer of the

25 incoming wafer -- to disable feedback control, the first quantity is omitted from

26



or "dial-in" ; the neasurenenr/optim zer sequence steps sequence cgnnwge ‘
performed periodically to nonitor. perfornmance; the nmeasurenent/optt @r.éf;‘}{}ﬂ
.sequence steps sequence can be perforned on each wafer, SLE process may be
optional depending -al 9 MAR 2003 upon ne neasurenment results in step Z
(i.e.. this water tray routed around this and associ ated process steps);
waf er sequence tray be term nated, rerouted, or restarted based upon the
measurenent results of step 2, 6, 8, 12, and 14; neasurenent/optim zer
steps may be perfornmed only after process/hardware s changes; neasurenents
before and after annealing (e.g., sheet resistance) may be used to

determ ne effectiveness of annealing process; netal deposition steps 4 and
10 may be deposition of sane netals or different netals -- they could
deposit the sane netal using different baths; one or nore netal deposition
steps coul d bQuatis® @83 8i3aKle RRAIrwAIGoRfrol TR etldd Rlaffly iTBhAki Abfle

optim zation Steps may adjust to currents to generate a flat thickness
profile or. ofi®'a{ipPe B speci fied shape: the optim zation steps nay adj ust
current.to generate a b, I . i e Ut u filling;
the wafer may be ret uFgggIztsggvéé:%égﬁgé?l?%@g%ﬁ%%blﬁ% ‘33%% é‘?%’héﬁa ﬁéét al
deposition idthe cerrgsppRding ruentcliaggésnbatfhv cheentderibab £omuloequadbisab ogy

results. Jablgesl dityi . I rocess: 1s 7. TABLE 14:
SAMPLE V\AFERJHE%G%EQ‘%}I%YC\;I%%%S%{] E@L%@aﬁ,%ﬁﬁﬁfﬁﬁggf éﬁ“%ogft)s- Prtlss 1.
Deposit net afPPéisapn ofyihe aqyitings,Av0 construcdion Mfabe facobmacmatayes if isbme -

t hi ckness usg A I ti , Ly optimzer in ECD chanber

- using rreasureﬁn%rﬁ@gl?goﬁ]%@p@;s?@eeadfsg?e&/a&?lgft aaﬂ@mﬁg]%u?r@ﬁ@m‘ F‘é“glulafs from
. previous ECOMigip®ift Gncel®epn Tophetidhagit) specidlizpdhicso fprogmset &l oiayer in
ECD chanber 3 L ' neal ch er 6. .Clean and bevel etch wafer
in Capsul e cﬁ?ﬁ@gﬁ g??'d %gl&raé& \Rga‘eega’ie#fé%‘ﬁﬁg%“ﬂ’gF‘ﬁ%&v&ﬁ? 1Bpatgr 4 on 8.
Tabl e | % belpplyishidesbae eqddidnsonal sanpl e process: 9 MAR2003 9. TABLE

15: SAMPLE WAFER P E.S\!V . PRFE%% EtNPL Y1.NG, OPTI M ZER_ St EF Tool / Process
1. Deposit metal seed Tayar HERFTPORRINGE Wik thesuzenteintbe dest eglemnof | m

t hi ckness usTablp Zrens bl74gicompatd @0.8% fopdRkast Riatw AT € Thishréehue gr using
measuremantseé%? g(’;e Z@E}’f g}e forward) and nmeasurenent results from
previ ous ECD | 350 4 fREIoye Ahe Matiermity. f i ghisnexamiple, aher i n ECD
chanber differences between the seed layers were ignored since the seed layers are

15 substantially the same.

Tabl.e 2. Current Adjustment

Anode Change Anode
Anode # | Currents for to Anode Currents for
L Run #1 Currents Run #2 (Amps)
g (Amps) (Amps)
1 1.12 -0.21 0.91
2 .12 0.20 - 1.32
3 1.12 -0.09 .03
4 1.12 0.10 1.22

Once the corrected values for the anode currents have been

calculated. control system 65 of Figure 3 directs power supply 60 to provide the

20 corrected current 1o the respective anode Al — A4 during subsequent processes 1o

meet the target film thickness and uniformity.
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6. Clean and bevel etch wafer in Capsule chanber 7. Measure wafer thickness:
using Metrology Station Table 16 bel ow shows an additional sanple pr%o&"’ LU
5 10. TABLE 16: SAMPLE WAFER PROCESSI NG PROCESS EMPLOYI NG OPTI M ZER St ep
Tool / Process 1. Deposit netal seed |layer tine PVD tool 2. Measure seed

| ayer filmthickness using netrology station 3. Apply optimzer in ECD
chanber using neasurenents fromstep Z (feedforward) and neasurenent
results from previous SLE wafer on step 6 (feedback) 4. Deposit netal |ayer
in SLE chanber 6_ Clean and bevel etch wafer in Capsul e chanber 7. Measure
waf er thickness using Metrology Station As an additional sanple process,
the thickness uniformty of a wafer with a PVD deposited seed | ayer is
nmeasured on a dedicated nmetrol ogy tool, after to which the wafer is brought
to the plating tool and placed in an SLE process chanber. Using the
nmeasurenments fromt i r the; LB Z8nld Shelised to
sel ect an SLE reci pglent g%?‘e ﬁ&gﬁ%ﬁ%fﬁea%%%e%oétie{%ggage?éj - 43 9 MAR
2003 | ayer foeegyinglcduaioss eslatiay ar a it bfi curmmt change vhluek{ibsvaluesishovnilt y, and

the SLIT process,i rforned on the water. After. the f en
cl eaned ano"‘@‘l"f“éa "?H'%E]r‘?@?@?at?ﬂ‘g%f‘%ﬁf?rg P‘b?ﬁaﬂﬂjit 1 § ﬁ@ﬁﬁ%? E},?esttoﬁg wafer is
transf er r edylg ikl il tidraiRate Widiast bEplapE iisterial —tebé held comenit t 0 sel ect

a plating recipe that will yield a uniformbulk s film at the desired
t hi ckness bWER Baving o YoTIE SPCIREIFBE | ayer thi ckness. After the bulk film

plating process has eRiTPlcebieH sedsiifvicpahfix i the fRedodiy echniple quamitizs| e

cl eani ng chanber, whereupon it is renoved fromthe tool_  As 8n @ddi tional
~sanpl e pr oclis system VaPese te anndg gytent changhbahaube Pi‘?ﬁh{‘%(ﬁ?ndgﬁﬁ‘_-ﬂ i n the
-on- boar d ”Eéig@}eﬂg}ﬁ E%@In'ap%%L&xﬁﬁearim&egrbtasﬁmglc%&ﬁ&% parofsidrefi@bud 0 the
ayer- [

CVD- deposi te see,da e wdafer is then transferred to a plating
chanber. r femngethuscliyeed Theyumbe o€ syuem npasametery hak ey - BHEFHFENEEr ol ogy

igﬁtvieg“ggteQgeggag{%”%@g%%%y;g%mﬁﬁ%ﬁﬁﬁfis iR l%?cjc.r‘@&{cﬁ('s}yﬂgmf‘ﬁ%n%éM yield a

e desired nom nal thickness. After
t he pl ati nginplude dbs shets layompiicknsss, thtelaserblyte conduchyidy. ethe siieteb bgingapsul e

addi t1 onal DA b5 BB fhq Fatily EREUEColB AL BBy, B i th @
seed | ayer , pasitpin rethtive it theprhumbera and/ the anodtegvpé/ciroent diswabutios. rsedani form A
metrol 00y sLALL AR diSSuc FPRRNAE 0 SRR R Wnlinbd aBighs' Bfe@P!! M ZET
15 changes in the shape of consumable anodes over time affect plating characteristics
of the chamber. Changes to all of these items can change the current density across
the wafer for a given set of anode currents and, as a result, can change the response
of the system to changes in the anode currents. It is expected, however, that small

changes to many of these parameciers will not require the calculation of a new

20  semsitivity matrix. Nevertheless, a plurality of sensitivity tables/matices may be
derived for different processing conditions and stored in control system 65. Which
of the sensitivity tables/matrices is to be used by the control system 65 can be
entered manually by a user, or can be set automatically depending on measurements
taken by certain sensors or the like (i.e., temperature sensors, chemical analysis

25 umits, etc.) that indicate the existence of one or more particular processing
conditions.

The optimizer may also be used to compensate for differences and
non-uniformities of the initial seed layer of the microelectronic workpiece.

Generally stated. a blanket seed layer can affect the uniformity of a plated film in
30 two ways:
-28-



operates the nultiple-electrode reactor to correct the neasured
non-uniformty. zo Seed |ayer repair is then perforned using an elﬁéﬁh%ﬁggg
ion plating process to produce a final, nore uniform seed |ayer. The
optim zer then operates to deposit bulk nmetal onto the repaired seed | ayer.
As an additional sanple process, a sem conductor fabricator has two

physi cal vapor deposition tools ("PVD tools"), each of which has its own
particul ar zs characteristics. A wafer processed by the first PVD tool and
having a seed | ayer non-uniformty is directed to a first

mul tiple-electrode reactor for seed |layer repair. A wafer fromthe second
pVD tool that has a different seed |layer non-uniformty is directed to a
second nul tiple-electrode reactor for seed |layer repair. Bulk netal is then
deposited onto the repaired seed |ayers of the two wafers in a third CFD so

reactor under the contro |mze
Addi ti onal applicat ?Qns h}}&gﬁé&glg ?e’fm{ohnclt%géan"gs g%‘iyéﬁpl?‘&?éng exarrpl e:

The producti addedny thedinabfilm.CEdT exmvipleyif tiemayd Jagex ip ¢80 dthianer aothe beeause each

ot &l cr g B PeRyeh el S incsh oy aperte 0B FGF OHE pr ocess

paraneters. cdl;glrtherrmre a tool may be processing several dlfferent

product s. The advant nmul tj pl e anode r act or. o (l'ike
the CFD Yeactor) is hat tﬂﬂ%’r‘cﬁ‘f&‘a&héﬁf‘é{ lélﬁrr‘g kaess, flshﬁt &X &E"rrance may
be specifi agsié@iceads tht:tt@editafyélewmchm@l ﬂéﬁﬁ:uwnﬂlalm&dﬁﬁe&ilctﬁremeﬁﬁnsﬁhanber s on
the tool A basijc, application of the optlmzer is to aidin the intial

c:dial-in to P8 distibugtion acenss e wfer aealiernd asuhifpsrityy &opexavple-df B seeh on a
.« tool in pr qs‘*&ytdeeféasés”fr&rﬂ'motmdt% 1600% REéﬁWbl' htxP%vaWh&tt&ﬂy%dmhﬁéF ed

experl ment al prior tOdE)I’O uct 1 on, USI ng he Optl mzer as an aid to
obt ai ned urfbecanss thy inipaldilfn is Abinnery buy thtlhano bt calativehothicksr kipthe euter

Pr OdUCt | Pl 8 OBE l'efer L5 oFH! B0 NGBl o BBl Yooevi o the

process engl Aeer trn e recipes.

1f is seed- sleayhrysr(@murmmggamcmct:bmactt})ol are identical and stabl e, the above

picture is sufficie " | f..t he seed: ﬁ%ist are not copsi st 'Itlthen of f tool
Be '

nmetrol ogy or integra $d H%%ZST o"&{t %e sEYURESHB i o h%eg %Yﬁbes in the
seed- | ayer slesiadofs)aherphy milizing Gedtl-hgeruthblinéssesTad af youtdeeof feddoiard ent s i n

the recipe to _conpensate for 20 these variatio ECD sged, fol | oped by bul k
ECD: In thé’oeg@en@? rﬁé"eét?érﬁa?eafi (B’!eaﬁ?en@bagﬁ%ipgl S‘??étlt" dﬁ‘g’/ﬁ’ﬂéf%r”éayaﬁ% after
each pl @ i n@ngle@nn ahd eivhie PmnkethaP Srr6td! bepRéen@iges NBKHcSs Whd Mndabge®pt | M zer
to each pro eﬁ%ej IGP%%&P@ case of ECD seed, the initial PVD or CVD | ayer of

nmetal can led- ofnprrsmeaFuresent;of th wafer auastifioschasesaindhe eat ure of

the optim zseed-laer Bickhéss bt VAFeECHial Meadufsthdh dRaBoRf andResPRRAARE | ayer
under the seed {ayet[ can_al so have a_large influence on the plating

uni f or mi t y, (Eprs BEFh i e yFrentpdjustmgrs calsulations. ngsisg rﬂ@si appraeah, t he
Loptim zer cagel@t uﬁ% Y.t re than
i’:;;.':.gne iterati oncof the op |rEn§ﬁ§gr€§]§@et@oglﬁéd9&mE g%éggédg fm nt %tﬁrns?DOJrrent
~ Densi t y2Recitismpt aﬂ%ﬁcﬁgplﬂh@ optim zer and netrol ogy the opti m zer can be
used to help dial inyr that in e uni den durlng t he
feature filling st eB‘ g SRORd so. %ﬁéedsklt‘ﬁéec?&tpﬁﬁﬂ °§tﬂ’r581r"rt"é°’t
uni form y oiored fseasigvity/Bieobia kness smebe Iu'agﬁerts a(cﬁéu&ttﬁdﬂgﬁsliﬁuﬁ&ﬂdy' ayers

i, N adv nce sing the

are substa e det.er.,m
opti ni zer %ﬁ?ljl l?ltdrc%ﬁ sfgc égjtptrgg?ﬁdqayﬂfh&s‘ ge’@ﬁ'rhf’@h‘t adjusgfor, eﬂl‘?l“’l ¥8from a
t abl e) \Aheriaydnehmlamssia toi filyte @f filizhents ekendva¥edd laferBaRhe Saml Rufe8y be
quite use flﬂsecﬁ @hater}. 1%aatl ngqrésol derec)1 where the seed | ayer resistance is
const an f ¥ H Vjous seed layer. The thickness errors measured

from this wafer can be used with a sensitivity matrix appropriate for the new seed-

layer to adjust the currents.

To further illuminate the operation of the optimizer, a second test run

is described. In the second test run, the optimization process begins with a baseline

30 cumrent set or standard recipe cumrents. A wafer must be pre-read for seed layer
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lo The optim zer may be used to control process paraneters for a wdg %MQ 2002
vari ety of types and desists of nicroelectronic workpiece processing
devices. Various illustrative exanples of such devices are discussed bel ow.
Figure 8 illustrates-the basic construction of one enbodi ment of interior
processing container 39, including a plurality of individually controlled
is electrodes. It also illustrates the corresponding flow vel ocity contour
pattern resulting fromthe processing container construction. As shown, the

- processi ng container 39 generally conprises a main fluid flow chanber 505,

. an antechanber S10, a fluid inlet 515, a plenum 520, a flow diffuser 525
separating the plenum 520 fromthe antechanber 510, and a nozzl e/ sl ot
assenbly 530 separating the plenum zo 530 fromthe main chanber 505. These
conmponents cooperate to provide a flow of el ectrochem cal processing fluid

(here, of the electroplatin ol.ution) at the mcrqel ect.ro rkpi ece 25
that has dbigkusss m.aaﬁrt@:nm&ﬂ?iv%g ﬁhﬁH@b‘@FﬂS‘érWe%rﬁ&F ﬁ‘éen‘t’v¥O in the

|11 ustrat ed ephodideRl thd RRall BRAAGE b OWhi ?ol?&ﬂh?r»@ﬂexaﬁ%ﬂalﬁﬁm ral axis

537 and possesses a nearly unifaorm conponent normal to the_surface of z5
the mi crogkeddol seediay sp JataTRidy-peven Poists 31 the saardiivs @AY uni form
mass fl ux r r e enabl es
subst anti ﬁtngt/'i)ﬂﬁ rn@ﬁ%@gsgﬁg t gdrfrielig g§mt§?€%ﬁ Ss{’ntljéeagllrtﬁggllme flow .
char actser iayeiaged for gahi waferreadisgiout the use of a d| ffuser di sposed between
the el ectrodes/ anodglshicRids afa! @A o p &g;s?é@amqnaqh@ﬁt&wf&%@akpl ece
that is to be el ectroc emcally processe el ectropl ated). As
_.such, the layendinsaddiden tmﬂteh@noépec@me@tpt amwgerccga@odhecmwu@gmoédge in close

proximty SLf e § eby

provi de suC{??lfn {EFI al 5%%&1%1' afcs)gg%&} gjcr:iglﬁbt ﬂeh(%‘?@% a%ﬁ% +t§’%bgr &en??denm ty
par amet er smmh’é_,dthe plating thickudss bpladjuistmgg ﬁmeccialssmre”ﬁhuts amphsinaes.i dlftedegr ee of
control 5 electyri.cal amet ers he reactaor to be readily
dapt etf ¢ e A%t oSS R R WGy A Bt Sl RERRlobE BF ' Soec

| ayer thi cipfiefiger pseekals M&sstchmesmhcbcatmﬂmésateaobumherl al, etc.) without a

correspondi ng chan in the_rea har,d at her da tati ons can be
i npl ement ed by al t etRnBEY Afe) 18 ey Elﬁ'iedﬁ\évﬁhﬁ)tstag‘ t%s@tﬁ’% IR and
el ect ropl ahégeRuRGESA seéindUuabdifiéBion exd M Rquitel Hwhs thick@ety gbfilkQs of the

power provided, to the anodes. The reactor de5| gn thus effectively
de- coupl eshot BRISfACHTE f 1 ow from adjustments to the electric field. An

advant gge of this c agi?&% &ﬁ@h ow for

el ectrggl ating and ot Egad t(Sirt?oc %I?nlsg{aél r cessék E ﬁ&hd g%dgn whi ch
provi des ahsbbBrarhe aptty plalmdf weter d me@sxeﬁfdr kn@gr\@bss.tm impther
m cr oel eCt\{E&@t f t%%ﬂléﬁd %:re% Ef\?yseQ sétSoy @84 3; P%tcx‘étés% vQR.% beydegpaded when
el ectropl ating of other elec roc em ca cess applications Tequire
signifi canfollowmgg:eenmtmstameeneére@wﬂ'cuﬁmebage The processing container 39, as
not ed above, is pr OYI de la"t‘%c} h %fgjr’ I ity of individually controlled

~2el ectrodes (referenced Herei hif Sthout zo limtati on, as "anodes"). In
the i | zustrated enbddi nambde @arphisnci pal anode 580 is disposed in the | ower
portion of the mai N, cha 50 | .the heral edges of the surface of
the m croel ectroni c>wor E%tﬁ%‘ga'%seﬁﬂtl@'ﬁﬂgg&ﬁ#aﬂ 4/ peyond the extent of
contoured sidewal | %60, ﬂchﬂﬂaf&h@c@ﬁ@bmmssedges are electrically shiel ded
from princi pal anode 580 .and.reduced iﬁ‘tﬁs will take place in those
regions. As such, a'D% TSFBF afimEyang thig ?irpfﬁﬁ@déﬁe%@f@tlaﬂesmiu%&@ed in a
general | y esment with tiERBEbusTferitiod) T8 pRoHENG how Pend gga BE QM HRirfyofl | OW Of

el ectrgpl ating current o the peri heral regi ons. 580 "an 585 of the
i |1 ust rat eBfog Gdteh‘eﬁ‘?toeﬂ"@ YT ar@?nattfpﬂemgmtemptst ances fromthe surface

of the microel ectropifer piaf ghbzlge\{f Rakedts xB?ésQ&} F’Lﬁ?iﬁ'ﬂgﬂsgt d. Mre

particul arl y, the anodes 5 5 are concentrica R 2003
di sposed i %P fhce HRIfAMIYriF 24 tnai aqskptalels,. ﬂl&podftedureomehé eotinded amgenment

conbi ned t I al l. ow,t he. anodes_580_and S85 to be
ef fecti ve aceﬁlY%f'ogggtsgq?%gqéﬁlgf@%gnwn % uﬁiﬁ’l’{’)‘@f et e M3fErds W8r kpi ece 25
wi t hout g thwhgs ﬁlccstamdaﬂpﬁewdnmgoﬂﬁw ficsredRAGE raRtiveS thd MWaPRldt ern as

tailoreg bﬁﬁuﬂ%ﬁ%& &3 e, “Usually a forty-nine point map is used with measurements at
; -30-



s The effect and degree of control that an anode has on the electro Iatiqﬁ
of m croel ectronic workpiece 25 is dependent on the effective distdﬁ&@ﬁaﬁ-ﬂ3
bet ween that anode and the surface of the microel ectronic workpiece that is
being electroplated. Mre particularly, all other things being equal, an
anode that is effectively spaced a given distance fromthe surface of
m-croelectronic t o workpiece 25 wll have an inpact on a | arger area of
the m croel ectroni c workpi ece surface than an anode that is effectively
.spaced fromthe surface of mcroelectronic workpiece 25 by a | esser anount.
Anodes that are effectively spaced at a conparatively |arge distance from
the surface of mcroel ectronic workpiece 25 thus have |l ess | ocalized
control over the electroplating process than do those that are is spaced at
a smaller distance. It is therefore desirable to effectively |locate the
anodes in Chfésr%dilar Pt Yor! Pfo%mapgfcﬁlﬁﬁ Ymil GAAR1 AGH BRIk WK Rdrece 25
since this allows re versatile, calized control of the electroplating
process. Adumifidrengty. can be taken of this increased control to achieve

greater uniformty of,the resulting. electropl f s ol is
exercised, for exarrplfrg? ﬂE?fvcpP'éof%‘L“égmketfodgﬁ%%ﬁtg%I%i@%%@&é&gﬁpﬁ%‘vi ded to
the indi vi de@impifoO¥afer #3034 tshthecfndt phatedofvatdr peiagraasetedfl samdard anddeer or the

| i ke. Adj ustnents .t I,n wer n t be de suhject to
sof t war e coRtFEf™ t?a@é% I&%ﬁﬁ%éﬁ@h?& éﬂ&’gﬁﬁt@adﬁgﬂpﬂf’aﬁ I%“W%"I PREt r at ed
enbodi ment , withadecif8fimeof @{3Baginutes (40" seeqias). Dyefbiegiiabge dierwafeciswoe-kpi ece 25
as being positi.oned dista B.1l fromthe surface of z5 mcroelectronic
wor kpi ece 2820 64 gysre ;Lgﬁersﬁg“?@eﬁst'f%‘ﬁéﬁ‘ﬁm om HfCeis de 1880 and
... sidewal | 568uter Qiakofre showd inablesrode having an effective area defined by
the innernost dinmensions of sidewall 560. In contrast, anodes S85 are at
effective di st anckbl&2, SERD AVERITHIORMESSWALURDS FOR WARERWI34anode to

t he outernost anode, with the outernost anode being closest to the

m croel ectroni c workpi ece 25. 3dR#liks of tHhe ancbkickd&S in this enbodi ment
are in close proximty (i,e@mmbout 1 in. jgpm)48 9 MAR 2003 less. with

t he out ernost anode bei ng spaced fromtheim croel ectronic workpi ece by
about 10 mm to the surface of tth@0 m croellectrohi3028Gr kpi ece 25 that is

bei ng el ectropl ated. Since anodes 585 arefin close proximty to the surface
of the mcroel ectroni c workpiecel®, theyjcan b&l3HEd to provide effective,
| ocalized s control over the radial filmgrowmh at peripheral portions of

t he microel ectroni c workpi ece.” $df¥ | ocal ijzed cOhI¥ER is particularly
desirabl e at the peripheral portions of te microel ectronic wor kpi ece since
it is those portions that are no0d j kel y {to hal¥&2%58i gh uniformty
gradient (nost often due to the t that |electrical contact is nade with
the seed |l ayer of the mcroel ect c wor Kpi ece427%ke to out er nost

peri pher@l regions resulting in higher plating rates at the periphery of

...t he m croel ectroni c workpi ece conpared to the central portions thereof).

"““Fhe foregoi ng anode ARf avdaEre#enissntiarthe plating thamber, anditherw te-mexsupedat i ng

m cr oel ect r QRd j [ Welel’ B wel | as
For plati ng ahl Pochaes, IR Bl SNehlch (B BFGEM WE I Piree.
Gener al | y i platadavader, #3004 areshewn ésTalile 42 t he seed |l ayer or material that is
to be deposited) the more the macnitude of the current at the central anode
580 (or central AABlds)THHKNESSY ARUESFQR RASTPEATED MAFERWINH M
Figures 9-12 illustrate a further enbodi ngnt of _an_ i nproved reactor
chanber. The enbodi ment illystr X849 n thdse fi §hiekBesset ains t he
advant ageous 20 electric fi_8PMand flow cHdpmdteristics of the foregoing
react or construction while geur rent |y b¢ idnﬁsgﬁff ul for situations in
whi ch anode/ el ectrode isolation is desiraljl'e h situations include) but
are not limted to, the fol LNQg: i nstang i ich the el ectrochem cal
el ectropl ating sol ution nus P'\ggss over an 3’56e13?'%%2e, such as an anode, at a
high flow 2s rate to be optigghly effecti\;%;626134

80.00 0.626202

-
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instances in which one or snore gases evolving fromthe electrochemcal .
reactions at the anode surface nust be renoved in order to insure &nﬂﬁbrdﬁh
el ectrochem cal processing; and 30 instances in which consunmabl e

el ectrodes are used. 9 MAR 2003 Wth reference to Figures 9 and 10, the
reactor includes an electrochem cal electroplating solution flow path into
the i nnernost portion of the processing chanber that is very simlar to the
flow path of the enbodinent illustrated in Figure 4. As such, conponents
~that have simlar functions are not 5 further identified here for the sake
of sinmplicity. Rather) only those portions of the reactor that
significantly differ fromthe foregoing enbodi nent are identified and
descri bed bel ow. One significant distinction between the enbodi nents exists
in connection with the anode el ectrodes and the appertai ning structures and
fluid flow to paths. Mre particularly, the processing container 39
includes a plurality of ringsisgped anodes“kﬁaﬁmsiozo, 1025 and 1030 t hat
are concentrically disposed with respect tlo one another in respective anode
chanber housings 1017, 1022, 1027 and 1032. As shown, each anode [|015,

1020, 1025 and 1030 S erticall ri.ented surface area that is_greater
than the surface ar egﬁl‘}fﬁ?%‘é" ‘E‘BPHSQ Jilheplaidet o Bns QAo LVERE Fa38¢ Pbr egoi ng

enbodi nent s.236@UAngt6Ms.a8RME SheddufteRRRIONRAdY Prolifienglh Sar@aRihvesRogiMent . but
a larger or smaller number of anpdes may be used dépendi ng upon the

( y

el ect r ochemaEREIMASHE SOME §hemivosr Iha subsequant waferhas tabe pietseddar  Each
anode 1015, s3QPRyerlP3%esanthrdQ3@ d i asReGlLy € vipde
~-chanber housj n 1017, 1022, 102%k§ﬁﬁﬂgggg%ggyéﬁaf2@3{ one&%%gresponding
.. support / con&&@&‘%v@%wf%m@hcm@mesﬂmucemmsmmmminﬁ‘abhcﬂ:t om of the
“processi ng base 3 ang tgﬁfinates at_an el ectrical connector 10S5 for

connection to an SHRES, SEED LAXER THICKNESSVALURSEQR-WAKER #4804)i scl osed
enbodi ment, fluid flow to and théQ%ﬂh t he |t hree ggggr nost chanber housi ngs
10Z2, 1027 and 1032 is provideq Pom ar] inl ef St hat is separate from
inlet 515, which supplies t luid flow ti{kEIgh _an i nnernost chanber
housi ng 1017. As shown, fl uigghei nlet 515 pr v%%%g el ectroplating solution to
a mani fold 106S having a plurality of slots"’ di sposed in its exterior
wal I . Slots 1070 areir1fIuggsgonnunicatic@qgﬁj?a pl enum 1075 t hat
includes a plurality of openings 1080 thrqug Ich the el ectroplating
solution 30 respectively enkggy the three Qp@ﬁ36§hanber housi ngs 102Z, 10Z7
and 1032. Fluid --50- 9 MAR 2003 enterirg the anode chanber housings
1017, 1022, 1027 and 1032 figpyg over at |g@sfsgempe vertical surface and,
preferably, both vertical surfaces of thejrespective anode 1015, 1020, 1025
and 1030. Each anode chanbemgskgusi ng 1017} g1{342;4 1027 and 1032 includes an
S upper outlet region that opens to a respective cup 1085. Cups 1085, as
~illustrated, are disposed in the reactor chanber so that they are
.='goncentric wth one gpother.‘Each cup includes an upper rim 1090 that
““‘tlerminates at a preddPBiH ARléMizatQghunhete is eopbickndse profile apedfications, Wit h

the ri meaf eaghedl i i t i that i.s vertically belowthe

i medi atel y adj aceﬁ?kgﬁﬁﬁa%%ﬁ%gﬁt r@%ggﬁbﬁécﬁn%fwlah@ PRY %‘l’b" “¥ner most
cups furthePPHRERHG0S e epiisizeris activaedvie izenarate aondwe BtQT cobrbhts] G95seand a

sl anted i nt ggd I S,wall. caonstruction creat a flow region
1205 in the&?ﬂfl?{ésr ﬁ?lﬁ tbfi‘f% rteoggltg){ﬁﬂgcef‘%e%ﬁgrmggﬁfergésaﬁIsymégg’ﬁﬁ‘s@agré@ps

(excepting shrwvingindenoew cwrent hafputascabulesdt G Ckhie NrRlisOForVihd  Arat
defines theyfluid.f]owr iog 1205 and than the quter nost flow region 1205
“associated Wih tha OUter “ADOE S&iolay the japut values, 60 b havas generateoautaet t he

f1ui d f 16vs S0msiatingumed chhentsill (he@phnisePBasile SEIERLANRONPY ] ece
under procegs. Tcﬂgl.i ncr eaége‘,’ 4]n ar ea ePf ectivel y reduces the PR 8 1 ow

vel ocity al OngefhBlEFsFe #tifug ney syirensset williprodueeie vel ocity bei ng
greater at a | ower puUhé hew agbdd Afreh ' conpared to the

vel ocity of H‘%Peq fluid flow at the u%%\e“% E“E’%WP‘S?@%%@%& iSRSt | ow
region. io Hfié"§ FRamheri Tihg rug b5 ciid petehebrentshiemprminutes) coraie nbmstaal | Y
adjffacent cups effectively defines the size and shape of each of a plurality
of :virtual anodes, each virtual anode being respectively associated with a
correspondi ng anode disposed in its respective anode chanber housing. The
si ze and shape of each virtual anode that is seen by the microelectronic
wor kpi ece under process is 25 generally independent of the size and shape
of the correspondi ng actual anode. As such, consumabl e anodes that vary in
si ze and shape over tinme as they are used can be enployed for anodes 10I5,
1020, 1025 and 1030 wi thout a correspondi ng change in the overall anode
configuration is seen by the m croel ectroni c workpi ece under process.-
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9 MAR 2003 introduced across the vertical surfaces of the anodes 1(()%%1 a
-1020, 1025 and 1030 in the anode chanber housings 1022, 1027 and 1 %i"-ﬂ@
concurrently producing a very uniformfluid flow pattern radially across
the surface of the mcroel ectroni c workpi ece under process. Such a high
fluid flow velocity across the vertical s surfaces of the anodes 101s,

1020, 1025 and 1030, as noted above, is desirable when using certain

el ectrochem cal el ectroplating solutions, such as electroplating fluids

avai l abl e from Atotech. Further, such high fluid flow velocities my be
used to assist in renoving sone of the gas bubbles that format the surface
of the anodes) particularly inert anodes. To this end, each of the anode
chanber housings 1017, to 1022, 1027 and 1032 rmay be provided with one or
nore gas outlets (not illustrated) at the upper portion thereof to vent
such gases. r | : g i t nt 1210
is a secur e?mlgntthgté %g?&i%ﬂﬁéf?r% fd'r’%fﬁﬁ lgr&g?%’ﬁé%??%@%ﬁg%‘a 4 ‘Idﬁttaaetsrg[gﬁr enment
1210 i s usethig mndbawmpfen#490d vdll ibegomf the hid ss¢d lagérudatasfof themexigitaratioot or base 35

toget her. Although 1ls,.sgcyrenent 1210 e formed fraom a condyctive
material so that it @3&%3{%}?%“3@ 53?@%5 mf?'ﬁg&]iuﬁtﬁgf%ﬁm g‘ﬂ%ﬁé’nseen by
t he m croel eafer 4002 aroshowncia&abileder process is preferably a virtual anode
corresponding to the interior nost anode 1015. Figures Il and 12 illustrate
conput er 5si nul at Tekls 6o THIGKNESS ¥ MEES FOQR POFT-BLATED WAFERF4004
constructed in accordance with the enbodijment zo shown in Figures 13
through 15. In this enbodi ment, Batusyf tf{e anod&ickyesst he reactor base may
~'be isolated froma flow of P d through jtumlanode chamber housings. To
~this end, Figure I1 il lus”ﬁéﬁs the fl ui ({)’%&y \éel ocity contours that occur
“Wwhen a flow of electroplating solution is Pled t hrough each of the
anode chanber housi ngs, whi gf gi gure 12 i Idoélv.,slt r§1t es the fluid flow velocity
contours that zs occur when ﬁ re is no fjl éfs el ectropl ati ng sol ution
provi ded t hrough the anode er housi the anodes. This latter
condition can be acconpli shé%e‘m t he reac%fﬁﬁ?ﬁ&by turning off the flow the
flow fromthe second fluid g%ﬁdv i nl et (deiﬁ@'a?gd bel ow) and may |i kew se be
acconplished in the reactor Figures 9 by turning of the fluid

flow through inlet 1060. Su condi tion 30 desirable in those
ol e bR

instances in which a_flow o ctropl atij ion across the 9 MAR
2~.~~ surface of the anodes is found to significantly reduce the organic
~additive concentration of the solution. Figure 13 illustrates a variation

of the reactor enbodThepbstgikawd wafer Fagur 8c16f 2 FOT%t hver Sdeaz©bf U@l i city,
only the el gngnts pertinent to.the follow n di scussion are proyided with
ref erence nﬁﬁ%ﬁngﬂs: e[.frﬁidg WWB&FHE%O%P%ﬁF&%FTO%WWWé§ "e%r uct ure
for provi di mgessinotifled thavitht Gaich @f aandesas Lalivaled0Red lalLRD vasre: 2@31h jsMor e

particul arl t he fuyrther enpodi nent .enmpl oys an inlet nenber 2010 t hat
-.gerves 45 a GT‘ﬂTaé't'maBPdﬁ’ﬁ’émg gﬁ%dn PR B sy W Tablee’ pr ocessing f1 ui d

Lo Lhe anode chasgse houel By yRR Tl RSesh DR RS HOR Wi e oS

that may be used to provide a flgow.of el gctroplating fluid. The holl ow stem
201 Stermnates at a stepp rgm u a\‘,&2'(5520. e eﬁh‘i&‘ﬁ‘gi‘ozo i ncl udes a
§.L_omLe_.d.i_rrensi oned to receive

plurality of steps 2025 th
and is support-a correspondgpg wall of the ¢ chamber housi ngs.
Processing fluid is directed into the angde chanber housings through a
plurality of channels 2030 s$hgi proceed firpmgaanifold area into the
respective anode chanber housing. This latter inlet arrangenent assists in
further electrically isol atgngyanodes 10I_§).Ij3839, 1025 and 1030 from one
anot her. Such electrical isolation 20 occurs due to the increased
resistance of the electricaggfpow path betgegy 5? he anodes. The increased
resistance is a direct result of the incrieased Tength of the fluid flow
paths that exist between thesgnode chambdry hausings. The manner in which
the electroplating power is supplied to tlhe m croel ectroni c workpi ece at
tire peripheral edge thereof affects the overall film25 quality of the
depc{)sited netal. Sone of the nore desirable characteristics of a

! =
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contact assenbly used to provide such el ectroplating power include, for
exanple, the following: wuniformdistribution of electroplating poweﬁﬁgbgﬁﬁ
the periphery of the mcroelectronic workpiece to maxinze the 30 '
uniformty of the deposited f Im --~3 9 MAR 2003 consistent contact
characteristics to insure wafer-to-wafer uniformty; mnimal intrustion of
the contact assenbly on the m croel ectronic workpi ece periphery to maxi m ze
the avail able area for device production; and mninmal plating on the
barrierlayer about the mcroel ectronic workpi ece periphery to inhibit
- peeling and/or flaking. To neet one or nore of the foregoing
characteristics, reactor assenbly 20 preferably enploys a contact assenbly
- that includes the contacts 85 to shown in Figure 3. The contact assenbly
may be designed to provide either a continuous electrical contact or a high
number of discrete elsggin alldf teomdvadhs inidplindd Ritdriver pindedr! slohg withr kpi ece
25. 13y providing a nore continuous contact. with the ter-q?&bghgral edges
of the m cr&® @meﬂsmsed\xb@%ﬁ thecneys wafe apjthe E’é@k@e%r%ﬁﬁ'ﬂ Rlgfed 3L

tiﬁﬁi@r%ﬁfbﬁkﬁ%ﬂfg Wafsfis th@ rdW dureisGiior RAGId Surfeipl i ed is

circunfer eng@édpf-rﬂeh%
5 that pronotes uniformcurrent

to the mcroelectronic workpi ece

densi ti es. ¥meng Hicfinputs. cTherantimizis skthen acfivaied an senetals # BeviSeOficHTeENE dept h of

t he deposit %Hlpga i E,Iag,p q.ﬁﬁﬁgp i Bﬁ@e nbers
that pr 0\§/i dg ' n? ﬁsra% é]%r%atd}-%%t gﬁ .a,ogul_lto t e mh%vrvoe eﬂ(l:tg)%oni cca\q/\o%%iﬁergﬂge

peri phery whliel iapets ferthe speangd qtiovzation guis o fistasthenteer St aemvinph wale seed
layer. Contagf kG tix(ﬁ}i}%r EQﬁ%?g%édaé{&ém'ﬁz‘%ﬂaﬁﬁ‘iﬁ 4 By Wik s@t.c?tntfa%(:t menber

'structure that provides a ] 1 action against the seed layer as
~tihe mi croel dutheohé sconshd phat thee fasilityr lms ginedidted absehipaayelnahangad thitknéssescont act

“assenbl y. TBb?%%E@e@%%ﬁc%ﬁu?ﬁﬁ%lﬁetnsev)cg](r:{eﬁﬁm’i ng any oxi des at the seed

| ayer surface ere anci ng e el rical contact between the contact
structur® and the sedtielcayerted Anda cueantd ire agminfsentrtottye okipklwad applicint

densities z bout ..t he ni croel eclsr oni rkpi gece riphery is, ingreased and
the resul ti ﬁ%}ﬁ}el ‘%'1%%1?% PHSFE uﬂ“f gr nﬁ‘d}ﬁ(ﬁrp%l”g "E‘E@H&%’o @F@F%HW“FW he

el ectrical docknassvaasiid mic@beshgweat €able®nsi stency in the el ectropl ating
process from wafer-to-wafer thereby increasing wafer-to-wafer uniformty.

9 MAR 2003 The cdnbkd HIHEKNESSWALUESEOREPOSBRPLATED WAFERS#4208t ur es
that provide a barrier, individually or iph cooperation with other
structures, that separates the coRadivs/ copt act I8&knet he peri pheral edge
portions and backside of the(mmjroel ectropgsqumdr kpi ece 25 fromthe plating
solution. This prevents the platrng s of petal onto the individual contacts
and, further, assists in pre ing any ek®638&3portions of the barrier

| ayer near the edge of the m.croel ectroni g workpiece 25 from bei ng exposed
to the electroplating enviroddddt. As a rE3624783pl ating of the barrier

| ayer and the appertaining paotential for fontanm nation due to flaking of
.any | oosel'y adhered el ectroplf8dd materi a] 0636 dpstantially Iinited.
“"Exenplary contact to assenblies suitable for use in the present systemare
illustrated in USSN 09/113, 788:00whi | e Jul {/0-687005908, entitled "PLATING
APPARATUS W TH PLATI NG CONTACT W TH PERI PHERAL SEAL MEMBER', which is
hereby incorporated by refer 8. One or [BHEHB the foregoing reactor
assenbly's may be readily is integrated in a processing tool that is
capabl e of executing a plurality of processes on a workpiece, such as a

sem conduct or m croel.ect,roni c rkpji-ece e such processi toot is the

LT-? | OT™ el ect r opl atﬁlﬁd"% ?fa‘?é?ﬁ%df Il'g%t}"e“‘fef Srﬁ'%@rﬁﬁ?dglggilﬁ&“{ﬂsof

Kal i spel |, NthgipedtadurEingiycdfititueSo BBer the irdiforsity Bue dRUeh tHeHuBsis@ bF Hils
explanation. a 3-¢ below 2% is accéptable‘

The optimizer may also be used to compensate for reactor-to-reactor
variations in a multiple reactor system, such as the LT-210C™ available from
20 Semitool, Inc.. of Kalispell. Montana. In such a system, there is a possibility that

the anode currents required to plate a specified film might be different on one
-34-



The system of Figure 15 includes a plurality of processing stati onsg ;"‘ﬁ\ 2003
1610. Preferably, these processing stations include one or nore R 2t
rinsing/drying stations and one or nore electroplating stations (including
one or nore electroplating reactors such as the one above), although
further inmrersion-chem cal processing stations constructed in accordance
with the present invention may al so b~ enployed. The system al so preferably
includes a thermal processing station, 25 such as at 1615, that includes at
| east one thermal reactor that is adapted for rapid thermal processing
(RTP), The workpieces are transferred between the processing stations 1610
and the RTP station 161 using one or nore robotic transfer nechanisns 1620
that are di sqe®etviedlcoklpdRal toMRGEFENt 2 C I K 4: 30 One or
nore of the.3p stations 1610 nay_al s5‘{?"&2@9%@1Fa5{%§}°§e€rfﬂ‘tc%‘ﬁ°?‘e%‘ﬁ? g?esare
adapted fort uv3rifgorn pnthe wafoprposition duct to rtplesamcesPrivf the alifiygtatal | of t he
processi ng siegkd t; LB I f i r.e di sposed
in a cabi net thﬁsﬁg?%d%gﬁmth gﬁatgfg%%(tjﬁ éiﬁgs%lﬁﬁ%ggﬁgfﬁ%%s%ﬁ&sure to

t her eby | i ninanyfeeyans tleranves viariations i thachamlyer pectnetey diectoafifnafichrmpess of
the m croel L I: sj.ng.. s Figure 16 illustrates a further
enbodi me%t %?é%%’gc%%ﬁ@gﬁd@%%%ﬁb%ﬂeﬁn RTP station 1635, |ocated in

portion 1630, that ihchudgk aodt eystdm,ahe rdaber-fRleatt0nvhmdtion TRYyph&lly nt egr at ed
i | east. one _ther nal

in a tool set. Unlike the enbodinent of ,Figure 15, at .

reactor is %g}“\:ﬁldccé%crg?)’ EF%H%‘% WA B JRleFATERs or hyspaling gligkdi cat ed
rﬁboti g me cheadwanm & Gcaione pt &cMéd;:Sir&%_%&mb%l@hte%ﬁréaEtEH$§1?a[tfoﬁ§j. Trllxi)ai t ht o by
~the robotic sfer. nechani s . _Transfer y take place through an
hter noai ar BULBS e FEERREh 3R 28 ekt Biice, iin the tsedhiges /e Pt o

hygi eni a@l | invetpar atetérhte-rBRERPOidaons 168 0b redided/PRAGRES B? fulling f rom

ot her porti qﬁ of .#he tool . Addi ti@gal |y, using such a construction, the

i |1 ust r at ed™ SHHE S ARG SLHPRSTSHR PAHLIPHD: ok MNERS 4B Feasiop armationsdaul e t hat
|5 attachedndiGuiigicanfly Rt &yiut RGontXi 3 the d hsit‘ﬂ/iy miffixd AEog zed that
ot her. types, of prgces Ing stations may he located 1 n portiofi 16 6 in

addi tion t o™Bi8; KaFRRAiseioser hameigtis expsisted 8o 5ind| anofe cuments thah eneet flm t he
optim zer nijekhéssUsQeisi NROREorAb-réRiF wHARGS g'ﬁ“ﬁ WA .acesses for
pr ocessi ngn% m cgng%gt or wor I{g éces. VI%%] I'S f%ﬁlt%&e en\}/_ll}é@i née}?im{%hgg t he
optim zéf eEsHETsdp she- Bimab haeds qurrsets foreach phamimm Thesezdiffarenemsan bg t 0ol s
perform ng SUedigPsR oo fihd chani.sm for the ' optimzer to
pass contr ol palr amfﬁﬁg&?(?ﬁsg%tc ng%%%é?%Orft%%%?%élsﬂ aé&l:‘e 47 'SP ni zer and
processi ng mapbs uhyedin eqsbrratatat. ulndedditidng teen bfftdt tabled atay Bangses o p of
different p Les,..andior in different physical |ocatiqons Nunmerou

modi fi cat i o%é&hrr%y eer&?n%{f =h c?’oofﬁgteﬂgéc‘?q“g GPY R T EPes; 4Nty fl'i"?oEl‘En“Eﬂ’Zparti ng
from the bagsent gadhintgandrectheeifindfies cOXBETMed to ablifeUBo raRidReagNt

i nventi o iﬁ dee%cr Hze{i in Ehe.c?}ge;e t of electrochem cal processing of the
i croel 8¢t r'ofli TARBIGk b e valyen dn dhe, pitien fable, areeqvisr @ rirtigulas tieskold.dtheled t o

ot her  typesdevfatioh etagehdicdt 8 Rndwary deBicRES) MEOREESIHM cobGhd!di Ng vari ous
ki nds of materi al dggosi tion processes. "For exanple, the optimzer may be
used to control so efd&icRBpHFSrdbore amlivdimentson! Of optitnizer aday bruededds positive

or negati vesegleaabf®RRAQ" SihiC paralie MaR, resk.st.s,.or .
el ectrophoretic paints; cheﬁi cal te(r)s_r ?Oghysé%?%\?g%g?&dg%ﬁa ttlh%n?pe&f%. I n
effect, theé Hib freEeon duidignthe depdsisionxydnd dd an exampley emboclimedtest theni ¢

wor kpi eg£ RypReRSs i M t ve i.ndjvidual Iy controlled processing
el ements that_ are r%%%ﬁ‘%?@gﬂ%%%%“gg@gﬁ% e‘Ps%ﬁﬂr q!;a{vxtﬁ;ﬁ@pe

i nt er dependBiingdwp sliffercnsrsteps.p Biepilodthérecipa laost for isshinutesf durfi@ which a

' | ect [ ' t, i ' th | ts.  Such
Syt o oy aha oy o RESFrepr Btel SarPL %GR8 R icBocs: R T L R oi n and

use them i wigsh dminatiamhs folloms 0ee ] ois NS miizmwton?ar@mﬁﬁeg@? YetSofap arrive
at control e§ .val ues that accyrately result in the targeted physical
characteri sop?%&g&t t?é‘“}% ct gg‘ll‘_’eeﬁdr g%glé WHﬁ?FﬁP’&‘Fe. Imipediaighattenearsses ent
inventi®n hesl beem: désCy ainesl iy delivered for 25 milliseconds. Ten milliseconds after
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to substantial detail with reference to one or nore specific enbodinents, ...
those of skill in the art will recognize that changes may be nade tﬁ%%ﬁﬁ%iﬁﬂ
wi t hout departing fromthe scope and spirit of the invention as set forth
herein. j -s~ 9 MAR 2003 CLAIMS W claim1l. A nethod in a conputing

system for constructing a sensitivity matri x usable to adjust currents for

a plurality of electrodes in an el ectroplating chanber to inprove plating
uniformty, conprising: for each of a plurality of radii on the plating

wor kpi ece, obtaining a plating thickness on the workpi ece at that radius
when a set of baseline currents are delivered through the el ectrodes; for
each of the electrodes, for each of a plurality of plating workpiece radii,

obt ai ni ng j h on.the workpi ece at that radius when the
basel i ne cﬁ?érﬁgﬁlb)s&g}rl%mbfert ?%Ee tSSPREH “tdl’(&eé;éf’]rem?tsa RVEBRET? 8P ng a
matri x, a ffor spottlem@neiltisecofidst hEhePriod*dueiaf MsROA Bbsifvé Burtdhe idbdmal ity of
electrodes,ti.seﬁon dinegﬁigg of the matrix coréﬁggénﬂin to the plurality
of radii, eUNCIEdsaayasihg dorward phascepbie stisaev useg dyring| vk adi us

bei ng det eramé@atdvdyurtanbistaiiol elvérde ist . i t he
basel i ne, c {Egas re delisgﬂed througﬁG?E§§%1gégﬁggggh%?ogf¥%§ hi ckness
at that ta RELPRAEFS A, B RFede for erample stoaeduos drregitrities ffomadhiatthe | ect r ode,
t hen di vi digigedyurfdte asiBg é. Qﬁnmg' -t - ERNG t hat el ectrode
was pertur bpgd fromits bas%#?ﬁg cur r{é_ﬁ%ﬂcgﬂﬁg%@ﬂod’ o*uft@lﬁ'ai m 1 wherein
the current for eachBelirdetiocmely te mptmizen del opymige puoxitseorethjs recb. anps. 3.
The et hod igitiaChiay MRkE] t . ea I de i s perturbed
-hy a factor_in tlﬁ*eemrsiarrlge ggi[ f&e%ﬁﬁi%g%ﬁl%%g mfg Fllﬂfésecrfag?%%) nquoc‘] Eﬂ m 1
wherein thel#3%i ned thi cknesses are obtai ned by executing a simulation of
“the operation of the electroplating chanber based upon a nmat hematical nodel
of the electroplating chanber. -58 9 MAR 2003 5. The nethod of claiml
wher ei n1% he obt &i nedrABLEC&nidNITIas MIDIET|EBMER REGIHEY neasuri ng wor kpi eces

plated in the el ectroplating chanbef. 6. The] method off claim1, further
conprising repeating the nethod to WBduce af#iP2i onal [sensiti vi ty matrices
for a variety of difffergat conditiopss 7. Thg,gethod ¢f claim1, further
conprising using the constructed
2. forward fraction 1 0.730769
3. anode ! cusrent 0.2 1.8
4. anode 2 current 0.24 2.16
5. anode 3 current 0.34 3.06
6. anode 4 current 0.22 1.98 |
7. backward fraction 0.192307
;) 8.  anode ) current -0.86
o 9.  anode 2 current -1.03
10.  anode 3 current -1.46
11,  anode 4 current -0.95
12, forward amp-min  {0.5 8221153
13, backward amp-min | -1.033653
14. Total mnp—fnin 1.6875

The left-hand column of Table 9 shows currents and other
- information for the first step of the recipe, while the right-hand column shows
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sensitivity matrix to nodify for use in plating a second morkpiecg QDT EmGS
used to plate a first workpiece, such that the nodified currents cause the
second wor kpi ece to be plated nore uniformy than the first workpiece. 8.
One or nore conputer nmenories collectively containing a sensitivity matrix
data structure relating to a deposition chanber having a plurality of
deposition initiators for depositing material on a workpi ece havi ng
selected radii, a control paraneter being associated with each of the
deposition initiators, the data structure conprising a plurality of
gquantitative entries, each of the entries predicting, for a given change in
the control paranmeter associated with a given deposition initiator, the

expected ¢ r@plgg?iagd g&?ﬂg{ﬁ%@%ﬁgﬁ}-&%@gecﬁﬂ E&é@ﬁiﬁa géeccif&f qhv@B 1 AdhiBe Such

that the contents o La structure may o determ ne_revised
deposi ti on sem thaasep lpaassnduration ¢fo5 thiottesr whilhsten gilmg aodwserian fgl St eri al

t hi cknesses target, Qrofi d [ te g?rd Lo it HefkREsSes: 9- The
conput er nemﬁ%l?llteg‘s I'gfhggl'aﬁnﬁ%lb\%ﬁ%%ﬂce)tpﬁt’ &ﬁée)éﬂdz‘p%m igﬁél |l% ityg?férs Zir%g

el ect r odes, 108kl ofvhe daratioh v fiecsdp; elhilp dn sep Refewasiqdating is peviormred; foe

deposition initiagtors are currents delivered thr A : s. 10.
The. compt ciboHEHuPREOIER 1 B¢ ARENE FIEREobE S P ORfRsEaRer

ot o1 T e e B bt e e ormut et et Log oantALD Ml i pl e
Sensi 1 vi  y eSS as FPRULERGS! sk eh SHORBt T o L Saprper Bt 28 "o
oS Lo T e e ot Lo nein set ot wal ea

i ndi cati ng hdWaRFeaESH aane,gpqgetcuggptgﬁg@gvrewggr ‘Epa"é’gg?% Oigl}ea WAL & pt abl e
deposi ti;pn §esYlbs hiflisBedrds Bl SeBeSbial peridehafTIY millisgondy)c eLinessdddnd

paraneter set usable to obtain_acceptable deposition results jn second
deposi ti on gtesntbemnegatiye curenss Addiyered dirigy qchﬁarg}g'ﬁ-g’rﬁffssbffp ioL’t"FgFI ing an

el ect r opl at L\ RROGRSS [fth Db bAErliRBR: fofna pkRCITEAR] Ak MEbrchanber

having a plurality o r conprising: for each el‘g:tr_ode
det er mi ni ngstema, thét ispb amipayinsteay ¢ranpived %Fla&nlméﬁ%s@hé raian o dur | ng a
first platip e . £ ISt 'esq!ﬁ1 hhrd RS rddatii Ng
char ges del F@éﬁéﬁ%ﬁ%%‘g‘hﬁ ﬁg&e echfll’ (E%de){) ﬁ{eeac iﬂ?ailsttg:ﬂdp'In(?T> trﬁe process;
conpari ng amppatihedorrand platngchirgw ft step iscabowiB.2h empimisutopotogiitde to a
target platjn tQfile tp identify.deylatiogns, bet i pl ati ng
profile andi’f%@%f?g}“ﬁ%ehep"“é?qoﬁé’tfﬁ\%?i fgé %"ﬁﬁ%ﬁ}c\r’%%\gv%%g@ p:fg:tﬁ?%g char ges
-for each el g3 olPby Bleatinast thoforesidearrting in sleptj 9 amgs.dbiredtdi smwsithe a second
wor kpi ece; for, each new plating charge, distributing,the n n | at i ng
charge acr o&asuitsaf %‘E‘@b‘ér &cqlwgg?@gggmmf phase OI' ste}92. ine lei’\ého@gﬂ%

net plating charge, 7.6875 amp-minutes obtained by summing the signed charge

20  values on lines 12 and 13.
The deposition chamber is used to depasit a wafer in accordance with
these initial currents. That is, during the first half-minute of deposition (step 1), +.2
~ amps are delivered through ancde 1. During the next 1.25 minutes of the process
(step 2), +1.8 amps are delivered through anode 1 for 95 milliseconds, then -0.86
25 amps are delivered through anode 1 for 25 milliseconds, then no current flows
through 1 for 10 milliseconds, and then the cycle is repeated until the end of the
1.25 minute duration of step 2. Overall, the charge of 1.537 amp-minutes is
delivered through anode 1. This value is determined by multiplying duration,
forward fraction, and anode 1 current from step 1, then adding the product of the

30  duration of step 2, the forward fraction of step 2, and the forward anode | current of
-37- :



using the distributed new net plating charges to deternmne a curre tﬂmﬁrmmg
each el ectrode for each step of the process; and conducting a second'” i
plating cycle to plate a second workpi ece, using the currents determ ned
for each electrode for each step. 14. A nethod in a conputer systemfor

eval uating a design for an electroplating reactor, conprising: -60 9 MAR
2003 applying to a set of initial electrode currents a nmathematical nodel
enbodyi ng the reactor design to determine a first resulting plating’
profile; conparing the first resulting plating profile to a target plating
‘profile to obtain a first difference; applying a sensitivity technique to
identify a set of revised electrode currents; applying the mat henati cal

model Lo thaepel teh al@l ARpBURE bf BeI FMdnTIH Dot £ HEHRIMRE AR PRGN

resulting plating profile; ‘conparing:t second resulting plating profile
to the targSEP i 2d thg backyrard anads lopwreenhofstere o Suckdidtipdatmgaharganthagval uat i ng

t he design 1 e d di.ffere . An apparatus for
aut omat i cal Pf/léagset]lge%g% F#ga%géﬁhngﬁgggs’%&ol@ibﬁ WW%F& ﬂUgI | ing operation of a
deposition chanber to deposit material on a selected wafer to optim ze
conformty with spechified. [ n, rising: a measurement
"receiving subsystem ?ﬁ%{“éﬁgtgﬁﬂ%‘.‘“ﬁ&é-@%@é?i"ﬂiﬁ%'ﬁ%ﬂé&%@?a%f t he

sel ect eds waREEIREf ore material is deposited on the wafer; post-deposition
t hi cknesses of an al ready-deposited wafer after material is deposited on
the al ready-deposited wafer; aNahrd-"deHBEMT on t hi cknesses of the

al ready- deposi ted wafer bef or euwssb enigad ahsngleposited on the wafer; and a

~paraneter selection subsystemthat selects the paraneters to be
- FE _ Anode3  2.614 Amp-min

Anoded  1.690 Amp-min

These plating charge values are submitted to the optimizer together
with thicknesses measured from the wafer plated using the initial current. In
response, the optimizer gemerates a set of new net plating charges for each

10 electrode. These new net plating charges are shown below in Table 11.

3. TABLE 11: NEW NET PLATING CHARGES FOR REVISED
RECIPE
Anode]l  1.537 Amp-min +0,171286 Amp-min = 1.709 Amp-main
Anode2  1.845 Amp-min - 0.46657 Amp-min = 1.379 Amp-min
Anode3  2.614 Amp-min +0.106337 Amp-min = 1.271 Amp-min
Anode4  1.690 Amp-min +0.188942 Amp-min = 1,879 Amp-min

The optimizer then computes for each anode a share of the current to

15 be delivered through the anode by dividing the new net plating charge determined

for the anode by the sum of the net plating charges determined for al] of the anodes.
These current shares are shown below in Table 12.

4, TABLE 12: CURRENT SHARES FOR REVISED RECIPE

Anodel  1,709/7.6875 =23.2%
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used to deposit material on the selected wafer based on the épeci fied

deposition pattern, the pre-deposition thicknesses of the sel ected feer, :ﬁ
p P P P EMAR Lbisu

t he pre-deposition thicknesses of the al ready-deposited wafer, paranet
used for depositing nmaterial on the already-deposited wafer, and the
post deposition thicknesses of the already-deposited wafer. -61 9 MAR 2003
16. The apparatus of claim 15, further conprising a deposition chanber for
depositing material on the selected wafer using the paraneters sel ected by
t he paraneter selection subsystem 17. The apparatus of claim 15, further
conprising a nenory containing a sensitivity matrix used by the paraneter
sel ection subsystemin selecting paraneters to be used to deposit materi al
on the selected wafer. 18. A nmethod for electroplating a selected surface
using a plurality of el ectandes, 1.xomerisst 7o, obt ai ni ng a current
specification set conpri Sﬁgﬂ f a :rpl ural i té of current |levels each specified
for a particular one of t °§T3ur‘a7i1&75?876f= %t rodes, the current |evels of
the current specification ke OonPohskiac@qsodi fication of current |evels
of a distinguished current specification set in order to inprove results
produced by el ectroplating in accordance with the distingui shed current
speci fication set; 3Rd obiniRRln AeREEAOE nel Tl doP I ES SR | €Ve!
specified for the electrode by the current specification se 0 the

el ectrode %P 8R¢iBkast of ghececipe by mudtinlieg sl otal edrem forathe step and Phasenmet hod of
claim 18 [ ] r i fil L O | tai.ned. by receiving it
via an i n}t,vgﬁlgccgﬁ%b&grﬁéﬁl Btteﬂgﬁrég%ﬂ C g#’mﬁ_%%g\tﬂuées?l&&ﬁ "ﬁlhgﬁf" rh’ g’?lf”éce is a
user interface. 21. The nethod of claim 19 wherein the interface is a

~renovabke nedi & driygg - RSy rﬂ@ﬂ f ﬁ?ﬁ& wherein the interface is
"a network connection. 5§33The r!r%r@%o ST hn the current
specification set is obtained by nodil$w ng t haseisti ngdi shed current
specification set. - 6i2

time 0.5 1.25
2. forward fraction I 0.730765
3. anoodel current 0.222281 2.000530
4.  anode 2 current 0.179371 1.614339

anode 3 current 0.353895 3.185055

w

6.  anode 4 cumrem 0.244452 2.200075
7.  backward fraction 0.192307
8.  anodel cumem 0 -0.955308
A 9.  anode 2 current 0 -0.771295
| \ 10. anode3current |0 -1,521748
11, anode 4 current 0 -1.051147
12, forward amp-min 0.5 8.221153
13, backward amp-min |0 -1.033653

14, Total Amp-min 1.6875

For example, it can be seen in line 4 of Table 13 that the forward

anode 2 current for swiep 2 is about 1.6] amps, computed by multiplying the +9
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9 MAR 2003 24. A nethod for processing a mcroelectronic morkpiece,g AR il
conprising: (a) applying a seed |layer to the workpiece using a physicgi Zulli3
vapor deposition process; (b) neasuring non-uniformty of the applied seed

| ayer using a metrol ogy device; (c) correcting the measured non-uniformty
of the applied seed |layer in an nultiple-electrode reactor whose el ectrodes
are operated in accordance with el ectrical paraneters determ ned based on

t he neasured non-uniformty of the applied seed | ayer and characteristics

of the multiple-electrode reactor. 25. The nethod of claim 24, further
conprising, after (c) (d) subjecting the workpiece to an el ectroless ion

pl ati ng process in order to enhance the seed layer. 26. The nethod of claim

25, furt heragaita e 6 i Trolihld pHREMTIAD bthd BlcfdifShe B 17106, enhanced
seed | ayer usi ?ngqla met r ol og%/ devi cg; an positing a bu met al (iayer at op

the seed | £pEwufeqd faranede 2iskdvaeinckableolde react or whose el ectrodes are
ted i d .4 e el ical ] ] th
operated in accorda ceggﬁégwg G5l 1R T8 ATELE L ol BRAGH pages on 1he

measured thickness of” t anced ‘see ayer an s of the
mul ti pl e- elcergecthenges speaified By . thed openired fdrathe pevifear nicipg aratdiyniitaltedleposi ti on

on a workpi 1.SlNg: ecting. one of a pluralit f processing
reci pes;é(i ne%gxéﬁg Sg%ggqezsl@%ém c?ﬁ%‘?sgpseog%fserg‘f?%n? #8%03’861%} &'Iaf % t‘(’)‘F‘IS
deposi t i on patogedsrgeaioa redthesters end phist ef thaestised peipdyantvadll as tedewl conput er
control, r i eving a._paranet set assqciated with the sel ected recipe;
and oper at I%:\%m% c&gl%g’slistuln %Hgﬁ‘gﬁn%élaér%ﬁd’é‘ﬂegewchct heSsUEHEE i pe, and -
'C'O'?Lr 1(:)|h| i ng{[tidiae I‘Wagdﬁusaotbbmmhbin‘es/ tf(ﬁf ?i@tﬁ(ﬁjﬁﬁr@ p]{ﬂﬁﬁ@kﬁmﬁé .chﬁtﬁgeg Q)(gg'tiﬁ W%tﬁﬂi%orzgggce
28, ne- or THAPE EGBATEE ety ietnaivyly Bt g B AR 10 Sah 2T 8k ropl at | ng
“cur r ent rodatrécipé, Ilmtdgrs‘@afp 1 BPthel aécipeSiricHadzdd &oﬁfﬂﬁ?ﬁﬁiﬁﬁﬂﬁulﬁﬂsﬁéﬁ #eBhE.Oth

a.p

specifying, for each o lurality of seed |ayer resistivity ranges, a set

of current $O1§ PROYINERIS, bE qPymizeyrpyptass adeapnliss s differem dshsitivity

el ectropl atgatax W KB Q6SNAYIRG:S 5686 | ayer whose resistivity falls within
the range. 29. The corrgiﬁ%uer meno iesﬁo'f cl aim 28 wherein the sets of

currents specified Uy spmeembediments; the fdedityiutilives b for af predictvesoquemi nent al |y
det er m ned gl CARILEMBAIThEDL - the optimizer generates, for each set of revised
15 currents, a set of predicted plating thickmnesses. The optimizer determines the
difference between these predicted thicknesses and the actual plated thicknesses of
the corresponding workpiece, For each workpiece, this set of differences represents
the level of error produced by the optimizer in setting currents for the workpiece.
The optimizer uses the set of differences for the previous workpiece to improve
| 20 performance on the incoming workpiece by subtracting these differences from the
target thickness changes 10 be effected by cwrent changes for the incoming
workpiece. In this way, the optimich is able to more quickly achieve the target
plating profile.
Further sample wafer processing processes employing the optimizer
25 are discussed below. It should be noted that no attempt is made to exhaustively list
such processes. and that those included are merely exemplary.
. Table 13 below shows a sample wafer processing process employing

the optimizer. from which a subset of the steps may be selected and/or modified to
define additional such processes.
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30. A nmethod in a conputing systemfor automatically configuring ﬁf&%ﬂ?%ﬁﬁf
usable to control operation of a reaction chanber to el ectropolis LR b
selected wafer to optim ze conformty with a specified el ectropolishing
‘pattern, conprising: receiving pre-polishing thicknesses of the selected
waf er before the selected wafer is polished; receiving post-polishing

t hi cknesses of an al ready-polished wafer after the already-polished wafer

i s polished; and receiving pre-polishing thicknesses of the

al ready- pol i shed waf er before the already-polished wafer is polished;
selecting the paraneters to be used to polish the selected wafer based on
the specified polishing pattern, the pre-polishing thicknesses of the

sel ected wafer,gthe ] kg b ' sses _of the already-polished

waf er, paranet or s uyggﬂ?grg g%M@%ngéﬁ}%Q%ﬁﬁ'ﬁ%B% waf er, and the
post pol i shFMELONING SUSRHMEZER t he al ready- pol i shed wafer. 31. A method in a

comput i ngg,system for determ ning deposition paraneters to use in performng
mat eri al ‘d‘g%vsrﬁ-on-m—m lepi-ece, 8RR NG receiving thickness

measur enent s RepospRAELES 1HNRA: hRGAL on the workpjece. -64 9 MAR 2003
receiving a deppsition profil & spg‘lé‘{"?@i‘s’%ﬁﬂ%’%’dﬁ%%‘?'&& ) iRt cHfereat erial i s
to be deposit ed™BHE ARBaEER BVB el oBNIachanming: of clsdaletsidagsiE &t chinedeposi t i on

paranet er s, Meshilsbdd MerSih @i osition. thickness neasurenents, and a
starting set of deposited t hi cﬁ%’ggggmgoﬁ%?&&ﬁ'&ﬁ"%‘ﬁ?'8°lt°ﬁ§'“%‘1°%ﬁ"'éqnhg sets of

deposi tion paf@fErdtEelagydiapeme cadpfodin ihoknetsioplehesBsiiBasHLaNBRALS . based upon
the received and obtained infgrpation,  determining a set of deposition

par ameter§ to use in perform ng%&tef?gmﬁgﬁggfb%n on t he workpi ece.

- . Apply optimizer -- residing on tool or off too] on a personal computer - in a seed laver

enhancement ("SLE") chamber using measurements from siep 2 (feedforward) and

measurement results from previous SLE wafer on step 6 or 8 (feedback)

4, Deposit metal layer in SLE chamber
S. Rinse wafer in SRD/Capsule chamber
6. Measure wafer thickness using Mewrology Station
7. Anneal wafer in annealing chamber on the too] or in independent stations
8. Measure wafer thickness using Metrology Station
9. Apply optimizer in ECD chamber using measurements from step 7 (feedforward) and
measurement results from previous ECD wafer an step 12 or 14 (feedback)
10. . Deposit final metal layer in ECD chamber
N 1L Clean and bevel etch wafer in Capsule chamber
L 12 Measure wafer thickness using Metrology Station
| 13. Annea) wafer in anneal chamber
14,

Measure wafer thickness using Metrology Station

These steps may be qualified in a variety of ways including; the

5 measurement/optimizer sequence Steps can be performed during tool qualification
or "dial-in"; the measurement/optimizer sequence steps sequence can be performed
periodically 1o monitor performance; the measurement/optimizer sequence steps

sequence can be performed on each wafer; SLE process may be optional depending
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32. The nethod of claim 31 wherein the set of deposition paraneters § ¢iaRse@ifid
in performng material deposition on the workpiece is determ ned using g
sensitivity techniques. 33. A nethod in a conmputing system for

el ectroplating a mcroel ectroni c workpi ece, conprising: receiving data
representing a profile of a seed |ayer that has been applied to the

wor kpi ece; identifying deficiencies in the seed | ayer based upon the
profile of the seed | ayer represented by the received data; determning a
set of control paraneters for plating the workpiece in a manner that
conpensates for the identified deficiencies in the seed |ayer; and

comuni cating the determ ned set of control paraneters to a plating tool
for use lnupb@mer}gearsmemwﬂemlﬁqssmgé-<-.é%. REOREESIAY rGADA BHoRS thOlna

el ectrochem cally processing a mc oelectron; ¢ WoT kpi ece conprising: a
princi pal RFSFiated|psopeshifeRssrvaler ssnuange may bsftermimried trefoutednairessaniids posed at
di fferent at, i Qns o L Nnci | ¢ d oW chanpery{~so t@. pl ace the
concentri c%g%\gdedgggt ﬂff%’&%@%ﬁ#&%{ﬁlﬁes r%tné aw'm' l(é:]'r g%l elc‘rgﬁfcl%or kpi ece
under pr oc#esurament/opBmized Midps2004 be qenforrotd embye aaffer gproests/harddate ver

t hr ough .ea .t necentrikc an a current that is (a),based upon a

current °d eﬁ??\l/ﬂ%ff:sé dn %ﬁ'ﬁ%ﬂ%ﬁtg thﬁgog% 3?1% gﬁ%r ?‘E‘%ﬁlgo‘é-gms hERLIE §§‘é“')§r)i may%e_

ear | i er - pr cessoalttennireadfeeritanessi of anndakipg eee theld) )depsitbrt @ehst4oardr oduce a

nore uni for, rocessing of .the workpi ece under process t | t he processing

of the ear Ilﬁ]é%yp OCES %‘ga“ of E%%P&?ﬁ%‘f*—?ﬂ%*r ’Pﬁﬁa«%c'é%he\%‘?o”sl]eﬁgepﬁ?’é ssi ng

cont ai ner edmcaiainuddg differani bathd)@ne btimatd htalodepositioe epd Covkhpazdar e

arranged at_,i ncreasing di st ancS\%Ff rom téaﬁie tgi&croel.ec_t roni ¢ workpj ece from an
’r

out ermost  SHESTSISHORL F PPy GFT b e OPHBYRUOR SteRy Tah@Fieist one of

“the plumal ctiyem tegenentrd Ganttdasss FOfleTHE ofd EEBSE Pecified sBigaekheofl Clai m
35 wherein the, principal fla,i d flow chanber is defined at an upFer portion
t her eof by?° W‘%ﬁﬁ?’bﬁfe Pay agigt RGP SHfRtest EE cHECH sy pSfile of t he

plurality @b faieaNingi thea@élahay be retumed to a deposition chamber for additional
metal deposition if the film thickness is insufficient, based upon metrology resuits.

Table 14 below shows an additional sample process:

15 7. TABLE 14: SAMPLE WAFER PROCESSING PROCESS
EMPLOYING OPTIMIZER

Step Tool/Process

L. Deposit merz] seed layer using PVD tool

2. Measure seed layer film thickness using metrology station

W

Apply optimizer in ECD chamber using measurements from step 2 (feedforward) and
measurement results from previous ECD wafer on step 7 (feedback)
Deposit final meral layer in ECD chamber
Annes] wafer in anneal chamber

Clean and bevel etch wafer in Capsule chamber

SR VR A

Measure wafer thickness using Metrology Station

Table 15 below shows an additional sample process:
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37. The processing container of claim34 wherein one or nore of the MAR 2009
plurality of concentric anodes is a virtual anode. 38. The proceSS|n§

contai ner of claim37 wherein the virtual anode conprises: an anode chanber
housi ng having a processing fluid inlet and a processing fluid outlet, the
processing fluid outlet being disposed in close proximty to the

m cr oel ectroni ¢ workpi ece under process; and at | east one conductive anode

el enent di sposed in the anode chamber housing. 39. The processing contai ner
of claim 37 wherein the at | east one conductive anode el enent is forned
froman inert material. 40. The processing container of claim34 and

further conprising a plurality of nozzles disposed to provide a flow of the
el ectrocheni cal groc ﬁéf_l?%f kWi LE%AFERtF‘hé(E]ES N@ﬁh@@l edd uid flow

chanber, the plurality nozzl es "bek ng arrang and rected to provide
verti cal anElMPa&YﬁﬂGDle"lbﬁZE%w corrponents that conbine to generate a
substantial Ly uniformnormal flow comg ; t radially across the at |east

one surf ace—= TrerEE 8

Stoho—uprlniece A1 Tho SrgeEst l00-Caa pof e f=—gd=gi=i3=8 4
wherein the principal fluid f|g%m&gdlhﬁrggﬂéb%%0@t an upper portion
t hereof by an angled wall, the angled wall” supporting one or nore of the
plurality ofZconcentric abﬂeﬁ@sseedlizycrﬁhethlphmesmmpgolemaamner of claim 34
wherei n the r|nC| et
di sposed at 32 | owe % élr#%ﬂm%ﬁgg%@[ﬁﬁ%m%aém%u%ﬁ Fg%?%p?%ﬁﬁ’%%ﬁ QJg a Venturi
effect that facilit at esucasecmem wwhudts frmmm@fmpﬁﬁbas&mmgteb b (fedibdcklow i n a | ower
portion of the principal flui q)c osgwm?met% [ f—.léDch processi ng cont ai ner
~of claim34, further conprisi ngp car Fent yopl?l i zat’ on subsystem for
~selecting the currents deli véhadnatwdughwafh@mmmmuec anodes by the
“controller. A4 The processi a| ner of. c l_n]r]‘n g further conprising a

menory contai'ning a Jacobi ad %‘ﬁesvi' cgvssﬁﬁ‘f“? Qrogy PRET ng characteri sti cs
of the principal fluid flow chanber used by the current optim zation
subsystemin sel ectlggol Rgb urr nts del i ver ed thr ough the concentric anodes
by the controller ¥ %‘Pﬁ’cq QW5 fyy2 ROPIFTOBEEi m 34, furt her

conprising a punp for circulating processing fluid wthin the princi pal
fl ow chanber. 46. Th roces ont ai ein the fluid
fl ow chahber is 1e9dapf@§'-€83c§ﬁ{v§° WﬁFEE@ﬁQ%E$§®£Eﬁ§}q\%$for

el ectr opl at geLOYSNGIOFARIZER r Oni ¢ wor kpi ece.

Step Tool/Process
1. Deposit metal seed layer using PVD ool
2. Measure seed layer film thickness using metrology station
3. Apply optimizer in ECD chamber using measurements from step 2 (feedforward) and

e ' measurement results from previous SLE wafer on step 6 (feedback)

4, Deposit metal layer in SLE chamber
6. Clean and bevel etch wafer in Capsule chamber
7. Measure wafer thickness using Metrology Station

As an additional sample process, the thickness uniformity of a wafer
with a PVD-deposited seed layer is measured on a dedicated metrology tool, after
10 which the wafer is brought 10 the plating tool and placed in an SLE process
chamber. Using the measurements from the dedicated metrology tool. the
optimizer is used to select an SLE recipe that will augment the PVD-deposited seed
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-67 47. The processing contai ner of claim46 wherein the current § MAR 2003
delivered by the controller to each anode is selected to produce a nore

uni form |l ayer of electroplated naterial on the m croel ectroni c workpiece
under process than was produced on the earlier-processed nicroel ectronic
wor kpi ece. - 68 TUNI NG ELECTRODES USED I N A REACTOR FOR ELECTROCHEM CALLY
PROCESSI NG A M CROELECTRONI C WORKPI ECE ABSTRACT A facility for selecting

and refining electrical paraneters for processing a mcroel ectronic

wor kpi ece in a processing chanber is described. The facility initially
~configures the electrical paraneters in accordance with either a

mat hemati cal nodel of the processing chanber or experinental data derived

from oper alihpgd ﬁg@ﬁ%@%ﬁ;ﬁﬁ@@@&m g&)egé umﬁIrIn% SHdBE SPEGHGRLS

pr ocessed ter con ur a e resul'ts are
measur ed an@lpgfmdlomﬂm waferphferthwsterhaspeen ¢lhanedunti driad ircere oftitel  of t he

processi ng ggﬁﬁlg%& da sxﬂéagaﬁ&b%rss ﬁle%éfeﬁﬁ‘ﬁgﬁ?f%ﬁéﬂaez{ gkahagrc%a‘iﬂﬂé}% for any

defi ci enci asure pf ocessi ng fece. “These
par anet er s the eptitheer 1wsboh used po oclexs @i plafing seipe tict woll lyml@ammﬁnhn dholkmay be

simlarly S an resul t.s edtofur [ t araneters.

In sone Senbr}g%r #%ﬁeges@ﬁéﬁ‘%ﬁ’ %Wdé’ﬂ §/Dormnal %F%P%YFT {bbc{lmsts'e ‘aggcé ‘:I ayer

applied to balw\mmmlm pﬁ)ﬁéksdﬁtse:l’ommsd ahel vePemsnirgafee®dt © & capuky i al

deposi tion of . contrql. par arr&t ers. designed to deposit material on

t he wor kpi & émi“ Cga ?\‘n‘é’P“FH‘Pé’P‘E‘BE%’é?Y fom 8 F9%ef i ci encies in the seed

| ayer -69 AVKY A? A&yarﬁddﬂdltﬁﬁalﬁlﬂvﬁré)pr&%s a wafer is brought to the plating tool

A<A<A§% A . Ae. A? Av. A<. A A9$<Av’7AhY%A| B.Az. AB. A. A(. A v

" A% AQ. 0 G cRchpardymetiplpgystation to getemine the Mycknessprofilentle AN A#. A9

"':-' V. AQ@. pVe etCRDAdeposited seed layer. The wafer is then transferred to a platmc- chamber.
AV, A#. AH AL @ A(. ACY. A(f*A Alu ACL ALT AYL) Xby: Spb” bxZRR]

C7Qoi j } xsni “ﬂ élm ssficlay erameaguesmeaty @'@}I‘cél}@ca]l ayréagr@ayl@ay cugton] ) cal ca] ca]

e oRBaeE e aﬁ;},cgqa&a%galg@}&gia SR Sliex (comer i) o) oo ca)

cal]ca]calc zk>}15<a]f V]at ahe alesingd apmajat azssa. ] c Afle} cthe | pAatBR<HBEESss: has

?7?) ?- H VS S
;]<z ;]>z a] )ca]ccmf %H&h]] W%ﬂ?? cg céﬁ 3%]&]‘% éf’%‘\ﬁaﬁf‘%‘]ﬁfga%ﬁlé‘gf%"é‘] 3 ca] ca] ca]
C removed from the tool.

I xS TUU [ a9aDab$d bhl Kk F d Z
2l ca 22} cal cal ca] ool Rafb A MR EL ol s RS pATe oot 9 b PR o
a] ca] ca] cajres with £sekd 2dyen aplledaisiniphysicdt viér &shthixmhﬁ }shnu@ifohdr} xsni d_Z] c
ajJ ca] ca] calca cal ca cal ca] ca] ca] cal.ca] ca] cajcalc .
a] ca] ca] ca]ﬁt:?}‘ £% ] &4 ‘E‘a}sc'a\%eé +c’5§]’fé§&]"c§’ﬁn‘9@?€§£ foypigy, an éﬂf'( PREAKEM Y] c] ca] ¢

a] caV] ca] capeales wi Gﬁ&lﬁaﬂere@&cﬁaa&a&aes%}qa]&ﬁk&aihe%%h&a] fsH-GRkRRkS.
a] ea] caj ca] CE%C[%J calcalcalc a]ca! (lv XkP

o AT Ceadajsciire ﬁé&ﬂ%ﬁ %%r}a:aql G‘éﬂcﬂ’a]eéta}%l Blabag @x9€s ta] ca] ca] c”
“a}ca] ca] Ca]fﬁ@dlﬁ@-]a Fatht e fboflsedd pgd! TERpUbiteVaiertb iy wSdthbesid] | cal cav]

-aa/} gg} gg] c pbametad e fheapraanef seed|laxer.caVv] ca] caV] ca] ca] c”a] ¢, a] caUV] c*aV] ca] ¢

a] ca] ca] ca] ca] ca_’ - Dys ap additional sample process, a semiconductor fabricator has two
physical vaper deposition tools ("PVD tools"), each of which has its own particular

25  charactenistics. A wafer processed by the first PVD too! and having a seed layer
non-uniformity is directed to a first multiple-electrode reactor for seed layer repair.

A wafer from the second PVD tool that has a different seed layer non-uniformity is

directed to a second muitiple-clectrade reactor for seed layer repair. Bulk metal is

then deposited onto the repaired seed layers of the two wafers in a third CFD

30 reactor under the control of the optimizer.
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3<i A% j r ~ysnhc] Xni d_Z] ]] ca] c*a] caU] ca] caU] ca] caU] ca] caU] ca] caU] ca] caUficiihRa?lly -
] ca] cal] c a)l ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca
08C2>, C_}w nmhc”YSni U] ca] ca] ca] ca] c$a] ca] caV] ca] ca] caV] ca] caV] ca] caV]caJca]c
a] caVv] ca] ca UV] ca] ca] caV] ca] ca] caV] ca] caV] ca] ca] ca] c*a 9; Wry?r

AVL~ytoj e [V]] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca] ca]ca]ca]ca]ca]ca]ca]ca]c
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s thickness seed-layers (assuming the seed layers are substantially uniform) can be

determined in advance, using the optimizer to find these currents.  Then the
currents can be pulled from a table, when the resistivity of the seed layer is
measured. This may be quite useful for platen plating (solder) where the seed layer
resistance is constant for the whole plating run.

10 _ The optimizer may be used to control process parameters for a wide
variety of types and designs of microelectronic workpiece processing devices.
Various illustrative examples of such devices are discussed below,

Figure 8 illustrates the basic construction of one embodiment of
interior processing container 39, including a plurality of individually controlled

15 electrodes. It also illustrates the comresponding flow velocity contour pattern
resulting from the processing container construction. As shown, the processing
container 39 generally comprises a main fluid flow chamber 505, an antechamber
510, a fluid inlet 515, a plenum 520, a flow diffuser 525 separating the plenum 520
from the antechamber 510, and a nozzle/slot assembly 530 separating the plenum

20 520 from the main chamber S05. These components cooperate to provide a flow of
clectrochemical processing fluid (here, of the electroplating solution} at the
microelectronic workpiece 25 that has a substantially radially independent normal
component, In the illustrated embediment, the impinging flow is ceatered about
central axis 537 and possesses a nearly uniform component normal to the surface of

25 the microelectronic workpiece 25. This results in a substantially uniform mass flux
to the microelectronic workpiece surface that, in turn, enables substantially uniform
processing thereof.

Notably, this desirable flow characteristic is achieved without the use
of a diffuser disposed berween the electrodes/anode(s) and surface of the

30 microelectronic workpiece that is to be electrochemically processed (e.g.,
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sposed 1n the lower portion of the main chamber 505. If the peripheral edges of
the surface of the microelectronic workpiece 25 extends radially beyond the extent
of contoured sidewall 560, then the peripheral edges are electrically shiclded from
principal anode 580 and reduced plating will take place in those regions. As such, a
25  plurality of annular anodes 585 are disposed in a generally concentric manner on
slanted sidewall 565 to provide a flow of electroplating current to the peripheral
rogions.
Anodes 580 and 585 of the illustrated embodiment are disposed at
different distances from the surface of the microelectronic workpiece 25 that is

30  being electroplated. More particularly, the anodes 580 and 585 are concentrically
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electroplating of microelecronic workpiece 25 is dependent on the effective

distance between that anode and the surface of the microelectronic workpiece that

is being electroplated. More particularly, all other things being equal, an anode that

is effectively spaced a given distance from the surface of microelectronic

10 workpiece 25 will have an impact on a larger area of the microelectronic workpiece

surface than an anode that is effectively spaced from the surface of microelectronic

workpiece 25 by a lesser amount. Anodes that are effectively spaced at 2

comparatively large distance from the surface of microclectronic workpiece 25 thus

have less localized control over the electroplating process than do those that are

15 spaced at a smaller distance, [t is therefore desirable to effectively locate the

anodes in close proximity to the surface of microelectronic workpiece 25 since this

allows more versatile, localized contro] of the electroplating process. Advantage

can be taken of this increased control to achieve greater uniformity of the resulting

electroplated film. Such control is exercised, for example, by placing the

20 electroplating power provided to the imdividual anodes under the control of a

“:.‘;f-': | prdgrammable controller or the like. Adjustments to the electroplating power can
' thus be made subject 1o software conirol based on manual or automated inputs.

In the illustrated embodiment, anode 580 is effectively “seen” by

microelectronic workpiece 25 as being positioned a distance B1 from the surface of

25  microelectronic workpiece 25. This is because the relationship between the anode

580 and sidewall 560 creates a virtual anode having an effective area defined by the

innermost dimensions of sidewall 560. In contrast, anodes 585 arc at effective

distances B2, B3. and B4 proceeding from the innermost anode to the outermost

anode, with the outermost anode being closest to the microelectronic workpiece 25.

30 All of the anodes 585 in this emmbodiment are in close proximity {i.e., about ] in. or
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less, with the outermost anode being spaced from the microelectronic workpiece by
about 10 mm) to the surface of the microelectronic workpiece 25 that is being
electroplated.  Since anodes 585 are in close proximity to the surface of the
microelectronic workpiece 25, they can be used to provide effective, localized
control over the radial film growth at peripheral portions of the microelectronic
workpiece.  Such localized control is particularly desirable at the peripheral
portions of the microelectronic workpiece since i.t is those portions that are more
likely to have a high uniformity gradient (most often due to the fact that electrical
contact is made with the seed layer of the microelectronic workpiece at the
outermost peripheral regions resulting in higher plating rates at the periphery of the
microelectronic workpiece compared to the central portions thereof).

The foregoing anode arrangement is particularly well-suited for
plating microelectronic workpicces having highly resistive seed layers as welj as
for plating highly resistive materials on microelectronic workpieces. Generally
stated, the more resistive the seed layer or material that is to be deposited, the more
the magnitude of the current at the central anode 580 (or central anodes) should be
increased to yield a uniform film.

Figures 9-12 illustrate a further embodiment of an improved reactor
chamber. The embodiment illustrated in these figures retains the advantageous
electric field and flow characteristics of the foregoing reactor construction while
concurrently being useful for simations in which anode/electrode isolation is
desirable. Such situations include, but are not limited 10, the following;:

» instances in which the electrochemical electroplating solution
must pass over an electrode, such as an anode, at a high flow
rate to be optimally effective;

. instances in which one or more gases evolving from the
electrochemical reactions at the anode surface must be
removed in order to insure uniform electrochemical
processing; and

» instances in which consumable electrodes are used.
A0,

9 < ,
g MAR 7083
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With reference to Figures 9 and 10, the reactor includes an
electrochemical electroplating solution flow path into the innermost portion of the
processing chamber that is very similar to the flow path of the embodiment
illustrated in Figure 4. As such, components that have similar functions ar¢ not

5 further identified here for the sake of simplicity. Rather, only those portions of the
reactor that significantly differ from the foregoing embodiment are identified and
described below.

One significant distinction between the embodimems exists in
connection with the anode electrodes and the appertaining structures and fluid flow

10 paths. More particularly, the processing container 39 includes a plurality of ring-

“shaped anodes 1013, 1020, 1025 and 1030 that are concentrically disposed with

respect to one another In respective anode chamber housings 1017, 1022, 1027 and

1032. As shown, each anode 1015, 1020, 1025 and 1030 has a vertically oriented

surface area that is greater than the surface area of the corresponding anodes shown

15 in the foregoing embodiments. Four such anodes are employed in the disclosed

embodiment, but a larger or smaller nurnber of anodes may be used depending upon

the electrochemical processing parameters and results that are desired. Each anode

1015, 1020. 1025 and 1030 is supported in the respective anode chamber housing

1017, 1022. 1027 and 1032 by at least one corresponding support/conductive

20 member 1050 that extends through the bottom of the processing base 37 and

terminates at an electrical connector 1055 for connection to an electrical power
source.

In accordance with the disclosed embodiment, fluid flow to and
 through the three outer most chamber housings 1022, 1027 and 1032 is provided
25 from an inlet 1060 that is separate from inlet 515, which supplies the fluid flow

through an innermost chamber housing 1017. As shown, fluid inlet 515 provides
electroplating solution to a manifold 1065 having a plurality of slots 1070 disposed
in its exterior wall. Slots 1070 are in fluid communication with a plenum 1075 that
includes a plurality of openings 1080 through which the electroplating solution

10 respectively enters the three anode chamber housmgs 1022, 1027 and 1032. Flud
-50-
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entering the anode chamber housings 1017, 1022, 1027 and 1032 flows over at least
one vertical surface and, preferably, both vertical surfaces of the respective anode
1015, 1020, 1025 and 1030.

Each anode chamber housing 1017, 1022, 1027 and 1032 includes an
upper outlet region that opens to a respective cup 1085. Cups 1085, as illustrated,
are disposed in the reactor chamber so that they are concentric with one another.
Each cup includes an upper rim 1090 that terminates at a predetermined height with
respect to the other rims, with the rim of each cup terminating at & height thar is
vertically below the immediately adjacent outer concentric cup. Each of the three
innermost cups further includes a substantially vertical exterior wall 1095 and a
slanted interior wall 1200. This wall construction creates a flow region 1205 in the
interstitial region between concentrically disposed cups (excepting the innermost
cup that has a contoured interior wall that defines the fluid flow region 1205 and
than the outer most flow region 1205 associated with the outer most anode) that
increases in arca as the fluid flows upward toward the surface of the
microelectronic workpiece under process. The increase in area effectivety reduces
the fluid flow velocity along the vertical fluid flow path, with the velocity being
greater at a lower portion of the flow region 1205 when compared to the velocity of
the fluid flow at the upper portion of the particular flow region.

The interstitial region between the rims of concentrically adjacent
cups effectively defines the size and shape of each of a plurality of virtual anodes,
each virtual anode being respectively associated with a corresponding anode
disposed in its respective anode chamber housing. The size and shape of each
virtual anode that is seen by the microelectronic workpiece under process is
generally independent of the size and shape of the comresponding actual anode. As
such, consumable anodes that vary in size and shape over time as they are used can
be employed for anodes 1015, 1020, 1025 and 1030 without a corresponding
change in the overall anode configuration is seen by the microelectronic workpiece
under process. Further, given the deceleration experienced by the fluid flow as it

proceeds vertically through flow regions 1203, a high fluid flow velocity may be
-5]. .
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the anode chamber housings 1022, 1027 and 1032 while concurrently producing a
v.ery uniform fluid flow pattern radially across the surface of the microelectronic
workpicce under process. Such a high fluid flow velocity across the vertical
surfaces of the anodes 1015, 1020, 1025 and 1030, as noted above, is desirable
when using certain electrochemical electroplating solutjons, such as electroplating
fluids available from Atotech. Further, such high fluid flow velocities may be used

to assist in removing some of the gas bubbles that form at the surface of the anodes,

particularly inert anodes. To this end, each of the anode chamber housings 1017,
1022, 1027 and 1032 may be provided with one or more gas outlets (not illustrated)
at the upper portion thereof to vent such gases.

Of further note, unlike the foregoing embodiment, element 1210 1s a
securement that is formed from a dielectric material. The securement 1210 is used
to clamp a plurality of the structures forming reactor base 35 together. Although

securement 1210 may be formed from a conductive material so that it may function

‘as an anode, the innermost anode seen by the microelectronic workpiece under

20

25

30

process is preferably a virtual anode corresponding to the interior most anode 1015.

Figures 11 and 12 illustrate computer simulations of fluid flow
velocity contours of a reactor constructed in accordance with the cmbodiment
shown in Figures 13 through 15. In this embodiment, all of the anodes of the
reactor base may be isolated from a flow of fluid through the anode chamber
housings. To this end, Figure 11 illustrates the fiuid flow velocity contours that
occur when a flow of electroplating solution is provided through each of the anode
chamber housings, while Figure 12 illustrates the fluid flow velocity contours that
oceur when there is no flow of electroplating solution provided through the anode
chamber housings past the anodes. This latter condition can be accomplished in the
reactor of by muming off the flow the flow from the second fluid flow inlet
(described below) and may likewise be accomplished in the reactor of Figures 9
and 10 by turning of the fluid flow through inlet 1060. Such a condition may be

desirable in those instances in which a flow of electroplating solution across the
-52- L
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= 20 occurs due to the increased resistance of the electrical flow path between the

) anodes. The increased resistance is a direct result of the increased length of the
fluid flow paths that exist between the anode chamber housings.

The manner in which the electroplating power is supplied to the

microelectronic workpiece at the peripheral cdge thereof affects the overall film

25 quality of the deposited metal. Some of the morc desirable characteristics of a

' contact assembly used 1o provide such electroplating power include, for example,

the following:
. uniform distribution of electroplating power about the
periphery of the microelectronic workpiece to maximize the

30 uniformity of the deposited film;
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i assembly 20 preferably employs a contact assembly that includes the contacts 85
10 shown in Figure 3. The contact assembly may be designed to provide either a
" continuous electrical contact or a high number of discrete electrical contacts with
the microelectronic workpiece 25. By providing a more continuous contact with
the outer peripheral edges of the microelectronic workpiece 23, in this case around
the outer circumference of the semiconductor wafer, a miform current is supplied
15 to the microelectronic workpiece 25 that promotes uniform current densities. The
uniform current densities enhance uniformity in the depth of the deposited material.
The contact assembly may include contact members that provide
minimal intrusion about the microelectronic workpiece periphery while
cancurrently providing consistent contact with the seed layer. Contact with the
\ 20 seed layer is enhanced by using a contact member structure that provides a wiping
. action against the seed layer as the microclectronic workpiece is brought into
engagement with the contact assembly. This wiping action assists in removing any
oxides at the seed layer surface thereby enhancing the electrical contact between the
contact structure and the seed layer. As a result, uniformity of the current densities
25  about the microelectronic workpiece periphery is increased and the resulting film is
more uniform. Further, such consistency in the electrical contact facilitates greater
consistency in the elecroplating process from wafer-to-wafer thereby increasing

wafer-to-wafer uniformity.
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microclectronic workpiece 25 from the plating solution. This prevents the plating
of metal onto the individual contacts and, further, assists in preventing any exposed
portions of the barrier layer near the edge of the microelectronic workpiece 25 from

being exposed to the electroplating environment. As a result, plating of the barrter -

{ayer and the appertaining potential for contamination due to flaking of any loosely

adhered electroplated material is substantially limited. Exemplary contact
assemblies suitable for use in the present system are illustrated in USSN
09/113,723, while July 10, 1998, entitled "PLATING APPARATUS WITH
PLATING CONTACT WITH PERIPHERAL SEAL MEMBER“ which is hereby
incorporated by reference.

One or more of the foregoing reactor assembly's may be readily
integrated in a processing tool that is capable of executing a plurality of processes
on a workpiece, such as a semiconductor microelectronic workpiece. One such
processing tool is the LT-210™ electroplating apparatus available from Semitool,
Inc., of Kalispell, Montana. Figures 15 and 16 illustrate such integration.

The system of Figure 15 includes a plurality of processing stations
1610. Preferably, these processing stations include one or more rnsing/drying
stations and ome or morc electroplating stations (including ome or more
electroplating reactors such as the one above), aithough further immersion-chemical
processing stations constructed in accordance with the present invention may aiso
be employed. The system also preferably includes a thermal processing station,
such as at 1615, that includes at least one thermal reactor that is adapted for rapid
thermal processing (RTP).

The workpieces are transferred between the processing stations 1610
and the RTP station 1615 using one or more robotic transfer mechanisms 1620 that
are disposed for linear movement along a central track 1623. One or more of the

stations 1610 may also incorporate structures that are adapted for executing an in-
-55-
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oy The dedicated robotic mechanism 1640 accepts workpieces that are transferred to it
10 by the robotic transfer mechanisms 1620. Transfer may take place through an
intermediate staging door/area 1645. As such, it becomes possible to hygienically
separate the RTP portion 1630 of the processing tool from other portions of the
tool. Additionally, using such a construction, the illustrated annpealing station may
be implemented as a separate module that is attached to upgrade an existing tool
15 set. It will be recognized that other types of processing Stations may be located in
portion 1630 in addition to or instead of RTP station 1635.
It is envisioned that the optimizer may be used in one or more Stages
of widely-varying processes for processing semiconductor workpieces. 1t is further

envisioned that the optimizer may operate completely separately from the

iy 20 processing tools performing such processes, with only some mechanism for the

optimizer to pass control parameters to such processing tools. Indeed, the optimizer
and processing tools may be operated under the control and/or ownership of
different parties, and/or in different physical locations:
. Numerous modifications may be made to the described optimizer
25 without departing from the basic teachings thereof, For cxampie, although the
present invention is described in the context of electrochemical processing of the
microelectronic workpiece, the teachings herein can also be extended 1o other types
of microelectronic workpiece processing, including various kinds of material
deposition processes. For example, the optimizer may be used to control -

30 electrophoretic deposition of material, such as positive or negative electrophoretic
' -56-
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photoresists or electrophoretic paints; chemical or physical vapor deposition. etc.
In effect, the teachings herein can be extended to other microelectronic workpiece
processing systems that have individually controlled processing elements that are
responsive to control parameters and that have interdependent effects on a physical
characteristic of the microelectronic workpiece that is processed using the elements.
Such systems may employ sensitivity tables or marrices as set forth herein and use
them in calculations with one or more input parameters sets to arrive at control
parameter values that accurately result in the targeted physical characteristic of the
microelectronic workpiece. Although the present invention has been described in
substantial detail with reference to one or more spetific embodiments, those of skill
in the art will recognize that changes may be made thereto without departing from

the scope and spirit of the invention as set forth herein.
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()sa)bfé to ag}‘ugt) currents %r(%\ lurality 'of electrodes in an e(lgctroplating -
chamber to improve plating uniformity, comprising:
for each of a plurality of radii on the plating workpiece, obtaining a
plating thickness on the workpiece at that radius when a set of baseline
currents are delivered through the electrodes;
for each of the elecirodes, for each of a plurality of plating workpiece
radii, obtaining a plating thickness on the workpiece at that radius when the
baseline currents are perturbed for that electrode; and
constructing a matrix, a first dimension of the matrix corresponding to
the plurality of electrodes, a second dimension of the matrix corresponding to
the plurality of radii, each entry for a particular electrode and a particular
radius being determined by subtracting the thickness at that radius when the
baseline currents are delivered through the electrodes from the thickness at
that radius when the baseline currents are perturbed for that electrode, then
dividing by the magnitude by which that the current for that electrode was

perturbed from its baseline current.

2. The method of claim 1 wherein the current for each electrode is

perturbed by approximately +.05 amps.

3. The method of claim 1 wherein the current for each electrode is

perturbed by a factor in the range between 1% and 10%.

4. The method of claim 1 wherein the obtained thicknesses are obtained
by executing a simulation of the operation of the electroplating chamber
based upon a mathematical model of the electroplating chamber.
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6. The method of claim 1, further comprising repeating the method to

produce additional sensitivity matrices for a variety of different conditions.

7. The method of claim 1, further comprising using the constructed
sensitivity matrix to modify for use in plating a second workpiece currents
used to plate a first workpiece, such that the modified currents cause the

second workpiece to be plated more uniformly than the first workpiece.

8. One or more computer memories collectively containing a sensitivity
matrix data structure relating to a deposition chamber having a plurality of
deposition initiators for depositing material on a workpiece having selected
radii, a control parameter being associated with each of the deposition
initiators, the data structure comprising a plurality of quantitative entries, each
of the entries predicting, for a given change in the control parameter
associated with a given deposition initiator, the expected change in deposited
material thickness at a given radius,

such that the contents of the data structure may be used to determine
revised deposition initiator parameters for better conforming deposited

material thicknesses to a target profile for deposited material thicknesses.
9. The computer memories of claim 8 wherein the deposition initiators are
electrodes, and wherein the control parameters associated with the deposition

inttiators are currents delivered through the electrodes.

10.  The computer memories of claim 8 wherein the sensitivity matrix data

structure is a Jacobian sensitivity matrix.

-590-



T10% & ()-°

UY911q3Z 10% & ()-q3Z 10% & ()- % g3Z 10% & () - q32 MAR Zuud

10% & ()- T10% & ()- S----....xX@1% g3Z 10% & ()-q3Z 10% & () - % q3Z
10% & ()-q3Z 10% & ()-% ..% & /.8.9. B. pX<11q3Z 10% & () - % q3Z

10% & ()-q3Z 10% & ()- % g3Z 10% & ()-g3Z 10% & ()-B.K.L. M V. WY. c. sW11qg3Z
10% & ()-q3Z 10% & ()- % g3Z 10% & () - q3Z

The computer memories of claim 8 wherein the computer memories

11.

contain multiple sensitivity matrix data structures, each adapted to a different

set of conditions.

12.

One or more computer memories collectively containing a deposition

chamber offset data structure, comprising a set of values indicating how to

adjust a first parameter set used to obtain acceptable deposition results in a

first deposition chamber to produce a second parameter set usable to obtain

acceptable deposition resuits in a second deposition chamber.

13.

A method in a computing system for controlling an electroplating

process having multiple steps in an electroplating chamber having a plurality

of electrodes, comprising:

for each electrode, determining the net plating charge delivered

fhrough the electrode during a first plating cycle to plate a first workpiece by

summing the plating charges delivered through the electrode in each step of

the process;

comparing a plating profile achieved in plating the first workpiece to a

target plating profile to identify deviations between the achieved plating profile

and the target plating profile;

determining new net plating charges for each electrode selected to

reduce the identified deviations in a second workpiece;

for each new plating charge, distributing the new net plating charge

across the steps of the process;

using the distributed new net plating charges to determine a current for

each electrode for each step of the process; and

conducting a second plating cycle to plate a second workpiece, using

the currents determined for each electrode for each step.

14.

A method in a computer system for evaluating a design for an

electroplating reactor, comprising:
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applying to a set of initial electrode currents a mathematical model
embodying the reactor design to determine a first resulting plating profile;

comparing- the first resulting plating profile to a target plating profile to
obtain a first difference;

applying a sensitivity technique to identify a set of revised electrode
currents;

applying the mathematical model to the set of revised electrode
currents to determine a second resulting plating profile; |

comparing the second resulting plating profile to the target plating
profile to obtain a second difference; and

evaluating the design based on the obtained second difference.

15.  An apparatus for automatically selecting parameters for using in
controlling operation of a deposition chamber to deposit material on a
selected wafer to optimize conformity with a specified deposition pattern,
comprising:

a measurement receiving subsystem that receives:
pre-deposition thicknesses of the selected wafer before material is deposited
on the wafer:

post-deposition thicknesses of an already-deposited wafer after
material is deposited on the already-deposited wafer; and

pre-deposition thicknesses of the already-deposited wafer before
material is deposited on the wafer; and

a parameter selection subsystem that selects the parameters to be
used to deposit material on the selected wafer based on the specified

deposition pattern, the pre-deposition thicknesses of the selected wafer, the

pre-deposition thicknesses of the already-deposited wafer, parameters used

for depositing material on the already-deposited wafer, and the post-

deposition thicknesses of the already-deposited wafer.
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sensitivity matrix used by the parameter selection subsystem in selecting

parameters to be used to deposit material on the selected wafer.

18. A method for electroplating a selected surface using a plurality of
electrodes, comprising:

obtaining a current specification set comprised of a plurality of current
levels each specified for a particular one of the plurality of electrodes, the
current levels of the current specification set comprising a modification of
current levels of a distinguished current specification set in order to improve
results produced by electroplating in accordance with the distinguished
current specification set; and |

for each electrode, delivering the current level specified for the
electrode by the current specification set to the electrode in order to

electroplate the selected surface.

19. The method of claim 18 wherein the current specification set is

obtained by receiving it via an interface.
20.  The method of claim 19 wherein the interface is a user interface.

21. The method of claim 19 wherein the interface is a removable media

drive.
22. The method of claim 19 wherein the interface is a network connection.
23. The method of claim 18 wherein the current specification set is

obtained by modifying the distinguished current specification set.
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order to enhance the seed layer.

26.  The method of ctaim 25, further comprising, after (d):

measuring the thickness of the enhanced seed layer using a metrology
device; and

depositing a bulk metal layer atop the seed layer in an multiple-
electrode reactor whose electrodes are operated in accordance with electrical
parameters determined based on the measured thickness of the enhanced

seed layer and characteristics of the multiple-electrode reactor.

- 27. A method for performing material deposition on a workpiece,

comprising:

selecting one of a plurality of processing recipes;

in response to the recipe selection, from a plurality of deposition
process parameter sets determined experimentally under computer control,
retrieving a parameter set associated with the selected recipe; and

operating a deposition tool in accordance with the selected recipe, and
controlling each of a plurality of control points of the tool in accordance with

the retrieved parameter set, to deposit a workpiece.
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under computer control.

30. A method in a computing system for automatically configuring
parameters usable to control operation of a reaction chamber to electropolish
a selected wafer to optimize conformity with a specified electropolishing
pattern, comprising:

receiving pre-polishing thicknesses of the selected wafer before the
selected wafer is polished;

receiving post-polishing thicknesses of an already-polished wafer after
the already-polished wafer is polished; and

receiving pre-polishing thicknesses of the already-polished wafer
before the already-polished wafer is polished;

selecting the parameters to be used to polish the selected wafer based
on the specified polishing pattern, the pre-polishing thicknesses of the
selected wafer, the pre-polishing thicknesses of the already-polished wafer,
parameters used for polishing the already-polished wafer, and the post-

polishing thicknesses of the already-polished wafer.

31. A method in a computing system for determining deposition
parameters to use in performing material deposition on a workpiece,
comprising:

receiving thickness measurements at predetermined locations on the

workpiece;
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distances from a microelectronic workpiece under process; and
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35.  The processing container of claim 34 wherein the plurality of concentric
anodes are arranged at increasing distances from the microelectronic
workpiece from an outermost one of the plurality of concentric anodes to an

innermost one of the plurality of concentric anodes.

36. The processing container of claim 35 wherein the principal fluid flow
chamber is defined at an upper portion thereof by an angled wall, the angled

walt supporting one or more of the plurality of concentric anodes.

37. The processing container of claim 34 wherein one or more of the

plurality of concentric anodes is a virtual anode.

38. The processing container of claim 37 wherein the virtual anode
comprises:

an anode chamber housing having a processing fluid inlet and a
processing fluid outlet, the processing fluid outlet being disposed in close
proximity to the microelectronic workpiece under process; and

at least one conductive anode element disposed in the anode chamber

housing.

39. The processing container of claim 37 wherein the at least one

conductive anode element is formed from an inert material.

40. The processing container of claim 34 and further comprising a plurality
of nozzles disposed to provide a flow of the electrochemical processing fluid
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to the principal fluid flow chamber, the plurality of nozzles being arranged and
directed to provide vertical and radial fluid flow components that combine to
generate a substantially uniform normal flow component radially across the at

least one surface of the workpiece.

41. The processing container of claim 34 wherein the principal fluid flow
chamber is defined at an upper portion thereof by an angled wall, the angled

wall supporting one or more of the plurality of concentric anodes.

42. The processing container of claim 34 wherein the principal fluid flow
chamber further comprises an inlet disposed at a lower portion thereof that is
configured to provide a Venturi effect that facilitates recirculation of

processing fluid flow in a lower portion of the principal fluid flow chamber.

43. The processing container of claim 34, further comprising a current
optimization subsystem for selecting the currents delivered through the

concentric anodes by the controller.

44. The processing container of claim 43, further comprising a memory
containing a Jacobian sensitivity matrix reflecting characteristics of the
principal fluid flow chamber used by the current optimization subsystem in
selecting the currents delivered through the concentric anodes by the

coniroller.

45.  The processing container of claim 34, further comprising a pump for

circulating processing fluid within the principal flow chamber.
46. The processing container of claim 34 wherein the fluid flow chamber is

adapted to contain an electrolyte solution for electroplating the microelectronic

workpiece.
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47.  The processing container of claim 46 wherein the current delivered by
the controller o each anode is selected to produce a more uniform layer of
electroplated material on the microelectronic workpiece under process than

was produced on the earlier-processed microelectronic workpiece.
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