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APPLI CATI ONS*Thi s application is a continuation-in-part of copending
applications Serial No. 09/172,299, filed Cct mwm& angl -t é b
No. 09/239, 811, filed January 29, 1999. ORI Glmm “ ‘l O(f'?hg 5262
experinmental work leading to this invention was fupeed i n part by US Ar
Force Materials Command Contract No. F3361515 CKGRCUND OF THE
| NVENTION Field of the Invention: This inventi w ‘mmmﬂm

el ectrodeposition of nmetals and 20 nore particularly,ta el ectrodeposition
of nmetals into small or mcroscopic recesses on the surface of a substrate
and formation of uniform|layers of el ectrodeposited netal on a substrate.
Brief Description of the Prior Art: 25 Electronic devices such as
conputers, cellular tel ephones, electronic entertai nnent devices, and the
like, have1y beerERARAREGSITINY ABUMETARS cHBpDWEi SREFESSES WS INGar ds
havi ng sel ectrical | y smauGH dV%L%E§§?§ Lhergen to interconnect the
conponents. 30 In the manufacture of such el ectronic equi pnent, devel opnent
of technol ogy and econom cs have driven the industry toward ever-snaller
devi ces, containing everpkBCRERSRATCH WD S{r A QBRSO3 the level of

sem conduct or devi ces pr oduced
chi ps contTéiim RPripaad i@n35 st ewchnt L RGRC 19BN RS W WRANHING

sem condugly gjf‘c@ﬂdm lsar98 Nol 09/277, BE R iQRRR ddsbesevier aly 9gdgl i mBlers

on a side. ch chi ps have conventlonally been packaged or encapsul ated in
snalllﬁodéﬁééaﬁa@khg0@%@§Pn§F1}eéﬁﬁ%@r%ﬁpq%ﬁy| rer ecting the chips. The
i nt erconnections have conventionally been provided by circuit 5 boards

havi ng el ectrical conductors prepared by so_called "printed wring"

t echni ques that invol ve nask|dﬁilﬂﬂbﬁLnéﬁgaﬁayﬁﬂgﬂgﬁg of conductive netal
usual | y copper rpk0 eEkE@YhElSniQF SR BT IS & behween nelein® iFRdyhags f%ded
socket s desi gned such_nodul es. These "g inted wiring boards”

\\B)
have |10 tyPi EéFFy byelnSusbr tTor¢f &t ngt COBRFEREI HRal F3B3$ é-
The chi psggrcsopgkgt are nounted on the surface of the board with term nals
fitted into holes through the board. The holes are typically lined with a
thin layer of copper that is integral with the traces of copper on the
surface of the board. The BACKGROUND OF THE INVENTION

Field of the Invention:

This invention relates to electrodeposition of metals and
20 more particularly to electrodeposition of metals into small or
microscopic recesses on the surface of a substrate and formation

of uniform layers of electrodeposited metal on a substrate.

Brief Description of the Prior Art:

25 Electronic devices such as computers, cellular telephones,
electronic entertainment devices, and the like, have long been
manufactured by mounting components on circuit boards having
electrically conductive traces thereon to interconnect the
components.

30 In the manufacture of such electronic equipment,
development of technology and economics have driven the industry
toward ever-smaller devices, containing ever-increasing numbers
of components, At the level of semiconductor devices very large
scale integration (VLSI) has produced chips containing up to a

35 few million transistors on a single semiconductor chip no larger
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15 termnals of the chips or sockets are soldered to the copper |ayer

lining the holes and thereby interconnected through the copper traces. The
PV\Bs may have nore than one |ayer of copper traces. Connections betmeen

traces in different |ayers are al so provided by copper-1lined hol a? ?aa-;pgzooz
t hrough the board, 20 commonly known as pl ated through-hol es (PTHS)

copper lining in such holes is typically applied electrolytically, by first

| aying down a thin | ayer of electrol ess copper to provide electrical
continuity and then el ectroplating copper to a thickness of a fewmls to
provi de 25 the connecting |layer. The holes in the PWABs typically are at

| east 12- 13hainl seiverdilamdléimeBecauss eof stHe.weBhecknohmppr hbirem of

deposi ting I I e chni ques h e to

e used t o oatvansipfir e Khbfopa¥icaleh Br 2RRapaReELe) LEERL TRadRYE

t he holes h@unseqaaneryasole@ﬁvean§néprteeﬁﬁrqeese@ble@haheechhgs thTmmnng
power " n S Y, on
o "the bat fr Caadr [T o0 or Cort o re oment ol e ombornde. Fo T Facd, B2, 8o dls ng
bath, ahd/bparfe haeing @Lﬁ@bﬁl@@lr@chndpdpﬁ@mgpmmmghycmv@axlleﬂwal
techn'que8“§§YHt98n@£@1A ”t%%%hﬁ@hé&§c€ﬁ§éUiné@l&@ﬁn%%g%ﬁ Qe &, Of

having the dtimensions th ~ ~~0~ eh connnﬁ%y used
in el ectronlatiieyi ebscendiriaive arefa ki onsrakly veerpepertspriociiputier s, and

the Iike, mge;gg,@,qeg@sqy@g% | i1 2 Jhb RS SHCIb A% Gelddd nécﬁltf%ofh%&%s

nore advanced conputers I'’ke, has | ed to the necess nount i ng
5 chi ps cl 9¥er Iﬂ@@‘ekfrféf iThefif t') Rl i b il P Nevds | nidted hﬂvet erm nal s

ext ending Pt PPl $Soddh W& Livs Uirde dadithe SUCh MaVE, f rQGHARM 2 ﬁﬂs&w%l%'sy

metal |1 zed 1ocations on a major surface of the nodule to provi

i nt er connekRe FRLPSTHE FORKNARE FIOHBAT S dhec iy agce qff 4w boairsl wkghy
close togetdshi P £ A PSR aN1@E HhRIES thd IR . hereid 1Rl esh@re

| ocations of the interconnecting pads on the nodules. |In such boards the

hol es are §¥RicEHIlY ldmeshwilttey aditiddt driefarht KOPREST tOGH dift iloFQErPMBS,
and may rapge, frmaheuls 27 Foppeiele $hel smﬂf)adeoo%b%fe 3@ i Ccreqpters

(10 mls). Such holes are also effectively 1 Iind holes, because the
seni coHduciimidalisc&f 4he ShiesdyrmSARKEd St értehéOBé&Fed &@d tihise COBREECt Or

deposi ti on sSfaP 1RMAHgdeset RB1ekeahtl ¢dle re@Rt Adl elreohhiectetMtRdbugfdsner -
t he sem conductor devices as well as the interconnecti ons_between the

devi ces. ARPRRe tdRCEFal | TERI PYBRolAYe2¢PoBE  CogERRePPENd 2YREePEORRREEE
ﬁo Eydweam&a@kscon@@@h@bs1dﬂ@osbteéﬁhnf&ﬁ&bbw?aLesfhaSeﬁ@n&ay@rbeaﬁfo&msgsd
i gh density i.nterconnect t.echnol o t e side
ond it IRRpar e G GBRPP o Lt hetr PPLRS: RFSE BEnsREPRERS CHF BABES: i gh
densi t2g P%B&m@m&yakanbeangl&tﬁédthheuﬁbuhbhegemeras0on PWV\B. CIher names
for this energihg technol 25 incl udes iLld.up ds,and Vi a
boar ds. Deposi?P%nC8Pp86ngg§fpgelﬂeF3Fg A Eefhlg HEP?£ %%Vnap f%s or vias
used in HluehaxopyeSeanbﬂ,abﬂuﬁbestoﬂapnobleqwn &onkint Lapak oBtal lization
procedure ch o] p |t|on
O ol ot r SrESLEgnEEe oBPRER rd BPEy R B ELER L85, POIL ER P Oha ERE
smal | blundeh@replaSLng copwenttonaltpngbeﬁasegfhasfﬂmtmbbentabpeowxﬁe

prOV' qu thgl E@Hhsckggrlg efond'b'ﬁéngl tah tﬂetfﬁsé‘% i@af‘fgﬁ%

reliable interconnec he chips. particul a vent|
el ectropl aeesg§ Lechai guks I@n@l@@eﬁé905|Be@&@éGSOBStMQt%ﬁlbrk@¢wmsﬁﬁﬂ?iem

corners ahft REPLAPL Phg SRLELANCE1 OEt 108y PPLL11y Bn recesses, special
techniques have to be used to assure that a uniform layer of
conductive metal is deposited in the holes. Consequently
30 conventional techniques to enhance the “throwing power” of the
electroplating system have been employed, such as agitation of
the bath, addition of certain chemical compounds to the .
electroplating bath, and/or the use of pulsed current plating.
Although conventional techniques have generally been

35 successful in the manufacture of PWBs having the dimensions that
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2 ~ 5 F P zooz Such deposits encroach on the opening of the hole and hinder
deposition in the lower portion of the hole. They may even conpletely bl ock
the nmouth of, the hole leading to voids in the vias or interconngcts.
Additionally, in some cases it 's 5 desirable to obtain a confolnalS[ P 2002
deposit, which is also adversely affected by dogboning at the corners o
the vias. Furthernore, chem cal additives in the plating bath nay lead to
i nclusions of inmpurities derived fromthe plating bath within the netal
deposit. Such problenms can | ead to connections that have a high |0
el ectrical resistance and are nechanically brittle and unreliable in |
service. In addition mh{;‘ﬁlysﬁs@é 1@ ne bawendn ioh ale wl /s roiatdsnd el e¥ASiLQles
such as pﬁ?gﬁ RYTY en? plating, typically Aé]é“gﬂigﬁgi(¥héMgﬂbﬂ%hQ@i@@Er-
addi ti vesrebasveresi epeonona eFOFRY baF amet'er s successtul |y devel oped f or
traditional ;’ B 1? apphigat 5@BR, asuchl asldB 48RP YT edt T BAYENCPRese
wavef or ms>g& eral % oper at e mikh Igng fgahfglghéhgétéa@&ﬁysdﬁuhdﬂmaﬁhganodlc
duty cycIesmpﬁhesSapaﬂéaEHehéé Ped™®d stnilar probl ems_encount ered in
convent i onal _pl 81 bhgr W bheeKeessnruat ideppsnedate s heMGHEni ng[’tf‘ftelaﬁ’e i a
| eadi n%; t§°VBrds in the rnterconnect.or 20 {19 eXLESS1 vV pstepDsiductf MOktsal on
the surfacerninahe §&b§ﬂ@a96.lPﬁ°aﬁaﬁglon to the problens cited]ﬂp%%pbfsuch
nonuni f or 1 Q‘gh?bﬂ%aﬁh@@ vhihi Retheluzedoto®rt vReh the? Vi Unfiné
substrate f&sults In excessive rgcecs:g;lﬁgcgicgrgsgndm@s&emmt@d wth the
excess metake. me8usentPaPrBVoBFedBEFEGar di ng the el ect rodegq}s]i tion of
metal lic ﬁgg@gggog§ anepengeunpeneddi nel vl vehyf & e e e sehiconduct or
devi ces tnenselves that are gnuntedlgg thgepbigULt bRarUscamibns of the
i nt er aonnecbed rbyecBAYLBEI P8 EFalES: Re manufacture of. sen Scotq]duq;oqres
devi ces, §5ReGiahh¥c¥eny Badsangetseamedihtegr aFRISEER PP welT B Ul tra
| arge scal’e integrated ?ULS%) Ehipaig& dei-veRaRYt hesdnb £ atomveh wooredni ¢
consi der atirens ypdnard vt Ré 5] GddELi 64 OF devi ces congrisigg%igiqgggﬁannbers
of transi shers apd AssOckaiged faiomcabrytoRoansFhghe” Bivi ¢onditict or chip or
waf er. For clarity, VLS| | § omeant;;35 isachnbude hothaVkSl ehecth@lchi ps.
The nost GESPprerreResers 410 0 3°s E~ 2007 na ufacturggetggggé€@ve a few
mil1ige t RANSSHRLS SN b caeisieC aiheu SEOY. CORFPCRBT Fy&Fethan severa
mllinéters on a side) The el ctarnidcg,_lhei Rbencensectepnsibebnesher herovides
transi st omountesu&rR hicpSO8 € pfdVi ded by fi ne . wi rgs of. @,60ngMEL b Y& SRS Al
ext endi ng G,d 1AMl fammedthdd zow derPiaad P&FEi Cal 'y in the body of
the chip. Conventional |y, tshett%eecal Addile céapnecbieams ehatbebeeril #atle of
al umi num @NiGesc@? B defosited t hrough vapor ph%iﬁeq_egggi t eBrEEERNOE RIS
such as physd Gale P @maldpaditnoMQPISC &1¢SEhéMCal  vapor depositi on]a
(CVvD). However, as the t0 di | s ift dchent saadilsthedeshiié GeBFebleBCinto
the subhi ROMFEY &, THE cross sections OK’H@% oneGsargHavecsl songle
decr eased sl hes resiistdanei of  HE THHHER ons Iﬁas I ncreased. _ln ﬁrg}e&ego
reduce the r(gs' stance of {hey conast i O yer VISprEsetiitng ot &thfhg
devi ces of S¥UHM cton di mensi ons, . the use. Q %é:%th(gerala_;% deaoneetrmag the
material hgenerste dros bef BWRS e FUrIRT ot €, as t he dinension? °§HEE8
i nter connegt i ons %g&g\ﬁgghgnepﬁ@yi@ﬂsehmm@cﬁ%sﬁ&stwwgo eEBRAtUCPdr s
of high asg%"clf ra as becone gesi rgbrlue Mein Ml rdievi ces are prepared
by the2slambscineepriebkd URNPRATFRGTIFT €5 T hat the 20 coq%gﬁéiggﬁmﬁpﬁb ke
deposited into frenchesof 0sFedohauat ingenettl | Hkd atihg® r iSaing FOAES
been found diffrcult to achieve void-free. e} a)ukie@psot sprsblemenches having
hi gh aspecbrraiassupgdpip BPIAB® REFERpts have been made 9 deposjdpazopper
; s mi
conduct or s ~i.nt8, 2ok 5 ENREES 100 zdarancpRecpPRERT ed ek 132 e By .
electroplaglng. owever, it has provgg ﬁg £ st bnt 6r peEpat eo Ves o -Hlradd,N%and
i ncl usi on- HepesdepoBi PE PRYELEACHEEPS I gh aspect .r tioma PriPEIIH e s
el ectrggl atj 9 s9bwCaRBEExpbRhe iveencBéscstonl ARMBY c & prEpar ed sur f ace has
“requir depositing a relative%é %%u&QECKaEaMSE pkenoppde buepreweb®rmire
surface of UH@gWEPBVENTRENEACBESCESHper must then behrggoggdapgure a
. chemi cal - mgchanigal lgg.@irsbifng;o(rﬂ\ﬁ)t,imﬂnmﬁailslﬁ thfreCoRsun ng process that
al so generates subst,artl:ti al ano nts, Qfr W3t @ngbdrri € phatice4arre caref ul
and expensined igbdgod Bt eFFOEERTES" 5 hniques tend to deposit excess

i i tec
conventional electroplating
hole.
35 metal at the sharp corners at the top or entrance of the
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Zz~ t~~=~z0 o0z Electroplating has al so been used to deposit a thin |ayer of
copper on the surface of a |large sem conductor wafer preparatory to formng
el ectrical interconnections by the customary nasking and etchin

procedures. However, because of 5 the tendency of el ectroplating procedures
to deposit excess netal at the edges of the wafer, it has prove (y%at;bb
to prepare perfectly uniformlayers of copper. Auxiliary el ectrodes 02
been used to surround the edges of the wafer in order to provide a uniform
electric field, as disclosed, for 10 exanple in U S. Patent 5,135,636, to
Yee et al. However, such procedures require additional equipnent and are

evi dent |y viastrefddpodfitcopperrametialon Abeopgenghyg, of nhkedhbas aromthiwaelrt o

exi st for net hqd of .depQsi t,in t LN m Croscopi c recesses on
a 15 subst(r%aetpeosll(r%flacmcolﬁltrg’ﬁ e‘)‘(f“%rgc}%g? ?&heﬁ n@n%%ng(?.lern gkéerlfi%adf ar o4& need
has conti nueshptletexdiystbliowk & heetomthobfdehesholagleadangito condieton sthe
especi ally SORPRL. QAR 2Ca%A0E 1 SHE1 95 EhesBhd Ndadiol &g used [0 hi gh
density i nterconnects for multichi p nmodul es and the T ke and ‘danascene
trenches onlezd raddiec srodobted nvwaf ersfoasahefepasit orwhibposis ialgm adiersely
uni form | a%izel o BE! HogBUARnAS aEOPREI cOYRELL NSr SN 181 AU TRGR e re,
sem conductor waf er th”mnimal need for subsequent planarization

Fabri cat i ochefmiceRepdaiitiyeechnokbgi psatied &t g dthriicc dincimetiionss of

MENS | AL L i | . I,
bl anar i 2ot BRCSEtRARy o s R FROCRhs (RIS e St RreC Ty
el ect r odepdspPEdh . of Sucht PrablsmeoRdlct ¢t Tayenasit ifstsaltdaitnhevenal high
olind hpl eg1pad ykas Raye.20nn0vLReel: & deuilal £ch i, thia igkhadgof thi s

i nvention, erein a netal is selectively deposited on a substrate to
provi de a upaelhgblpain| sasyioe. fIn|addipiqn biGhel Yfsl &F ararenveatdéssed |,

Wi t hout eX&?é?Ei‘SpfSPﬁﬁ%;{é’EhHI GBS Ayt L b m&@ﬁtpﬁﬁ&%éro‘c the

substrate surface suc protuberances and edges. The 35 sel eclive
deposi t i ontyBiaztbypinster) bychipn otidds Ghemitiach aglditives, BgEp gedied on

el ectrical |y, EeHEHCEHE VEnStPSE r@&@cé@éfﬂﬁ{ﬂﬁ dilvidid Jaed EforQ'&?Q&?tigﬁgﬂC?_WBor

other small or mcroscopic recess wth at | east one transverse di nension
not gr¥at erPPhife bbous, 350 23 ohbtrls ang gheetedd FTHsanTeeeet YoapeEOFrRg

bat h cont aj&h&igh i PPSopdrdte wBtR! 1hd @R BROSed v 188l dhdesgsse and
provided with a sultable counterel ectrode, and dul at ed_reversing

a np :
el ectric cAPPEHE Ftyavekrs hrHiigh aRRe oficdt PRG B&Ch tRaviMg dI RERPLLEEE are

cat hodi ¢ WehdouesPeed 10 ddhddie idlst rate iakd wpthsesckbat mét £1 anogb i wi &b
respect to the substrate, the cathodjc pul ses havi ngégeshort dutx%/%%: cle and

the anodi cEoI RN i Ny H'9 oG dRAFIEYCEe, VPREScAGr GBSt FRRETFE o°bf
the cabhodis gudesas 4 ddppANOd L natladesnbeheg sgreater of heite b Htrate.

oot VoL UER Lo 180 90° 0G0 Gl SURLent dR LR e sty e
t he pul sesnetadidiinga firaamvaliiin theHeribz orobabesknlfhki ydhesrd.the
substrate results in excessive processing time and cost
associated with the excess metal.

25 Similar problems regarding the electrodeposition of
metallic conductors are encountered in the manufacture of the
semiconductor devices themselves that are mounted on the circuit
boards and interconnected by conductive traces.

The manufacture of semiconductor devices, especially very

30 large scale integrated (VLSI) as well as ultra large scale
integrated (ULSI) chips is driven by technical and economic
considerations toward the production of devices comprising
greater numbers of transistors and associated circuits on a
single semiconductor chip or wafer. For clarity, VLSI is meant

35 to include both VLSI and ULSI chips. The most complex chips
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Accordingly, it is an object of the invention to provide an 20

el ectrochem cal nethod for depositing a netal on a substrate A further
object is to provide a nethod for selective el ectrodeposition oé a nmetal on
a substrate having small or mcroscopic recesses on its surface A E Qggz
object of the invention is to provide an 25 el ectrochem cal nethod for
depositing, either by filling or by conformal coating, a netal in snal
blind holes in a substrate. A further object is to provide a nmethod for
depositing nmetal froman electrolytic bath onto a substrate having recesses
therein in order to provide reliable electrical connection 30 between the
surface ofmbhefsuberéatEOaag mheebmtiewnmﬁﬂnﬁan1uﬁhnghetbe@e®m aA further

object is to grOV|de a é od fo formg%i é% ree i p05|t of netal in a
smal | receS§ oRCPRRCERFf SRAP 0FC 2  3TF% 1% gL millpmgtess RO¢ & SHSE -
“object is Tbepebﬂcd51aameihodréomneduﬂnnsxhﬂﬂyaan themetrahsisteors dmlshich

t t t f t al
on the surPaceScrrErErSiided 0T FRIE s g & RERRLEE: 8P RR b o8 Sendinga
for denb5|innghm®palsffonmgﬂ b etzorgiatlivc dyat vegtitoadlyubst theebabyl e f
prevent | no. £XCERRL Ve dEROShE] A Ay CHINEES ANdRLALUDELANGES 8L 1 Deye

0 -Further objec

substrate. t'he” | Avent i o apparent from
t he descrimﬁénwmiﬂetmé élwminunmwwhmqﬂ1Ch@Ib@w@epBRLEFdEEEIPMEWIthéE THE

DRAW NGS F t f t
current ustb T8 daroskPheT SRolfiGySihDas pRYCHEa) ShapsthaBoL P FRES " ©
t hi ckness bPVDhenwkrmmemithlKannrId&@@ﬁlﬂﬂph (E¥Pect Howehersuabatke

h
i gar o op ST e SRR LRI a0 aded) 0008 b B Eerop
respect tOIQQEDQnHﬁQ§m£EQﬁgﬂﬂﬁ§§§0@5 af éhecﬁﬁopﬁétiﬂgﬁs@%@@raleOhaV|ng a
macr or Ougktiléd;/’z.réfé%‘%?d AU 2% dildtustl aE?StBQecBnhégf‘féésr sl hfné?é%§éd

di ffusion er Wwth respect to a substrate having small recesses having 25
t ransver sel™igEdes dits xFdugsodthes neisésbaaeer 8Lt bhaterAnSHoioner bmeVe$E and

aspect ratd s pfe 4 ;ﬂ@qibast ; gO 2 iRedbgit sébmfbgb'r‘i edﬁferxéléhy OStYe S&d% '<9f1 of

a damascene- prepar te having a trench depr essi on’ forne
| ayer 18f iGRRASH iafy m@ﬁ%ﬂtl@@pﬁ@ﬁ?édaénhasséﬁﬂ‘%dmjmoﬁfa‘éQ;Fb%Cﬂ{ate 30

Figure 3B is amGhermlds.d el e%‘?x'%t EE}nQHs%nSh@f %tfrﬁ%ee:égnneféﬂéﬁﬁ ’

after metal deposition by a cathodic pulse. Figure 3Cis schemati c
repr esent &AGWGIESHF thee daisieratevef decFpgtiees B¢ aive 38 ;gqrgiruc"atqm ther

treat ment Widh pa0dis iRULSE. bdcome desirable. When VLSI devices are
prepared by the damascene process, which requires that the
20 conducting metal be deposited into trenches formed in a layer of
insulating material, it has been found difficult to achieve
void-free metal deposits in trenches having high aspect ratios
by PVD or CVD.
Attempts have been made to deposit copper conductors into
25 trenches on damascene-prepared surfaces by electroplating.
However, it has proved difficult to prepare void-free, and
inclusion-free deposits in trenches of high aspect ratio.
Furthermore, electroplating of copper into trenches of a
damascene~-prepared surface has required depositing a relatively
30 thick layer of copper over the entire surface of the wafer. The
excess copper must then be removed by chemical-mechanical
polishing (CMP), which is a time-consuming process that also
generates substantial amounts of waste slurries that require

careful and expensive disposal procedures.
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~ 7 S EP 2002 Figure 3D is a schematic representation of the substrate of
Figure 3A after a succession of cathodic and anodic pul ses, ' show ng the
preferential deposition of netal in the danascene trench. 5 Figure 3E is a
cross section of the Figures 3A-3D after the damascene trench neta A
showing the filled trench and this netal. Figure 3F is a cross section"bfp
the 10 Figure 3E after subsequent processing to plated substrate of has
been filled with z surface |ayer of plated substrate of renopve the thin
surface layer of nmetal. Figure 9A is a cross section of a sem conductor
waf er prepared for el ectrodeposition of a thin, uniformlayer of nmetal on
its surface. 15Efgtrepld Sipuwmond sddecf ddwd senmdepoduct ar twahel ager
Figure 4A, indicated by circle 9B in figure 9A i.n_an enlarged view after
metal depo8ftFOPHy ¥ cHihoEan &, “s%‘@vﬁ%eg G COPEIEL O M@ fEss of et al
deposi t ed ptrepineatasioe t0of fdrmenival el emtidi ca Imicht excappercatied sy eyt ittal

di mension. 20 Figure 9C shows th dge portion of the wafer edge _of Figure
98 ot ter | 2CSUHOMR N T ETsL e RS o PR YEEss ¥Eedrentd:

t he edge ofhé¢ heenvadrery o tdlextgropdtalty ngx pygereatued sv et deabsdimerskeen.
Figure 9D t.he .edge. parti.o f waf.er ,af Lgur.es 4A- fter a
successi ong%gﬂéaa[%gt(ﬂec%fr??fsar?gd?g%pg%ggsr,’ éﬁ:ovﬂgfnéioghg ?E?ﬁchg% g?m | ayer
of netal eptepetiengpanfidrtd yyendésarm Yagenst aft coppeknesdukblihsyedge of the
varer. Fi ig.aaddd Ysyahes,a Seheul Lo coansr SRt LABLOT o8 chil agkR, Mpglul e
show ng t hé ctonnect on of one nodul € 't o anot her t hroug a vias prepared
by the promeds dfo tdrevideeat boafolhi aleetBBCi fligdty apesdasstheeadt i for
Cross-sect| f a i el dul aykRpg t han_one | nn

ayer  PonctiME end ™ S St FORCHE S S2Red 0T ol pr Eoarea By tHOVEEELEEy (e
i nventi on.proaqgdures2'refuire RdddbzoFafueguépiment photaneceviydephlyf a cross
section of a Q%ln%%r%gﬁgg% gégggger hole in a brass substrate plated with
copper using ditect current. Igure 7 is a photom crograph of a cross
suction of a S5AteRraiicodwet arndednkeerchnteniadatdressssubst ratee phed exf

wi th depositing metals in small or microscopic recesses on a

2002

15 substrate in a controlled and efficient manner. 1In particular,
a need has continued to exist for a method of depositing
metallic conductors, especially copper, into small recesses such
as the blind holes used in high density interconnects for
multichip meodules and the like and damascene trenches on

20 semiconductor wafers, as well as for depositing a thin uniform
layer of a metal such as copper over the entire surface of a
semiconductor wafer with minimal need for subseguent
planarization. Fabrication of other microtechnologies such as

micromechanical machines (MEMS) also require metallization of a

25 small feature followed by planarization.

SUMMARY OF THE INVENTION

The problems encountered in electrodeposition of continuous

conductive layers of metals into small blind holes and vias have
30 now been alleviated by the method of this invention, wherein a
metal is selectively deposited on a substrate to provide a
coating that lines or fills small bklind holes and/or recesses .
without excessive deposition of metal at or near convex portions
of the substrate surface such as protuberances and edges. The

35 selective deposition is accomplished by a process in which an

- & -



copper using pulsed current. Figure 8 is a photom crograph of a cross
section of a 102 mcroneter dianmeter hole in a brass substrate plated with
copper using nmodul ated reverse electric fields at a relatively 10_l ow
frequency of 9H 13 Hz with a long cathodic duty cycle and a shortZdthE?,
duty cycle. Figure 9 is a photom crograph of a cross section of a 10 2002
m cronmeter dianmeter hole in a brass substrate plated with copper using
nodul ated reverse electric fields at a relatively 15 high frequency of 2618
Hz with a long cathodic duty cycle and a short anodic duty cycle. Figure 10
is a photom crograph of a cross section of a 102 m croneter diameter hole
in a brass I |4 cQpper i g |a hSe iC
fields at %fggﬁg%?%/%f@ (g% |%¥hﬂﬁ eque.ncryéh(%c r]%413 ; \t/?/iq't r{og\h?r%r't gc%gﬁq%di C
_duty cycl etEemCh, | @h g Eroi Tnaluk P Tyl & FTIORE Derties@ sef Wiitie ato lphat eone
thin conti auonsydAYela e CORAPIAY &fr d1R:S WAL @il S oS IRkbALe.Rds LNe
interior surface of the hole. Figure 11 is a photom crograph of a cross
_section ofl@m§E§QQMFﬁﬁ%ﬂ(ﬁﬁﬁQ%rQﬁiﬂﬁﬁQQ Bedihe GoRta IpAags 1905s PEat be phat al
Wi th coppefq usé NGBl adh QMR $@ ARGt Hing frehdscat wachekatlyehyi bi gh
frequency of 3413 Hz with a short cathodic duty cycle and a | ong anodic
duty cycl EIHREHAHEGFPIF tinme to plate a thin continuous | ayer of copper
over the surface of the substrate and 30 to fill the interior of the hole.
Fi gure 12 38 5 phot om crograph of a cross-section of trenches on she
surface of a silicon wafer filled b | ect rodepositjon of copper according
to Exanple 7. -2 ¥ UIQﬁﬁﬁJF§Vf§SF§9;e§ﬁ8§5ﬁFcF§§F§Bh of Baﬁ?ggstgﬁﬁﬁqnn1 of
trenches ahd 8 alimf@aeatdl having eonseaf ehati bredchyhetieet w otieposigd e of
copper_accqQrding to Exanplee 8. Figure 19 is_a photon crograph of a cross
secti off cﬁé&?tﬁégﬁﬁﬁ§§eoﬁnphguéﬁﬁﬁa a5fa5esFPP§6ﬁ ﬂg%%rrgf? By 1y the
el ect r odepagidtirat «Qf theprathadier guigesonkxanpl &8 Shoft gdtey 18vd¢Se and the
phot om crograph of .a cross-section_of trenches on_the surface of silicon
warer TilFBEDY BIAGEFodaRsEE FohoBE BpBerattor tihg Re B anif B i80. 10
Fi gure 16 rasxia pifotas caagbapb phlaeer sstsectnodiofpitl enehesion ddeater
surface of ,a_silicaon fer filled b | ectrodeposi tion of copper .according
to Exanpl&hff.OﬁfgﬁfeégfefglgeEH095§?§F5g%é%ﬁ %?eéw%ﬁ%sgb%e @ﬁ%ﬂ“bf
trenchés efftikdesuriktacefotha sekthodncwahérafodiiedbycdSsed ecta atqeosiiniton
of copper _according_t.0 anml 2.2 = S = T CRI. PTI.ON OF
THE | RVENTF R CAND BRER ERRr b EECRr NERT o1 eDit S0 ot I or Sbaove
el ect r odepésiteed zohocanbelhiect tRchl Lyheonducti ve substrate is determ ned by
the local 20 variations in the electrical current density. The primry
current distribution in an electroplating cell is determ ned by the

geonetry of the electrodes. Typically, the primary current density is
i nversely propBFEPERANILE, t hE #F sRAneR] Bet viebntihe TR drid ERE 188088

al ong s heepath rbbatmi BE1CHELRBY 61| Q¥Eo2Dt ey Weakeddle & actdddesate
A further object is to provide a method for selective
electrodeposition of a metal on a substrate having small or
microscopic recesses on its surface.
A further object of the invention is to provide an
25 electrochemical method for depositing, either by filling or by
conformal coating, a metal in small blind holes in a substrate.
A further object is to provide a method for depositing
metal from an electrolytic bath onto a substrate having recesses
therein in order to provide reliable electrical connection
30 between the surface of the substrate and the bottom portion of
the recess.
A further object is to provide a method for forming a void-
free deposit of metal in a small recess on the surface of a

substrate.



Wien a voltage is first applied to the electroplating cell, the netal ions
in solution in contact with the cathode are deposited on the cathode and
the concentration of the ions in the adjacent solution decreases.
Consequently, a concentration 30 gradient is established near the cztrugigp
and netal ions accordingly diffuse fromthe bulk solution region of 2002
relatively high concentration toward the depl eted regi on adjacent to the
cathode. This |ayer of depleted and variable netal ion concentration is the
Nernst diffusion layer. In direct-current 35 (DC) el ectroplating, the
Nernst diffusion layer will rapidly _ 11 2 r SEP 2002 reach a

st eady-state thi r’kq§_f§ t s et; 1 h t nsity and the
degree of agi tati%(;n 0 l-[e‘LFei qbda?t%ﬁqu%%:kr?ogigggﬁg% g frﬁgr:falltgﬁvgg?n)ti on of the

bul k el ect r ®#hgcd nhdepasddpad megatlhd ngloe@t EBdd L ( ZRCHSS | e Ftkygir swr £ge Z8F and

20). The MOIGRdGarals, Juhd 0EEaLion akpblecebfcht ohaia | &h ke RlAlANG
bath, the thinner the Nernst diffusion layer wll be. However, even for
very vigoro@$ t&eatsipstigttieon bet ween the bul k el ectrolyte and the

el ectrodg, e.g., e 438 QbjRcEO4Al kBIpELTKAE! SCheORGy £de ddPdhinasy of
the Nernst diffusion layer will still amunt to 10 several m croneters. The
substrate shefade fwom anoelerhrgdneial babk pekpedtFYpShihe whifleehe
roughness of khensyhlaeRcessve LBBoSEEZEoRT at NCoREAks A prald 8BS ahieleidE
is large conpared with the thickness EN,oc of the Nernst diffusion |ayer (a
"macr or oughthgufFpREEYatehe Z5 layer will tend to follow the surface
asperities, as shown in Figure 2B Under these circunstances the electric
field which determines the primary current distribution will be greater at

the tip¥ of the BYpEhEFi@BIeabn Ph Ehe VAYeRhOn Atddr defgmg, apparent from
el ectrochenigal g£8dUEHEDBn bf Cthe dEPOShE IO BidEtRIL10Ws.| take 20 place
preferentially at the peaks. The current flowin the electrolyte wll
establish a sonewhat greater overpotential in the depressions of a

macr orough surface than at ghwemegksrWTRN WE THEEDAAONPEOVI de a

secondary current distrjbution that stilT] Tavors netal deposition at the
peaks, al though pEFHEDst nbt 1Bt BAf A N & 'aRd 37T fdr FOSHLRERE AFYRF$BULi on.

|Fi gur efleBI i@L@@tﬁiﬁ@ &@ﬁien@][hs'cbhdmi&{ Q?HEJGrtthiUdf m,thbhinuehg§bn?1i f f urs1i on
ayer follows the contour of the surface asperities. Accordin , Lt ,
distribution of Bt¥X§ o%r%pﬂo)sli%setoraﬁeetsmﬁles t?ﬁ‘dmc'iﬁﬁeéét Py EP?eEFégs%Wlf&Slon
m crovari atlDnsr i wi Chir Fespe 30 & HtHd ity forreC adsetinby snMbEr aaSPeett t®S1a@EngS
the case for _mcrorough substrates, as illu%trated in Figure 2A and

di scussed eI THHRr& GRS toh EATH IS S5F 1fK& ‘et al  deposit on the .
peaks and val | eysigirea Imcirioneugh tss ftaee tihd cdakesnbhiethessent s @aldyf Hys i dwe
primary, an condary current distrihutian. - T 26 0.J 4
conven%éf)ong]asyg re&dlfto%lraeisipnegcrloftci f]t l?stsrﬁféf% %gbjrgg;ﬁg ,nef' Fleotfji En@n%?%cngrnocﬁl%%‘ g
surface feauhssrare Harigey Wi e arespegh tserfheet hi ckness of the Nernst
diffusion layer. This relationship extends even to relatively small
articles such as printed 5 circuit boards, where the smallest features,
e.g., throughholRigune FCdllilpshaesedi mdesitbaskorsshef oferNefnsit)-dis frdigon

I n el ectroplatdng, ;qf g_iégzjtr t ayvina.suktagg vk gat Lhes) si g dd ;

smal | er thgr?%{éﬁg%ﬁcetrhnst' iefc?ugi%o% %Ig%gr, sucﬁ as gesr#con u%gosf?ge\%g?’gr‘én% he
di f fusi2dn [tapasvgtiae slimensgons of eorYGcPediasPREtErs et arautent (DC) not
f ol I ow the 3®CrAGRRIeE Re2k8@Rd k! eusi8h bRersunl Aot af. d lddsidpfed i n
Fig. 2A. For such "mcrorough” surfaces, the current distribution wll also
favor the deposiftligs¥eof3Ardak &FOoFke SEEAKSN 0P Lt AcdABPEFSNG YL ERATES t he

di ffusion lsayak rateHatnigShedrefefadseqbpeession formed in a layer of
insulating material deposited on a semiconductor substrate.

30 Figure 3B is a schematic representation of the substrate of
Figure 2 after metal deposition by a cathodic pulse.
Figure 3C is a schematic representation of the substrate of
Figures 3A and 3B after a further treatment with an anodic

pulse.



15 concentration of netal ions, as determned by their rate of diffusion
fromthe bul k phase, will tend to be slightly greater at the peaks. Such a
current distribution is generally referred to as the tertiary curgent
di stribution. 20 Wien the substrate has a relatively snooth surfaéa \@EP 2002
trenches or holes therein having a transverse dinension in the range o
fromabout 5 mcroneters to about 350 mi croneters, the relationship of the
Nernst diffusion layer to the surface profile is nore conplex, and

predi ctions regardi ng the behavior 25 of the el ectrochem cal deposit are

nore difficult. Such a surface is illustrated in Figure 2C. Because the
transverse di mﬂ?‘igi}r@f 3bhesr §CeeReRat fc Ireptde i AMILL Ok hd ROLSL AR of
simlar in ms;%nltu e to the thickness of the Nernst diffusion |ayer under
the convent FéA%FecdfdrErBRs20F E§FEREPDP HICAPHE Fnst RgIB &t RUdBESDC

‘plating, (henenthyechal Beboereheile d@nesscidh fudnadunahcahky dbRageessl bl o
and wi thin the di or

fusion layer. Evidently, the diffusion distance f
transport of TRBFBl ions into the recess is substantiall y greater than for
the transport of roghat BENssthrepeds the-tdiimrer tdief bustes kapetrdbeadjracent
to the surface. Und?r éhese Ci rcumsé ances predictions - 13 12 | S EP 2p~
z regardi ng"tABTBRsEATINR tFhst Ror W\pengrgnggo agepeeRt fof Ladt with

wi thin the netess shiewihd ftigall £i11u saEreonduct ehivaketsatbelsyetase
features are ég/gi cally smaller than about 5 microneters. These surface
features may®5%be residual roughness fromthe cutting and polishing
processes used iPiQiEPBF NG td e mafLersec®iodands caneppa epdr €ibseratondact or
waf ers of current nuf acture the trenches and vias_may have tranpsvers

G ronsi Bhs TG0 o T i 6 b AR Ao B CE SRR LT GnEP oF ERYEF LS T Shetece
m croneter, l&¢r ,oflavgtdlo, 10 0.25 mcroneter, 0.18 mcronmeter, or |ess.
Surf ace featurezF.of such di mensi ons aretsubst?nti al I}é Iecﬁ%than t he

thi ckness of thd M EH st 0i%s i aysF CaRlel* afy” PRttt t MallA =t uri ng
condi ti ons. pAesnrati Myry e lsetireeipoctiat caunfaseshimy el fxomsi derad dO detal
mcrorough,or\{\/rkettsh%r t ey are encountered in the 15 unprocessed wafer or

del i berately preparug 397 't he course of manufacturi ng a VLSI chip. In DC

el ectraopl ati ng iRigurecdmyenbbwenainet edgeunf ethet sé¢micerehdaroay W fdhen firet al
to be deposi.it r,ef er.ent.i al | t th a rface asperjties b
addi ng cer %ﬁﬁgﬁé%'callngltc%t% ?He%?gggngébg{l hq](g\nlsérjrpqr%é'q ta% "et%lraorvﬁen%
power." Thesievadditieirvesthél peposptoduckey aa | evehodpatiwigeof sthvevimet dlhe
rovever, OXBRIJSNGR WbA-SUSh addlll ugsobascheeh genalald vLalld naddo
el ectropl ati ng onto macrorough substrates, and their de ~of operation is
not entirelyitmdemycbogxafheraddidt veetiazk @Bnerwidrin small anounts, and
differept appli E‘eib'xelggsrleagﬂohﬁép'tﬁ?' é&gﬁsgdarﬁji&f &S £Nhd YaFehald Qs of

Consequent IE){, t ectiveness of suc ditives for producing a uniform
deposit of HistER B SFEPF PResebsegueRhndRObEr Rkt SROVARG irempy@ld He

expect ed t haicedavpk@RTEAL-0f tAddbbifd 68t Sthd apd £ d,0nvi@hhangired tilhr owi ng
power 30 under these conditions would require extensive experinméntation.
Fur t her nor £*39883a56dvERYLaRAL| dEBAR2IR  at i ons of additives are used, the

nmeasur enent andeggtEOhDOEhHAB! EAE SEdRNtp®ft 1d1E of athdl Wa¥ercomcentrati on
presents s%bstantl al difficulties. Final I%r%g he %(ilod',ti ves may he occl uded
wi t hi n2f he fABMEFSd8PodFt 2 £ 88T SBCAIFTRI IS Se2PAcrBREEEG P¥<4S&Cance

and qual ityhowiflg théd thsn;PuB®foZm layer of metal extending with a
generally constant thickness to the edge of the wafer.
Figure 5A illustrates a schematic cross-section of a
rultichip module showing the connection of one module to another
30 through a vias prepared by the process of the invention.
Figure 5B illustrates a schematic cross-section of a
multichip module having amore than one interconnect layer,
showing the formation of stacked vias prepared by the process of

the imwvention.



control problens. The use of conventional plating bath additives is not
excluded in the process of the invention, but it is preferred to mnim ze

their use to avoid the problens indicated above. 5 | nproved contro of t he

pl ati ng deposit over that achievable using with DC plating and con ﬁgrpﬂzno
plating bath additives is possible because it is also possible to contr 2
the deposition of netal by using a nodul ated electric field. As e~-plained

in US. Patent 5,599,937, to Taylor et al., the entire |0 disclosure of

which is incorporated herein by reference, the use of a pulsed electric

field, which produces a correspondi ng pul sed current through the

el ectropl ating Eeghre cau5f§ & PR nrltirdoermpthe RS i idu sar sreetta.lonowr at he

entire sur e of amcro h su rat.e. enera er t he

cat hodi ¢ 128%69%%”%%6 ’ﬁ?ntlefr ?‘rﬂtltehé'nelaegtr &feﬁél?sttlrﬁﬁ 58 wpEBause
t he concentéﬁ;ﬁeﬂm@inqredza&ecmrtmnmdl ately adj acent all port| ons of the
substrate surfagce wll_ nore cl roac e_initial bulk concentration
in the el ect ro?é“(%urel'h? s Thé @k&ﬁﬁﬁ?ﬁg;ﬁ O8f Bel“EECPolPyEE EBnBENEr ati on
is rel at editv®d miercifetdd rmermeac\eef agéet hincknesasef substiatespldtéfiusion

| ayer when a pul sed curr s.used, (BN, P~ in Figures 2A, 2B and ZC). The

| onger t he“ dn@”t"cﬁl eRker will be the Nernst diffusion | ayer,
and the nore thﬁgmrer Eﬂ’]t 1d; sat lphbmbmmnragdapheoafoarespeadisagtdibstofbauti on of
pl at ed net wil | a reach Lr a t Lt ttern
char act erlﬁ% é“lcfro rect S % PSF ? anggt ?gﬁgg?%%r Jg?t%) ¥heP ease
t he degr ee:cq:fpetxen.tsmgy nto@mrlemEddn:etrerbat ebﬂC‘c:)nCr blieldsght cat holba tipehk
currents are. r e.ga h o r FiLgure 2B
th&BOltot hlalnnerferp %ycﬁ)?r tegﬁt l?P ? ‘glbf%'ugl ‘gﬁﬁ a;é/ggg?g§%o%‘§€§ %Y%P i %yg

di ff erent sghoom talm@ddlcf dusiyorykager produced by DC el ectrolysis; both

general |y conf he . Re tra r Under_ such
condi tions, as(%g?ué:gs?ed % I%bgtﬁ?@}g?\?;&i@8 £ é J: ?%%e;eﬁlgﬁfb%n o&a
Second | ntié2natiiconalet Byl sleaﬁeae:: nigo BS Syr@dsrm %tn@tle mbmted)mmrers

and Surfac [ ' o} t

Fl ori da), ﬁ?ger} %@?E; ggl’gll’lg%¥e%| % Su%l%lné%mé:ﬁp%gp?%%ia@% V{é’i E‘r1rat|

will ila geln@halfrbeUEess afi 261 8n Itlhafmﬁlbra oo aﬁ&tﬁgadir@v@uv@r C}dere tatned a

m cror oug@h%ggf QBSd Ehg@?r Z&lgl ffusion | ayer becones rel ative~,r thicker
W th respect perities as the pul ses becone | onger.
Accordingly, t ﬁéglam?allodl 581 bR EIGY 9 tRRtb Rl rereskesedatopraddiced by

di rect - cCuRBONk; BLahbPgr 4 fmet P SlSrLnt & ﬂ%lgamﬁt@?@twhﬁ% _
peaks, or convex portions, of the m croscopic asperltl es Conversely, if

a m cror oGGRPAEL aFl%r‘f‘@@‘él%%lW e ERAY HaTREs Fie kAt t e icdd vied Yan

el ect bpl yplighCekbqlehby SErects ol nath o hhdrel tdaihodil rcﬁftty dyehile Ridd @n
will favor renmpval of nmetal fromthe surface over, renoval metal. fromthe

smal | recé%@sai‘ﬂd%%edgﬁlr‘f%)é"ele 150% /PO A& i drd %ﬂ?e? &g 15 to
renove metahtiphbes NlyyoF @prﬁdﬁp& lowefr @M haueidde &5 WHacbshtiréte and

i ncl udes tFe recess. However, %fﬁ r ar]ﬁdl c pulses will tend to approach
the non- ufPPorRTRETRF § i stg‘rev ‘th direct current electrolysis and
to renove netarigued exentisald ypﬁdﬂbl?ﬂltcfi@gmpfna(bﬁ aml:nmts ts}eetrlemesf at sel f.

Si nce |l ativel ano duty cycl e nec S§/ es .a | at.iyvely
smal | 2 noab Peske %tr?’en‘{l‘? St 31 *Kai® nt¥)§|ar?s Srets ocﬁl@tﬁgoé’ég‘ it

i s al so | ckppyr tbatngrmdahsla toad rr@vterc%lesterllemmlm:n fo@rncrsolatwial lrebatiinedf ect

f I f t f th d t
st 11 but FEan AT S e G e yRBTEr st ihtinoctlTo el R, gHa &
surface ahdngoandmhsc rceuesscyc]leseﬂcfr a pecardi ©f ttomehead plertiei anthan
substrat e_favi 0, a rel atl vl yco% Qt i, 89 Eﬁ%etswfrtf*éc%”%'f' %%C%%%%rgtasr gh{i

havi ng a fransverse rrenS| on | the range o rrom about rometer
about 380 8560f i L ridmetigrtss ricen olfetebebbflapl ated wth a layer of netal that
follows the c th rf esse fidl_| recesses
wi t hout excesgﬁﬁwfeplél 5 e%n%eﬁpt%%ﬁcgggrggﬁeggu%f %gsgf s’?’ﬁte:q?abggr ate by
using a nodenchesl @l edte isuidfiagled oifnawkiidhcoat Wedies did ladodiyc pul ses are
appl | ed PHEEEPAlIRoe: AL Bool? 3BBELATALNRY Elipage AT e applied to

favor uni orm

..10_.



metal over the exterior surface of the substrate and the interior surface
of the recesses. The relatively short cathodic pulses are followed by
relatively | ong anodi c pul ses, which favor renoval of netal prefereztj' g
fromthe surface. 5 Preferably the relatively | ong anodic pul ses ar %E%’
interspersed frequently between the relatively short cathodic pul ses, and
may even alternate with the short cathodic pul ses. Under such PC
conditions, with a surface profile as shown in Figu~ 2C, the extent to

whi ch the Nernst diffusion |0 | ayer conforms to the surface profile is
difficult to predict. Accordingly, the Nernst diffusion |layer for PCis not
i ndi cated in Fi girgu2C. 1 Hove \vephotloritrograpli of pal cess ¢ -esekct on esfiice t he
thickness of-dihdediptefll [V LBYET 5185l SHPSLL APLYE p Ther ef ore,
short cathodic pul'ses can, 1 n principle, cause the ITfusiion | ayer to
“fol |l ow t he sladtassiqnaditiorclafsglopperhacedyding Heposinplon ®©f netal is
still controll ed:; rdiar d LStrhpuli i f gV uni form
deposi tion of m%{l%ﬁ%\jgqut ?Lhe aeﬁ?’ioﬁg&égg{?%g%éﬁ%féfhée %Jbb?s%a%}ﬁ%c%%i ng the
smal | récedg@nchEr Wrerthehsurfeest Pénai 81 hppPh et er thd Iishdxi ti on of net al
on a mcror, P%CS% : a r } h surface can
be deposi tgg'légﬂr}r?lﬁ:ef a g&?flg?tg E?bgg?nzgiy% aﬁeaﬁlzalrmgzj{gr)ic% field in which
cat hodi ¢ and anddigafsullded sape PAPPPIEET RUEIIS T & TR -@sakdlop $Hor t

cat hodi ¢ pyl,$eshase APRINLA I @age SAVOTs LRAS Lk Off iMAld pqver both the
peaks or convex portions of the mcrorough surface as well as the

depr essi on¢lectegderes ifdeni 6fisCOPPEheARRTHIY trh&EX28PdE VEl-y short

cat hodijg pul ses Fag%rfeoll% d BYphetathi M8 9 d NG fanodire sBUsees 4 oWhisgh favor
the non-uni formrénoval of netal preferentially fromthe peaks or 30 convex
porti ons otreREhREcPHr Shghssufeaee’t Preflercan yalee féldervelry | ong anodic

pul ses areghpkersRepeed i hRANENLbYpDElIRAIYdiRy 1Rl &kiaMpliy hort cathodic
pul ses, and may even alternate with the short cathodi c pul ses. The net hod

of the inventiofigdRealdolped appPt At PP LERPIe st FEASETSREEAPNcBAduUCt or S

in danmascep@=RERPSI 8 LHENGHESaON of b/ silicdn~waferEfP120@2pgurfaces that
have al readx?been made very snooth, such as in the_fabrication of very

| arge &tal BLPAEEGHEPRALEIRT) 9L SEPRRIN ARG teEXaPRIE LA - an
application, the relatively short cathodic pusses will favor uniform
deposition_of npetal into th
subsequent DePESERERT LON 4
from the pl anarTserfiaser whit ot erdi
deposited in the trepches. As a result, en _the full depth of the trenches
nas been fFRPEUHET AL et SHA0THe U ToF ena S EP IO T ayRY BReLFEoBh 1 he
surface of viheawbdes imlthdekdgniifdadarcikyehésdenhanyt haThenptimwatyenches.
Accordi ngl y, excess.,metal that_ h mye omt ,
oo by crurt el SRR AR A kg e B e TR e b A LA py

i sol at e t heheopelreorg o6 thubstlattiradey .| eSypipahly hathehpchmawoy | catresmt 15
been deposi . W, t hou : | ate e I hod
of the inv%énﬁjlo n€§ %?%?%ﬁﬁgﬁptgg%ﬁggggpgéi ?F%g&ﬁé?ﬁ?éé g%%%%ér_&?a%ér of a
met al uni ferthgdacand sthhamdd adongf thesppshr bhet the. cunreng géollows

sem copduct 9f,, i eéh%‘aé’iélzg;%é%$mt er of up to 8 inches or greater. Such
wafers are 20 typically initially polished to a very snooth surface having
devi ati ons froMpamarvadtagfe tise fdrgsr 26P1 484 nHP et R SevEPR) a it rieg ks

Ther eupon, ¢ ge A&l of o fd &gl rg'éﬁ ti%nCQRAUEhE ¥et "RE & . t e Geat KOMDE rd S
deposited on the surface, and the netal |ayer is subsequently nasked and

et ched by RREHRTDMA UB maddeder e8dt Eheof APERREXFF Lt hnHetigms Bet ween

devices. Ashd RIFHQGRSSSd10tAWH @Rkk¥akEBl enesh edqué el ¥ AVerc ol csonhitctidrve
metal is of the order of one mcroneter in thickness, and nmay be slightly
t hi nnel® or9' @R i restiadl isheseAGRRGERR FRENRIGI T iTF3ectf%®nents for
manuf act urd b @RIty Gl iy s Slrodd thet BELRE e6l ¢t L6nli fegidh tdd Sremyd ivesily on,
t he depositjon of netal using nodul at ed reiers(g electric fields wll also
tend to f HEP HRIGATERAECY TOMRTA ERBJEPPLEETONEeTEMRI HIRFIH tHe Wif f ace
of the waf@dthddaeveri A 1Mes ioFpaepastetiestlit vaBidwl Prmmedll Deposi tion of
a non-uni form |l ayer having an excessive_35 thickness near the edge of the
waf er . /¥“Fqg&ﬁ§§§qﬁ&qﬂ is ft@pe Nernst diffusion layer. In direct-current

35 (DC) electroplating, the Nernst diffusion layer will rapidly

2007
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2 | SAP zonz deposited during the relatively short cathodic pulses is
preferentially deplated during the |onger anodic pulses. Consequently, the
met hod of the invention tends to produce plated sem conductor wafer wherein
the netal layer is uniformsS across the entire wafer, even to thegzg -
The nethod of the invention may al so be applied to depositing a thi MaZOOZ
| ayer of a metal uniformy across the surface of a substrate for
fabrication of other mcrotechnol ogies such as MEMS. A schematic
representation of a rectangular nodul ated 10 reverse electric field
waveform used in the process of the invention is illustrated in Figure 1.
The wavef oreaelsznsteddy- oot ithes knesat Hdditc (S clewartingdl oy ftold cwedehy
an anodi c e : ff-gper. r [ eri f.ol | qw
o't hor or SSTFELY HnE UIF At o HiRR o SRR SAcRC IR B elcehg
art will reebaymive neion e \rdlet Hyd kard eqrmcdimt eniwlithhaegpeptr tticotak under
the circu f & he e I £, Proge o he 4.nventijon,.

Accor di ng%%g%]ﬁlgé%e?digﬂa‘ice% nﬁﬁ‘g%ér(ge %A'cou dér?%p%%);'entf%i’ ?&eére iU Srthe
vol t age. Alditatgion tof stigerdeealthylytee icomhenipdating paabt i cket ehgangtol

the volta the 20 techni cal disclosur f th rocess _is re

straight f &%v%r%ﬁqs(%di%c@s?é‘&ni (rj%a?'gfrﬁs"l%? ?’ é cﬁ??’gﬁggf I %Vv?ngg?fh?é?ﬁ%re, t he
wavef or m neiggbiots hee rragdtvengokapnabekivbast theeul¥heleat hotlyteaaddanodi c

pul ses may .have any vol tage-tjinme_(or _cur =t .profile. . Lln th

fol |l ow ng N |escct§§§%n er'@dt’ar"fé%ba?s%u?geg Kérgggﬁghggéh%d%%&g?%i i gﬁ’?y.

Agai n, onelsiilnless iof tthe detnwpil| Hifécegonzéayhatwihk poihl amotntretchosen
as the,initial _point pul se train is entirely arbitrary. Either the
cat ho§|°c ﬁtﬁv%"eragr h\qﬁg%g"ﬁ%ggé‘pul se (or any point in the pulse train) could
be consi dered &set lsebistirbkal spofate WThelreptesent generna B0 ve tibet fisctcht hodi ¢

initial puylse,is inQtr C i gty i .SCUsSi on. Fi gure, t he
cat hodi ¢ lééné)%tlgur r gtﬁt %Igg g%%%ﬁﬁ%?éé In;% aﬁﬂaétls‘lielpgg%%b [ 'cé 'o'n-tt)%%esjl‘zge t9t thd
Sinmlarlypetalke anddivelpesk therein, i s showme asompemadl Wit artoali tthiorkrtdamwe i s

tz. The regl axati 35 ti , Qr.off-ti re_indi «ta nd tb. The
sum of thg“'-Dc 1 Otﬁmq%xl;rgr% Egsffﬁéfncggs{gl%i Saongl %?féggg p(gdi 245 ?Ff"ﬁm, thag
of f - titpres lavkrpwedent gndstd hto PNesw othel ©irféee padser ttriaisn (@ sHdwnt itz + to

f tb), and.the ipyerse of the period of the pulse train (1/T). is the
frequencygf'P}’ISf Qghe gﬂﬁi’é {}?eaél)en.cjﬁl%ur?saﬁ%c% tf‘rhee ec%tc:‘n{d‘ll’lcc %%-Jtc% WY 5

t he peri odeftekhiressthbepratdwt icumant oyicd er {iMYiorand lilthder gtrieatelr talte
anodi ¢ onz{iLne, e riod (tz/T) .S (ol cyegle (Dz). e
current d%hgi iégi &g.f:gguéér)%en{l%leerg uénr}atr; gﬁeg%% Utcaﬁg%é%ée'ct %oc eo, tﬂ’rqil d the
cat hol i ¢ ehectioehamticahodkdnani-an e .iss- kripwesist itdre ofamieglailc pedk palkse
curre d LLy. j urr. inqJQ%i Y.l cti.vely. The
cat hoﬁc §E§lr:%ep€érlg%€€rg€i elﬁg?ati%y]t?‘(stl);ﬂelsagcsﬁhe lg{r%) uct 81Et ffﬁg%(szgﬁhtotlhi\éc
current dehertyohne t el kadtabld son4a isameWhan )greaatiere ovRsPaieditd adhange

transf er gggsag%;,fgz%%oaé dhe HRAUSowRh the Aanedich eunkertcdeRsiky aRdchhe

anodi c on-tine . The average current IS density (ia~e) is the average

cat hol i ¢ ¥ht# PNk i REOIDA 19) SHGREsiame AVEeage dARsdrBuUEdPPefhageAsELY
(1202) . Acsosss ndval hee gt idlilcanshi Rh AP, he 1RAGAGR! Fé%hgﬁ% Bet as
represented by the followng equations. 20 25 T =~ _tl +tz +to +tb (1
) 25 much’as the primary current distribution.
Figure 2B indicates that, on a macrorough surface, the
Nernst diffusion layer follows the contour of the surface
asperities. Accordingly, the distribution of electrodeposited
metal is not greatly affected by microvariations in current
30 distribution caused by microasperities, as is the case for
microrough substrates, as illustrated in Fiqgure 2A and discussed
below. Therefore the thickness of the metal deposit on the
peaks and valleys of a macrorough surface is determined

essentially by the primary and secondary current distribution.
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D =T (2) Dz =Tz ~3) Q _iiti (4 Q lztz 30 lave = 1.1D1 - 12D2 ( 5)
DI + Dz =1 ( 6 ) According to the invention the catholic duty cycle should
35 be relatively short, |less than about 50 0, and the catholic (Z%O ~ 7
SAP zooz pul ses should be relatively short to favor uniform dep itS‘E'POZUUZ
metal on both the concave (trenches) and convex (peaks) portions of the
substrate surface. Preferably, the cathodic duty cycle is fromabout 30 a
to about 1 0, nore preferably fromabout 30 $ 5 to about 15 o and still
nore preferably fromabout 30 %to about 20 % Conversely, the anodic duty
cycle should be relatively long, greater than about 50 % and the anodic
pul ses shoul d b&nreprterel §nabngl ¢ ft PRt ¥ ofy dmdusisiiall ebJiextessthet al

from 10 thesfoRyesnande Pegk 108 ase o ihes SSUAtR SHithAGesoBLE! ELADLY.
the anodic duty cycle is fromabout 60 ~ to about 99 ~, nore preferably
- fr om about tdckneds abbuthsNesTY StITYS iR & edt-er IbyY rEdptaBoahir0o o to

about 80 aexBecddISevdher Anadi £r el hy Cp e iaxtieneer slkan akher¢athgdi ¢ duty
cycle, the 15 peak anodi c voltage (‘and corresponding current) will be |ess

than t e pebkeieht Aol theye (Wil Eﬂf’rlrjvfss&or’f&iaﬁg‘r@grr énfy, ABEBHANNG! Yy,

the cat hodigrd®; i IN8E R A8 nealdiond Idf Baegbeaker okhan-opey i, or der
to provide a net depositicn of netal on the surfage. Although the anodic

renoval of exceds SAACHT ORI Atdd\c & (WO SHFELEE| PEVENEi 8HEY26F features

el ectropl aéiqgmﬁw&ﬁﬁasy drf2g 1kenafidrs tofe NelrhsBgderfupibar Thyespatudw ddhe
_trenches or blind vias required for high dens i nterconnects or filling

-- Wit A L ke
the trencHRENIGPIENGSLe e I5 Spardd SHFLEES ahaYEF HUBP PR AT LS ve
pl ati ng t hididirsequstifhy edgestolcupraned (paj enstmboeldd themiorpssssie for

any loss in electroplating efficiency.. The frequency of the pulse train
used in th@aﬁFeS[ s gff"ﬁﬁé(%i ﬁ\’;eﬁ?‘ieoﬁuﬁ?cfanaﬁ frgﬂ?gﬁﬁﬁ?dlb“ 192 %’H about
| 2000 Her tepr preherably ofbaghabeutr fi¢askHzthe abonént 0808t Hrbutdse will
preferably f rorrp about

100 Hz to.,about 6000.Hz. It is neral |.y preferable
3010 use Adfert SR bERCPERORAEH B HEi RG Ehe T ar baroFRLocthstiE thi n t he
useful rangpere@tdes,f bapeabnst d25rosdipankhees 1o aboaibl Bhled) Warmises The
Such frequencies m_ght range from about 100 Hz to out, .3000 and. nore
o of erldbl Y OPESALARSAENS08 BECEs ABBRC 1500 KoL I ghar PGt oo O o
gener al | y dififesusef kohoth85bplat phgssnali el rewessesye eshightlessytdaarr
about 25 gECEggE%ggis._ %ch azcufghn€odlstribution is generally referred

to as the tertiary current distribution.

20 When the substrate has a relatively smooth surface with
trenches or holes therein having a transverse dimension in the
range of from about 5 micrometers to about 350 micrometers, the
relationship of the Nernst diffusion layer to the surface
profile is more complex, and predictions regarding the behavior

25 of the electrochemical deposit are more difficult. Such a
surface is illustrated in Figure 2C. Because the transverse
dimension of the recesses, e.g., the diameter of a hole, are
similar in magnitude to the thickness of the Nernst diffusion
layer under the conventional conditions of agitation of the

30 plating bath and DC plating, the entire interior of the recess
is hydrodynamically inaccessible and within the diffusion
layer. Evidently, the diffusion distance for transport of metal
ions into the recess is substantially greater than for the
transport of metal ions through the thinner diffusion layer

35 adjacent to the surface. Under these circumstances predictions
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oz Such frequencies may range from about 2500 Hz to about 12000 Hz, nore
preferably from about 9000 Hz to about 10000 Hz. Accordingly, the catholic
and anodi c pul se widths may vary from about 1.0 microsecond to abo,.t 10(?
mlliseconds. Cenerally, as 5 the feature size decreases or the gi;pxé.

rati o i ncreases, higher frequencies and/or |ower catholic duty cycl 9@002
preferred. An anodic pulse is introduced between at |east sone of the
catholic pul ses. However, it is not excluded that two or nore catholic

pul ses may be introduced between a pair of anodic pulses. In |0 particular,
a plurality of very short catholic pulses may be followed by one rel atively
Llo]pg agodi Fr@gﬁ{scgirfx]té\cﬂﬁé otbé?i Yoordd inindrey fofr ?&bhf)bﬁ.ﬁga?ﬁgaﬁ@dﬁ@piﬁﬂﬁﬁfw th
efi ned pul se t may make up one gr .0 ul ses, ich is then
repeated. TVpiL I”f’ytsl'é’&htr}f g‘:reoq.%weg Cﬁ%@ﬁﬁ&&%ne or more catholic pul ses
15 and at | east amnesasirodynt e walfer spehicoduofaae pfieseuteai are oy i cexd of

such pul se groups conveni entl.y be fi_ned h ine fromthe
begi nni ng o?c}“acoﬁﬁr catHbIg® %ggﬁcg%nﬁg%gggi nﬁﬁ%ﬁé o%me %cerleé":tatcuaﬁer?ol ey
pul se that bes rEatiduar] yraighiatsed firont kbepohseingaamd Adki $hiaquenroeeaisdshe

pul se train may .then 24 he defined_as the reci _ eriod, as

di scussed abos e.mTr?éreﬁﬁrslé’g\M% eh,wl utry cégl g?hgn%&gépﬁﬁeegaﬂ\e/eo#)t age of the
cat hol i ¢ arserdrecidugudrs es fienst ofe cuadepust manvbaprume dehd hatertdhe sowerdal |
process is catholic, i.e., there is a_netl. 0sJ t] t.al_on,the

st rat e Va6 s SEa0aTErs o FRaennid T8 B4l Frgh 1 %sandraf poput
greater thanmicrkoweeers, tbe¢assethhe pekaniveomengmnte.aff,i coamcites of the
plat i hgoang 3enkaLiafRRLL! 950k EOEREALDO of - AL C PHARLHELE L bE
possi bl'e in"Sone cases To0"obsérve net deposition of nmetal wth a appﬁ e
char ge rat sockodémkasibessarhanubatantigllyslesiy ) 9@ dhickers84ofeshe
The practi i ks t p 1 v GY .equency to a
parti cul ar Nl&%g??c%%gﬁggggs%pgﬁ Phégf)\;\%ﬁ%ﬁ%ﬁglacﬁg ﬁggg#%ggggﬁgt he
process of cbhditmesati dacordrgly, ~semBenquARZ sUHFE Ofgv 8BYr hedescri pti on

fromthe H i.catLqn, e Lally i i L :
applicati OQE?%EQ{?;:E?Sl:gmb?trgg?}gf‘lm%h hgﬁﬁﬂc}% o’%]%g; E?tﬁeggﬁgtg}%ggbg?dtﬁg the
i nvent lon vopfPtesagdt vahehesr i de Hibperzlenly regpareéd $or theesoutse of

semi conducﬁ]?;mgg‘f_.gﬁij]i Lust r?gﬁgl in Figures 3A-3F. Figure 3A shows

schematically a cross-Section of a sem conductor wafer-insulating |ayer
el ement 300 really PorelecrermldtFidigit o prrvivEetéenddctPvECERBRERCHNERE S

surface. Then&bSBENE £ 300- GRIPL ] SES 1Be SRIPLANAUCHREruRERE 1 392, hayi fige f or med
on its surface 304 a |layer of an insulating material .,.Silicon

{ A e. .
di oxi de. APERENCHL 3ule | SuFrFR P IREIHe 95N &C9RG9 59§Fa30603§mﬂacals to

convendol Onghe Bt H0th g AL+ 18X i r v PhiAtoresirslvihgypowe . mayThesappl ied to
t he surface 5,08, cf t%e insulating material 306, .then eXﬁosed afd devel oped
to form a 3etstvemeheln toh RIRFEGR fade Veds CoPfé"BaPf et HBd™eE# ¥ ace is then

etched to Howewar | r&sd ke ank i haidiesidduali veeshas beenegenechliy or der
ment 300 for. depositing net

to prepare_the el al 20 into the trench, 6 310,. a
very thi n S | G ¢ THHORIRRADT 190 GopOErPERTTR, BERSFFSCSY S i
vapor depasédé a3t (dPéYatich LIy dritd nedtyalindergtoodoppeiie dddig ivas adreng
into the sem conductar. | ayer 302. The thin conducting |ayer (.not. shawn)
o oo et T o st 1 i bR 8T SRRTBEA hehs HMeYe R SO
provi de elwesdd idiaf £ et cid i lya tfi@n st.he Ceheetinept &y j nghst epf e dihierealeene rd £
300 is then, i,mersed . in | at i ng. hat h _containing_ions,_of_.the tal to.be
plated, e YcH caéi)d}gq’lWeosn%.ogApc?&ﬁ%tceV’gelaegf} rrig gmi ge%‘?sélot | PR RS i ts‘nmealti
pl ati ng batdtesmed tdenmd Glecprrdilaredle phdt étd 800ldnue térepeoiad arthad] ect r ode
are conne t 0 suppl.y. that .provid a grﬁ,
el ectric ﬁegﬁc’ed'qgjgfemn&er?tﬁgdel&é)r(r'gﬁt %gﬁgagélg g%ﬁn%é@%%%ﬁ??%%’gg e Hi%st
pul se 36f turslam dinlestee comeMerisinmg weldet requiirel extensiye cerper apritiagd aro
meke the &l 8RN t | a t hQACentrfriore of dfqd 4 e
pul se w t%l respter(’:’fb(}'t dt eg'%éllgeené’%gy% %ﬁﬁgﬁptﬁgt ed. S 2% dcdust SR
used, the measurement and control or replenishment of the
additive concentration presents substantial difficulties.
Finally, the additives may be occluded within the metal deposit.

35 Such inclusions may cause increased resistance and quality
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~~ 7 S E P 2002 The catholic pulse causes a thin |ayer of netal to be
pl ated onto the surface of the elenent 300, as shown in Figure 3B. because
the catholic pulse is relatively short, the nmetal is deposited relatively
uniformy over the surface of the elenent 5 300. However, becaus?\%ltg ul se
is of finite duration, a diffusion |ayer of some small thickness W %}82002
devel op, which may cause sone non-uniformty in the |ayer of netal
deposited. Accordingly, Figure 3B shows sonme excess netal 320 deposited at
- the upper corners 314 of the trench 310. It will be understood 14 by
those skilled in the art that the |ayers of netal deposited a single
pul se are &/ Pﬁ%%ﬁmsand e YCHi 8I§n8g§g§“§a§°??f£ﬁ%‘t%%@
necessari | yacexagoersatied ridt endduded shovhéhprbeadensy e tieraratian, dapesi t
est abl i shed by, t he dul afed el.ectric field and correspondin dul at ed
current. 15 SifFs&fF rteéjt tecﬁem&Qﬁﬁ%FFc%ﬁfEe‘fs%nt%n%‘ﬁ‘?lcdo;fg]esg’ﬁr%]fﬂﬂ ied to
t he el enmentindi@.atEke adaaedi.c pul se is relatively long conpared to the
catholi¢ pul se. ‘Accordingly, a N di si on er. tends .to be nore
fully edtabl i shéﬁ‘f’&&r"ieﬁpg%t & TS0 Fc’?%ﬁléie;.y&??s%é it y","esror%’a&r the metal
pl at ed dur ierpicheb2@ aatihgl wdtpuP§epistimpoved chrvery idna lapdditd ngulbsah
However, because_ the.anodic.pylse i r tl the distribuytion
of netal r8?%0%\}5%“”%&elscpgssgllglwreeggn%?%és Jttﬁanltgseparlo ugbeo(f%gﬁt?lgi r%gctcc?f}FFé)HT the
el ectrol ysdeposieipnnetfaheits lpbef esmd i alnoduletmd e feosmithé irildr osaapi C
peaks and conyexiti.es_o he rat C ingly, .the,excess netal
320 t hat rr%ifp g%gg ezﬁ gé%ésﬁggggéuﬁ ﬁggg't eﬁcgctq{g:a‘lyg%uﬁ%egfléhdgg?oeb%lre
renovedd bydihelaaodecopuivBéchThe Emoekipoyatese halregnt dydseforesmeyvethet ake
fromthe planar o I , it . ve | ess
nmet al froml)?h% ?,?%%?h gigggﬁgé s%gilﬁ'/aﬂ@@&%q%fd%#g £r gﬁggg%ggﬁggg& gure
3C il lustrpoksedchennentathyotdle Hppedremicoprditing cedhencagsosasitmore
removal of c byt nQgdj [TURST Y c j d_anodi c
pul ses suc%%ggogﬁeggé%ﬁ%%nt%re rkrrlagct% %Q)ée%dg teo Bgé%gpgé?tﬂé%&p?gfaer entially
in the trentbrovwptdh . Substiteted. depoganesalof thet gshosher hehel aatihodicf ace
308 of ;4 he_; = aﬁ%ﬂ engnt-+388.88d; PR L he; U C [Se319
of thel% re %%g%'lotfh%i%%‘%e%%l ust rea':égs s_cherengt géa??y thepgl?%’t rk?%)%t?lfl%% of
deposi t ed Wt aforgeniratior| kY@lationg praedsstasyngdivernatatl revere
el ectric fields,has, proceedacsd it SR rhiBwid1 FhodEecBhsdl | Ustp Al £sn tHige

distribution of plated netal on element 300 after the trench has been
filled ThEitiehcPWds FRRFETIIAEEMWIIChEEEI PUSREEGTY Eohi I i hel 1T €asRes of

the plat ed;iBtiniByess anddelyaraicosdehaear 868 is relatdyely takh
thinner. 10 In order to provide conductors insul at egsfr,om one anot her by

the | ddfer BUENGT iGHEGA3RT i 4t EScaP THE BRERSE vt BrSHf thy i athgn @
surface 3Qfi10fed & s atd ng B8 i@l i 308 Jus ey ed Bb¥nangcgonventi onal
procedure, e.g., by chem cal -nechani cal EOl i shing (CWP?, electropolishing,
or other effnaay diaurse BIFEtdene SReshbhEkar sehehets Che darnsdetion of
the conpl efiatk &Pty ACCUHH RUkY mobBEetRE0EESSeRf ANk HiMANIdPBndhalk
applied to a damascené-prepared surface of a sem conductor wafer, is

f

capabl e ofSPEERRINGY "So|diF t nidirReat cBhatRY dRetdh Whid BRRFGRES Jd&and

vi as f@r medhAPenithe rdaRsGanepoesessn whittermi ¢hai &¢ ther itdig Ararurti fcyvet al
deposited on the planar surface of the elenent that, has to be repoved in a
subsequentCUErER toP Latkd Nean dFa CLArF AR pr bR eR59e ByE A A EIGATG ¢ ;5%%51?&

of the noddratiedyveleeirent Wickdivavebarsontrgl, hivh caitdiic grdkanodic
duty cycles, 25 char%e transfer ratio and frequency, the practitioner can
produce a SHEEENTS BFSd4FYEESRE- prepared surface wherein the thi ckness of

the nmetal |ayenndepesicheed of the matcfaceugioriunfscof (Bemreodctttre waf er s
rocess of the

nmetal | ized hy the Lavention will, be na greater th t.

dept h 38t %@ﬁﬁf’e&eﬁg%isfegd CEETPATY ﬁEEE r%h%ﬁéss%orbr]é‘-fierrabﬁ y,n%?t hgutaﬁil%%r%g%lgf

t he surf acd flfayentwflrbmbehsubdstansiah| yayes prdrarcddeoyd®dt ke lefctretlylsis;?

deposited.in,the trenches .g.,.ho_gre 1 8 f e depth of

et al depgé)itpeaef’ﬁrﬁﬂigyt Fgﬁgﬁg%‘_ tR/bF}gepéraéeferrla%a%‘/% ac%ﬁgqeh%g%ﬁgggtt%f t he

surface nsualfakayer Undelr amobntobdivhbys aboutsuiygstest by 291 (Ibl, N.,
1981, in Proceedings of the Second International Pulse Plating

35 Symposium, American Electroplaters and Surface Finishers Society
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21 SEPZ00. 20 ~, or even 10 O or less of the depth of netal deposited
in the trenches. The process of the invention can also be applied to
deposition of a uniformnetal |ayer on the surface of a 5 semco d)Jctor
wafer, as is required for sonme manufacturing procedures. The app? Zab
t he process of the invention to such wafers is illustrated in Fi gures 2
4A-9D. Figure 4A illustrates schematically a cross-section of a

sem conductor wafer that has been cut froma single crystal of a 10

sem conductor, e.g., silicon. Such wafers are typically round and very
thin. In order to netallize the surface of the wafer a barrier |ayer (not
shown) and(aEsevy Whhnetomlnlc,tiﬂ’ﬂg:ﬂmper, (thet phiovapy ane rdaposdiisedibatgon by
CVD, as for e f t he da ar; e di S e. 15
When a net aﬁw pﬁ%p% |t%%|d }Q? @agtﬁir ag'relq(%‘ lgﬁcié’{efrad b% i%%% ﬁgﬁég%}ﬁf orm
di stributibhaof fecurPenplatinde digeyest, thes \ﬁé’feermlg?lr\%s’ulghseuréaemeSbe

et al depolgéi. op ﬁff\p§v\§rggfa NG LXGRES r@taacllv“eaujseﬁ%fcm%rsuﬁtzﬂc eQfethe

pl at ed waf er o be sone ryonpl anar, and can interfere with subsequent 20
manuf act ur tagtbpenie fonspemi s as ither ONGFES HEGoMeydSnEET- I n order to
avoid the p e al i ati 1zh h f 00
W t hout resor?#%gﬂfioyt ﬁ%?useé%l gl}%%l}?g’lﬁttleb%ectlrloldgg%(@g% Hgg%sfi);e@sﬁ{lgléds
posi t i onedpiededrd éh e cd¥xgttatdurgebat Rlaginohe H-icke, PERECHRPAELAY can be
conduct ed gaoisi (it odul All IRV EhaCpRLRS! T bt Loahds Becerdhdg &p the

i nvention. gure shows an enl arggd cross section of the edge of the
waf er 400 mscrosftaiiedipenifdesi-rcle 4B in Figure 4A. A netal layer 906 is

shown gchenati e A W i exageerabegn3fetRilCkness cashaepesi dkghon the
surface 902 ofccaie vvaferw )0 near its e ge 404 after the fws? rel atively

short, catlfﬁfd?%se{ﬁjrlrsema%lté@ apedgi é8u§§e61856x’78 ¥Y5istfell using direct

danmscene- -Rl SR e d t§+éfftaefieclati?ceu%ehhedgetb@ﬂuelaul §e1iStPbof i Middval of
duration, there nmay be sone non-unif ormt{; én de]]pmfltlon of the netal
A 85&@@%""

| ayer, as metgl from thg purfage SHBHNT BYC LPm oERS RIPRSE t ed at

the edge 4Q%-Ofsd8 el sH@ackl gulfﬁ éﬁlgh@m@esamewtsn@iﬁ Yoil¥es tend
configuration of the deposited netal er aftﬁéya subsec~ ~ent anodi ¢

pul se 6f 5¢ eqe&tq"\?ethaéngmdéPéF‘HnorS% %f‘ér% ahbaP ST 35S ISYRARR
met al non-‘,?ﬁd;]yprl@glc%iu@@q, Q:ch%f eggiggal |Ho\f1]é@€rt Eeoﬁbev%mmfﬁms@m@q
portions of the wafer surface. Accordingly excess. Net a that may
have been b d E@PEPaHe tESL RBAT En’p%ﬁ’g’g ‘P%ﬁﬁg tompe? 1’%&‘3’%@ hal
subsequentd iaedi Céu[i‘lﬂele el@cElrgmpe;_Q[hzsdilotz\s sehermatmeail ypxtekfea:;ﬁrﬂimﬂlmet al
| ayer 406 t th e 909 of the er 900 e has -heen
conpl et ed g‘&flaéﬁeranﬁoﬁc’}:\é\%é?lﬁe ex en%ggs%’go Jf %%\%%laq:e“ely
essentaal Il;o:—rgorasﬂoaiﬁ'rc Ulultqykng3$etmed:éles3d@‘ee©fathelWai‘eq!ly Rt lHerangrdsic t he
platednetallaer46vvlll al.sp t ill

depr essi ofs 3 C%ﬁéeél rf‘gcgrg 9 % l]cer$ %%5 ehér?éfﬂgﬁ # o 1t 18

i nvent i onarlmp ~l~1ka§@/dt\lmathpam1yanpta\hrlt¢fa¢ @hﬁtbeb‘éi'emmfettr&l Wlll be in
el ectropl gt I c, um
nic~: -1, %afln 8§satg gof }_‘gﬁg %{roth}zée é(xg‘?%lsg%g?l%&téae Fl‘ﬁ{gﬁérpnay be
appl i ed t@lnrdectr @m@mghryZlusuehacesswlhww 0eeRErRE Ehe mafiadn-ison. The

| nventond, g gk g&&uhggcéée}dé%&' £idh fild | - E£80Ches o t\HeaSce'd?zss

damascenepr epar ed sur es generated Iin the manufacture of VLS
sem condudtteeldevi ces and the like and in preparing planar Iayers of netal

on |arge-di arreheeo%%goeeuewlmﬂfon 25 Theo ot ££t ¢ ol AN G halhivisedyi n

the process of the invéntion can be any ‘conventiopal el ectroplating bath
appropri as@oPsh sHefreearibhi ABapl HEAE S TRT %h%E?Jrrb'plk}aﬁ‘f’ﬁ’g? CogFén IR Ca

sem condugliensibhas, tRA" Lhfde a5t Vi MR e RS @PAG | M MO REORIC ab@uct or s
by the danascene process, it is preferred 30 to avoid conventéponal

addi t BYes 350cRigsometersngcageht e HRETIRI T8 YHH e e hashah &3t

order to gwaitdwkhendi EbheblEsests Of hdisd e Sei haB@ldi d dosse sS e A 1ROLHDI €
inclusion in the plated conductors. A preferred gath for el Ctr?ﬁd‘fat' ng)tf

copper onEGCASAEEr Bi5hgHt sBXFAsRIYS dBPoRHELR QtitF ¥t &Ph

the substrate by using a modulated electric field in which
cathodic and anodic pulses are applied successively. Relatively

35 short cathodic pulses are applied to favor uniform deposition of

- 16 -



35 incorporating about 90 to about 80 g/L of copper sulfate, a _ 27 zZ7
" S EP 200. nolar ratio of sulfuric acid to copper sulfate of about 5:1 to
about 8:1, about 5 0 of polyethylene glycol and about 30 ppmto az?ut 60
ppm of chloride ion. A pulse train frequency of about 1000 Hz wt aSEP gg 3
cat hody~ duty cycle of about 20 % an anodic duty 5 cycle of about 75 % and~~
a cat hodi c/anodi c charge transfer ratio of 5 or |ess appeared to give
superior results. The application of the filled recesses and vi as prepared
by the nethod of the invention to the high density interconnects in

mul tichip nmodules is illustrated schematically in Figure 5 . 1ntegrated
circuit cHP?)EaJS(f?V%oWF SO e AN NS I?atjor%eofugﬁgrﬁgﬁya%nﬁéﬁti ng pads
504 il | ustimteshonrsusigeonifed hen racearwant i Thal relpparelyesfort E£FRGH e
base 506. A ] ayer_ of ielectric 1S .depasited an the,upper surface of
the chips %‘ﬁjzs -5 St Iﬁao EMEG éé’ di E\%&é’eg%oegpg faBPgéﬁ PHJ‘FE rdrRfRtric 15
| ayer 508 fyvanyrawwentafoneltapr prederentaagly lfyomasbe abkéscen. | n order
to provid n tricall n i u rate h I |l ati ng step
2 very % nio e ST RSAAT oP LY pepy dchlkeoldbel \orf PALLEREATS o
the entirefngmpemtdy freceeBh2tbe rhéadizkdyt shorkageth8dsc byutoaweraidmay 20
procedur s, & G AN 1,0y PRYSLABL.VaBRhoAgROBLELOR, or chem cal vapor
deposi tion. & assenpl y is then immersed i n a conventional electroplating
bath for copper or &iider sethl PEocbaddeposiiedibh ahsudfatecpretileaysr SO8
Lot 098t NSl b 58 GRUNLEY BhectfRdg,  enlinay! aheth ! eNermlig el grifin dd el d | s
25 inpressed on'the el ectrodes having a waveformthat provides a relatively
short 1ul Seyeat lcodiformist hor ekpestrfacehprefibser asediif bl @kt it IpnesticAnd a
relativel : i c.pul i peUssed aboye. sdhepel getid 1

driven by¥.\t C%r}%égg?igt’eéngesg%-g%ée?%ctf??c fi eI%IJ causes 1 he edp%sﬁqlc?%@g t he
met al fr o3& ighaepREt i nowaY &r ontlor heCathPdte R¥13erR Wind da riaduce tdem a
conti nuoug Hl;ayge <Qf oFEERE @%Pn@ﬁ/ea-f@@s,@aﬁfﬁ&@eﬁ%@fdfméy@d QfHdviec 508
and within the vias 510 . The nodul ated reverse electric field having a
wavef or m dbesedprrg. t shohe FaVROEI@PEERYS €37 AV IPTEURS 03I Kb enet al
In thgsvi a3 r#hQiont mggspyté%@ﬁﬁéw | 19 a5 @PPS€ Optd 1 Ofc 1B Aly | Hhenyi as
510 while avoiding - 28 2 ? SEP 200. an excess deposition of nmetal on
t he upper t8@r fapesitponfof Heetn bl brtFEl} S BBl ed Bk theathasd liagy

continuedcuptbhet BesPBL Bkt idh 9 wh LOPPEEvoRaSuH ERShe HebdJiitGle ST sdikhabl e
for providing high dens.~ty interconnects between the sem conduct or,

g [ .5
chi ps. |f°VRE plrat PREITR THHRET &f Fiohe &84t Jid Vel Y % i%he, sfRé Lnet al
| ayer wi | kekekkow. the contour of the surface and interior walls and bottom
of the vias to forma confornmal via, as shown at 516 . If the plating is
contirbied for AEBNGERE PEFTHECR He® ARRL 1&h Yo JBmSSRCaY M 1© d"\ﬁt?g fBt al
to form aalfliepbieuglrssifite,via vdiadh aredf dranirhe badenfaar saosttacked vi a
in a subsegﬁgntly formed, i nterconnect | ayer,_as..sho ol .%18

conf or mal SHAGAEE LTRTI BE RO SHdvth 9Th M Ylre BIFSCT AYSSHEE \?émb%(é?g%%%‘,
al though eldcbatel Fiend yironhittpecatiiddie drot retbdie @udiseen agleatppgistep.
ol i d. o SbHESTLTEET T Kot gt ISPt R s i BRaSRRLeB BRI T8
st acketl viasor ndepdsitcinm afoddtesl lavamdpatll tihs @eakiseccorwarex| apetsonsSuch
a module b2 glbée Y51 & A S NP SPI JeLaFI R WpreUiT6RN o2 B6HERYe
portions of the surface. The relatively short cathodic pulses
are folowed by relatively long anodic pulses, which favor the
non-uniform removal of metal preferentially from the peaks or
30 convex portions of the microrough surfaces. Preferably the
relatively long anodic pulses are interspersed frequently
between the relatively short cathodic pulses, and may even
alternate with the short cathodic pulses.
The method of the invention can also be applied to

35 deposition of metal conductors in damascene-prepared trenches on
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20 520 has been deposited on the nodul e of Figure 5A , and a second | ayer

of nmetal 522 has been el ectroplated on the upper surface 524 of dielectric

| ayer 520 . The nodul e of Figure 5B illustrates a via 526 p05|t|og%g

directly above the solid via S18 in the first dielectric |ayer 50 SEP 2002
provide a direct 25 interconnect to the surface of dielectric |ayer 520 or

to a subsequently deposited interconnect |ayer. The application of the

met hod of the invention to filling a recess in a substrate surface is
illustrated in the follow ng exanples. In the follow ng exanpl es copper was

pl ated onto a 30 brass substrate having small recesses in its surface using
el ectric fdwrfacemvihgt sheveaslokdderkern RALE oary. sEbethr i sathyasoindutié ng
Substr al ese Yt £ PLLHAT O DY PUILIq JUASS 6RAA%ADQVLSEPD ST Lodyd iGN
square an ing therelrn nmore recesses having a crrcular Cross
section ofdesiedput In nsieh (am2phldraafetays)\thesirgdas e ly t shext dedttHadikhe
29 ~ 7 r I t p t l2(:%(&

m crorretersﬁ%é;v@fngpé)t%?es%%s&rﬁndnéﬁ# tg‘gg’eg}'? f;ngtt?% g,?ng%%%(kl %o
2:1. The @ESuptisl viey OmbRntsl grfiasent alihg SHPEREUEBheFe bl Wil lrcmgatu ng

el ectrode,; iy 1ch g@&émﬁﬁ%v%radqls@dml@at B db€ab £RMNtEILIDGIQde was
a copper plate. The plating bath conprised an aqueous sol uti on contal ni ng

55 g/ L of segpee gm:fleﬁ etergﬂl%gofwsmeﬁmel pesdildthyt vied yrlrssipdraed per

mllion (pRPosafcddiY it tenched .5 Hsby wekght, ofhén W entiongloth of
pol yet hyl ene- %I ycol carrier conp ound. 0 The el ectrodep05| tion was conduct ed

usi ng a niHSe rencdies é)aéntbeélneétlllllédf WeFR @Bhatt | b P Ehefthsr matelas

vell a5 theaeduated avehseduekaetr be thel dadér tiel i e ign £ iEXAVPLE 1
15 This exarrpl e illustrates el ectrodeposition of copper on a brass

subst r at e 1R&¥i KGR Shalt ine&besttenABeE: r eRECRAMIUNLY EhSpEXRES BEHABSI t ed

on a brasgha@UpER Ravibed ramdikhl edoRot Re WAL &cdl) EHTQ}er b@{f chlkadta102
m crometers using direct current at a current density 35 mA cnZ for a

period of M26RANkEALs POFRENEHEPSRMRAS ‘fﬂeﬂlé’é%’f’r’benetd’ec Wﬂ’d@gﬁnﬁhésﬁéﬁéeto

reveal a gressoBBGtkBRsOfist BEbEORRELa Pl At i&gs othdrhe hsur kvdeenokolihe kaveON
and within the recess. A photom crogr gh f_the t| n under direct

curreht cBREMt PSHOF%t§HthPHuF HoF eug tEhs ﬁ&f’eFéFaﬁﬁé‘Fy

little copper was flepnsit ed tﬂetheveﬁtimem allhs pmleahppglea tbBe surface is
subst ant i II L cker %Bant at wifthin th rece: nonuni f orm

di stri but %}ﬁ f th8 BppBrlcBridts v1YThe”r éteéls Saa‘aémr"ggﬁinﬁédaf:Wﬁsb?’i“?tlge
over the mnfhcefofhe saepessawnd agu,bsat aJrEtzrgcd segligoeducthinwh berriecessg

that is devoid o si.ted coppe EV| uch O di-stribution of
pl at ed co%p‘g%ala% %r § BPov?dg n?}é? ’id ein e&conngg |8%k§§é?\l\%lé% t he
conduast i vieypnp@blyl ayetiahly hBonmlfead:etqam:I very Isootm efirfhecerbezessy - 30
=75 B [e¢PP%o0ns from planarity of the order of no more than several

nanometers. Thereupon, a layer of electrically conductive
metal, e.g., copper is deposited on the surface, and the metal
layer is subsequently masked and etched by conventional

25 procedures to form electrical connections between devices. As
the process is currently implemented, the layer of conductive
metal is of the order of one micrometer in thickness, and may be
slightly thinner or slightly greater, depending on the
engineering requirements for manufacturing a particular VLSI

30 integrated circuit. In this application, the deposition of
metal using modulated reverse electric fields will also tend to
fill preferentially any microdepressions remaining in the
surface of the wafer. However, a more important result is to
prevent deposition of a non~-uniform layer having an excessive

35 thickness near the edge of the wafer. Any excess metal
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EXAMPLE 2 This exanple illustrates el ectrodeposition of copper on a brass
substrate having a small recess using pul sed current provided by a

modul ated el ectric field. . 5 Copper was deposited on a brass couggz gaV|ng
adrilled hole with a dianeter of about 102 m crometers using pul

current. The pul sed current conprised cathodi c pul ses separated by perlod
of no current. The period (T) of the pulse train was 0.293 ns (frequency
3413 Hz), and the duration of the cathodic to pulse was 0.043 ns, giving a
cathodic duty cycle D~ of 14.7 0. The average current Ia e was 35 mA/ cnR

and the peak cur.ren ensi t S 292. C S conducted for
a period of¥3x¥&ﬁﬁ d éﬁﬁﬁggcﬁﬁﬁoﬁeéﬁglgﬁéﬁn%%%glone §Gr aphed as in
15 Exanpl e plre f& qenotieiilyr dgpapheaf dubengl thé ngommherarmdme@uauéeent

condi ti ons hown .i.n F| ure h ul sed crrent Iatlng
" deposi t ed ﬁ%%b%4%ﬁ§§lXMt reggng%hlﬁyﬁh d‘ﬁéc Prgﬁg BF&t i ng,
t he deposi tplwiteld mammaomdcessrcwafarnshﬂnmemOUyEWmuki Law@rthe thickaass of
t he depgsi h ur 2 th ti y u a
' dlstrlbgtléﬁgbfstS ﬁg%egg%ggeega?%rﬁn %ggrég ? ééﬂ%%yvﬁﬁfnagghgél?gbﬁnf
Iowwe5|stan@@enmu@ncmﬁmeeﬂGonbbeameénedrﬁpcﬁﬁﬂﬁﬁﬁﬁhﬂg eoppén pagearohayhe
surface andg tBemQQTafloﬁh%omf r§8g§§s e BWRIE 3¢Th §u8§€£@h§ pblustrates
el ectrodeposi ti on of copper oh rass substrate having a sma recess
usi ng nodufabsdcrévensefebeberimiéietehngfladdies isyehy asoMENE equency, havi ng
3 eLatively | OROSEALRAELC fubyecuel £ A B eI BLkKALI Shorbadnodlg duty 30
cycle. Such a wave ormis representative of the nodulated reverse electric
fiel ds!@ harenayeebedactsie firebdmeayrinaesseed dn Shat PRCERS oughthwl es in
printed ci§gybleboar depagiued 10N 2hRr @gse EOHPA
drilled hoFe m#% a ?aﬁ%?gfef‘%gﬁout 102 microneters uglng a En%%%ate
reverse el eMPTESEF ef doaghrdimyeforwaiompiilséd LaLLerpdt Prigan arodic

Z7~SEp200~(gatbpdh ¢ %slﬂs@mdm Pt S8Siobhe rPekiladati 6 é@ﬁlwln%eytfﬁibvy"as
10.2 nms (frequency Hz)t he cathodic on-tine t~ was 9.2 ns and

anodi ¢ on-%% %r 1b%h leddlq iFRFNN1E RRENEAPEIAURPYL ST e ThOSS 3391321%51

and ansanogh Ce kit yr €£V61 B He B hiSze HMALM @hk0ve10hgE RO Er FaHY QRIL I Ge
anodi ¢ current (I~/I%£ was 0.5 and the ratio of cg$hod|c charge transfer to

anodi ¢ chR¥RPIrEHRIZF WIeth ks - rCHRS tanEragRT c b ? et e Tilifa Gl oL 35

MV cn2 (3 AV ERe) inddie RIAL | G ARieeNgyCLad Bealﬁa@@rmomjuz?e rlOlHo%ldThe
coupon was then sectioned and- photograg?ed as

phot oni cr JYFRART VT thie- AT tGUTF Sichiodv &8 WRER - t h‘lgétl)&\%‘%f olrtmllss'gﬁ%ﬁr?lllﬁ’
Figure 8 .mdie gertdrateatt rieveresetalcectpbi echtebll wawefartadwvivhg a | ong
cat hodj uty cycl nd short anodic duty cycle produced a.c per. den

t hat %/gs gto%%r}‘ilecua sctloékléfleu? glhf PSO egsurfrg%ee S qtt%?’ 5&)5‘
15 dep03|Uixhqussduaunxnaﬁmﬂ e&vmm@ aukraege 9bod. volwmnshemndyien the recess

and littl e, of 0 mCOrPéo pgﬁ tnhﬁl%?"‘éfé $1 85 ANk pot tom %fatth%%l
recess. EvI enf1y SUCH ut|o ated copper does not provide
reliable |antctammmectpuirselsetnwerlnatvlaeanmnﬂqbw@@me&om@:dr@em -~oamehe
surface a t bot t,gm, of E§ﬁg§ |IIu rates
electrode% sﬁpﬁgh 0995§% e% g%ogﬁ ass su s%rate {EéhQE?%?) Fﬁsréggss

usi ng 2frod @ssieedd dwer $em251e|1eyt ri dgdiel domevs kgl led dlmattingelay t| wadlcat hodi c
duty cycl et o Rl EhY BROLE SROMLfe dihde b 4L e 3RS bl RRUGHCY
than in ormis representative of

reverse eW@@tPUéSﬁléﬂ@snthatehav@ebéeﬁr@%%%ﬁ¥h sdntheroddeseathedipl ating

through- helasel B PRl 808k ECHLEsBOREASany point in the pulse train)

could be considered as the initial point. The representation

(

30 with the cathodic initial pulse is introduced for simplicity in
discussion.
In Figure 1, the cathodic peak current is shown as I, and
the cathodic on-time is t;. Similarly, the anodic peak current
is shown as I; and the anodic on-time is t. The relaxation

35 time, or off-times are indicated by ta., and ty. The sum of the
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30 but the frequency is substantially higher than that used in the
conventional nodul ated reverse electric field plating nmethods. Copper was
deposited on a brass coupon having a drilled hole with a dianeter of about
102 mcroneters using a nodul ated reverse electric field. The vvévg ?rSIEeP 2002
conprised alternating 35 cathodic and anodi ¢ pul ses. The period T o0

pul se train was - 32 21 S EP 2002 0.382 ns (frequency 2617 Hz), the
cathodic on-time t~ was 0.054 ns, and the anodic on-tinme was 0.059 ns,
resulting in a cathodic duty cycle D~ of 86 ~ and an anodic duty cycle Da
of 14 ~. The ratio of cathodic current to anodic current (I~/la) 5 was 0.5
and t he ratdaxhofdicatdmodiimeghangdicramst gre t carthoolf £-timege(if gndfamtQ-/i@a
was 3. The aver r ent nsj 1Y) (30 ftz). ,Th | at.i ng
was conducttg'(f %rgqé?%grgr :Sgdtgg éb%%%\rl\gfa%ﬁe?%oup%ggv\é§ ?ﬁé‘h iet&)i’oggg gh&
phot ogr aphdavas sien ofo thrappk&od. oA photni g dgraioh 6F/Thel pltdte iy eaptsneged
with this ef Qrm.i_s Lh: Fig : i - ﬁﬂ“ﬁ AN at ed
reverse el \é@rioc el ggg\/g)égftggﬁﬁha\%}ﬁeggr;ﬁlﬁgoéga%odé% u ?coyr{:r{%celwaemts%short
anodi ¢ 8ut gheypeesipdodackt) acdpsercaddpdsct duliat cwad esUPel i oand cthehatatio
produced byt BRevehuaskibhats fOWd ramienat b vayehond cHaveNEh; ! B8y

t hi ckness of the copper deposit in the |ower portion of the recess wag
subst ant i aFlyglehi(Roer tHen quraenéndenéisir f Ac8- of CRA&ESBEUPSHA, unht ahea of
plating vagn0RYBLEORALA! AL AT s of @EEXImAlIIO UGG RPBAL  IFROTL!
of this exanple shows a continuous 20 filmof copper over the surface o

t he couponkapuni asoth@ecaideedc Reak PUlgcefMirBers Seasddivvandhpokaésspreak
t he sugd ac t 0 t [ m plrta t: he of the
Focess SugBatts The ol TT Ty of Trann o moane: tacRodutichRskl U 2
EXAVMPLES 5tapasferhienakanpl@)i Leusheapecdefecef otlepospthedieofcurppey on a

brass SUbS&éﬁE?t)?aé(zixﬁ‘gt}?e SR HodiRC 89S tiReNG IIPAUl 3o d RS 303 LlRGleC
field according to the invention. The waveformexhibits a relatively short

cat hodi ¢ dBEFJNELRY edemel & r Q2at L Tebhe | RFRFAYRodPE Hue y2R9{i . CEiity was

deposited @8n&i by assd CAWPUhRBVY Ra -2 ifel [(rerh)hol e mid rhv_%r@i?%”%h%rreﬁfc about
102 mcroneters using a nodul ated 35 reverse electric field, .The waveform
conpriSed @FREFNAL frge) iF3 the 2Veragl FRbRCOEAChGHFECRRIISRBUFE pBilsds. The

period T ahidle tHE SErdrajed MwaeiQ. 203raht (Eenguency 13943 Hakcorlgngaihedec
on-tinme t~ was 0.043 ns, and the anodic on-tinme was 0.25 ns, resulting in a
cat hodi ¢ dERIATESRINIRS GMOD, Fhe RAGBRLGRBATRY dBEy FEPEFESPReDIPY 8323 0.
The peak cgdhoshinEwWdqetiodensity | ~Pk was 277 mA/ cnz , and the peak anodic
current density laPk was 42 ma/cnz , resulting in a ratio of cathodic
charge transfer to anodic charge transfer Q-/ Qa of 1.2. The average current
densit2p was 15 mdcnR (13.9 A/ft2). In Exanple 5, the plating -was
conducted 10 for a periodlof 2 hours. in_Ex le 6 the plati was
conducted for a peri grgl"of £9 h6u?§.‘[ to ¥R (5

£t
D = ‘T_—— (2)
25
t

Dz = T‘z— (3)
@ i

Q 1st; (4)
Di + D = 1 (6)

According to the invention the cathodic duty cycle should

35 be relatively short, less than about 50 %, and the cathodic
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The coupons were then sectioned and photographed as in Exanple 1. A
phot om crograph of the plating of Exanple 5 is shown in Figure 10 ; a
phot om crograph of the plating of Exanple 15 6 is shown in Figurg 11 . In
Exanple 5 (2 hours plating)the copper deposit was relatively unifc?r @EJFEQO
the surface of the coupon and the sides and bottom of the recess. 02
Evidently, such a | ayer of el ectrodeposited copper is suitable for

providing a reliable 20 electrical connection between a device |ocated at
the bottom of a recess and a conductive strip on the surface of the
substrate. In Exanple 6 (9 hours plating) the copper deposit on the surface
of the coupbhses should ks axglatiiwelty shoddwdvefaviore uadfiore depesithas been

filled “‘tﬂe@éfcéﬁcﬁgéﬁ‘%Léxﬁﬁﬁ%évezqté%ﬁ%%@%ﬂghhd EQ%V@&OSEéﬁkQ ??Ffeas

invention i1s capable of producing vias or blind recesses at are
“with coppe?f (EheidsuhHsyatthidus fagsi-di rﬁ’geéﬁéé‘@éydeﬁé@l £Rréhodiccdppercynle he

surface of ;& hersubyidiat o 30 XAMBLES 17311 mbleS pexdEpLs1 i/ ﬂ'ﬁzhré‘ﬂ':&étt € 5

netalllzatlon of semi conduct or _substrat es by.the process’ of e I nven |on

Test coupok® IR prefared fsltéﬁqlsmplréoﬁrﬁéﬁéﬁ§lh(y tEERhRRAUBS3Q r b nkhiezbovit o
t he surfacgyugi ng conventional masking and etching - 39 procedures. The
coupons were 19 mmx 19 mwith the trenches Eositioned ina 6.35 nmx 6.35

mm area in the QeSS 1t KBecBDPEAC FHERCRESLE SHARYF e whetaki¥ebyn about

0.25 m cr ol Yle@taRothah. ApBLEr QUE%¢f§nMBtBepéﬁMﬁ£deﬁul§'@§ SB PN HHer e
5 provided wth a _conventional conductl ve seed Iager of sputtered of 200

Angstron1]KRﬁ??&ﬁ§§ﬂr&ﬁP?| Leyosiety Feuta ¥R EOTRBAS Abre* tTRRf 3 rom

rotatimg direk Rneelr ade pBBRE) peonness edr ashé heubat hotle $ur el ect rOpI ating
cell. A counter eI ectrode was provi ded as an_a ode. 10 slightl
qle T

di fferent GHSASTRG Wat ﬁEeV\éF‘@dbEeﬁ“FéV?% htS f F?’B\Aﬁn?ﬁ;“ ositq (?rRP”tBat h
1: 60-65 gl %C;ua@% Qefé@aﬁ@ypﬁférﬁ Fesutri 10 i oned p:ﬂlSButCIBS B hPBiaf

| yet hyl I I 00 15 Bath 2: 60-65
71" QuShSHES PE6265 LY S Bk SaT 1 Bh { pEm A B ppi st YKyl ene
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The experinental conditions are summarized i'n Table 2 bel o
blind vias required for high density 1nterconnects or filling

the trenches in damascene-prepared surfaces and of avoiding
excessive plating thickness at the edges of plated wafers more
25 than compensate for any loss in electroplating efficiency.

The frequency of the pulse train used in the method of the
invention may range from about 10 Hertz to about 12000 Hertz,
preferably from about 100 Hz to about 10000 Hz, more preferably
from about 100 Hz to about 6000 Hz. It is generally preferable

30 to use lower frequencies when plating the larger recesses within
the useful range, e.g., from about 25 micrometers to about
350 micrometers. Such frequencies might range from about 100 Hz
to about 3000 Hz and more preferably from about 500 Hz to about
1500 Hz. Higher frequencies are generally more useful for

35 plating smaller recesses, e.g., less than about 25 micrometers.
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35 - 35 ~ 7 S EP 2002 Table 2 5 10 15 20 Ex. TrenchPl a-w dt hti ngBat h
Rot a- Wavetion form Speed (rpm 70.251400 180. 252900 190. 25 &1400

2Z.0100. 252400 2110.252B00 2 Tine Cath(sec) odic peak current ( mA ) 300
425 240 420 240 250 210 250 210 250 Anod|cA0|~I~edpeakChargecurr§erat|o
1001. 21250. 951251. 3150-1751. 117750. 95 Cross sections of the tren ¢N?bb2

pl at ed wafers were exposed by focused i on beam (FTB) excavation, and
m crographs were prepared using a scanning el ectron m croscope (SHW.
Fia~ure 12 shows a cross-section of the plated trenches of Exanp3.~e 7. The
trenches, having an aspect ratio of about 2, are fully f~.Illed and the

t hi ckness @fuduhex@qdac&mm trangen@rgneaboes £hed Hbetdestduotdw Hz,

Bcampl 6~ "PRE FRERAREELnAAoTy B oS ABRD R 15 8PPuPoltod T cont o-1y

coat ed mdthc&o&ﬂuhgiwnf&m& @%m@&ﬁhc Ena~ aaoa4c5bomseaw£dtﬁ§ m&yﬂda¥y<¥}dhhe
w dt hs of

pl at ed tren he f Exanpl e Th n ayv
nlcroneterg Hg %'RiEngﬁpegﬁEd %8 Eﬂ §88035i89% € Wd%1chﬁﬁﬁ§ﬁllyhrés
fully f5|Iedemfahhuaeswﬁh@caepkahsag bhltkeeSSpscgnrétxmuﬂdqméagﬁ% t magyhkke

frenches of “EHARBFESE02 T o tPr A BT ACT AT [osbr Fotkts S F-Getsee. An
anodic pulse is introduced between at least some of the cathodic
pulses. However, it is not excluded that two or more cathodic
pulses may be introduced between a pair of anodic pulses. In
10 particular, a plurality of very short cathodic pulses may be
followed by one relatively long anodic pulgg. Accordingly, a
number of cathodic and anodic pulses with defined pulse widths
may make up one group of pulses, which is then repeated.
Typically such a group would include one or more cathodic pulses
15 and at least one anodic pulse. The period of a pulse train
comprised of such pulse groups may conveniently be defined as
the time from the beginning of one cathodic pulse to the
beginning of the next cathodic pulse that is similarly situated
in the pulse train. The frequency of the pulse train may then
20 be defined as the reciprocal of the period, as discussed above.
The pulse width, duty cycle, and applied voltage of the
cathodic and anodic pulses must be adjusted to provide that the
overall process is cathodic, i.e., there is a net deposition of
metal on the substrate workpiece. Consequently, the charge
25 ratio will generally be greater than 1. However, because the
relative current efficiencies of the plating and deplating
portions of the cathodic-anodic pulse cycle, it is possible in
some cases to observe net deposition of metal with a applied
charge ratio somewhat less than one, e.g, as low as 0.90 or even
300 less. The practitioner will adapt the pulse width, duty cycle,
and frequency to a particular application, based on the

principles and teachings of the process of the invention.
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- 36 ~ ~~~ ~~1 Figure 16 shows a cross-section of the plated trenches
of Exanple 11. The trenches have a conformal coating and the surface
plating i's thi'n. 5 EXAMPLE 12 This exanple illustrates filling 02 ?renches
having a wi dth of about 10 mcroneters. Test coupons nade from s&l QSEP 2092
wafers were prepared as in Exanples 7-11, having V-shaped trenches having
top wdth of 10 about 10 mcroneters and a depth of about 5 m croneters.
The coupons were plated in an apparatus simlar to that used for Exanples
7-11 for a period of 38 mnutes in a bath simlar to that of Exanple 7,

usi ng pul se reverse electric filed having_a frequency of about 3500 Hz with
excursi ons bet mgg%‘eaﬁ’(?&e{fgg'odﬁfcﬁp&ﬁana bt Q&M,apfl&%dio&duty cycl e
of about 14sén¥%ib8.1% Y%deanriaaddie dhHhy tychetlofs adyplli3®idn0-(8§353)% sa

cat hodi ¢ on t.itrre f about 0.049-0.058 ns, a charge ration of about Z. 16, a
peak cat hoff¢ &G ent of about 480 mA, an anodic peak current of about 80
mA, and an average current of about 11 mA. Figure 17 ZO shows a

cross-sgction of, the ated.trenches. The tren s are fully filled and the
'surfacesepl at i ngrrr‘? ﬁ'ﬁghilfﬁlgﬁﬂ%ro h'é}ﬁet'ﬁ%%%t%"‘cg:f%et Hé’vﬂ‘gﬁ(?ﬁe%? Thtling
i nventi on haegnngenownbdematubhy-plesgatdddsunffacdwwid skaivndanst oodwd hatsi t

may be enbggi §?lhgt%gga §Ref::.ixfnil§e§ 0f {15 0T 25 variations w thout departing
fromits spirit or essential characteristics. Accordingly, the enbodi nents

descri bed aboveFagereo3besbonsi sichawrtiically respestsssastibhusfrati ve and

not restrigtli h 0, 1 i nv.ent ian,hei Lndi e t he appended
cl ai ns rat%%*Y?%%érl\u?ﬁgff‘gggg%ilnAg}eudleésjcclr| tl% n, gn%mlggg ggé c—lgu%%%%s Sihi ch cone
wi t hi niot henereahl hzingdte goyevisfe empridudtavey tyRcelseon| at sesarfadet erfthed t o

be enbraced ASLE 00 ciforiced o Sorfi Rkt o8 uGel: SoiEldlpd, T fgposid] ng
a continuolus | ayer~of a Netal-ont o an el ectrical y conductive Su ST A & hay
a General lytsnpotfaceritte idyesd lary dosgdesinhenetersol a304.0 e.q.,

mer of ng FH Sbet FARAET ° 3R el S g B e 2 e L R T
metal to B ddposi teehwanulawld mehoace) FeineksnAge a & RIMtaredistt lege n
sai d pkatifig, b LRSS AR HR! GGhiFaCeCYbBr BB thet oo Sai Y lAG9des
306, then exposed and developed to form a resist pattern on the
surface 308. The patterned surface is then etched to form a
trench 310, and the residual resist is removed.
In order to prepare the element 300 for depositing metal
20 into the trench 310, a very thin barrier layer (not shown) is
deposited, typically by physical vapor deposition (PVD), to
prevent the metal, e.g., copper, from migrating into the
semiconductor layer 302. Then a thin conducting layer (not
shown) is applied (e.g., by PVD) over the entire surface of the
25 element 300 to provide electrical conductivity for the
electroplating step.
The element 300 is then immersed in a plating bath
containing ions of the metal to be plated, e.g., copper ions. A
counter electrode is also immersed in the plating bath, and the
30 element to be plated 300 and the counter electrode are connected
to a power supply that provides a modulated reversing electric
field between the element and the counter electrode. The first
pulse of the modulated reversing electric field is typically
applied to make the element 300 to be plated the cathode, i.e.,
35 it is a cathodic pulse with respect to the element to be plated.
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wherein: said recesses each have a transverse di nension not greater than
about 3~0 mcroneters said electric current is a nodul ated reversinG

electric current conprising pulses that are cathodic with respect 107
substrate and pul ses that arc anodic with respect to said substratg égtJ’ZOOZ

cat hodi ¢ pul ses knave a duty cycle |less than about 50% and sai d anodic

pul ses have a duty cycle greater than about; 50% the charge transfer ratio
of said cathodie poises to said anodic pulses is grater than one) and the
frequency of said ~ul ses ranges from about 10 ~lertz to about 12000 Hert z.
2. The nethod of clairil 1, wherein an interval of no electric current flow
i s interpoBkd @@tne@hCSE@lexnduﬁﬁa:apmh§e$lamdrsqécmedhhgtanbdiplpubﬁes. 3.

' The method. of ghamd,¢ L d 1%%\4agoef g ghs%ra@h gphﬁet Elowis

i nterposed between sail no Ic pulses arid succeeding ca C pu Sés. 4.
The net hodretavseai thd, carmcrctaaqq raxd sientisr valabivadbyesherti ctbarmehalfisw i s

i nt er posed, %%%%?é% 19016 sUlAGyS QOQrSHgQGEQJ:f‘Qcéa%'g BULL EgeRR]
bxt ween sal nodi ¢ pul ses and succee ng cat ho
200?_ Phe IRGhodlafe@mi rhdcansiget8enpsiFe é%t%@dftnpn$s@@rahdosald anodlc

pul ses succ&e@ﬂlselaqfﬂ ﬂﬁmg haut s}ngﬁfrtfﬁf‘émeééltﬁlf“‘é‘éé%f’%ﬁ;”Owl"r‘Jr&?tx{lé

current flo of claim~l, wherein pald cat c pul ses
sai d anodiQ@YAaf e cnq*n-am;;lfpgéuwamﬂhéw bR ¥e ¥ reluesicdd eepeeitedout ~0

nertz and abeyly: 10N Neiie Bo THBuEeLbAd Slosdainiidy HEIELAL S at

cat hodi ¢ puL, es and "sai d anodi e pulses forma pul se train having
frequency the Wreat ssmers08] fepf zthndt st 000 Her il b@manmsmnpd)f

claimpl, pyhereisk $ai1d 168t RAE e PEL-EEEh AN hSal A ANOY € nw!asle%é‘;%:mtaeooul se
train having a frequency txtween about 500 Hertz and about 4000 Hertz. 9.

The net ho®Yo aF Sdngil® PULsenRER ef RE &ML X dtHdti @nsuitdes thehvakneshasy asy cI e
of from aBQui;s8 r@%eko0a2BOHbcd88arily exaggerated in order to show the

tendency of the metal deposit established by the modulated
electric field and corresponding modulated current.

15 Subsequent to the cathodic pulse, an anodic pulse is
applied to the element 300. The anodic pulse is relatively long
compared to the cathodic pulse. Accordingly, a Nernst diffusion
layer tends to be more fully established during the anodic
pulse. Consequently, some of the metal plated during the

20 cathodic pulse is removed during the anodic pulse. However,
because the anodic pulse is of longer duration, the distribution
of metal removal more closely resembles that produced by direct-
current electrolysis, i.e., metal 1s preferentially removed from
the microscopic peaks and convexities of the substrate.

25 Accordingly, the excess metal 320 that may have been deposited
during the cathodic pulse tends to be removed by the anodic
pulse. The anodic pulse also tends to remove metal from the
planar surface 308 of the element 300, but it tends to remove
less metal from the bottom 312 and side walls 316 of the trench

30 310. Figure 3C illustrates schématically the appearance of the
element 300 after removal of the excess metal by the anodic
pulse.

As cathodic and anodic pulses succeed one another, the
metal tends to be deposited preferentially in the trench, with

5 reduced deposition of metal on the planar surface 308 of the
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10. The method of claim~l, wherein said eathodic pul ses have a duty cycle

of $om about 30% to about 15% 11. The nethod of claim~1, wherein said

cat hodi ¢ pul ses have a duty cycle ~f tiom about 30%to about 20% 12. The

nmet hod of claims 1, wherein said anodic pul ses have a duty cycle (ﬁ17$grEP 2002
about 60%to about )9% 13. The nethod of claim11, wherein said anudicC
pul ses have a duty cycle of $vrr~ about 70%to about 85% 14. The net hod of
claim 1, wherein said cathodic pul ses have a duty cycle of h-om about 70%
to about 80% 2 ~SEP2002 401 S. The nethod of claim1, wherein said
metal is selected fromthe soup consisting of copper) Silver, gold, zinc,

chromi um ARt 3% R2E, OBr é‘s"§ HRBe R FOR e Thet & f°f 18he Theer@t hod -of cl ai m

1, wherei mlagd@ye.srb qfllmi@ttghtefs suhshatnidal 1y e forsn fiheki®sSod s deposited
on said surface and; vm# %‘Eésal d recesses. 17.. The nethod of claim1l,

wherei n t FERATIEEEETE Shefhf LS WTHNBPIRTTTH SHing mackdsded s
greater thajvdrike elleictkknesgioldshraseimdcdayer ftepasdned mie sai d surface.

18. The net hod Q ''C erei.n af. | east .one a sve e di nensi on
of said recess g FohgangFS%r\?Ar{l %é’otoltﬂriﬁé edad ong.
The net ho@dlemealtaBool afvber eha atedcﬂ-as—tasom@emr ansvesds.e dﬂh’é&lﬁie@l@hoha%ai d
recess i s, from.about 10 mcr ters to .m,cronet e

met hod of PEEE rfnl?geﬁ/n‘éfé ané%\estta]Un §n§ 22‘ THRRSRS &rﬁ&?’e ﬁatﬁgcess
i's fronlab@mhlZBayEErﬁﬂEtméSplahéﬁxhﬁrﬁ&d& B3i06r dretrerlatively much

thinner.
10 In order to provide conductors insulated from one another

—

by the layer 306 of insulating material, the excess metal on the
planar surface 308 of the insulating material 306 is removed by
any conventional procedure, e.g., by chemical-mechanical
polishing (CMP), electropolishing, or other effective means.

15 Figure 3F shows a schematic cross section of the completed
element.

Accordingly, the process of the invention, when applied to
a damascene-prepared surface of a semiconductor wafer, is
capable of providing solid, void-free conductors in the trenches

20 and vias formed by the damascene process, while minimizing the
amount of metal deposited on the planar surface of the element
that has to be removed in a subsequent step of the manufacturing
process. By adjusting the parameters of the modulated electric
field waveform, e.g., the cathodic and anodic duty cycles,

25 charge transfer ratio and frequency, the practitioner can
produce a metallized damascene-prepared surface wherein the
thickness of the metal layer deposited on the surface portions
of semiconductor wafers metallized by the process of the
invention will be no greater than the depth of metal deposited

30 in the trenches. Preferably, the thickness of the surface layer
will be substantially less than the depth of metal deposited in
the trenches, e.g., no greater than about 80 % of the depth of
metal deposited in the trenches. More preferably, the thickness

of the surface metal layer will amount to only about 50 %, or
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21. The nethod of claim1l, wherein at | east one transverse di nension of

said recess is fromabout 50 mcroneters to about | SO nucroneters. 22. The

nmet hod of claim~1, wherein said substrate has a m crorough surface., 23 .

The nethod of claim' I, wherein said substrate is a sem conduct or M]aégp 200;
24. The nmethod of claim 23, wherein said sem conductor wafer has at a ‘
one recess forned in its surface, which recess has at | east one transverse

di mensi on not breater than about ~ m croneters. 41 27 SEF?.002 2. The

met hod of claim 24, wh~;rein said one recess has at | east one transverse

di mensi on not greater than about | mcronmeter. 2b. A substrate having a,
surface wi2bh B sodlévéRCESSE Wi hl@sé rafnssies e it NedS int d10tdeorak el tRan

about 350 rrlilcromat rs. in said surface, said substrate having a | ayer of

net al depo%i?etdr‘?rh‘:e’%%?d recess and ~n said surface by the nethod ol ~any one

of the precedi Mhelmiomes270f Thiee sitbsdrrtaton afarclaliso He appariedntsai d net al

| ayer is of substantially unjiformthickness on sai.d surface and on interior
d ra],lta er on £3

surfaces of “RBHIW YEts.2 2B At 4G PR TMIE AT ePE A sai d

recessss ayemiffddridacttwrt hwadnl .a2%s Aspnireshdisat comsatranulfaviknging

m crorough_ surtac; e conprising ~=. uf aee areas trench formed, therein,

sa~.id m ¢rorot essu'rfar?c%’ee haéjf?lrfgcaé: Hoél/éjrfa(g?‘ %m?%g)l%e Sposi gZ’S FRVERFHOn to

trenches auwh omfeaisd isuriflaoss taradasd by tFliguretshd@-diD.any one of clainms 1 to

25. 30. The sem; uGtor, ;=Yaf f. Glai rei id | | ayer on
"By %QQ G H%@%ﬁ?éé%s %c%e%%%gcaWHgn%t%égggpfgg%fb%a? a

said surface areds has a ess no greater th
t renches. s@mictheusdmirc sadigct ahatathers dbeesl auth Zgomwhesénalsactystetialof ayer

on sai,gd sur ha t hi su ng,i S e of
o o 1 en R tpRLeER S 8 L I IIERN of BRLAWaRELE SR8 HORR LIV £ABIL O
| ayer on saidd veuyf &bdnar eds laslex thi oktedsine §heasvrfabancfibthe Wweémfa

the depth,qr i.d C 3 ' Lhe LC (oF Wal QNS : i ,
wherein sggérin%%alltapggep%§ﬁ ségiogks)uraﬁg(r:% ggggs{:ﬁ%g gg{?ﬁ?g JFleégiér?oez'%r(enaQtter
t han aboush2@% oérehdegeptiiedi saiod.t bEnE€Wes. ag4forhehgemdsonaidtier waf er

o o e PR YREEEL BreR ekl FhRC goygeud, gpigce o ecs s o LN chness
J 15 When a metaiois degosgged gn gﬁé suggggeggf such a wafer,
the non-uniform distribution of current at the edges of the
wafer gives rise to excess metal deposition at the edge. The
excess metal causes the surface of the plated wafer to be
somewhat nonplanar, and can interfere with subsequent
20 manufacturing operations unless it is removed or prevented.

In order to avoid the problem of excess metal deposition at
the edge of the wafer 400 without resorting to the use of
auxiliary electrodes (“robbers”), shields positioned in the
electroplating bath, or the like, the plating can be conducted

25 using modulated reverse electric fields according to the
invention.

Figure 4B shows an enlarged cross section of the edge of
the wafer 400 as indicated by the circle 4B in Figure 4A. A
metal layer 406 is shown schematically and with exaggerated

30 thickness as deposited on the surface 402 of the wafer 400 near
its edge 404 after the first, relatively short, cathodic current
pulse. As discussed above for the damascene-prepared surface,
because the cathodic pulse is of finite duration, there may be

some non-uniformity in the deposition of the metal layer, as
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42 ~ 7 S E P Q62 35. A multiplayer high ~Pnsity interconnect structure
having a first interconnect |ayer and a second interconnect |ayer said

first interconnect |ayer having a first via substantially conp(etei 2 z%ﬁg ,
with netal, and said second interconnect |ayer having a via positiofre 200‘

i medi ately above said first via, said first and second interconnect |ayers
havi ng been prepared by the nethod of any one of clains 1 to 2~.
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l)long&fg}h%%%qg%i%%%lgg-any conventional electroplating bath

appropriate for the metal being plated. For electroplating

copper onto a semiconductor surface, particularly when preparing

microscopic conductors by the damascene process, it is preferred

30 to avoid conventional additives such as leveling agents and the

like to the extent possible, in orcer to avoid the difficulties

of using such additives such as possible inclusion in the plated

conductors. A preferred bath for electroplating copper onto a

microrough surface is an aqueous acidic copper sulfate bath

35 incorporating about 40 to about 80 g/L of copper sulfate, a
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molar ratio of sulfuric acid to copper sulfate of about 5:1 to
about 8:1, about 5 % of polyethylene glycecl and about 30 ppm to
about 60 ppm of chloride ion. A pulse train frequency of about
1000 Hz with a cathodi: duty cycle of about 20 %, an anodic duty

5 cycle of about 75 $ and a cathodic/anodic charge transfer ratio

of 5 or less appeared to give superior results.

The application of the filled recesses and vias prepared by
the method of the invention to the high density interconnects in
multichip modules is illustrated schematically in Figure 5

10 Integrated circuit chips 502 shown schematically with one of
the man;‘connecting pads 504 1illustrated, are supported on a
conventional support, e.g. a ceramic base 506. A layer of a
dielectric 508 is deposited on the upper surface of the chips
502 . Small apertures or vias 510 are formed in the dielectric

15 layer 508 by any conventional procedure, e.g., by laser
ablation. In order to provide an electrically conducting
substrate for the electroplating step a very thin layer (not
shown) of a metal, e.g., copper, is deposited over the entire
upper surface 512 of the dielectric layer 508 by conventional

20 procedures, e.g. sputtering, physical vapor deposition, or

chemical vapor deposition. The assembly is then immersed in a

conventional electroplating bath for copper or other metal to be
deposited on the dielectric layer 508 , together with a
counterelectrode. A modulated reversing electric field is

25 impressed on the electrodes having a waveform that provides a
relatively short pulse cathodic with respect to the substrate
dielectric layer and a relatively long anodic pulse, as

The electric current driven by the modulated

discussed above.

reverse electric field causes the deposition of the metal from

30 the plating bath onto the surface of the dielectric to form a

continuous layer of metal 514 over the surface 512 of the

dielectric 508 and within the vias 510 . The modulated reverse
electric field having a waveform according to the invention
tends to favor deposition of the metal in the vias 510 , thereby

35 assuring a good coating of metal in the vias 510 while avoiding

- 28 -~



& ()-1y 31 (10%00& ()-! @I (10%& ()-!!")$ 9%&G zX6dY: 11 &L0%X& ()-!6
&10%1 & ()-!'S &LO%O0E ()-!kF  &LO%ME () - !

&10%&' () - 9%0%& ()-G V' ()))))) | af [9!!!~[3%40% ()- 10G 10G 27 SEP 200
10GS=10%c&' ()-!, 9*9%40%ss& ()-! 9* 94 0%USGE () -

@*90%& ()-)*,,-C u/WU3F[ 9!,  9AO0YUR ()-#';:  9A0Y& ()-#'\" 940%& ()-# kK

V0% ()-# K 9dO%& ()-# 9%0%u u& ()-#u///7006111"<.9 10nEnE! 11
(10%ENEE ()-!11 (109& ()- 1

10

15

20

25

30

35

an excess deposition of metal on the upper surface 512 of the
dielectric layer 508 . The plating is continued until the
metal, e.g., copper, has reached a thickness suitable for
providing high dens.ty interccnnects between the semiconductor
chips. 1If the plating is conducted for a relatively short time,
the metal layer will follow the contour of the surface and
interior walls and bottom of the vias to form a conformal via,
as shown at 516 . If the plating is continued for a longer
period, the vias can be completely filled with metal to form a

solid, or stud, via which can form the base for a stacked via in

a s&Bsequently formed interconnect layer, as shown at 518

Both conformal and stud vias are shown in Figure 5 for
illustrative purposes, although ordinarily only one type will be
formed in a given plating step.

Because the process of the invention permits the easy
preparation of solid, or stud, vias in a single plating step, it
is useful in preparing stacked vias in multichip modules having
multiple interconnect layers. Such a module is illustrated

schematically in Figure 5B , wherein a second dielectric layer

520 has been deposited on the module of Figure 5A , and a
second layer of metal 522 has been electroplated on the upper
surface 524 of dielectric layer 520 . The module of Figure 5B
illustrates a via 526 positioned directly above the solid via
518 in the first dielectric layer 508 , to provide a direct
interconnect to the surface of dielectric layer 520 or to a
subsequently deposited interconnect layer.

The application of the method of the invention to filling a
recess in a substrate surface is illustrated in the following
examples. In the following examples copper was plated onto a
brass substrate having small recesses in its surface using
electric fields having several different waveforms.
Electrically conducting substrates were prepared by cutting
brass coupons about 19 mm (0.75 inch) square and drilling
therein one or more recesses having a circular cross section of

about 4 mils (102 micrometers) using small twist drill. The
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holes were drilled to a depth of about 150-200 micrometers,
providing recesses having an aspect ratio of about 1.5:1 to 2:1.
The coupons were mounted horizontally on the lower end of a
rotating electrode, which was immersed in a plating bath. The
5 counterelectrode was a copper plate.
The plating bath comprised an agqueous solution containing
55 g/L of copper sulfate, 9 % of sulfuric acid by weight,
50 parts per million (ppm) of chloride ion, and 5 % by weight of
a conventional polyethylene—glycol carrier compound.
10 The electrodeposition was conducted using a number of
different electric field conditions of the prior art as well as

the modulated reversed electric field of the invention.

EXAMPLE 1
15 This example illustrates electrodeposition of copper on a
brass substrate having a small recess using direct current.
Copper was deposited on a brass coupon having a drilled
hole with a diameter of about 102 micrometers using direct
current at a current density of 35 mA/cm® for a period of
20 4 hours. The coupon was then sectioned through the hole to
reveal a cross section of the copper plating on the surface of
the coupon and within the recess. A photomicrograph of the
plating under direct current condition is shown in Figure 6
It is evident that relatively little copper was deposited in the
25 recess. The plating on the surface is substantially thicker
than that within the recess, and the nonuniform distribution at
the upper corners of the recess has resulted in a bridge over
the mouth of the recess and a substantial volume within the
recess that is devoid of deposited copper. Evidently such a
30 distribution of plated copper does not provide a reliable

interconnection between the conductive copper layer on the

surface and the bottom of the recess.
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brass substrate having a small recess using pulsed current

provided by a modulated electric field.

5 Copper was deposited on a brass coupon having a drilled
hole with a diameter of about 102 micrometers using pulsed
current. The pulsed current comprised cathodic pulses separated
by periods of no current. The period (T) of the pulse train was
0.293 ms (frequency 3413 Hz), and the duration of the cathodic

10 pulse was 0.043 ms, giving a cathodic duty cycle D of 14.7 %.
The average current Iz, was 35 mA/cm? and the peak current
density was 242 mA/cm”. The plating was conducted for a period
of 4 hours.

The coupon was then sectioned and photographed as in

15 Example 1. A photomicrograph of the plating under pulsed
current conditions is shown in Figure 7 . Although the pulsed
current plating deposited more copper within the recess than the
direct current plating, the deposit within the recess contains
numerous voids, and the thickness of the deposit on the surface

20 of the coupon is relatively thick. Such a distribution of
plated copper is undesirable for providing a reliable, low-
resistance interconnection between the conductive copper layer

on the surface and the bottom of the recess.

25 EXAMPLE 3
This example illustrates electrodeposition of copper on a
brass substrate having a small recess using modulated reverse
electric field, of relatively low frequency, having a relatively
long cathodic duty cycle and a relatively short anodic duty
30 cycle. Such a waveform is representative of the modulated
reverse electric fields that have been used in some processes
for plating through-holes in printed circuit boards.
Copper was deposited on a brass coupon having a drilled
hole with a diameter of about 102 micrometers using a modulated

35 reverse electric field. The waveform comprised alternating
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10="10%&" (and (£ 19H@BAL - bH~Y G OR&S () -2 e BabriMdd{in a cathodic duty
cycle Dc of 90.2 % and an anodic duty cycle of 9.8 %. The ratio
5 of cathodic current to anodic current (I./I,) was 0.5 and the
ratio of cathodic charge transfer to anodic charge transfer Qc/Q.
was 5. The average current density was 32.3 mA/cm® (30 A/ft?).
The plating was conducted for a period of 3 hours.
The coupon was then sectioned and-photographed as in
10 Example 1. A photomicrograph of the plating achieved with this
waveform is shown in Figure 8 . The modulated reverse electric
field waveform having a long cathodic duty cycle and short
anodic duty cycle produced a copper deposit that was confined
almost exclusively to the surface. very little copper was
15 deposited in the recess leaving a large void volume within the
recess and little or no copper deposit on the lower sides and
bottom ¢of the recess.
Evidently such a distribution of plated copper does not

provide a reliable interconnection between the conductive copper

20 layer on the surface and the bottom of the recess.

EXAMPLE 4
This example illustrates electrodeposition of copper on a
brass substrate having a small recess using modulated reverse
25 electric field having a relatively long cathodic duty cycle and
a relatively short anodic duty cycle at a higher frequency than
in Example 3. Such a waveform is representative of the
modulated reverse electric fields that have been used in some
processes for plating through-hcoles in printed circuit boards,
30 but the frequency is substantially higher than that used in the
conventional modulated reverse electric field plating methods.
Copper was deposited on a brass coupon having a drilled
hole with a diameter of about 102 micrometers using a modulated
reverse electric field. The waveform comprised alternating

35 cathodic and anodic pulses. The period T of the pulse train was
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of 3 hours.
The coupon was then sectioned and photographed as in

10 Example 1. A photomicrograph of the plating achieved with this
waveform is shown in Figure 9 . The high-frequency modulated
reverse electric field waveform having a long cathodic duty
cycle and short anodic duty cycle produced a copper deposit that
was superior to that produced by the very similar low-frequency

15 waveform. However, the thickness of the copper deposit in the
lower portion of the recess was substantially thinner than that
on the surface of the coupon, and the plating was nonuniform at
the mouth of the recess.

Although copper deposit of this example shows a continuous

20 film of copper over the surface of the coupon and into the
recess, the film exhibits excessive thickness on the surface of
the coupon, and the nonuniform plating at the mouth of the
recess suggests the possibility of trapping impurities in the
cavity.

25

EXAMPLES 5 and 6
This example illustrates electrodeposition of copper on a

brass substrate having a small recess using modulated reverse

30 electric field according to the invention. The waveform
exhibits a relatively short cathodic duty cycle and a relatively
long anodic duty cycle.

Copper was deposited on a brass coupon having a drilled
hole with a diameter of about 102 micrometers using a modulated

35 reverse electric field. .The waveform comprised alternating
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0.293 ms (frequency 3413 Hz), the cathodic on-time t. was
0.043 ms, and the anodic on-time was 0.25 ms, resulting in a
cathodic duty cycle D, of 14.7 % and an anodic duty cycle D, of
5 85.3 %. The peak cathodic current density I, was 277 mA/cm® ,
and the peak anodic current density I, was 42 ma/cm?® ,
resulting in a ratic of cathodic charge transfer to anodic
charge transfer Q./Qa of 1.2. The average current density was
15 mA/cm® (13.9 A/ft?). 1In Example 5, the plating-was conducted
10 for a period of 2 hours; in Example 6 the plating was conducted
for a period of 4 hours.
The coupons were then sectioned and photographed as in
Example 1. A photomicrograph of the plating of Example 5 is
shown in Figure 10 ; a photomicrograph of the plating of Example
15 6 is shown in Figure 11
In Example 5 (2 hours plating)the copper deposit was
relatively uniform over the surface cof the coupon and the sides
and bottom of the recess. Evidently, such a layer of
electrodeposited copper is suitable for providing a reliable
20 electrical connection between a device located at the bottom of
a recess and a conductive strip on the surface of the substrate.
In Example 6 (4 hours plating) the copper deposit on the
surface of the coupon is still relatively thin. However, the
entire recess has been filled with electroplated copper.
25 Accordingly, the process of the invention is capable of
producing vias or blind recesses that are filled with copper

(stud vias) while avoiding excess deposition of copper on the

surface of the substrate.

30
EXAMPLES 7-11

This example illustrates the metallization of semiconductor

substrates by.the process of the invention.
Test coupons were prepared from silicon wafers by etching

35 trenches into the surface using conventional masking and etching
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' od proc(:)e ?rgs/?‘&’l(kze coup]c'ms were 19 mm X 19 mm with the trenches

positioned in a 6.35 mm x 6.35 mm area in the center of the

coupon. Trenches of varying widths from about 0.25 micrometers

to about 1.0 micrometers were provicded. The coupons were

5 provided with a conventional conductive seed layer of sputtered
of 200 Angstrom/1000 Angstrom Ti/Cu or Cr/Cu. The coupons were
mounted on a rotating disk electrode (RDE) connected as the
cathode in an electroplating cell. A counter electrode was

- provided as an anode.
10 Two slightly different plating baths were used having the

following compositions:
Bath 1: 60-65 g/l CuSO4-5H,0; 50-60 parts per million (ppm)

Cl7; 350 ppm of polyethylene glycol (PEG) (average molecular
weight, 200).

15 Bath 2: 60-65 g/l CuSO4-5H,0; 50-60 parts per million (ppm)
Cl7; 350 ppm of polyethylene glycol (PEG) (mixture of average
molecular weights 200 and 1450).

The RDE was rotated at a speed of either 400 or 800

revolutions per minute (rpm)
20 Two different charge modulated electric field waveforms

were used:
Waveform 1: 4000-5000 Hz, cathodic duty cycle 22 %
(cathodic on-time (t.) 44-55 microseconds), anodic duty cycle

78 % (anodic on-time (t,) 156-195 microseconds) , average

25 cathodic current density (icD.) about 30 amperes per square foot

(ASF) .
Waveform 2: 9000 Hz, cathodic duty cycle 40-45 % (cathodic

on-time (t.) 44-61 microseconds), anodic duty cycle 55-60 %
{(anodic on-time (t,) 61-67 microseconds), average cathodic
30 current density (i.D.) about 30 amperes per sqguare foot (ASF).
The plating was conducted for periods ranging from 210 to
300 seconds as indicated below.
The experimental conditions are summarized in Table 2
below.
35
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Table 2
Ex. Trench Pla- Rota- Wave- Time Cath- Anodic Aprlied
width ting tion form (sec) odic peak Charge
(p) Bath Speed peak current ratio
(rpm) current (mA) Q
(ma) Q.
7 0.25 1 400 1 300 425 100 1.2
8 0.25 2 400 240 420 125 0.95
9 0.25 & 1 400 240 250 125 1.3
1.0
10 0.25 2 400 210 250 150-175 1.11
11 0.25 2 800 210 250 175 0.95

Cross sections
5 exposed by focused ion beam (FIB) excavation,

were prepared using a scanning electron microscope

of the trenches in the plated wafers were

and micrographs
(SEM}) .

Figure 12 shows a cross-section of the plated trenches of

Example 7.

The trenches, having an aspect ratio of about 2, are

fully filled and the thickness of the surface deposit is no

10 greater than the depth of the trenches.
Figure 13 shows a cross-section of the plated trenches of

Example 8.
conformally
Figure

15 Example %.

The trenches,

The trenches, having an aspect ratio of about 2, are

coated with a thin surface deposit.
14 shows a cross-section of the plated trenches of

having widths of 0.25 micrometers and

1 micrometer and a depth of about 0.6-0.7 micrometer, are fully

filled with a surface plating thickness significantly less than

the depth of the trenches.

20 Example 10.

Figure 15 shows a cro
The surface plating is of moderate thickness.
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5 EXAMPLE 12
This example illustrates filling of trenches having a width
of about 10 micrometers.
Test coupons made from silicon wafers were prepared as in
Examples 7-11, having V-shaped trenches having a top width of
10 about 10 micrometers and a depth of about 5 micrometers. The
coupons were plated in an apparatus similar to that used for
Examples 7-11 for a period of 38 minutes in a bath similar to
that of Example 7, using pulse reverse electric filed having a
frequency of about 3500 Hz with excursions between about 2950 Hz
15 and about 4969 Hz, a catodic duty cycle of about 14.7 %-16.7 %,
an anodic duty cycle of about 85.3 %-83.3 %, a cathodic on time
of about 0.044-0.058 ms, a charge ration of about 1.16, a peak
cathodic current of about 480 mA, an anodic peak current of
about 80 mA, and an average current of about 11 mA. Figure 17
20 shows a cross-section of the plated trenches. The trenches are
fully filled and the surface plating is much thinner than the

depth of the trenches.
The invention having now been fully described, it should be

understood that it may be embodied in other specific forms or
25 variations without departing from its spirit or essential
characteristics. Accordingly, the embodiments described above
are to be considered in all respects as illustrative and not
restrictive, the scope of the invention being indicated by the
appended claims rather than the foregoing description, and all
30 changes which come within the meaning and range of equivalency

of the claims are intended to be embraced therein.
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1. A method of depositing a continuous layer of a metal onto an electrically conductive
substrate having a generally smooth surface with small recesses therein so as to substantially fill
the recesses with said metal; said method comprising:
immersing the substrate in an electroplating bath containing ions of the metal to be
deposited onto said surface,
immersing a counter electrode in said plating bath
passing an electric current between said electrodes
wherein: said recessés each have a transverse dimension pot greater than about 350
micrometers
said electric current {s a modulated reversing electric current comprising pulses that are
cathodic with respect to said substrate and pulses that are anodic with respect to said substrate,
said cathodic pulses have a duty cycle less than about 50% and said anodic pulses have a
duty cycle greater than about; 50%,
the charge transfer ratio of said cathodic pulses to said anodic pulses is greater than one,

and
the frequency of said pulscs ranges from about 10 Hertz to about 12000 Hertz.

2. ‘The method of claixh 1, wherein an interval of no electric cwrrent flow is interposed

between said cathodic pulses and succeeding anodic pulses.

3. The method of claim 1, wherein an interval of no electric current flow is interposed

between said anodic pulses and succeeding cathodic pulses.

4, The method of claim 1, wherein an interval of no electric current flow is interposed

between said cathodic pulsg:s and succeeding anodic pulses and between said anodic pulses and

succeeding cathodic pulses.
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f &10%Z& (ThStleBicd of claim 1. wherein said cathodic pulses and said anodic pulses succeed each

other without intervening intervals of no electric current flow.

6. The method of claim 1, wherein said cathodic pulses and said anodic pulses form a pulse
train having a frequency betwéeen about 50 hertz and about 10000 Hertz.

7. The method of claim ‘1, wherein said cathodic pulses and said anodic pulses form a pulse

train having a frequency betwfeen about 100 Hertz and about 6000 Hertz.

8. The method of claim 1, wherein said cathodic pulses and said anodic pulses form a pulse
train having a frequency between about 500 Hertz and about 4000 Hertz.

9. The method of claim 11, wherein said cathodic pulses have a duty cycle of from about 30%
to about 1%.

10.  The method of claim !l , wherein said cathodic pulses have a duty cycle of ffom about 30%

to about 15%.

11. The method of claimgl, wherein said cathodic pulses have a duty cycle of from about 30%

to about 20%.

12, The method of claim| 1, wherein said anodic pulses have a duty cycle of from about 60%

to about 99%,

13, The method of claim 1, wherein said anodic pulses have a duty cycle of from about 70%

to about 85%.

14. The method of claimy 1, wherein said cathodic pulses have a duty cycle of from about 70%
to about 80%.
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17.  The method of claim 1, wherein the thickness of the metal layer deposited within said
recesses is greater than the thickness of the metal layer deposited on said surface.

18.  The method ol claim, 1, wherein at least onc transverse dimension of said recess is from

about 5 micrometers 1o about 350 micrometers.

19. The method of claim 1, wherein at least one transverse dimension of said recess is from

about 10 micrometers to abelit 250 micrometers.

20. The method of clairq' 1, wherein at least one transverse dimension of said recess is from

about 25 micrometers to about 250 micrometers.

21. The method of claitr; 1, wherein at least one transverse dimension of said recess is from

about S0 micrometers to about 150 micrometers.
22. The method of claim'l, wherein said substrate has a microrough surface.

23.  The method of claim'1, wherein said substrate is a semiconductor wafer.

24, The method of claim 23, wherein said semiconductor wafer has at least one recess formed
in its surface, which recess has at least onc transverse dimension not greater than about 35

micrometers.
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trenches formed therein, sdid microrough surface having a layer of metal deposited in said

trenches and on said surface areas by the method of any one of claims 1 to 23,

30. The scmiconductor wafer of claim 29, wherein said metal laycr on said surface areas has a

thickness no greater than the depth of said trenches.

31. The scmiconductor wafer of claim 29, wherein said metal layer on said surface arcas hasa

thickness substantially Jess than the depth of said trenches.

32. The semiconductor water of claim 29, wherein said metal layer on said surface areas hasa

thickness no greater than about 50% of the depth of said trenches

33. 'The semiconductor wafer of claim 29, wherein said metal layer on said surface areas hasa

thickness no greater than about 20% of the depth of said trenches.

34, The semiconductor wafer of claim 29, wherein said metal layer on said surface areas hasa

thickness no greater than about 10% o[ the depth of said trenches.
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35. A multiplayer high Aensity interconnect structure having a first intcrconnect layer and a
second interconnect Jayer said first interconnect layer having a first via substantially completely
filled with metal, and said sccond interconnect layer having a via positioned immediately above

said first via, said first and second interconnect layers having been prepared by the method of any

one of claims | to 25.



