Method for Substantially Uniform Copper Deposition onto Semiconductor Wafer Cross-reference to
related applications _ This application is a continuation-in-part of U.S. Application Ser. No.
09/232,86&9&8&0{%15%% 15 1999 now U.S. Patent No. 6391166; which %ﬁ?aﬁ}r%%zt??g/(yéﬁgﬁt of earlier

filed U.S. Provisional A péa:a' n.Ser. No. 60/074,466 filf‘fci1 on Feb. 12 199& and U.f Provisional
Application ST E ~00 B B BN 20 6BUT b B ShHERES LSO beneft of PCT
Wwhich are incorporatecterein by referetiA R AGINBIUSC! The present invention generally
relates to an electrochemical deposition method for electrochemically preparing a uniform copper film

on semiconductor substrate bearing a thin resistive seed layer as part of interconnect formation in
ULSI (Ultra larderesste afeisracrifeiralr faprisambeadi@ik@round  Semiconductor devices are

create ransisiol AR AN B e A GO R Lot AAThL SRR SeFehoctor

wafer mayygypiergesar exeme, aski®, Eogvngoanddepdsiienpresssed oM Wisich
semiconductor transistors and desired electronic circuitry to connect those transistor terminals. In

particular G etiradraneidnamprHistiohethdaling? EY PrRBRla ARMIKR R SRImIb and
physical v, pasKio C e psrfqr r ; t istor-wellagate,
poly-silicon ﬁeﬁ%n iélteﬂ!:éotﬁél%ectﬁ)%qmg%tr%%ii%@é?ﬁﬂﬁm%‘cﬁ@-% ghgﬁe?%?és and
trenches &fe fadDAD¢otiGictiie chataridisl a27depOSigzdamid ttreseagdplttats to elermeaheconnect
the transistors underneath. Exc&ss conductive m,ateri?ls are then removed i?&transform the conductive

structuresARfe&ilsired Arcuity Gl formingtESRALANR ines ARIFRL ULSAPRICRHEE scaldVftegrated)
circuit fabpeation sy PRTE A JERASIANIAH MEtalie AYeTe UsHANY CORRMRNE siBRtrate
bearing a thin resistive seed layer is implemented. Such a deposition process can be used to fill via
structuresatenchatpatates, becombinedafeuetnees of both. When these structures are filled, copper
is continuously deposited to form a film covering the surface of the semiconductor wafer. A uniform
final copper film is critical because the subsequent process step, commonly a planarization step
(CMP), to remavgstRecgXNGRASHIARE UCtive copper requires a high degree of uniformity in order to
achieve the equal electrical performance from device to device at the end of production line. The within
film non-unifornMiye(WIFER BB Nhicty Brtie Ratigesi gfaliyan@iadefevigioa bf RIS EiiCGReER) the mean

film thickngss, is generall roll 5%,k vance ess tec ogy. VVFNU
has a neggéyeogf?é%{"oﬁ%tg%(%févﬁ%%%&g%%@%%ﬁé@%%ggﬁﬁ% %if&%ﬁ%ﬂ?o%éf%& lﬂi&ﬁining or
excessivedghesincoatitioneisustizeeneafiay poliahing: 4ishie sasee doypot akGuais removed
evenly across the wafer during polishing, the initial thicker Cu film around the periphery of the wafer
leads to OO ERRBERsIEREMG RN fiMhddd: Rhd Wil hclstfeis salfovRtE @i aGikcliectrical
short of thﬁg‘??’&%i(&fna large amount of over-polishing is enforced to clear Cu and barrier materials on
wafer periphery, the regions near wafer center surfer excessive loss of dielectric materials, thereby
reducing the height of trenches and vies, which leads to different electrical resistance among the
interconnection !ine; across the wafer. Both effects can impact device yield substantially.  As wafer
size migrates t @Mﬁj} to 300 mm, and seed layer thickness continuously to decrease for every
generation of magWiackE (RIBROIAINIRA @dvansesrehRliedeisECe S thexsprblaer irthe
surface of the semiconductor wafer increases significantly. In conventional electrochemical deposition
process, cFeim refendidicie pvigra peieg sauncssoppliet diffiareat qurasessipgiesigdisota single

working electrode and the wafer substrate bearing.a seecfj layer Th?w fer substrate, working
electrode, PERLF SHFH 2l (RO ElcQH ShiE IR IR B RO Sell T GHER M S P& he thin
resistive Sé@H?é/ﬁfésm@ns@?m&hBw@rwthQﬁ@ng&%m@(amﬁ@n%%m@d

[

“terminal effect”. This current non-uniformity results in higher plating rate at the edge of semiconductor
wafer andgsQRiNga@iick &6 Re SR MEP 6L SeRTcEMINED! hafse MitaNRUAL0 aRsIAIRIfm

thickness Sit 0 rfilm. on t f f i r 4 | t igmore
orofouns e B 8 B eI S S &
depositionpermiogkurs aiwtEfsepenabriyg, idhe erplnalatitest canreaigdgcesiny eraEaying an
electrolyte solution with relative lower acid content, as shown in FIGURES 3a-3d. However, as

technolog® idVdKbes2 iy SHEBIEA 0BRGN Rlfelo LBRRhESRASIHAB IR 48 a Pesult of
terminal efiecsdPlay UNSoRUCHANBYY EHRA HUAKRLOY (1lemaning B (IBHEBe!
thickness, as shown in FIGURES 3c¢-3d; however, this will severely [imit the productivity of the
processing equiptegctamegtemtiimerehsscthr o uc heasoveth e prctsgivdn amterials in the
subsequent planarization step. incorporated into proeessing apparatus to resolve the non-uniformity
problem caused by terminal effect. Patent, U.S. Patent 6,391,166 (January. 15, 1999) disclosed
plating apparatus and methods that utilized an independent power control for a system of electrodes to
overcome the non-uniform plating rate on semiconductor wafer with very thin seed layer. Patent US
Patent 6755954 (June 29, 2004) disclosed an apparatus and a method for electroplating of copper film

with relatinvizalvy emall thickneace vvariatinn It chowed an evamnle to form a O Girim (AOONAY connar film



Summary  The present invention discloses methods applied to an electrochemical deposition

apparatusyythy witiple electrodes and a system of electrical power copgrplensidgh-asyapparatus is
referred as "said apparatus" throughout the text and figures in this invention. An example of such an

apparatus is described in earlier US. Patent No. 6391166 and PCT Patent Application No.
PCT/ON2007/071008.  The disclosed methods apply to plating wafers bearing a seed layer with a
thickness from/Afdeértovd@9A amd corgoee sakata ieastolr yiectrolgnditic tead utierialsgivgérom 0.02 to

0.8 S/cm., The disclosed method d electrochemically plated il i ithin fil
non-unicHARPSESAT R SR (U aes otz AP6H SBUN SeBa e kA NSRS than
what was Hedpaedk i PESyssPedie RS PRAIPAIRNAEDIRANESM odE tb HiuRieiema schematic

view of said apparatus in the earlier invention on which present methods are practiced; = FIG. 2
illustratesthachentitictiven s pattiota dintgle dhsdtedeqilatinig\apparf@isiingraes dseetigg show

deposition profiles from a single- trode plating apparatus. IG. 4 illustrates a schematic vi f

part of a E'Ié)ﬁﬁg H?gtug\\lvi%rl tﬁ?%f&t%{%@g d%&%geed' u[%%mf? ﬁkeﬁing;'ta %Bg?ggoanﬁd 5bevv °

illustrate weé/@fﬂﬁmw@ﬁqm%@?ﬁgﬁimqa divcaeleritadiecplatieg apRAIatHs. ddeSefa antbbl show
o-ele

deposition profiles from a tw: ctrode apparatus;  FIG. 7 illustrates a schematic view of part of a
plating appalsiiateitharEs gl tibuBs St Baslidr RieSiolnPlemERteR: and 8 ifustrate

form diagrap ' 58 |
depostiot BTLa St es. Salrmde i 4 e A R ot et o

a plating appeoatis vath §oruclectrodsisistishlosvt énctitiecintentinmes e llétia aoppéb illustrate
waveform diagrams applied to a four-electrode plating apparatus.,  FIGS. 12a and 12b show

depositiohSpreRRETHPY 8 Yo denasHsit dppipafisa film covering the surface of the
semiconductor wafer. A uniform final copper film is critical because the

subsequent process step, commonly a planarization step (CMP), to
remove the excess conductive copper requires a high degree of
uniformity in order to achieve the equal eiectrical performance from
device to device at the end of production line. The within film
non-uniformity (WFNU), which is the ratio of the standard deviation of
film thickness over the mean film thickness, is generally controlied

under 2.5% in advanced process technology.

Large WFNU has a negative effect on the following CMP process
step by causing either regional Cu remaining or excessive dielectric
materials loss at the end of Cu polishing. If the same amount of Cu is
removed evenly across the wafer during polishing, the initial thicker Cu
film around the periphery of the wafer leads to Cu or barrier residue to
be left there, and this incomplete removal process causes electrical
short of the device. If a large amount of over-polishing is enforced to
clear Cu and barrier materials on wafer periphery, the regions near
wafer center surfer excessive loss of dielectric materials, thereby
reducing the height of trenches and vias, which leads to different

electrical resistance among the interconnection lines across the wafer.
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FIGS. 13 show deposition profiles from a ten-electrode apparatus; FIGS. 14 show estimated

depositio&g%f%%?lll')letaiIed Description of Embodiments  The presegtivegsigs discloses methods
applied to an'elec rochemical deposition apparatus with multiple electrodes and a system of electrical

power ¢ %g i ;5'5'# %%iv I 'Q@'éﬂ%i’éﬂﬁéﬁl earing a seed layer with a thickness
from SOX@’Ig 8&%%%?:%%25 u ali;e agcgéd) z‘ectrolyte with con%uctivity ranging from 0.02 to 0.8
S/cm. The disclosed method is to be practiced on apparatus disclosed in US Patent No. 6391166.

The methods in present invention include th follow ste S?Qin%tr ducing a C(é{:)ger S Ifateebased
electrolyte with\g N6 PAtEIFEHB IBNAIE P {2 d‘dupéFH{uE sANG 35§ rllf% )

semicondelpr WRleLIA & RBRIRANIS iR uAIBLOfRIeK plegiHeRtaRstipfapRlctaler
applying a small bias voltage to wafer;  bringing wafer infto eélectrolyte, and the front surface of the
wafer beiterimrfolbgpntiratvidd tenelestrayisic rgsstageteafidiieusentidarrh ercdhe; the

power supplying connected to electrodes, swjtch from constant voltage m nt gyrrent mode
at desirehhas€ %fpplgﬂ?g cﬁﬁ%&r\%{gkﬂﬁl aWQF%fati\}Q%?%%?\%ue A%ﬁﬁégﬁﬁ zectﬁ;ﬁdes,
preferably. the, sombingd @leeroeiBeaioam 2depddfioandiiscisdie, ofdhe aurrefie densitias of

between electrodes being from 0.5:1 to 300:1;  applying current or potential at a relative large value
on each gflatingodespprefeiabyureecHHPREE TURGRIPEAL FoRTQ0R & 40RteRHRhdPatd of the

current densities between electrodes heing f 1t L itching to a small
bias voltaﬂ@ 8d\¥%ﬂ8%[ﬁ)‘/e|{: E)rr? §50§ é‘em’f@%’m%%]? vga.i%g%g%tnegiﬁg %v@gr (e){:%\%f%[ﬁseygfe%rolyte.
stopping power gragaly asdideaneff thpoiesitye electahde onpadersudagply, Taeduteat
distribution on each electrode and the ratio of current densities between electrodes in steps 6 and 7
above va§iettaliRef eaRyeaticplartin) ictheailimber 7 Rl ARIMRIY RATRSE tHB ecc’;mlrﬂjctivity of
the electrglyte. ln the follpyvi boqi ser s ifj I’f%ﬂ@aﬁﬂ}} ith a
partic:ularr L?rlr%glreo gl%é(t)ch%‘tyegsree!% § ﬁ%ﬁﬁ?ﬁ%l@ﬁﬁ%&%@ﬁ uctivlicjt{){f/a.éj E%Irr?}gne embo%sitrglent a
method agplisHdpoaie apRaratlsebnipeisinio blo eftstiddeT ish elettestytenamduuiionyiy

0.02-0.2S/cm is disclosed. , .
results in higher plating rate at the edge of semiconductor wafer and

lower plating rate at the center of semiconductor wafer, which leads to
non-uniform thickness of deposited copper film on the surface of
semiconductor wafer. Terminal effect is more profound with less seed
layer thickness and larger wafer size. In most severe embodiments,

deposition only occurs at wafer periphery.

The terminal effect can be reduced by employing an electrolyte
solution with relative lower acid content, as shown in FIGURES 3a-3d.
However, as technology advances, low acid electrolyte alone fails to
solve the non-uniform plating as a result of terminal effect. Often, this
non-uniformity can be improved by implementing a film with higher
thickness, as shown in FIGURES 3c-3d; however, this will severely fimit
the productivity of the processing equipment and greatly increase the
cost to remove the excessive materials in the subsequent planarization

step.

In the earlier patents, sophisticated designs have been
_3_




In one embodiment, a method applied to said apparatus comprising two electrodes with electrolyte
conductivity of 0.2-0.83/cm is disclosed.  In one embodiment, a metho?@a%lﬂ%‘o&%?ﬂ% apparatus
S disc .

comprising <D 'Y&todes with electrolyte conductivity of 0.02-0.28/cm Is ose In one

embodiment, a method applied to said apparatus comprising three electrgdes with e
conductivit&@f%ﬁ@%%%%m’Eg%is%fgge%?g%% ghEE 8§in?gntfeasgé/t%oﬁ]a%p'ﬁég]%@igc? rg{p aratus
comprising fegbrlegtredasswith elpctiabria sandastivily oFQ2n,23/cw. is diselased Boone 66

embodiment, a method applied to said apparatus comprising four electrodes with electrolyte

conductivity R 0LR0Y83/EM iSI@88dsls asrtenitatingen RPAales apphedietaRAspiaRkuS

comprising ten. electrodes with electrolyte conductivity of 0,02-Q.23/cm is, disglo

embodimean?lgzr‘ﬁéih {4 pﬁ%@%ﬁ éé%yag)éa\lya%ﬁséc%%&]sifﬂ%ﬁ%l Sgé?réo%qes?) (\fvit%%{gtlgég%%e to
conductivitiygERch @3t isotisgieredm pltngveational platitigapdaiaios wihesingtthelestyode 201
is illustrated in Fig 2. Figs 3a -- 3d are deposition profiles on the surface of a 300mm semiconductor

wafer with $8id siRf¢! cley@sd® ataoMaingaisr i Mére spedacaR), R84k diffsfdstrate

the depositign profi 0QA thick fj i j i S arying
from 350A %%O%ﬁﬁ%g\gv%)nc% n%h%oryé%c ve eﬁgﬁgﬁﬁgggé%%ém ei(/%ev%?gs g%tpscgfghﬁd?dﬁ ﬁllustrate
the depositiari piietias witielhitkisisses sagdriahion. 300@A dvBRDGMor saith Hemitmnidiratorawith
350A thick seed layer in low and high conductive electralytes, respectively, . VVFNU values
calculated FoRHIE (GORRZS SORRE INTHIYs YALBY 294 fistEdiFkRESR ﬂ%@ﬁ@f\/ﬁ@eéﬁgm%e as the

thickness O(I\Pfféjr Igggﬁ@ge@égﬂrmi@i%ggéﬁqgiggp.t difficulty to deposit a uniform Cu film on the

surface of semiconductor Wafer when the seed layer is thin. And when the thickness of seed layer is
less than 700A, a VVFNU value of less than 2.5% can no longer be achieved by conventional
electroplating with a single electrode. The situation becomes worse when the conductivity of
electrolyte increa HNFLHIE 1 Seed layer thickness Low conductive electrolyte - VVFNU High

conductive The present invention discloses methods applied to an
electrochemical deposition apparatus with multiple electrodes and a
system of electrical power controls. Such an apparatus is referred as
“said apparatus” throughout the text and figures in this invention. An
example of such an apparatus is described in earlier US. Patent No.
6391166 and PCT Patent Application No. PCT/CN2007/071008.

The disclosed methods apply to plating wafers bearing a seed layer
with a thickness from 50A to S00A in a copper sulfate based electrolyte

with conductivity ranging from 0.02 to 0.8 S/cm.

The disclosed methods produced electrochemically plated copper
film with a within film non-uniformity as small as 0.33% (a variation of 42
A) on 350A seed layer, several times less than what was disclosed in

previous patents.

Brief Description of Drawings
FIG. 1 illustrates a schematic view of said apparatus in the earlier

invention on which present methods are practiced;
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electrolyte- VVFNU 350A 3.72% 13.91% 550A 2.95% 11.45% 700A 2.58% 10.19% 900A 2.21%

8.94% On the same 350A-thick seed layer, the WFNU improves wh ' ickness
increases, ARSI Fig 3c-3d. The corresponding values are Iistegﬁ}r]]t@agﬁ%%gr?é this effect is

due to fact that;}g educ @ltr}j hmic resistance,of thicker film lessens the i ring the
deposition proc sEéV\#FIﬁ v Iﬁ%@sar@ gsfg ?emt%té% ﬂb%)yfo?ﬂléﬁ%% trﬁc néﬁé%ggétggr?%% A, and
they are f_aEgég r4 Za9dfe;in the embodiment of high conductivity electrolytes. Although increasing
plating thickness further can improve VVFENU, the high cost associated to remove these excessive

plated Cu in the FIBRNGTMP IteBicive 1S pRFFEEN R FribRhifs B itHIG 8l 9eRaRIERERN. Table
2 Deposm%r?ating apparatus.
FIG. 4 illustrates a schematic view of part of a plating apparatus

with two electrodes disclosed in earlier invention;

FIGS. 5a and 5b illustrate waveform diagrams applied to a
two-electrode plating apparatus.

FIGS. 6a and 6b show deposition profiles from a two-electrode
apparatus;

FIG. 7 illustrates a schematic view of part of a plating apparatus
with three electrodes disclosed in earlier invention;

FIGS. 8a and 8b illustrate waveform diagrams applied to a
three-electrode plating apparatus.

FIGS. 9a and 9b show deposition profiles from a three-electrode
apparatus;

FIG. 10 illustrates a schematic view of part of a plating apparatus
with four electrodes disclosed in earlier invention;,

FIGS. 11a and 11b illustrate waveform diagrams applied to a
four-electrode plating apparatus.

FIGS. 12a and 12b show deposition profiles from a four-electrode
apparatus;

FIGS. 13 show deposition profiles from a ten-electrode apparatus;

FIGS. 14 show estimated deposition profiles.

Detailed Description of Embodiments

The present invention discloses methods applied to an
electrochemical deposition apparatus with multiple electrodes and a
system of electrical power controls. The disclosed methods apply to
plating wafers bearing a seed layer with a thickness from 50A to 900A in

a copper sulfate based electrolyte with conductivity ranging from 0.02 to

_.5_.




thickness Low conductive electrolyte - WFNU High conductive electrolyte- WFNU 3000A 3.72%

0 S : .
13.91% Oﬁ)‘lﬁ/{%?o 6:11.25% 5000A 2.48% 9.93% 6000A 2.12% 8.83p,cnihis:iyention, thinner
seed (350A) and plating thickness (3000A) are used for all analysis forward. This combination gives

~ the high 3egsityity of the, melliodR ds40%6dthod is to be practiced on apparatus
disclosed in US Patent No. 6391166.

The methods in present invention include the following steps:

introducing a copper sulfate based electrolyte with a flow rate in the
range of 1 to 20 LPM into said apparatus;

transferring a semiconductor wafer to a semiconductor wafer holder
with electrical conduction path to wafer;

applying a small bias voltage to wafer,

bringing wafer into electrolyte, and the front surface of the wafer
being in full contact with the electrolyte;

applying electrical current to each electrode; the power supplying
connected to electrodes switch from constant voltage mode to constant
current mode at desired times;

applying current or potential at a relative small value on each of
electrodes, preferably the combined current being from 2A to 10A, and
the ratio of the current densities of between electrodes being from 0.5:1
to 300:1;

applying current or potential at a relative large value on each of
electrodes, preferably the combined current being from 10A to 40A, and
the ratio of the current densities between electrodes being from 0.5:1 to
300:1;

switching power supply to a small bias voltage mode and apply it
on said semiconductor wafer;

bringing wafer out of the electrolyte.

stopping power supply and clean off the residue electrolyte on

wafer surface.

The current distribution on each electrode and the ratio of current
densities between electrodes in steps 6 and 7 above vary in narrower

ranges depending on the number of electrodes used and the
_6._




Embodiment 1 In one embodiment of the invention, a method for uniform deposition of Cu film on

the surfa&goog()?(?mﬁ%lductor wafer practiced in the apparatus illustratgd-jn-Kha dossisclosed is an
embodiment’o he invention illustrated in FIG 1; wherein the apparatus consists of the first electrode

401a and the se electr 4 ' an be.pasitj rrn‘@ﬁ enfyyggtical height,

the area%%ﬂ%%ﬁﬁi}ﬂ efec rf)d%% %%%yoa}%?cthl ogg%rzgﬂg%ﬁﬁﬁﬁges, and tTwéé ralgllo of the total

area of athelgetsodesowrdbifiagaiortharseaiqmaditcisr witfler s goeaterutan Q.86 Geéte piethod

consists of the following set of steps;  Step 1: open flow controllers 423a and 423b to control the
s

flow rateGhaRH QRPRIRY & e PG HEbIREISIRGHO S SANENCINENow rate in the working area of 401a
is in the rang is, | ; %m' t of the
invention, thee“ﬁ)vi\? %%On%rﬁ%@fgtgg tfal%{d%ﬁ%??g 2(;2 %E%}fﬁl%ﬁo;t‘g %%ps%ﬁ%ﬁﬁtgglicanothem bodiment
of the invievdiasl sitie dioascaritrobdesctizdutandotasbciiei turab d d2a0 difsiemt wndiscloss@p 2: transfer

the semiconductor wafer bearing a seed layer tq the wafer holder 421 in the apparatus; the wafer
holder has an @&ﬂ%ﬁnﬁgﬁdﬂﬁﬁﬁtp%gﬁgg‘fﬂ&@iw 2SR ﬁ%@é@g%g;%?g}%‘é 'Ehiconductor
wafer.  +pteR B APHNIMRItRiafkiBgR I bR FNAR M O loto I YIroarif serigenddctor wafer.
Step 4: bring the semiconductor wafer, held by the wafer holder, into contact with the electrolyte, until
the wafer front supfaeesisbtiglimeiatsednmatitosieznpliesl to Srisl 2 RPpRALUFEATR BEtdodes 401a
and 401h and maintain a positive. potential on electrode 401a.and a ppsitive Or iye pqtential on
electrode Qfﬁ% (ﬂ@%%% %he‘%‘(ﬁbnt? FSi r&%ﬁeele%?rrz)d%c%\éll%%ne%?reétﬁlée)lﬂggﬁg er tk%ough the
text); the yygrstngeeyrrent of electrode 401a is from 5 to 20A, and that of electrode 401b is from 0.01 to

10A. The ratio of the current densities on electrode 401a to that on electrode 401b is from 1:1 to 300:1.
This step lastslfoeh e B becimenb @l e thias MmpRHaRResSHARPRAFAE HICLRRIGHAtor wafer
422. In ope embodjment of the inygntion, t rs I(ﬁi inected tgythe eleetiodes 401a and
401b switt FBm %Ioencgttagn %glta\év\éﬁrﬂodger?og §r§n@%§nt #ﬁﬁen ?ﬁ@@[yatﬁﬁe ?ailr%ee fimgé. In another
embodimgrigibiednvention, the power supplies connected to the electrodes 401a and 401b switch
from constant voltage mode to constant current mode at different times. Ste% g&fower supplies

connected to dR@RBLMOPLEAENH 1D BRIRNG pRSIIGH JOSRIS BRRAEGHISCEHMRIEHAY positive or
negative ﬁ?@?gé?h%qtg#%%@d ﬁrb; e WREKIRE CULEs QRIS Ode 4@ asdron Eaqto 49A, and

that on elec s from to 20A. The ratio of the current densities on electrode 401a to that
on electratle@@¥=z . from 1:1 to 300:1. This step increases the efficiency of the electrochemical
deposition by applying relative la ents on the electrodes 401a and 401b. This step

rge. electrical cuyr
terminates whef 2 B8sFEHPS %%l'btm f‘ﬁi@(ﬁ%& RRISR O AR AU SR BRE S ge on said
semicondugiprataifrolie OnpiaMERAmBN}S Hisniaventint BreearededDingrdiébyare switched

from constant current mode to constant voltage mode at the same time. In another embodiment of the
invention, the dle@rel@raoodiananio B aretsicaepiieh tasisheartsat Ho§e TRIGHStENt voltage

mode at different times.  Step 8: bring,the semiconductor fdhe el spin off the
residue e &&r&&gﬁ&ﬁﬁﬁ tWéﬁEa%?% rﬁ&@g co 'Iwr:‘“I ggﬁ\yggtg\%ﬁ?gr%&s'%élérﬁwEscs?gén%ﬁ)%%tgéntiaI on
electrode 401bjjs grieramiicddmeiositivesah beoatiysibasts saithe pentedaleoveapdspogition
conditions. For example, if the conductivity of electrolyte is low and conductive layer on semiconductor
wafer is tih@R, PestRedasani @it el %@QB%@%&IB&@@&@Z@)%&G‘%@%%‘ﬂﬁ:%?rated in Fig

5a; if the conductivity of electrolyte is high and conductive layer on wafer is thin, a positive potential will
be applied to electrode 401a and a negative potential to electrode 401b as illustrated in Fig 5b.  The
detailed sets oficutrenteenrityahtiplaihthe sigraraf pstentith osingleidedéeteotiede2lskedit step 5 for
plating uniform copper film on a 300mm semiconductor wafer bearir%ﬂﬁZOO 0A t)%i%; seed layer in

-20
electrolytd Wit 8SREUEIVIHG front (96238 0. 225cAT 8 RERPRISANIR REIF © 2 HPesHIRASR Ahted in
Table 3: Table g nignsehhleshadetor wafer with said single electrode electroplating

apparatus. More specifically, Figs 3a and 3b illustrate the deposition
profiles of 3000A thick film on said semiconductor with seed layer
thicknesses varying from 350A to 900A in low and high conductive
electrolytes, respectively, while Fig 3c and 3d illustrate the deposition

profiles with thicknesses varying from 3000A to 6000A on said
_7~




401a Sign of Electrode i401b Current density ratio (401a : 401b) Conductivity 0.02-0.2S/cm +

1:1-30:1 _15:1-30;1 Conductivity 0.2-0.8S/cm _ 2:1-15:1  Step 5 be ated thickness
of Cu fllmwgggﬁé%i%IBOA The detailed sets current denS|ty ratio and the s%wr%g%ﬁ%t%ntlal on

pearing 200 SO0 sMMUTarr, DEhoRE A Condicioty Foa oo S =
conductl\@béggmﬁgstp@%(%ﬁmhsted in Table 4.
WEFNU values calculated from the thickness profiles in Figs 3a-3b
are listed in Table 1. WFNU values increase as the thickness of seed
layers decrease, indicating significant difficulty to deposit a uniform Cu
film on the surface of semiconductor wafer when the seed layer is thin.
And when the thickness of seed layer is less than 700A, a WFNU value
of less than 2.5% can no longer be achieved by conventional
electroplating with a single electrode. The situation becomes worse

when the conductivity of electrolyte increases.

Table 1
Seed layer Low conductive High conductive
thickness electrolyte - WFNU electrolyte- WFNU
350A 3.72% 13.91%
550A | 2.95% " 11.45%
700A 2.58% 10.19%
900A 2.21% 8.94%

On the same 350A-thick seed layer, the WFNU improves when the
plating thickness increases, as Illustrated in Fig 3c-3d. The
corresponding values are listed in Table 2, and this effect is due to fact
that the reduced the ohmic resistance of thicker film lessens the
terminal effect during the deposition process. WFNU values are greater
than 2.5% for plating thickness less than 5000A, and they are far
greater than 2.5% in the embodiment of high conductivity electrolytes.
Although increasing plating thickness further can improve WFNU, the
high cost associated to remove these excessive plated Cu in the
following CMP step in the IC process flow prohibits depositing a very
thick film.




Table 4 FIGS 6a and 6b show the deposition profiles of 3000A thick film deposited on 350A seed
layer in low and high conductive electrolyte respectively; wherein the p %q:] ﬁgo%&}%’ 1 are obtained
with the pWo%é(gglﬁ dteters detailed in Table 3 and 4, while those of r#et %Cg are obtained with the
process parameters out of the range defined i ngéeg and 4. The WFNU values are listed in the
Table 5. As shown in Figs 6a-6b and Table 5, (s Eosed method greatly improves WFENU of

deposited 3000A figsdaiBefh 'ow and higly eaiigive electrolyte. MJNEbwaluesiwé said profiles on
the surface of a 300mm semiconductor wafer are obtained excluding 2.3mm from the edge, which is

more aggressive ciirigiaredso the codlpriiohdigstryradtite of exeiaatigleie1é=Nkm from the edge
of the wafer. e-Sidethod-i-(Disclosed)-Me i S FNDtow
conductive2.35%3.65° ctrolyte High conductiv ectrolyte Disclosed method
(method 1) significantiypigproved VVFENU, conggyed to conventional methopiggethod 2) in both low
and high conductivity electrolytes. In the embodiment of low conductivity electrolyte, a VVFNU less
than 2.5% is obtained08®bodiment 2 In 8né&¥abodiment of the inver@ti%ﬁ,o/a method for uniform
deposition of Cu fil surface of semi tor wafer practiced in aratus illustrated in
FIG 7 is disclosed :;%;Hnbg]m odiment of the ﬁ\g\'/nédrél%n illustrated in FIG 1;%0%?2% the apparatus
consists of the first electrode 701a, the second electrode 701b and the third electrode 701c which can

be positioned at the same or different vertical height, the area of the first electrode is 40%-60% of the
total area of all @I&atotine BHandhHrBT %%e@t%@ éFg)o? A HRtBde RN eSS e(r%gaﬂ'%ﬁe

semicondygctor wafgr is.greater, .85 theghconsi followi etk s . Step 1:
open flowgc%nt%%%% %ga%ﬁ;zfltgq gr[}/cg ]i%Sfcgt%ﬁc%ﬂr?t'ro?ﬂﬁgﬂo%vva tgtBei rﬁr%?hégﬁwc\ie{rflg%gsq a{rigé f:ﬁ %sgch
electrode gespstitivgiyothhdlonetite ds theswiwrkig. area of 701a is in the range 5 to 20 LPM, that of
701b is in the range 5 to 20 LPM, and that of 701c is 1 to 15 LPM. In one embodiment of the invention,
the flow controllers 723a, 723b and 723c are turned on at the same time. In another embodiment of
the invention, twm\ﬂ%mllqﬂs 723a, 723b and 723c are turned on at different times.  Step 2:
transfer the semiconductor wafer bearing a seed layer to the wafer holder 721 in the apparatus; the
wafer holder hds aoetectanzboctithetihg phsihge thatastiodontact Wighfadseka lay@iienine

semicondyctor wafer. tep.3: apply,small hias voltage in the range of 0,01 t id:
semiconda%PWg‘@P, of §tgi§'ﬁ:‘gﬁn the %gﬁ?ceoﬁﬁ %P\‘/%%gpa %%8%/@% tﬁ?ﬂ%rc ngédr!'?nto
contact withdhg sieciseldei vk e wafeHIan s isfanie itdelimmgrseshib diralentrdljttne  Step 5:
apply currents to electrodes 701a, 701b and 701c and maintain a positive potential on electrodes

701a, 701 et tiopodiiaratadgativd @ofbnﬂﬁl%?ﬁél\e@ﬁ%o%pﬂﬁf@tﬁh% %ﬂﬁiﬁ%lﬂiéﬁ‘@of‘éﬁptrode
O i e P mOa i e i o

0.01to 20“3. e curren iesone Ola to that on electrode 701b is from 1:1
to 50:1 angtratie efdheecuirefiffdeasitiespicaedisidh i 0tetatest of dextivde Zktisdensl:1 to

300:1. This step lasts for 5 to 30 seconds to fill the vias and trenches on the surf of semiconductor
wafer 722.5910/91‘%0@(?15%ﬁh@n?%h@fﬁ%rﬂ%@,‘&h%lﬁwgpﬁﬁapﬁé‘égmg%ﬁe@élﬁ)t& h%‘@elﬁq es 701a,

701b and 2045 syftch) A EaRIAN valiggedieda e sopslapie s enpn Rk dhe waime e In

another e iment of Invention, the power supplied connected to the electrodes 701a, 701b and
701c switgréate ctnataiit 86ltabeenuddho darstsistarcdihadod ewinfeast aieieps:

Step 1: open flow controllers 423a and 423b to control the flow rate

in the working area for each electrode respectively; the flow rate in the
working area of 401a is in the range 5 to 20 LPM and that of 401b is in
the range 1 to 15 LPM. In one embodiment of the invention, the flow
controllers 423a and 423b are turned on at the same time. In another
embodiment of the invention, the flow controllers 423a and 423b are
turned on at different times.

Step 2: transfer the semiconductor wafer bearing a seed layer to

the wafer holder 421 in the apparatus; the wafer holder has an electrical
__9 -




Step 6: power supplies connected to electrodes 701a, 701b and 701c control a positive potential on
electrodes 701a, 701b and a positive or negative potential on electrode 701c; the working current on
electrode 701a is from 4 to 30A, that on electrode 701b is from 4 to 30A and that of electrode 701c is
from 0.1 to 20k The ratio of the current densities on electrode 701a to that on electrode 701b is from
1:1 to 50:1 and ratio of the current densities on electrode 701a to that on electrode 701c is from 1:1 to

300:1. Thiserspplireaspess@edicihifly i the ersuiiagieWithl dbsosarpthyayplying rtive large

electrical ¢ lectrades 701a, 701b and 701c. This step terminates when desired
deposition#ﬁ@k@%ﬁsg}}sgggii%?vée%?' Step 7: apply a small a bias voltage on said semiconductor wafer.

In one embodinBtepoBthedpleina, théasectitage 70 ther tdibgmaf WO de $diicHedstam constant
current mode to constant voltage mode at the same time. In another embodiment of the invention, the
electrodesSRITECRHABERG WH Eare switched from constant current mode to constant voltage mode at

different times. SyStel 81HIHY theSeBsRIMhSIRIIWRNRGEE Ohibil elsctralteangrshinl@fithe residue
electrolyte left on the wafer surface. In the above step 5 and step 6, the sign of potential on

electrode ot RUERSHWED ISR sleriebieediiiit rewaiehdrerlrathaaficis debysition

conditions; g»gaéapﬂ b gity of electrolyte is low and conductive layer on semiconductor
wafer is thl(r:ﬁ(%posmve ﬁc}tﬁ%;%%%qun e applied to all electrodes 701a, 701b and 701c as illustrated in
Fig 8a; if the coBtieptiGityapidiecuohgptis tigalantrcokduéd/ialard stWhfand thiajniasitize potentials

ill'b lied.to el de.701 701b ' ial I de 701 | di
Fig 0.+ PRS WVEIIE GO R AALTAR08 e BT U i AP N BB bcirode

used in stegnS Eepladae uadorm ¢opeerdigh oo BHEMsd Ramtisbneiicloagiafeldeayde 10-2000A
thick seed layer in electrolyte with conductivity from 0.02 to 0.23/cm and conductivity from 0.2 to

0.85/cm aréﬂféﬁﬁﬁin"?ﬂ)tl\é’%wTatBIe%aﬁéntaf%row@swgfsmoWQQSf?Sd@E‘I &R current
density ratige 4842 48912 is’ALMh 5 to 20A, and that of electrode 401b is from 0.01

to 10A. The ratio of the current densities on electrode 401a to that on
electrode 401b is from 1:1 to 300:1. This step lasts for 5 to 30 seconds
to fill the vias and trenches on the surface of semiconductor wafer 422.
In one embodiment of the invention, the power supplies connected to
the electrodes 401a and 401b switch from constant voltage mode to
constant current mode at the same time. In another embodiment of the
invention, the power supplies connected to the electrodes 401a and
401b switch from constant voltage mode to constant current mode at
different times.

Step 6: power supplies connected to electrodes 401a and 401b
control a positive potential on electrode 401a and a positive or negative
potential on electrode 401b; the working current on electrode 401a is
from 15 to 40A, and that on electrode 401b is from 0.01 to 20A. The “
ratio of the current densities on electrode 401a to that on electrode
401b is from 1:1 to 300:1. This step increases the efficiency of the
electrochemical deposition by applying relative large electrical currents
on the electrodes 401a and 401b. This step terminates when a desired
deposition thickness is achieved.

Step 7: apply a small bias voltage on said semiconductor wafer. In
- 10 -



701a 701b701c 701b) Conductivity ++ 11-2:1 1:-300:1 0.02-0.2S/cm 1:1-2:1 1C:1-40:1 Conductivity
5:1-20:1 2:1-10:1

one embodiment of the invention, the electrodes 401a and 401b are
switched from constant current mode to constant voltage mode at the
same time. In another embodiment of the invention, the electrodes 401a
and 401b are switched from constant current mode to constant voltage
mode at different times.

Step 8: bring the semiconductor wafer out of the electrolyte ancd
spin off the residue electrolyte left on the wafer surface.

In above step 5 and step 6, the sign of potential on electrode 401b
is determined to be positive or negative based on the electrochemical
deposition conditions. For example, if the conductivity of electrolyte is
low and conductive layer on semiconductor wafer is thick, positive
potential will be applied to both electrodes 401a and 401b as illustrated
in Fig 5a; if the conductivity of electrolyte is high and conductive layer
on wafer is thin, a positive potential will be applied to electrode 401a
and a negative potential to electrode 401b as illustrated in Fig 5b.

The detailed sets of current density ratio and the signs of potential
on individual electrode used in step 5 for plating uniform copper film on
a 300mm semiconductor wafer bearing 200-2000A thick seed layer in
electrolyte with conductivity from 0.02 to 0.25/cm and conductivity from
0.2 to 0.8S/cm are listed in Table 3:

Table 3
Sign of Electrode Sign of Electrode Current density ratio
401a 401b (401a : 401b)
Conductivity + + 1:1-30:1
0.02-0.28/cm + - 15:1-30:1
Conductivity + - 2:1-16:1
0.2-0.8S/cm

Step 6 begins when the plated thickness of Cu film reaches 1500A.
The detailed sets current density ratio and the signs of potential on
individual electrode used in step 6 for plating uniform copper film on a

300mm semiconductor wafer bearing 200-2000A thick seed layer in

- 11 -



0.2-0.8S/cm Step 6 begins when the plated thickness of Cu film reaches 1500k The detailed
sets current density ratio and the signs of potential on individual electrode used in step 6 for plating
uniform copper film on a 300mm semiconductor wafer bearing 150-2000A thick seed layer in

electrolyte with conductivity from 0.02 to 0.2S/cm and conductivity from 0.2 to 0.83/cm are listed in

Table 7: Table 7 Sign of Electrode 701a Sign of Electrode 701b Sign of Electrode 701c
electrolyte with conductivity from 0.02 to 0.25/cm and conductivity from

0.2 to 0.8S/cm are listed in Table 4.

Table 4
Sign of Electrode Sign of Electrode Current density ratio
401a 401b (401a : 401b)
Conductivity + + 1:1-30:1
0.02-0.28/cm + - 15:1-30:1
Conductivity + - 10:1-20:1
0.2-0.8S/cm

FIGS 6a and 6b show the deposition profiles of 3000A thick film
deposited on 350A seed layer in low and high conductive electrolyte
respectively; wherein the profiles of method 1 are obtained with the
process parameters detailed in Table 3 and 4, while those of method 2
are obtained with the process parameters out of the range defined in
Table 3 and 4. The WFNU values are listed in the Table 5. As shown in
Figs 6a-6b and Table 5, the disclosed method greatly improves WFNU
of deposited 3000A fiims in both low and high conductive electrolyte.
WFNU values of said profiles on the surface of a 300mm semiconductor
wafer are obtained excluding 2.3mm from the edge, which is more
aggressive compared to the common industry practice of excluding 3.0

to 6.5 mm from the edge of the wafer.

Table 5
Method 1 (Disclosed)- Method 2 (Conventional)- WFNU
WENU
Low conductive 2.35% 3.65%
electrolyte
High conductive 7.44% 12.94%

electrolyte

=12 -



Current density rate’ (701a: 701b) (701a : 701c) Conductivity 0.02-0.2S/cm +4 1- 1:1-2:1 1:1-300:1

:1-2:150:1- : ivi -
0 %Vgggl&/o%ozrfsd uctivity 0.2-0.8S/cm PCT/CN2008/072373

Disclosed method (method 1) significantly improved WFNU,
compared to conventional method (method 2) in both low and high
conductivity electrolytes. In the embodiment of low conductivity
electrolyte, a WFNU less than 2.5% is obtained.

Embodiment 2

In one embodiment of the invention, a method for uniform
deposition of Cu film on the surface of semiconductor wafer practiced in
the apparatus illustrated in FIG 7 is disclosed is an embodiment of the
invention illustrated in FIG 1; wherein the apparatus consists of the first
electrode 701a, the second electrode 701b and the third electrode 701¢c
which can be positioned at the same or different vertical height, the area
of the first electrode is 40%-60% of the total area of all electrodes, and
the ratio of the total area of all electrodes over the area of the
semiconductor wafer is greater than 0.85. The method consists of the
following set of steps:

Step 1: open flow controllers 723a, 723b and 723c to control the
flow rate in the working area for each electrode respectively; the flow
rate in the working area of 701a is in the range 5 to 20 LPM, that of
701b is in the range 5 to 20 LPM, and that of 701c is 1 to 15 LPM. In
one embodiment of the invention, the flow controllers 723a, 723b and
723c are turned on at the same time. In another embodiment of the
invention, the flow controllers 723a, 723b and 723c are turned on at
different times.

Step 2: transfer the semiconductor wafer bearing a seed layer to
the wafer holder 721 in the apparatus; the wafer holder has an electrical
conducting passage that is in contact with the seed layer of the
semiconductor wafer.

Step 3: apply small bias voltage in the range of 0.01 to 10V to said

semiconductor wafer,;
o ]3 —




20:1-80:1  FIGS 92 and 9b show the deposition profiles of 300011/4 thick film deposited on 35011/4

seed Iay%‘r/ 'nzhog\//ﬂg{'uzqshigh conductive electrolyte respectively: wherein, thedafilas o nethod 1 are

obtained With'the proCess parameters detailed in Table 6 and 7, while those of method 2 are obtained

with the proc arameters ot of j i I nel.7. are listed in
the Table 8. E@%%O\gn iﬁrﬁﬁgqs @%é%%%%@&%%@ |2e%%é@%g%§?#pt@§WFNu of
depositeth®9084 At4 tmaiith bt lasvericdg canttilctine eleafiety oW Siurfadee soffsaly profiles on

the surface of a 300mm semiconductor wafer are obtained excluding 2.3mm from the edge, which is
more ag@?@é’bﬁfé%@dﬁ)é%%ﬁ@%w&%on industry practice of excluding 3.0 to 6.5mm from the edge

of the wafer. Tabo & elhge L(Disloneclelind RGauvononly NNVl o

conductive0.54%2.81% olyte High conductivel.52%8.55% electrolyte  Disclosed method
(method #)siigrficaattydsificeyerbeRial, conepacttdanm@heaond) hietod @pewid v idtboth low

and high conductivity electrolytes. In the embadiment of low cgnductivity electrolyt WENU less than
2.5% is IhRIALY SERRIRAMRhCD e*w&@&ﬁ@%ﬁneﬁ%f‘ﬁ?ﬁm@n&&% %rﬁ]e ﬁc%cf?gar{'rl?ngorm
depositionof Cudil,an higsusigse of sewicensiisinaaien Brastisetrinaheappazas Hnstrated in

FIG 10 is disclosed is an embodiment of the invention illustrated in FIG 1; wherein the apparatus
consists th &e dif setbettade 7001a, thefsetvrd. 8bctodOrRo ) enda@tird BfedfiBIEUTSIH and the

fourth electrode 1001d which ca sitioned at the same qr. di nt vertical height, area of the
first elect SidISGoR R 5 8?'19@1?2&‘10 ﬁ ef’:?otﬁgf &Qcﬁ'f?ﬁé?gﬁgg@?r’at% oé mﬁﬁggar%g%f all
electrodeg,Qyerifis dfetnel Hinremieriskicos wafeslisdarealer 10ara0t85HBicomathodtnodsists of the
following set of steps:  Step 1; open flow controllers 1023a, 1023b, 1023c and 1023d to control the

flow rate iPthe ieofkiig ateh tor 886k elddisdetrrJastisdior thetfon G5 FPRRESWGHKNG AR a of
1001a, 1001b and 1001c are in the range 0 5. ange, 15 LPM.
In one erﬁ'ﬁ%ﬁirﬁ@r(?t ??Hé:?h?/%n%gn?rfgsﬁ%?/fvg%o%nt%géw&% ?ég%%%@ an ,1@923%%5; turned on
at the saragiBelitRarotBer grabaodireenicr ththiavensiver theujpyli esnicolfenedEBatd OBy, 1023b
and 1023c are turned on at different times. Step 2; transfer the semjconductor waliﬁr bearing a

seed layegoatiotaser Adider W ANHe’dblaaWicthdiRRer RERE HaY EctROA 2 dducting
o LA SRS B AR e Bhnodiget el e
invention, the power supplied connected to the electrodes 701a, 701b
and 701¢ switch from constant voltage mode to constant current mode
at different times.
Step 6: power supplies connected to electrodes 701a, 701b and
701c control a positive potential on electrodes 701a, 701b and a
positive or negative potential on electrode 701c; the working current on
electrode 701a is from 4 to 30A, that on electrode 701b is from 4 to 30A
and that of electrode 701¢c is from 0.1 to 20A. The ratio of the current
densities on electrode 701a to that on electrode 701b is from 1:1 to 50:1
and ratio of the current densities on electrode 701a to that on electrode
701¢c is from 1:1 to 300:1. This step increases the efficiency of the
electrochemical deposition by applying relative large electrical currents
on the electrodes 701a, 701b and 701c. This step terminates when
desired deposition thickness is achieved.

Step 7: apply a small a bias voltage on said semiconductor wafer.

In one embodiment of the invention, the electrodes 701a, 701b and
_14_




Step 4: bring the semiconductor wafer, held by the wafer holder, into contact with the electrolyte, until
the wafer front surface is fully immersed in the electrolyte.  Step 5: apply currents to electrodes
1001a, 1001b and 1001c and maintain a positive potential on electrodes 1001a, 100lb, 1001c and a
positive or negative potential on electrode 1001d; the working current of electrode 1001a is from 1 to
15 A, that of electrode 1001b from 0.5 to 10A, and that of electrode 1001c and 1001d from 0.01 to
10A. The ratio 6P e 2GE B ERKES Bh ehasiant FBURMMRADALRRASEN L voltR e BIAdEes:1 to
10:1, that of elegtrqde 1Qa1ado HOC framdhahia SGiapg i of 1001g 10 1001 figm ¢ Lo 300:1.
This step lasts for 5 to 30 seconds to fill the vias and trenches on the surface ot semiconductor wafer
1022. In one elssdiodes of thkeinvédiibnatheé pivier supspliswitohadctisano therséanbdey il a,
100lb, 1001b c_switch from constant voltage mpde t nstant current mode at the same
aﬂ\%&%gté cc‘:’\l)t;sct?rth{) /o) %% m’%% e INir rSB% 1

time. In another embodiment of the INvertion power Su e BRnected to the electrodes 1001a,

1001b, 1001b and 19f¥e Switshifipntheonsianicoriidgetnodeatizcongtant aisealsres gediEfrent
times.  Step 6: p(()](vgfgr supplies connected to electrodes 1001a, 1001b and 1001c control a positive

potential on elRiBRE 9 5?1%@[?,'fﬁ@ﬂ!ﬂﬁd‘%fEQQtivbeoWﬁéﬁ%lﬁ%fB%ntial on electrode 1001d;
the working current g afgciiae d 00k iami2de 206, R QglesnoundiiRdp aRckigte dem L o
30A, and that of electrode 1001d from 0.01 to 20A. The ratio of the current densities on electrode
1001a to that oh(Electrisde ASBIHIKIRIM 5 P& 10asifiee of @lechogeiitdlbasesiloorfroth®.5:1 to
50:1 and that o f 110 300:1. This step incre he efficiency of the. .
electrochemica %%gé@ﬁ%%%%@e%qpréoéi%ésrﬂé)ﬁvg:%aﬁggpéﬁégfriEaér}c&r)?egr%zo}c’)sn tﬁe{e%c?é)%%gcl%b\ﬁ&ya,
1001b, 1001c afddleeiaiyieds istelp teramates mheotlesiley deppsittantiicapsstisraghiéyeds  Step
7: Apply a sma]l bias voltage on said semiconductor wafer. In one embodiment of the_invention, the
ek Feisns ook AR

electrodes 100 o®H7188IRY MLRG RARIERLIR hetartQnRshY Mbae (O ¢8Rkt
voltage mode athe SMAERe tERNORY Sﬁtbﬁcﬁﬁ%?'&ﬁﬁdﬂ%ﬂﬂ/‘(ﬁﬂﬁ%i%&r@?ﬁ%%eﬁi #044¢100Ib,

100Ib and 1001c are switched from constant current mode to constant voltage mode at different times.
Step 8: bring tHeosshibvauape vaierwaler tsetblivctronstinel ppiie offalte validue eleptiefttdleft on
the wafer surfa I S st , the si tential on.electrode 10 IS
determined to t%gepcggﬁ%esmgga{?\i ﬁgggd%%ghé §§§%§L€%§%ﬂé%&§tf%ﬁﬁ %g@éﬁgﬁ@ Fof®
example, if the itloistratiddgtyroFédesisolyte is low and conductive layer on semiconductor wafer is thick,

positive potentials le{ be lied to all electrodes 1001a, 100lb, 1001c and 1001d as illustrated in Fig
a; if the conductivi t [ ivela , [ tials
ot if e conductiviy/or GRATHE 2131 GO CORAR RS YRl R RAM% RS SRR G

will be applied @-e|aefinde dPelacH80le aaed IAlsiandarpegativiapaiamirhio Qleperdg d08td as

illustrated in Fig 11 b.  The detailed sets of current density ratio and the signs of potential on

individual electéod00samirssp®rd wrighgnafiesriaeapper iIn0e2008601Me s epsieontaytsr wafer
bearing 50-200 ' J in el ' W 0 0.25/cm and
conducivity on ) eae e SRR T AL SR e e S R Eiram

Electrode 10010.3igm OfF3ectroaee listed in Table 6

Table 6
Sign of Sign of Sign of Current density ratio
Electrode Electrode Electrode (701a : (701a : 701c)

701a 701b 701c 701b)
Conductivity + + + 1:1-2:1 1:1-300:1
0.02-0.25/cm + + - 1:1-2:1 10:1-40:1
Conductivity + + - 5:1-20:1 2:1-101
0.2-0.8S/cm
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1001c Sign of Electrode 1001d Current density ratio  (1001a 1001b) (1001a : 1001c) (1001a 1001d)
Conductivity 0.02-0.2S/cm 0.5:1-2:1 0.5:1-101:1-300:

Step 6 begins when the plated thickness of Cu film reaches 1500A.
The detailed sets current density ratio and the signs of potential on
individual electrode used in step 6 for plating uniform copper film on a
300mm semiconductor wafer bearing 150-2000A thick seed layer in
electrolyte with conductivity from 0.02 to 0.2S/cm and conductivity from
0.2 to 0.88/cm are listed in Table 7:

Table 7
Sign of Sign of Sign of Current density ratio
Electrode Electrode Electrode 7012 - (701a - 701c)
Conductivity + + + 1:1-2:1 1:1-300:1
0.02-0.28/cm + + - 1:1-2:1 50:1-300:1
Conductivity + + - 1:1-2:1 20:1-80:1
0.2-0.85/cm

FIGS 9a and 9b show the deposition profiles of 3000A thick film
deposited on 350A seed layer in low and high conductive electrolyte
respectively: wherein the profiles of method 1 are obtained with the
process parameters detailed in Table 6 and 7, while those of method 2
are obtained with the process parameters out of the range defined in
Table 6 and 7. The WFNU values are listed in the Table 8. As shown in
Figs 9a-9b and Table 8, the disclosed method greatly improves WFNU
of deposited 3000A films in both low and high conductive electrolyte.
WFNU values of said profiles on the surface of a 300mm semiconductor
wafer are obtained excluding 2.3mm from the edge, which is more
aggressive compared to the common industry practice of excluding 3.0

to 6.5mm from the edge of the wafer.
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0,5:1-2:1 0.5:1-3 10:1-100: Conductivily 0.2-0.8S/cm  1:1-2:1 4:1-30:1 2:1-20:1  Step 6 begins
when the plated thickness of Cu film reaches 1500A. The detailed set ity.ratio and the
sign; of pg’t%ﬁﬁ%ﬂ/@ﬁ%}?dividual electrode used in step 6 for plating uniform (@%}B%? |Irr§1¥(3)n a 300mm
semiconductor wafer bearing 50-2000A thick Tea Ia)éer in electrolyte with conductivity from 0.02 to
0.25/cm and conductivity from 0.2 to 0.8S/cm R ‘&ed in Table 10: Table 10 Sign of Electrode

Method 1(Disclosed)- Method 2(Conventional)-
WFNU WFNU
Low conductive 0.54% 2.81%
glectrolyte
High conductive 1.52% 8.55%
electrolyte

Disclosed method (method 1) significantly improved WFNU,
compared to conventional method (method 2) in both low and high
conductivity electrolytes. In the embodiment of low conductivity
electrolyte, a WFNU less than 2.5% is obtained.

Embodiment 3

In one embodiment of the invention, a method for uniform
deposition of Cu film on the surface of semiconductor wafer practiced in
the apparatus illustrated in FIG 10 is disclosed is an embodiment of the
invention illustrated in FIG 1; wherein the apparatus consists of the first
electrode 1001a, the second electrode 1001b, the third electrode 1001c
and the fourth electrode 1001d which can be positioned at the same or
different vertical height, the area of the first electrode is 30%-50% of the
total area of all electrodes, and the ratio of the total area of all
electrodes over the area of the semiconductor wafer is greater than 0.85.
The method consists of the following set of steps:

Step 1: open flow controllers 1023a, 1023b, 1023c and 1023d to
control the flow rate in the working area for each electrode respectively;
the flow rate in the working area of 1001a, 1001b and 1001c are in the
range 5 to 20 LPM and that of 1001d is in the range 1 to 15 LPM. In one
embodiment of the invention, the flow controllers 1023a, 1023b, 1023b
and 1023c are turned on at the same time. In another embodiment of
the invention, the flow controllers 1023a, 1023b, 1023b and 1023c are

turned on at different times.
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Sign of Electrode Sign of Electrode Sign of Electrode Current density ratio  (1001a : (1001a ( 00
1001a 1001b 1001c
WO 2010/031215 PCT/CN2008/072373

Step 2: transfer the semiconductor wafer bearing a seed layer to
the wafer holder 1021 in the apparatus; the wafer holder has an
electrical conducting passage that is in contact with the seed layer of
the semiconductor wafer.

Step 3: apply small bias voltage in the range of 0.01 to 10V to said
semiconductor wafer;

Step 4: bring the semiconductor wafer, held by the wafer holder,
into contact with the electrolyte, until the wafer front surface is fully
immersed in the electrolyte.

Step 5: apply currents to electrodes 1001a, 1001b and 1001c and
maintain a positive potential on electrodes 1001a, 1001b, 1001c and a
positive or negative potential on electrode 1001d; the working current of
electrode 1001a is from 1 to 15 A, that of electrode 1001b from 0.5 to
10A, and that of electrode 1001c and 1001d from 0.01 to 10A. The ratio
of the current densities on electrode 1001a to that on electrode 1001b is
from 0.5:1 to 10:1, that of electrode 1001a to 1010c from 0.5:1 to 50:1
and that of 1001a to 1001d from 1:1 to 300:1. This step lasts for 5 to 30
seconds to fill the vias and trenches on the surface of semiconductor
wafer 1022. In one embodiment of the invention, the power supplies
connected to the electrodes 1001a, 1001b, 1001b and 1001c switch
from constant voltage mode to constant current mode at the same time.
In another embodiment of the invention, the power supplies connected
to the electrodes 1001a, 1001b, 1001b and 1001c switch from constant
voltage mode to constant current mode at different times.

Step 6: power supplies connected to electrodes 1001a, 1001b and
1001¢c control a positive potential on electrodes 1001a, 1001b, 1001c
and a positive or negative potential on electrode 1001d; the working
current on electrode 1001a is from 2 to 30A, that on electrode 1001b
and 1001¢ from 1 to 30A, and that of electrode 1001d from 0.01 to 20A.
The ratio of the current densities on electrode 1001a to that on

electrode 1001b is from 0.5:1 to 10:1, that of electrode 1001a to 1010c
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1001d 1001b) 1001c) 001d) Conductivity -, +1:1-2:1 1:1-10:1 1:1-300:1 0.02-0.2S/cm + -0.5:1-2:1
0.5:1-10: 10:1-300:
WO 2010/031215 PCT/CN2008/072373

from 0.5:1 to 50:1 and that of 1001a to 1001d from 1:1 to 300:1. This
step increases the efficiency of the electrochemical deposition by
applying relative large electrical currents on the electrodes 1001a,
1001b, 1001c and 1001d. This step terminates when desired deposition
thickness is achieved.

Step 7: Apply a small bias voltage on said semiconductor wafer. In
one embodiment of the invention, the electrodes 1001a, 1001b, 1001b
and 1001c are switched from constant current mode to constant voltage
mode at the same time. In another embodiment of the invention, the
electrodes 1001a, 1001b, 1001b and 1001c are switched from constant
current mode to constant voltage mode at different times.

Step 8: bring the semiconductor wafer out of the electrolyte and
spin off the residue electrolyte left on the wafer surface.

In above step 5 and step 6, the sign of potential on electrode 1001d
is determined to be positive or negative based on the electrochemical
deposition conditions. For example, if the conductivity of electrolyte is
low and conductive layer on semiconductor wafer is thick, positive
potentials will be applied to all electrodes 1001a, 1001b, 1001c and
1001d as illustrated in Fig 11a; if the conductivity of electrolyte is high
and conductive layer on wafer is thin, positive potentials will be applied
to electrode 1001a, 1001b and 1001c, and a negative potential to
electrode 1001d as illustrated in Fig 11b.

The detailed sets of current density ratio and the signs of potential
on individual electrode used in step 5 for plating uniform copper film on
a 300mm semiconductor wafer bearing 50-2000A thick seed layer in
electrolyte with conductivity from 0.02 to 0.2S/cm and conductivity from
0.2 to 0.8S/cm are listed in Table 9:
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1 1 Conductivity :1-2:11:1-2:1 -250:1 0.2-0.85icm

Table 9
Sign of Sign of Sign of Sign of Current density ratio
Electrode | Electrode | Electrode | Electrode | (1001a: (1001a: (1001a:
1001a 1001b 1001¢ 1001d 1001b) 1001¢) 1001d)
Conductivity + + + + 0.5:1-2:1 0.5:1-10: | 1:1-300:1
0.02-0.28/cm 1
+ + + - 0.5:1-2:1 | 0.5:1-3:1  10:1-100:
1
Conductivity + - + - 1:1-2:1 4:1-30:1 2:1-20:1
0.2-0.8S/cm

Step 6 begins when the plated thickness of Cu film reaches 1500A.
The detailed sets current density ratio and the signs of potential on
individual electrode used in step 6 for plating uniform copper film on a
300mm semiconductor wafer bearing 50-2000A thick seed layer in
electrolyte with conductivity from 0.02 to 0.25/cm and conductivity from
0.2 to 0.8S/cm are listed in Table 10:

Table 10
Sign of Sign of Sign of Sign of Current density ratio
Electrode | Electrode | Electrode | Electrode | (1001a: (1001a : (1001a

1001a 1001b 1001¢c 1001d 1001b) 1001c¢) 1001d)
Conductivity + + + + 1:1-2:1 1:1-10:1 1:1-300:1
0.02-0.2S/cm + + + - 0.5:1-2:1 0.5:1-10: | 10:1-300:

1 1

Conductivity + + + - 1:1-21 1:1-2:1 1:1-250:1
0.2-0.8S/cm

FIGS 12a and 12b show the deposition profiles of 3000A thick film
deposited on 350A seed layer in low and high conductive electrolyte
respectively; wherein the profiles of method 1 are obtained with the
process parameters in Table 9 and 10, while those of method 2 are
obtained with the process parameters out of the range defined in Table
9 and 10. The WFNU values are listed in the following Table 11. As
shown in Figs 12a-12b and Table 11, the disclosed method greatly
improves WFNU of deposited 3000A films in both low and high
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FIGS 12a and 12b show the deposition profiles of 3000A thick film deposited on 350A seed layer in

:C())rv(\)/caer:i g‘igghzg%n(%lf%g/e electrolyte respectively; wherein the profiles gfpgthagdsl e pbtained with the

ANSEEIR Table 9 and 10, while those of method 2 are obtained with the process

parameters oyt of the ran efined, i J.abl ek edlistestin dyesfollowing
Table 119%@@%%%%&%&? éﬁ%?g\’a%nléﬁa%%%gt %%ﬁgﬁ@* r%gtarégg?g%atly improves VVFNU of
deposited GORAA fkamiz badiew andfigh a8 -obtaihstive etéatinhge2VBRNG Fatwes thiesaid profiles
on the surface of a 300mm semiconductor wafer are obtained excl din%Z.Smm fram the edge, which

e
is more &§HIEsSVENEBI St BS e ABEHRSSIVBI G BRAEEL BT EXEILERY 5160 BISHH Hom the
edge of th fer. }e(‘ ch (%] iselgsed)- ipnal)- WFENU Low
cond ucti\%%\g@{%z%%%o gﬁcﬁlﬁ/ﬁ% litg %o%%ﬂﬁctii/r%ﬁé%%/%%g%?ggéﬁglryt@%%isclosed method
(method 1) significantly improved WFNU, compared to conventional method (method 2) in both low
and high conductivity electrolytes. In the embodﬁ??’t of low conductivity electrolyte, a WFNU less than
2.5% is obtained. Embodiment 4  The above Mm@ (E}d% f present invention are practiced on simple
electrode configurations of the appqy@%glgc{gsggwgéag patent Nigif394 166. Other applications of
the method of the present invention practiced in those electrode configurations with more than four
electrodes can be devised in similar way; wAEi&lH the area of thé%fﬁgf’g BB being 5%-30% of total
electrodes area, and the ratio of the total area of all electrodes over thgalga of the semiconductor
wafer is greater than 0.85.__The d%ﬂai%ﬁa%%emw of potential on
individual eledtRYIEREHTY Plating first 100A%3 2500A copper film ofi 2 300mm semiconductor wafer
bearing 50-20004gkiglsigeed layer in WO 2010/031215PCT/CN2008/072373 electrolyte with
conductivity from 0.02 to 0,2S/cm and cond Cé%u)/ from 0.2 to O.SSIIS? 8 listed in Table 12. In this
embodiment, IEHSrbI%Eﬁ'ﬁ L%‘ﬁfgratus consists 0F K ‘8lectrodes, where N'is between 5 and 15.
electrolyte

Disclosed method (method 1) significantly improved WFNU,
compared to conventional method (method 2) in both low and high
conductivity electrolytes. In the embodiment of low conductivity

electrolyte, a WFNU less than 2.5% is obtained.

Embodiment 4

The above methods of present invention are practiced on simple
electrode configurations of the apparatus disclosed in U.S patent No.
6391166. Other applications of the method of the present invention
practiced in those electrode configurations with more than four
electrodes can be devised in similar way; wherein the area of the first
electrode being 5%-30% of total electrodes area, and the ratio of the
total area of all electrodes over the area of the semiconductor wafer is
greater than 0.85.

The detailed sets of current density ratio and the signs of potential
on individual electrode used for plating first 100A to 1500A copper film

on a 300mm semiconductor wafer bearing 50-2000A thick seed layer in
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Table 12 Sign of 1" Electrode Sign of 2"..(n-2)th Electrodes Sign ofl (r.vi)th Electrode Sign of n

Electrode Current density ratio
WO 2010/031215 PCT/CN2008/072373

~electrolyte with conductivity from 0.02 to 0.2S/cm and conductivity from
0.2 to 0.8S/cm are listed in Table 12. In this embodiment, the plating

apparatus consists of N electrodes, where N is between & and 15.

Table 12
Sign of Signh of Sign of Sign of n Current density ratio
1% oM (n-2) | (n-1)" i E1.E2.. (ET. (E1.En)
Electrode | Electrodes | Electrode | Electrode En-2 En-1)

Conductivity + + + + 0.8:1-2:1 0.5:1-10: | 1:1-300:1
0.02-0.28/cm 1

+ + + - 0.5:1-2:1 0.5:1-3:1 | 10:1-100:

1

Conductivity + + + - 1:1-2:1 4:1-40:1 2:1-100:1
0.2-0.88/cm

The detailed sets of current density ratio and the signs of potential
on individual electrode used for plating the remaining portion of copper
film on a 300mm semiconductor wafer bearing 50-2000A thick seed
layer in electrolyte with conductivity from 0.02 to 0.2S/cm and

conductivity from 0.2 to 0.8S/cm are listed in Table 13.

Table 13
Sign of Sign of Sign of Sign of n Current density ratio
1 2 (n2)" | () th E1.E2.. (ET. (E1: En)

Electrode | Electrodes | Electroede | Electrode En-2 En-1)
Conductivity + + + + 1:1-2:1 1:1-10:1 1:1-300:1
0.02-0.28/cm + + + - 0.5:1-2:1 0.5:1-10: 10:1-300:

1 1

Conductivity + + + - 1:14-2:1 1:1-2:1 1:1-300:1
0.2-0.88S/cm

FIGS 13 shows the deposition profiles of 3000A thick Cu film
deposited on a 350A seed layer with said apparatus in electrolyte 1 with
low conductivity and electrolyte 2 with high conductivity, respectively;

wherein the apparatus of said embodiment comprises ten electrodes
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El: E2... En-2 (El: En-1) (EIEn) Conductivity 0.02-0.25/cm + + + + 0.8:1-2 0.5:1-10. 1 -300:1

with independent control. WFNU values obtained using the method of
present invention are well below 2.5%: 0.26% in electrolyte 1 and 0.59%

in electrolyte 2, respectively.

WFNU improves as the number of electrodes, N, increases with
methods disclosed in the present invention. The methods, when applied
to an apparatus with more than one electrode, produces WFNU less
than 2.5% on 300mm wafer with a seed layer as thin as 350A. When N
is increased to four, the WFNU improves to 0.33% on the same wafer

and same seed layer.

The method disclosed in the present invention is compared to a
method disclosed previously in US Patent 6755954. All conditions are
held to be exactly the same: (1) multiple electrodes configuration (2)
electrolyte conductivity = 0.5 S/cm, (3) seed layer thickness = 400A, (4)
total plating thickness = 6000A, and (5) excluding 2.7mm of Cu film from
wafer edge. To make direct comparison, thickness uniformity range
values are used, instead of WFNU values. Fig 14 shows the deposition
profile estimated with the method disclosed in the present invention, and

the thickness uniformity range values are compared in Table 14:

Table 14
Thickness uniformity range in US 6755954  Thickness uniformity range here
240A 138.4A

The method of present invention produces a deposited film with
WFNU = 0.72% and thickness uniformity range = 138.4A, nearly 2X

improvement compared to the disclosed method in US Patent 6755954.
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0];5:1-2: 0.3:1-3: 10:1-100: 1 Conductivity 0.2-0.8S/cm  -2:1 4:1-40:1 2:1-100:1 The detailed sets
of current density ratio and the signs of potential on individual electro Lme[gz ing the inj
portion oWébﬁBé)ré e iosp/adRg the rergiaing

#1#1%n a 300mm semiconductor wafer bearing 50-2000A thick seed layer In

electrolyte with conductivity.from 0.02 to 0.2S/cm and conductivity from 0.2 to 0.85/cm are listed in
Table 13%éﬁ§'%@ﬁéf's- ’

1. A method for electrochemical deposition of uniform Cu film in an
apparatus consisting of two electrodes, wherein an area of a first
electrode is between 50% to 90% of the total area of all electrodes, the
method comprises:

flowing a copper sulfate based electrolyte into a plating apparatus,
wherein the flow rate is from 1 to 20 LPM;

transferring a semiconductor wafer to a wafer holder that is
electrically in contact with conductive layer on the semiconductor wafer;

turning on power supplies to apply a bias voltage up to 10V to the
semiconductor wafer;

bringing the semiconductor wafer into contact with the electrolyte;

maintaining a positive potential relative to the semiconductor wafer
on the first electrode;

providing, in a first plating step, a combined current from 2A to 10A
to all electrodes, a ratio of the current density on the first electrode over
that on the second electrode is between 1:1-30:1 when the potential on
the second electrode is positive relative to the semiconductor wafer; and
the ratio of the current density on the first electrode over that on the
second electrode is between 2:1-30:1 when the potential on the second
electrode is negative relative to the semiconductor wafer;

providing, in a second plating step, a combined current from 10A to
40A to all electrodes: a ratio of the current density on the first electrode
over that on the second electrode is between 1:1-30:1 when the
potential on the second electrode is positive relative to the
semiconductor wafer: and the ratio of the current density on the first
electrode over that on the second electrode is between 10:1-30:1 when
the potential on the second electrode is negative relative to the
semiconductor wafer;

providing, by switch power supplies, a bias voltage up to 1V on the
— 24 -




1 st Electrode Sign of 2nd...(n-2)th Electrodes Sign of (n-I)th Electrode Sign of n th Electrode Current

density rati -
y WI8 2010'/%'3'51%1(5'E 1En-2 PCT/CN2008/072373 MCSLLP

semiconductor wafer;

bringing the semiconductor wafer out of the electrolyte.

2 The method of claim 1, where in the ratio of the total area of all
electrodes over the area of the semiconductor wafer is greater than
0.85.

3. The method of claim 1, wherein the ratio of the current densities
on the first electrode over that on the second electrode is between
15:1-30:1 in the electrolyte with conductivity from 0.02 to 0.2S/cm when
the potential on the second electrode is negative relative to said

semiconductor wafer in the first plating step.

4 The method of claim 1, wherein the ratio of the current densities
on the first electrode over that on the second electrode is between
2:1-15:1 in the electrolyte with conductivity from 0.2 to 0.85/cm when
the potential on the second electrode is negative relative to said

semiconductor wafer in the first plating step.

5 The method of claim 1, wherein the ratio of the current densities
on the first electrode over that on the second electrode is between
15:1-30:1 in the electrolyte with conductivity from 0.02 to 0.25/cm when
the potential on the second electrode is negative relative to said

semiconductor wafer in the second plating step.

6 The method of claim 1, wherein the ratio of the current densities
on the first electrode over that on the second electrode is between
10:1-20:1 in the electrolyte with conductivity from 0.2 to 0.85/cm when
the potential on the second electrode is negative relative to said

semiconductor wafer in the second plating step.
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. En-1) (EIEn Conductivity 0.02-0.2S/cm  1:1-2000: 0.5:1-2:1 0.5:1-10:

WO 2010/031215 PCT/CN2008/072373
MCSLLP

7 The method of claim 1, wherein the thickness of the conductive

layer on the semiconductor wafer is from 50 to 900A.

8 The method of claim 1, wherein the WFNU of the Cu film

deposited on the semiconductor wafer surface is adjustable from 0.2%
to 2.5%.

9. The method of claim 1, wherein the electrodes are positioned at

the same vertical height.

10. The method of claim 1, wherein the electrodes are positioned

at different vertical heights.

11, A method for electrochemical deposition of uniform Cu film in
an apparatus consisting of three electrodes, wherein an area of the first
electrode is between 40% to 60% of the total area of all electrodes, the
method comprises:

flowing a copper sulfate based electrolyte into a plating apparatus,
wherein the flow rate is from 1 to 20 LPM.

transferring a semiconductor wafer to a wafer holder that is
electrically in contact with conductive layer on the wafer;

turning on power supplies to apply a bias voltage up to 10V to the
semiconductor wafer;

bringing the semiconductor wafer into contact with the electrolyte;

maintaining a positive potential relative to the semiconductor wafer
on the first electrode;

providing, in a first plating step, a combined current from 2A to 10A
to all electrodes: a ratio of the current density on the first electrode over
that on the second electrode is between 1:1-2:1, and that on the first

electrode over that on the third electrode is between 1:1-300:1 when the
— 26 —_



1 0:1-300: 1 Conductivity 0.2-0.8S/cm + :1-2:1:1-2:1 1:1-300:1 FIGS 13 shows the depesifi

profiles of 3000A thick Cu film deposited on a 350A seed layer with saj AR i3 electrolyte 1 with
low condw&i%/%?/gﬂ&lélectrolyte 2 with high conductivity, respectively'av%erein ?r%}ed?gt)szratus of said

embodiment comprises,ten glectrodes with ind t {n ing the
method BERISERY Moo Td S SEs TS0 S0ss o eb abie T e 5 e it olyte 2.
resPeCt"Whﬁ;er; \é/ﬁ & ¢higpsene D RsHBegurIeE O elsicireteshd finstesisasrwitle rogthiotsatisclosed in
the present invention. The methods, when applied to an agg}%ratus with more than one glectrode,

produce%WFiNeJ leesansh EB6HEAROHRMDRANSGith b §e2?l thyd e tHiRhsOSEAROWHEH N is
increased,t h ENU 9 i
nereased (0 Ipdadn WEMLIMARKTE MhAFERER QiR sANBARIELANd sale sy ahe | The

n the present invention 1S compared to a method disclosed previously in US Patent
6755954p Atkeeringition ardtheld thibd exalsbyttbeisanie: (Negdtiple eleclaties cdofigusativn (2)
electrolyte conductivity = 0.5 S/cm, (3) seed layer thickness = 400A, (4) total plating thickness =
6000A, aFRITBS@REUEHRY WARRH of Cu film from wafer edge. To make direct comparison, thickness

s i I PSSR MRl i dmeton e

values a(nrtparticsieTaolddst: Zaaltiaof the current density on the first electrode
over that on the second electrode is between 1:1-2:1, and that on the
first electrode over that on the third electrode is between 1:1-300:1
when the potential on the third electrode is positive relative to said
semiconductor wafer; and the ratio of the current density on the first
electrode over that on the second electrode is between 1:1-2:1, and that
on the first electrode over that on the third electrode is between
20:1-300:1 when the potential on the third electrode is negative relative
to said semiconductor wafer;

providing, by switch power supplies, a bias voltage up to 1V on said

semiconductor wafer;

bringing the semiconductor wafer out of the electrolyte.

12.  The method of claim 11, where in the ratio of the total area of
all electrodes over the area of the semiconductor wafer is greater than
0.85.

13.  The method of claim 11, wherein the ratio of the current
densities on the first electrode over that on the second electrode is
between 1:1-2:1, and that on the first electrode over that on the third
electrode is between 10:1-40:1 in the electrolyte with conductivity from
0.02 to 0.2S/cm when the potential on the third electrode is negative

relative to the semiconductor wafer in the first plating step.
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Thickness uniformity range in US 6755954Thickness uniformity range here 240A138.4A  Th&SLLP
method of present invention produces a deposited film with WENU = OPZ,%O/ '%ess uniformity
range = 1 8’.%)&%@%&@ 2X improvement compared to the disclosed meth’oof3 In Patent 6755954,

What is claimed is: __ 1. A method for. electrochemical depositign_of uniforme Cuy. film.| pparatus
consisting of o eleg_th&j ,%Qiiﬁgn@%@ofq?irg\{ ‘%?e'%'rﬁdﬁ?g be Wée?%otbo%g%%%b the total
area of al} glegifiedes, theaethad cometisrse ovlowinine eapnprs liace hdselettablytisinto a
plating apparatus, wherein the flow rate is from 1 to 20 LPM,; transferring a semiconductor wafer to a

wafer holdetwrese s &lde@ially ancoies: Wﬂhtb@nﬁlﬁéfi\%‘@@é@@ﬁ tﬂ&%rem@érﬂ‘ﬂcm?ﬂgféﬁ turning on
powersupplies 1 20pl e as YQUa0E U1y 4 L TERIBSIAUCITGALER oLEIGY e

semicon electrolyte; maintaining a positive potential relative to the
semicondyictofyvafes Oreie fitse alegiepdeote miieNicing thea firatchlatiegtstete aisomigadiveurrent from
2A to 10A to all electrodes, a ratio of the current density on the first electrode over that on the second
electroderelBneetn the-semigrasiripbwaliar of the USRI 2INGGIERs positive relative to the
semiconductor wafer; and the ratio of the current density on the first electrode over that on the second
electrode is between 2:1-30:1 when the potential on the second electrode is negative relative to the
semiconductorjgaferThe prowthng) i staomd pratingiseegia dvabirdibcefetb#oRUIIRMo 40A to all

electrodes; a ratio of the current density on the first el(ﬁ%%%de over that on tgﬁ s?co%:j Slectéode is
between S8@0SHERHER thas iESti#\GTIHRAR BN el &H‘istﬁgsiﬁ\%;%] ive 15 the sen

e semiconductor

wafer; anﬁgg%gék? qf the currsatdensitn the firsseleriioge gueptiat eRdhasseenadlpetrode is

between when the potential on the second electrode is negative relative to the
semicondg et maleripeidiegrbp switG0fohen dingn ke chrplxte anah com e ot \gtytheom

i 1, wihdie 10 15 8 D e o B R B e S ol S PN Eor wer s

greater tham QR to the semiconductor wafer in the second plating step.

16. The method of claim 11, wherein the ratio of the current
densities on the first electrode over that on the second electrode is
between 1:1-2:1, and that on the first electrode over that on the third
electrode is between 20:1-80:1 in the electrolyte with conductivity from
0.2 to 0.8S/cm when the potential on the third electrode is negative

relative to the semiconductor wafer in the second plating step.

17 The method of claim 11, wherein the thickness of the

conductive layer is from 50 to 900A.

18.  The method of claim 11, wherein the WFNU of the Cu film
deposited on the semiconductor wafer surface is adjustable from 0.2%

to 2.5%.

19 The method of claim 11, wherein the electrodes are

positioned at the same vertical height
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3. The method of claim 1, wherein the ratio of the current densities on the first electrode over that on
the second electrode is between 15:1-30:1 in the electrolyte with condyctivj s 793()32 to 0i@8&mp
when the‘ﬁgt@Hﬁ/ﬂi‘Hﬁ:’the second electrode is negative relative to said %%%o;n%tor wafer in the first

plating step. _ 4. The method, of claim 1, wherein ratig of the current iti the first
electrode overthat o rf}"fe s@\%ﬁ@éle(ﬁ odgl@%twtgﬁh 2\@%91'% :%é%ele%ﬁgoﬁ?ﬁé %v%t% ch§rq%uctivity
from 0.2 Qi%%’ﬁé}j%i#@r@ﬁ{e&@?ﬂiéﬁlth%@?@d electrode is negative relative to said

semiconductor wafer in the first plating step. . The method of claim 1, wherein the ratio of the
current densities on the first electrode over that on the second electrode is between 15:1-30:1 in the

electrolyte with condyctivity,from.0.02 to Q.2S/ jal 0 rode is
negative relatilég 1o s%ﬁcf%gﬂﬂﬁ%gnngc%P\#gé%rﬁw%Esgepcgﬁeg%% |{r21)tg|1ﬁal S ep".mﬁg %%iﬁ%ﬁdqgf claim 1,
wherein thg raggafémss:wm@ﬁngit@s fLthe firsi electshste e habe tbénsecoadegectode is
between 10:1-20:1 in the electrolyte with conductivity from 0.2 to 0.8S/cm when the potential on the

second efb@rdirsts AtptNRs RISV ORI WAR ReRikori@ucRR Rafel ithBe WandH&Ing s@P. - 25 -
7. The method of clai i ' .of th ductive | th iconduct feri
5?”%%8 e\/}(}:.@ﬁ@gﬂ?rom&@go e conductive layer on the semiconductor wafer is

from 50 t& he me m 1, wherein the WFNU of the Cu film deposited on the
semiconductorf\wafir §uifagspiseadpisifiie bemdti2élact?dyte inth Ehelattpdppaaatus, wherein
the electrodes are positioned at the same vertical hggm. 10. The method of claim 1, wherein the

electrode¥ ARy 95&&"@)@15@&( GRte s (@mc?iltﬁe?g%t "11. A method for electrochemical deposition
of uniform Cu fi|m§ aratu SIS r treges; w | GieRsy oftngt fingt electrode
of niform Cu Gl as Aparalus ansisHing efdies sfgslrages visIRin ah

% 10 he total area of all electrodes, the method comprises: flowing a copper
sulfate baskstalemaiblyie oo taplktiithappaductivehkerger e ibe vaades;from 1 to 20 LPM.

transferring a semiconductor wafer to a wafer holder that is_electrically in contact, with congductive layer
on the wafer; tﬁ%ﬁf@gnoﬁb\ﬁgy‘é%'bﬁﬁ&%%ﬁﬁf Q%szg \%@8& L}ﬁg&aéi/%g t#]%e ge“r%c%n%%tor wafer;
bringing tlg%ﬁﬁw\g%ﬁ;rm@ﬁinto contact with the electrolyte; maintaining a positive potential

relative to the semiconductor wafer ' _
bringing the semiconductor wafer into contact with the electrolyte;

maintaining a positive potential relative to the semiconductor wafer
on the first electrode;

providing, in a first plating step, a combined current from 2A to 10A
to all electrodes: a ratio of the current density on the first electrode over
that on the second last electrode is between 0.5:1-10:1, that on the first
electrode over that on the last electrode is between 1:1-300:1 and that
on the first electrode over that on the rest electrodes is between
0.5:1-2:1 when the potential on the last electrode is positive relative to
the semiconductor wafer; and the ratio of the current density on the first
electrode over that on the rest electrode is between 0.5:1-2:1, that on
the first electrode over that on the second last electrode is between
0.5:1-30:1, and that on the first electrode over that on the last electrode
is between 2:1-300:1 when the potential on the last electrode is
negative relative to the semiconductor wafer;

providing, in a second plating step, a combined current from 10A to
40A to all electrodes: a ratio of the current density on the first electrode

over that on the second last electrode is between 0.5:1-10:1, that on the
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on the first electrode;  providing, in a first plating step, a combined current from 2A to 10A\t6 &lIL.P
electrodes; a ratio of the current density on the first electrode over tha%gw@gﬁ(ﬁ)%ﬁg?&d]flectrode is
between ¥4 24/03KdYhat on the first electrode over that on the third electrode Is between 1:1-300:1

hen the, WO 2010/031215PCT/CN2008/072373 potential on the third elect [S. ROSiti lative t
Seic SenfEBIBEHRAR OURE 1NEhAD 1R B St FURE LR/ i R FE] S SO0 olr Rt on the

second glggirade igBefyeenlet#B8de 2pddPaten tBe firskelediodreeyrideat & thetierdelectrode is

between 51-40:1 I\;f\%en the potential on the third electrode is negative relative to said semiconductor
wafer;  OpBotiding, whe setivadogitaintjatan) dhendaicaleciresardmaontivadr dtiveelectrodes; a

ratio of the current densijty on the first electrode over that.on t n g i en 1:1-2:1,
and that f%eﬁpéf@%ah}lﬁg%ro\(yafﬁ{at% Pﬁa?h'i' ‘&elaéir%%e |s€b%%m§1%%?%§% @%iﬁyie potential
on the thispelaeiErdeyigdrogifive selafive i seidisrtiotrdistpeatasna0diite 2ato b seaurrent
density on the first electrode over that on the second electrode is between 1:1-2:1, and that on the first

electrodetbeefitisdt elewisanied @}é%frdbé"ﬁs%tﬂé@n%@ﬁ@@@di%h@?ﬁ?@oﬂﬁe|‘r°tiab@ﬁ"‘fﬁ(.? third
electrode.js.negative relativg to, said .sem r; r\iding, j plies, a
bias Vol b 1 Gl e b e S e s B he

electrolytes hdvdea Metha@DOF: ¢laiwhih Winere pottentaio ofrthéttetal asta@lealtrgderoses over the
area of the semiconductor wafer is greater than 0.85. f’L3._ The method of claim 11, wherein the ratio
of the cu@galévitietadhy thicrite-RRNIGRNABFIRAMWARE second electrode is between 1:1-2:1, and

that on the firstgleqtipde yordiatan ejbid sissiiode ishawopndgd ¢ roelessialyte with

conductivity fr m w potential on the third electrode is negative relative to the
semicondsstaiveafduicttredisseplating step. WO 2010/031215PCT/CN2008/072373  14. The

method of claim 11, wherein the ratio oélth? curr(%gt de?ﬁgiegsg&n th(f g%t fl e(3:trode over that on the
second electrofE RIHAANEEH SE138PN G Ha ER th CHISPLIEKr SAE BURP AL on the third electrode is
between 2:1-10:1 in the electrolyte with conductivity from 0.2 to 0.8S/cm when the potential on the

third electrode is negative relative to the semiconductor wafer in the first Iating@séap. 15, The
method of claira2l1, WiHesematibadtiofotisrcd@iervhensitiostbe trtimelibariiabssemaion the

second electrode is between 1:1-2:1, and that on the first electr o) ir %Iﬁctrode is
between @é;l@@%tﬁolﬁ?ﬁe%\f&& ?tea\y\ﬁtﬂ an‘cﬁzhectﬁ/ﬁ@“ Il%%%%r%%%g Wﬁ%ﬂig\/\/ﬁg%%pﬂ&ential on the
third electfoge is negative relative to the semiconductor wafer in the second plating step. ~ 16. The

method of claim 11, wherein the ratio of the current densities on the first electrode over that on the
second electrode is between 1:1-2:1, and that on the first electrode over that on the third electrode is

third etectiods negal e IR (s S o e e Somad Hadig Gt on (e
densities on the first electrode over that on the second last electrode is
between 0.5:1-3:1, that on the first electrode over that on the last
electrode is between 10:1-100:1 ,and that on the first electrode over that
on the rest electrodes is between 0.5:1-2:1 in the electrolyte with
conductivity from 0.02 to 0.2S/cm when the potential on the last
electrode is negative relative to said semiconductor wafer in the first

plating step.

o4,  The method of claim 21, wherein the ratio of the current
densities on the first electrode over that on the second last electrode is
between 4:1-40:1, that on the first electrode over that on the last
electrode is between 2:1-100:1, and that on the first electrode over that

on the rest electrodes is between 1:1-2:1 in the electrolyte with
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17. The method of claim 11, wherein the thickness of the conductive layer is from 50 to 90Qf¢ 5| | 8.
The method of claim 11, wherein the WFENU of the Cu film deposited OliQ? ﬁﬁ%@jg%g%ctor wafer
surface iSVAHIEIABIRrom 0.2% to 2.5%.  19. The method of claim 11, whefein the electrodes are

positioned at the same vertical height . The method ¢f claim 11. wherein the electrodes are
positioneeCAAHFEPELY vEFaRA| t%%h&o 0'%4&%&‘9{2‘@% %@ctr%ﬁ%m,g I §eﬁ;ogﬁ%ne[g] @iform Cu
fim in anaRgGis FOnsan & fPEIANBOLB clefiodem bpIglabrateafet the fitsé efratrode is

o Of the

between 5% to otal area of all electrodes, the method cornprises:  flowing a copper
sulfate badati refestextyte into a plating apparatus, wherein the flow rate is from 1 to 20 LPM.
transferring a semiconductor wafer to a wafer holder that is electrically in contact with conductive layer
on the wafer;  turning on power supplies to apply a bias voltage up to by to the semiconductor wafer;

bringing the seygicongygtopuafRs dntercaniagt With the elaeiralytaemedniaingfg thpositivesprtential
relative to the semiconductor wafer on the first electrode; roviding, in a first plating step, a

combinediemsiiesram thaditshaleaiadarouss; haitmerntht sareRfdawie ST iHRMFstelectrode
over that on.the secand |ast electr, is.between: t st electr. that on the
last elect%%wg%%t\geghﬁff% O:%daandqﬁatt%%% t?wlg %F&B %me {H%& (A duet

Sflrs],? Faogctro e over that on the rest electrodes is

between 8iadtdavhep she @etentmios 0® lazistethatiers tusifivstrelatieadehevamiitahductor
wafer; and the ratio of the current density on the first electrode over that on the re@ electrade is

between 015: 11961 st crlesdrRdesieitroRE¥RE thab o thé secbhd Mt BIEGHEAY 1§ btiiRen
0.5:1-30:%, Raq\r;éiutg@g% é?fBEﬁs-t@-lﬁgr%e GY?SMOMEAa%e%@%MeWefh%1tﬁ%1 when the

potential e is negative relative to semiconductor wafer;  providing, in a
second plafingsiee, & avapzitiec aetativioin a/dtsdoiaoradwiten vdetsairntibeB®eigrent
density on the first electrode over that on the second last electrode is between 0.5:1-10:1, that on the
WO 2010RBA 5¥@/CN2008/072373 first electrode over that on the last electrode is between
1:1-300:1, and that on the first electrode over that on the rest electrodes is between 0.8:1-2:1 when the
potential on the last electrode is positive relative to the semiconductor wafer; and the ratio of the
current densityas theTfirst efedinadt ofeciaatorRthe wbesritrdbe i BtiRvedin t$ 19M1r8RAt on the

first electrode aver that op the second last electrode,is petw 2:1-10¢ irst
electrode $G8RIH&SoR T %ﬁ@i&%&ﬁ%‘jﬁef&b’?&n‘%ﬁﬁ{-}éﬂbiﬁ%&% iJ(—g-%‘pjc’) egrﬁ%f%%htﬁg ai%electrode
is negativg gelative tofthe semicqpstucinr Wakerfirsrevising dw seitsh rbaer smpplies, telsias voltage
up to 1V on said semiconductor wafer; bringing the semiconductor wafer out of the electrolglte.
electrode is between 1:1-300:1, and that on the first electrode over that
on the rest electrodes is between 1:1-2:1 in the electrolyte with
conductivity from 0.2 to 0.8S/cm when the potential on the third
electrode is negative relative to said semiconductor wafer in the second

plating step.

27  The method of claim 21, wherein the thickness of the

conductive layer is from 50 to 900A.

28  The method of claim 21, wherein the WFNU of said Cu film

deposited on the semiconductor wafer surface is adjustable from 0.2%

{0 2.5%.

29 The method of claim 21, the electrodes are positioned at the

same vertical height
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22. The method of claim 21, where in the ratio of the total area of all electrodes over the areapaf the p
semiconductor wafer is greater than 0.85.  23. The method of claim i ratio of the
current dehQitEBH1He first electrode over that on the second last e|e§%@é§§{@é&&%€é’n 0.5:1-3:1, that
on the first electrode over that on the last electrode is between 10:1-100:1 ,and that on the first
electrode over that on the rest electrodes is between 0.5:1-2:1 in the electrolyte with conductivity from
0.02 to 0.2S/capwhet e poteRtidl rthadast eertrefe isnsgrbdersiative osatibserdicanductor
wafer in the first plating step.  24. The method of claim 21, wherein the ratio of the current densities
on the firstiflecndeatieahbewqidse second last electrode is between 4:1-40:1, that on the first
electrode over that on the last electrode is between 2:1-100:1, and that on the first electrode over that
on the rest electrodes is between 1:1-2:1 in the electrolyte with WO
2010/031215PCT/CN2008/072373 conductivity from 0.2 to 0.8S/cm when the potential on the third
electrode is negative relative to said semiconductor wafer in the first plating step. 25. The method
of claim 21, wherein the ratio of the current densities on the first electrode over that on the second last
electrode is between 0.5:1-10:1, that on the first electrode over that on the last electrode is between
10:1-300:1, and that on the first electrode over that on the rest electrodes is between 0.5:1-2:1 in the
electrolyte with conductivity from 0.02 to 0.25/cm when the potential on the third electrode is negative
relative to said semiconductor wafer in the second plating step.  26. The method of claim 21,
wherein the ratio of the current densities on the first electrode over that on the second last electrode is
between 1:1-2:1, that on the first electrode over that on the last electrode is between 1:1-300:1, and
that on the first electrode over that on the rest electrodes is between 1:1-2:1 in the electrolyte with
conductivity from 0.2 to 0.8S/cm when the potential on the third electrode is negative relative to said
semiconductor wafer in the second plating step.  27. The method of claim 21, wherein the thickness
of the conductive layer is from 50 to 900k  28. The method of claim 21, wherein the WFNU of said
Cu film deposited on the semiconductor wafer surface is adjustable from 0.2% to 2.5%. 29. The
method of claim 21, the electrodes are positioned at the same vertical height WO
2010/031215PCT/CN2008/072373  30. The method of claim 21, the electrodes are positioned at
different vertical heights.
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