Met hod for Substantially Uniform Copper Deposition onto Sem conductor Wafer
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Field of Invention

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 large scale integrated) circuit

fabrication.

Background

Semiconductor devices are manufactured or fabricated on
semiconductor wafers using a number of different processing steps to
create transistor and interconnection elements. In forming the device
elements the semiconductor wafer may undergo, for example, masking,
etching, and deposition processes to form the semiconductor transistors
and desired electronic circuitry to connect those transistor terminals. In
particular, multiple masking, ion implantation, annealing, and plasma
etching, and chemical and physical vapor deposition steps can be
performed to form shallow trench, transistor well, gate, poly-silicon line,

and interconnection line structures such as vias and trenches.
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etching, and chem cal and physical vapor deposition steps can be perforned
to formshallow trench, transistor well, gate, poly-silicon line, and

I nt er conrwotzbov3iiline structures such as vias and trenchesTAMN2er8/072¥3 and
trenches are formed, conductive nmaterials are deposited into these
structures to electrically connect the transistors underneath. Excess
conductive materials are then renoved to transformthe conductive

structures i Kftedegiasedandr ¢renchyes | aréorformed;ormturductéve i nestetisilsngrel S|
(Utra large scale integrat ed% circuit fabrication, electrochem cal

deposi t i slepdsitedeirddl thesaysiructisies 1tp elpptricalbhteonneabdheat@ngiatonsy a
thin resistive seed |layer is inplenented. Such a deposition process can be
used to funderneats: fxeesesoNqUGve Mmatriialseare shepqmnargdsta transfesmor
bot h. Wh t hese structures are filled, .copper i.s continuously deposited to
form a f e EORaHalYS mIdehiateitp BrsiEiStailint ot VBHEY R XChRPRGHHE
final co fi IS Ity e u r : ﬂﬂqnnly
a pl anar fﬁg‘gﬁ o(?lbghlgp L?Eﬁl’) fzatltorgr g%ﬁ@% %&éléx?@@%g%gEc?ﬁ?@ﬁciﬁggj@}cﬁequ’i res

a hi gh deggegoheidalr ebvsitioR’ 8e'a trﬁe@él*ﬁbelf&yér*]eu%b\ﬁgnéfapﬁgri GHto a

performance fromdevice t0 device at the end of” producti The within
fi 1 m non-subdteats thed Wi, thihi easistiviensgett ilayef ishemplamdantedde8uehi en of
filmthi ckness over the nean filmthickness, is generally controlled under
2.5% i n abpositionppoocesssteanrag aged liar fib WiBNstrugtu ee setreniche stifuaiutesn
the foll ow ng C:I\_/Ee;arocess step by causing either regional Cu_remaining or

excessi vOrfr@MRinercstrHctyias of kadh. AVheRethese strusiusepiang fjed, capresane

it al 1% SREANEGURY i SPBaHES R BT pRel o PoMREI B e 1SAIECE OB NS

barrier reshlshd@ctor 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 electrical 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 controlled

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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be left there, and this inconplete renoval process causes el ectrical short
of the device. If a |large anount of over-polishing is enforced to clear Cu
and barriwo 2ners1i1al s on waf er periphery, the regi ons near/Chxdes07zaat er

surfer excessive loss of dielectric materials, thereby reducing the height

of trencigsthreffettdTanMmpack RAGcEield sedthnabggt ri cal resistance anong
the interconnection |ines across the wafer.Both effects can inpact device

yield substantially. As wafer size mgrates to from200mmto 300 nm and
seed | ayer thickness continuously to decrease for every generation of

manuf act ur e A Wallesggizehmigsatemie frooh20Omaesitet 300emaon, anel seed layaer on
the surface of the sem conductor wafer increases signifjcantly.

convent i dRIGKNGSE COMMUIRLSY RpesTensR TToR¥eE) gemaration ef r%anﬁasttaﬁ ng,
v SRR BRIGLY e B BE s Do FLbitinll BEUER ShRer BIBP S R
substrat g, oLk ngr elpet rgggmc%veﬁrctavp%f Anq EP&agéé"té@JeﬁﬁiEah‘ﬂw 9

el ectrolytic Céll” Curren ensi ty across tﬁe tHln resrsti see ayer is

non- uni ¥ gAvdN bRl aéle%i%éﬁéﬁﬁcﬁlarﬂépérsi‘tié’#e précesBheppEofeferté§d as

"termnal effect”. This current non-uniformty results in higher plating
rate at @atiﬁggeaObosmmm@umi@s; algttlicatrcuirentnor r potertial fte a
center of sem conductor wafer, which |eads to non-uniformthickness of
deposi t esirglgpavorking eleatrede landdaeoivafen substiate bearfieg. a Reeaed layer.
effect is _nore profound with | ess seed |ayer thickness and | arger wafer
si ze. | n Thet Wwaledr esebstiateenorkir@oSlECHPdm| ypowealr ssipplhaf eand the
peri phery.

Col U1 on SlpEHONAELTOTR! | Sheb IRt avebnasil. CadrehibuEnaly, asisSsiigathih °
resistive seed layer is non-uniform, higher at substrate periphery due to
a phenomenon called “terminal effect”. This current non-uniformity
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 limit
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
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However, as technol ogy advances, |ow acid electrolyte alone fails to solve
the non-uniformplating as a result of termnal effect. Oten, this

non- uni f owei200/038215be i nproved by inplenmenting a fil m wPCh/dN2gt88x72373

t hi ckness, as shown in FI GURES 3c-3d; however, this will severely limt the

product i Vht¥rebrateel MRS 9SOdESAYi BHradnd & S@idoiveNth€agentBRifeAHityt O
renove the excessive nmaterials in the subsequent planarization step. In the

earlier pabbiem capsedtimatmiesl gesfettyePatent nddrPporRateht 6,391,166

pr ocessi ng apparatus to resolve the non-uniformty problem caused by

t ermi nal (dahe@ry. PAbeni 990) sdiseloeed glading 1sppasatusargnd1metiseds that

di scl osed pl ating apparatus and nethods that utilized an i ndependent power

control fBHIZe% @R eifdgPNdent RRWer oCONtIAU ofRr EheSYIBMINPt BIRCHIAASHd D at e
on semi conductor vwafer with .very l:agi n se%cji Ia%ér.. Patentt US F;Latent 6755954
(June zfg,ovgfegme.“*ﬁa Bgedugﬁogap% 8 TaiE OR werTEANEBCR WaTes b Vi Yot
exanl e, 00 el 1848E FRtEabTtS Balshl ¥TRavaM FusE 2t URhL digosed o,
on 300mmgiaf gpoleatiidands SMetibek ReCeiEaBpiatigTREY O TN with

I nvention di scloses nethods applied to an el ec position

appar at usefativelyushi @l ethitlesésodeariationa Kyshewed =heskannsle, povorm a
controls. Such an aﬁgaratus is referred as_"said apparatus™ throughout the

text and 0.6yon e5000Ahi coppeerfiinonwitin 39dhpthickhessc vasiatigmpavat 360nsm
described in earlier US. Patent No. 6391 166 and PCT Patent Application No.
PCT/ c\200vaferibeasngradisdhicle semst lauey . appl y to plating wafers bearing a

seed | ayer

Summary

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 900A 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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with a thickness from5gA to 90gA in a copper sulfate based electrolyte
with conductivity ranging fromO0.02 to 0.8 S/cm The discl osed net hods

pr oduced wbeotwmsehiém cal ly plated copper filmw th a w PRTACN2008M72373
non-uniformty as small as 0.33% (a variation of 42 A) on 359gA seed | ayer,

several timef|(@Esp [Nastrated yescileqratRsadewy oF PEreUsSt RAISAGRe-fetRbde
Description of Drawings FIG 1 illustrates a schematic view of said

appar at uplatingh@pparafus. i nvention on which present nethods are practiced;
FIG 2 illustrates a schematic view of part of a single-electrode plating
apparatus. FIFE&S3a8Ba 3d3dhshodepigposisiomprpfafiles fram a single-edeetrodede
pl ati ng apparatus. FIG 4 illustrates a schematic view of part of a plating
appar at uPlHINg ARBaERBLE 1 odes di sclosed in earlier invention; FIGS. 5a and

b ill f di | ied - d | ati

S oL oL e LR AT BB BFE, kg, A R B oG S eratys
appar at ugyhio &ddySELAIESI Sed B e rthtuntlorpart of a plating
apparatus wt ot ree erectrodes disclosed in earl1ér invention; FIGS. 8a

and 8b illustgs wayefpdn HrRoNREraeP! hWaddierm tHiRA=phECHIRP! 8 R0

apparatus. FIGS. 9a and 9b show deposition profiles froma three-el ectrode
appar at uiwdéé(écttﬁd'elplmhrgaewaaawg_enat ic view of part of a plating

appar at us

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
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with four electrodes disclosed in earlier invention; FIGS. 1lla and 11b

I1lustrate waveform di agrans applied to a four-el ectrode plating apparat us.
FI GS. 12awerndiol@m2ishow deposition profiles from a four- eCeanowma7apar at us;
FI GS. 13 show deposition profiles froma ten-el ectrode apparatus; FIGS. 14

show est igBt &cAePOPhEl Aiseloddd emetReidiikedoDaser ppadtide@ oRTASHARANUS The

present invention discloses nethods applied to an el ectrochem cal

deposi ti adisclazmding SiRatentl Nople83 3 #86r odes and a system of el ectri cal
power controls. The disclosed nethods apply to plating wafers bearing a
seed layer wwth a thickness from5gA to 90gA in a copper sul f at e based
electrolyte with conductivity ranging fromoO S/cm The discl osed

mﬁt hod |hsdto ermgthcv%m &reé@@éﬁavggtl@msm%@e@thh@ {@lawing steps: 6391 166.
T
copper. sul T atetrBALEING I EDPRSr Suife Bada el drafith Wird' £ B ate hithieng °
LPMinto éﬁ % Sf)ﬁafoa%BSLPM ﬁ?ﬁ]gé[d g?)rpaarg?ﬂ%conductor wafer to a

c (9 W ecC

sem condu r- Wafer  hol der conduction path to wafer;

appl yi ng a syrddsfeirangvaldeatcd fduefsy water "E@'a”‘@e‘fﬁﬁc@ndd&t@r%éi?érr ﬁb}ﬂé’r

and the front surface of the wafer being in full contact with
el ectrol yvieh edeptricalgcehdattionapathits anaféro each el ectrode; the power

suppl ying connected to el ectrodes switch from constant voltage node to
const ant cur @@plyingla smalebiassoltagesto 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
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applying current or potential at a relative small value on each of

el ectrodes, preferably the conbined current being from2A to 10A, and the
rati o of wbeooumsitaAt densities of between el ectrodes beiPa@/dN2008002531 to
300:1 ; applying current or potential at a relative |arge val ue on each of

el ect r odepnduchdrpboy thee él@:'@?licﬂ?ﬂa.cth?ﬁé pSlB@inG OBMBAdimehtd thedd he

ratio of the current densities between electrodes being fromO0.5:1 to 300:1
swi t chirapgeeweares g gifiea fosnmainl dpparatolst agieh medeamicudap! suniben ofai d
sem conductor wafer; bringing wafer out of the electrolyte. stopping power
suppl y amdectresiesoandt agarticiulae eteeicohdeyeenductisitgr surface. The current
di stribution on each electrode and the ratio of current densities between

el rGrtC)t rodfes : An&@%semb&mmﬁ%%amqiasgl ﬁﬁphﬁﬂrtﬁ/\éﬁm eﬁf%i%%raiéfeﬁ‘amﬁf'%ﬂgt he
TP o B AR N e B 0 AR e el
par 1 cul o ARG S BLERNTAHICE A RARHEN 0 sS A G CEOR N

el ect r odeg/oMeldbtpb8eE \WIthiSleetrts]yed conau@ivify BE 0225/88Mchs idicisERRAH. I n

one enbodi nent, a nethod applied’to said appglrat us conprising two
el ectrodes wihoreé erhboldiineretorrdredthod xpplicd 2o @288/ apparatdisscoarsisinign

one enbodi nent, a nmethod applied to said apparatus conprising three
el ect r oddbreet relectrades yveth orelectiolytey conalurtivotyy Sofm0.92d0s284arad. is
disclosed.

In one embodiment, a method applied to said apparatus comprising
three electrodes with electrolyte conductivity of 0.2-0.8S/cm is
disclosed.

In one embodiment, a method applied to said apparatus comprising
four electrodes with electrolyte conductivity of 0.02-0.2S/cm s
disclosed.

In one embodiment, a method applied to said apparatus comprising
four electrodes with electrolyte conductivity of 0.2-0.8S/cm is disclosed.

In one embodiment, a method applied to said apparatus comprising
ten electrodes with electrolyte conductivity of 0.02-0.2S/cm is disclosed.

In one embodiment, a method applied to said apparatus comprising

ten electrodes with electrolyte conductivity of 0.2-0.8S/cm is disclosed.

A conventional plating apparatus with single electrode 201 is
illustrated in Fig 2. Figs 3a — 3d are deposition profiles on the surface of
a 300mm semiconductor 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 3¢ and 3d illustrate the deposition

profiles with thicknesses varying from 3000A to 6000A on said
_7_



In one enbodi nent, a nmethod applied to said apparatus conprising three

el ectrodes with electrolyte conductivity of 0.2-0.8S/cmis disclosed. In
one enbodwvoento/o3m1set hod applied to said apparatus conpPCIIAN20G86T2373

el ectrodes with electrolyte conductivity of 0.02-0.2S/cmis disclosed. In
one emo@e’fﬁ[ﬁon@@@rhﬁﬁ'ﬂﬁ%o,&dﬁi@kSs"éédal@@@’rawf’roﬁp@?fd fﬁig_ﬁ E8HBuctive

el ectrodes with electrolyte conductivity of "0.2-0.8S/cmis disclosed. In
one enbodleetrolytesyrelpéctiveglyed to said apparatus conprising ten

el ectrodes with electrolyte conductivity of 0.02-0.2S/cmis disclosed. In
one enbodi neWFNUnmeales aaicukatedofrom dthep phickness prpfiles rig Figs 3a-3b

el ectrodes wj.th el ectrolyte conductivity of 0.2-0.8S/cmis disclosed. A
convent i @8l ligted ingl apparkt VEF Y valugs in@ease agethe thicknessof seed in
Fig 2 . Figs 3a - 3d are deposition profiles.on the surface of a.300

cen condURTEFS MAEPasE indipatubrSReitifant FrEuhote abpash 4 Wik, Gy
More spegjfi cal ' R L td LI

30004 ¢ nif 10 PRy Hfe SUrifee B Pemboh bl Mater feahBie e Tagel 1M o
from 3504 Q \PREA the HkpREbER RN BT 1 IS SEhaA! TOOA, d FIPNUI valle
while Fig 3c and 3d illustrate the deposition profiles wth thicknesses
varyi ng foforfed800han 8FMA cansandsdongendusd omchieéhedSddy t ioHvesttishahyer
in low and high conductive el ectrol ytes, respectively. WNU val ues

cal cul at elettroplatingt hitiknassinglef iclestroderi Jhesasifiatior becosdesnwiaisiee 1.
WFNU val ues increase as the thickness of seed | ayers decrease, indicating
si gni fi capeqithe eandyictiyityepfoglactsolyite fiBEFEEBESi | m on the surface of

sem conduct or wafer when the seed |ayer is thin.

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 Iillustrated 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.



And when the thickness of seed layer is less than 7 OgA, a WFNU val ue of

| ess than 2.5% can no | onger be achieved by conventional electroplating

wi th a siwgl2el0ai3ensr ode. The situati on becones worse wheaTidNeo@aeBIati vity
of electrolyte increases. Table 1 Seed | ayer Low conductive H gh conductive
thi ckness el ectrolyte - WNU el ectrolyigte $FNU 350A 3. 72% 13. 91% 559A 2. 95%
11.45% 700A_2.58% 10. 1 9% 900A 2.21 % 8.94% On the same 35gA-thick seed

| ayer, the WNUDigpositiea when t hewpkahiduxtive ckness Higheeseductive
illustrated in Fig 3c-3d. The corresponding values are listed in Table 2 ,

and this effect thickhess o factelenmolyﬂaa W&INdd t heetgotirolytesiWFade of
thi cker fil mlessen
WENU val ues are g#@@P&r than 2. 5%f§r72)%at| ng thi ckness 131%han 5000A,

and they are far er than 2.5% he enbodi ment of g nductivity
el ectrol ytes. %@Gé I ncreasi ng p?a?éﬁg t hi ckness furt L Eéa{g | nprove

WFNU, the high c sociated to r t hese excessive ted Cu in the
foll owi ng CVP ste%épﬁﬁi he I C procesgr%%%?/v prohi bits deposgoésr(e a very thick
filmTable 2 Dep an Low conduct V. gh conductive t SS

el ectrolyte - Kﬁpbpect rol yt e- E%(ggOA 3.72% 13. 91% 8.85%

In this invention, thinner seed (350A) and plating thickness (3000A)
are used for all analysis forward. This combination gives the high

sensitivity of the methods disclosed.

Embodiment 1

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 4 is disclosed is an embodiment of the
invention illustrated in FIG 1; wherein the apparatus consists of the first
electrode 401a and the second electrode 401b which can be positioned
at the same or different vertical height, the area of the first electrode is
50%-90% 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 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 —



4000A 2.98% 11. 25% 5000A 2.48% 9. 93% 6000A 2.12% 8.83% In this invention,

t hi nner seed (359gA) and plating thickness (3000A) are used for all analysis
forward. Wwbizgtoosmdisnati on gi ves the high sensitivity of PCENIRMSHOLY3

di scl osed. Enbodinment 1 In one enbodi nent of the invention, a nmethod for

uni form %_‘?‘Rﬁjét'iﬁ@ ﬁfasglédé | IR4tn i§ hen sephagét alvithe Theorylied Ofay'@'f &f the
practiced in the apparatus illustrated in FIG 4 is disclosed i's an

enbodi redemicdriductorentfen illustrated in FIG 1; wherein the apparatus
consists of the first electrode 40l1a and the second el ectrode 401 b which
can be positidiepddaapply snad kiasavoltagenin the range a&0gh1 tot he \Arteasaid t he
first electrode is 50% 90% of the total area of all electrodes, and the
rati o of SEFBIGRAUCIRTHAtRI.al| el ectrodes over the area of the

ol 83{25‘32%5%"3 ¢ ol SemiGinditihy %ﬁﬁfh“e@%ls%igéiesé\?{a?érziw'ﬁesn |
The. 11 ow DR MRl shRg ePeblite] oTR! dhenafaTet, AR S6ri5RE0% il

that of 48BrésdiiA thecelettesiviet © 15 LPM I n one enbodi nent of the
I nvention, the flow controll EIyS 423a and 423b are turned on at the sane

time. In anotStep Smiapplyrturrehtd ite electrddes 40te didwidntaml heaimtddba and
423b are turned on at different times. Step 2 : transfer the sem conductor

waf er begdsitive petahtialyen electtadeva®:ta rendier positive areegppizeapatentiake

e Seod amyaibcrodnctoib (The Sign of th8" potential ‘on' each ‘elecirode. is'
defined relatively to wafer through the text); the working current 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 201b 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 —



sem conductor wafer. Step 3 : apply small bias voltage in the range of 0.01
to 10 V to said sem conductor wafer. Step 4 : bring the sem conductor

waf er, hewo 2b1/@hEswaf er hol der, into contact with the eCeadNoisyrzs73unt i
the wafer front surface is fully inmmersed in the electrolyte. Step 5 :

apply curgridtembdihfeit efethe QhdentidrOthe SedtiBdées aln1a BAg WD are
potential on electrode 40la and a positive or negative potential on

el ect r odewifdhéd (ffoen ss@msteintt barnesitemoded tonceastart ealtage moeddehi ee
relatively to wafer through the text); the working current of electrode
40la i s fsagnedime.doranatier eavbodirseat afdie woention, themlectrodes 404a The
ratio of the current densities on electrode 40l1a to that on el ectrode 201 b
i s from Bnd 4%l z@serswitphed fiqrp capstaneusrant e denaanstant vpeltage
vias and tranchﬁa.ffm\?téﬂtetl.surface of sem conductor wafer 422. In one

embodi medYOHF FhEITEH 1S t he power supplies connected to the el ectrodes

4012 and 401 dieqet HihbOME GoRARbrYRLianS AR i 6PIREBlectibnRE' affere

at the sane ti 'n an er enbodi nent nventi on,

suppl i esrﬁﬁ%ttﬁé reRidfié dleetid|pierertGintRadvafty SuFackch from constant

vol t age e to constant current node at different tinmes. Step 6 : power

suppl i es conmgcilsové stebestandestepOda thodksigdlob poightial on pdsctrode 401b
potential on electrode 40la and a positive or negative potential on

el ect r odes Adateymineitk towb& i pasidiver et negativecbased o0l theé seliechrodtemicalon,
and that on electrode 401 b is fromO0.01 to 20A. The ratio of the current
densi t i esleppsition: consitions. thot exanaple| dcthe@onductivity 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 0.2S/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
201a 201b (201a : 201b)
Conductivity + + 1:1-30:1
0.02-0.28/cm + - 15:1-30:1
Conductivity + - 2:1-15:1
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_



401 b is from1l: 1 to 300:1 . This step increases the efficiency of the

el ectrochem cal deposition by applying relative |large electrical currents
on t he elwotnwdss$21401la and 401 b. This step term nates ROECN20@GESRI7TRd
deposition thickness is achieved. Step 7 : apply a snmall bias voltage on
sai d Semééﬁﬂ*é%?t@ wiheH %b-nddbtivih?frd?ﬂ%%@é'@"%/c% ang ddW(ﬁJ”éﬂi\?’i'B){ R

el ectrodes 401a and 401 b are swtched fromconstant current node to

const ant Q/RltoaQ 8 Pt aate listedandg dblaed. | n anot her enbodi ment of the

i nvention, the electrodes 40la and 401 b are switched from constant current
node to constant voltage node at different tines. Step 8 : bring the

sem conduct or wafer out of the electrolyte and spin off the residue

el ectrolyte left on the wafer surface. ablerdve step 5 and step 6 , the
sign of potential on electrode 401 b is determned to be positive or
_n]flgﬁ]l ve gse?'_ O_Htt thei lfCTS{gQ@hIQQHtr@_@é '999r$bflli|lééﬂod§0 ?-! t |CQP§wtdEanty _¥Apte,
i e cohducti vi of ellectrolyte is | ow angd,conductive r

sem conduct or waf e_)r/_ is thick %)O\ééitive pot e%’??%l willl be a@tﬁ I %@@{o bot
el ectrodes 40%8"%4AN ™01 b as iltustratpd in Fig 5a; |if the EdBflicti vity| of
el ectrol yte i&0Rh9.g¥crand conducttve [ayer on wafer 1§ thin, &1positive
pot enti al [wWtthEcRPpt Tett to et ectTode 40ta anda negat T ve pot@mtTat o
el ectrode 40109_03;% illustrated in Fig bb. The detailled sets of current
density ratio anc {fe_si gns of potential on individual electrode used iin
step 5 for plating uniformcopper filmon a 300nm sem conduct or wafer
beari ng 200- 2000A thick seed layer in electrolyte with conductivity from

0.02 to 0.2SF@arkacanduebi shey thendeppsition. pepiilesacé B0804d thickrfibme 3
' 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 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 6.5 mm from the edge of the wafer.

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

_12_



Table 3 Step 6 begins when the plated thickness of Cu filmreaches 1500A.
The detailed sets current density ratio and the signs of potential on

i ndi vi duawoebmaBizade used in step 6 for plating uniformpcogmenosia’titson a
300mm sem conduct or wafer bearing 200-2000A thick seed layer in - H
-electrolyte wth conductivity from0.02 to 0.2S/cm and conductivity from
0.2 to 0.8S/cmare listed in Table 4 . Table 4 FIGS 6a and 6b show t he

deposi ti on piitclesedf Medédt himethod m tepeighifitamly35oApreedd ay¢FNU, | ow

and hi gh conductive electrol yte respectively; wherein the profiles of

met hod 1 camspabedi tedconventionglr oweibod{nethed s2jdnaibadh lowTask Bgind 4
whil e those of nethod 2 are obtained with the process paraneters out of

t he r angENGYGEGLY n efesireltesnd 10 | thee apRodigients af e IPWst e@NdGtivaty
Table 5 . As, shown | i 6a- ang Jabl e . the disclosed nethod greatly
| mproves e\}\?ﬂﬁoé)\fted@pggﬁ\g@ |§§§8ﬁaﬂ 2@% \$ BBFHnIeGGI and hi gh conductive

el ectrolyte. WFNU val ues of said profiles on the surface of a 300nm

sem conduct or wafer are obtained excluding 2.3mm fromthe edge, which is

nmor e aggr essiprapefiRigdot o the common industry practice of excluding 3.0
to 6.5 M fromthe edge of the wafer. Table 5 Method 1 (D scl osed)- Method

2 (Conventi omal Jon&\FighBBNimenww comdihe | weve@ntBoro 3 ab5SHtetheet rfdryt @niform
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 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 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:;
— 13 —



Hi gh conductive 7.44% 12.94% el ectrol yteDi scl osed net hod (nethod 1)
significantly inproved WFNU, conpared to conventional nethod (nethod 2) in
bot h | owwoaotwegieisonductivity el ectrol ytes. In the enbedirmaNosar2izew
conductivity electrolyte, a WFNU | ess than 2.5% is obtai ned. Enbodi nent 2

|'n one enbodigfg?,t 49fpfiRg tHY B mMonduBRSMQFhafee HETY! ByMenRafér pol@er Cu
filmon the surface of sem conductor wafer practiced inh the apparatus

i 'l ust ratietb icoria@t 7with dhecketsetttolyteanurtibdienwdfeof frome sorface éo fully
illustrated in FIG 1; wherein the apparatus consists of the first el ectrode
701a, thememdendhteretm:tmlyte and the third el ectrode 701c which can be
positioned at_the sane or different vertlcal heij the area of the first

elhect r odle is St@‘ﬂ; éi):%la@fplly h@ufrftr&ﬁ i@ 8l Qﬁ‘r%ﬂiﬁs eVgalar 0484 b a‘H’tFLt?n@ Pa?ﬂf‘ of
o ar oa A trﬁ%fﬁ & %@s'ﬁﬁécﬁé&#&%lﬁ%ﬁélép Srdha, ol prate & sty e

S 1: 7 7

R e e i e R

wor ki ng e 9§ ff8AR 2 fo 'ZDAh?héﬁ'&eeI%cttﬁbc?é’ 7L€PM> |*shFr*banf0 091td doal anbhe
range 5 to 20 LPM and that of 70Ic is 1 to 15 LPM 1In one enbodi nent of

t he i nverthabrof tdiecfrooe oM ¢ okl G 7231 #6230 AndT H@3ratio eof theeduerent
the sane tine. |In another enbodi nent of the invention, the flow controllers

723a, 723ensitie32se elestrogendd lentaathalt bfneekeutrmdee%OﬂStieperm 11t 405@&n t he

sem Conduacr}dorra}c,:%fgfr tr?ee%rdrrrlgn?dséenes?tllegyoerq electrode 701a to that on electrode
701c 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 722. In one
embodiment of the invention, the power supplies connected to the
electrodes 701a, 701b and 701c switch from constant voltage mode to
constant current mode at the same time. In another embodiment of the
invention, the power supplied connected to the electrodes 701a, 701b
and 701c 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 701c 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
701c 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_



the wafer holder 721 in the apparatus; the wafer holder has an electrical
conducting passage that is in contact with the seed | ayer of the

sem conduwwoaniomgins. Step 3 : apply small bias voltage iPaTidN20082n28330f 0. 01
to 10V to said sem conductor wafer;Step 4 : bring the sem conductor wafer,

hel d by 7R aair&rsWREHEH, frbﬁ‘ﬁ @o‘?@léﬁ?bu\ﬁ’réﬁ‘t e 8L Eras e, vdlﬂésgé rhb@e

wafer front surface is fully inmersed in the electrolyte; Step apply
currents gto theecsapdestinid.a, Inf0anbthed édilsoditemti wfaithea ipegintiors the
potential on electrodes 70la, 701 b and a positive or negative potential on
el ect r odel@otrodashe Giba k|7r{g1b,ua|nng06fc @recsmithead 1o ¢onaiant: cuz@Et
that of electrode 701 b is fromO0.01 to 20A, and that of electrode 701lc is
from 0. oInededgacongtantypliage m%d%@rtr@ffﬁrﬁﬁm'm?és on el ectrode 70l1a to

h | de 701 .b f 1: 1 50: 1 and f h
oo Tes ooiBhe 8! ngotd | SFhicon Sty ol 10P tBe: ElScON& Bngho. 1

Thi s Stos%(? ld'ﬁttﬁe suﬁ’uéoel% ﬁgg%‘f?ﬁtoch f(ﬁé f(;éq’é’uﬁéc nd trenches on the

surf ace sem con tor wa one e nt of 'the invention, the

power suppli g8 HRNBYHRI stEpt HeafH esteiPBeSthel} n7&1g6téﬁﬂa7% Tkl T om

constant voltage node to constant current node at the same tine. In another

enbodi memOd tise deteeniined tdie hwwgositipel | e cey@iived basédie ehecdheodes
701la, 701 b and 701c switch fromconstant voltage node to constant current

node at diléttroshtemicalsdepositieon : coadidiornsipploresxantpiectitdheoconeletativitys
701la, 701 b and 701c control a positive potential on electrodes 70l1a, 701 b

and a podift plectselyiegia ilow g reonrdushivel layero@s Eericamdugiarkinafesuis ent

on thick, positive potentials will be applied to all electrodes 701a, 701b and

701c as illustrated in Fig 8a; if the conductivity of electrolyte is high and
conductive layer on wafer is thin, positive potentials will be applied to
electrode 701a and 701b, and a negative potential to electrode 701c as
illustrated in Fig 8b.

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 150-2000A 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 6:

Table 6

Sign of Sign of Sign of Current density ratio

Electrode Electrode Electrode (301a: (301a : 301c¢)

301a 301b 301¢c 301b)
Conductivity + + + 1:1-2:1 1:1-300:1
0.02-0.28/cm + + - 1:1-2:1 10:1-40:1
Conductivity + + - 5:1-20:1 2:1-10:1
0.2-0.8S/cm
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electrode 701la is from4 to 30A, that on electrode 701 b is from4 to 30A

and that of electrode 701c is fromO0.1 to 20A. The ratio of the current

densi ti esworrolsezisode 70la to that on el ectrode 701 b ipsTiaNamesin72373t o 50: 1
and ratio of the current densities on electrode 70l1a to that on el ectrode

701c is fromgheplatWedMy Wherthe ﬁlb?@d't'h%l@ﬁé§§ dfh€ usfifih TeRithe U S0TA.

el ectrochem cal deposition by applying relative Iarge electrical currents
on the elTdve rapete|etd Isets’ @Urkermihdefislity r’émcs aatdepthse nat ef potEntimsioned

deposi tion thickness is achieved. Step 7 : &(
sai d senisdividuabeleatrode useshin eatepdbriait p tm@mmfwremm@pper Hdm on a

a smal|l a bias voltage on

el ectrodes 701a, 701 b and701c are swi tched from const ant current node, to

const ant Wm&@efﬁﬂﬂﬁogﬁl{%@rs\é{ﬁéﬁu%ﬂ”ﬂg A-gH0 UHEKrdaﬁ?le awer in
70 7

oot eI BB By T G152 RIS A MR 7 RO

the sem (boﬁqﬁeét o)rllg?bhe %tég ifh ﬁ%tﬂbeftrol yte and Spl n off t he residue

el ectrol yte er  surface€. 1n the above step 5 and step 6
sign of potential on electrode 701c is determ ned to be positive or

t he

negati ve based on the el ectrochem cal deposition conditions. For exanple,

I f the conductivity of electrolyte is IPabn@ conductive | ayer on
sem conductor wafer is thick, positive potentials will be applied to al

el ectrodes—70la, 701 ed | ' - if the
onduee] ve |agy§“"8?% WEYLFPs th

conductivity of elect
edschere 70I@oand [/0L3d0a : ame) a

positive potentials Wi
negati ve potential ta | I'lustieat ed iy fig 8b. The deta

sets of cn,LLLené_densL ' ' }ns_oi_pgl_en%i_%l
Conductivity + + + 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
0.2-0.88/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.

_16_
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on individual electrode used in step 5 for plating uniformcopper filmon a
300mm sem conduct or waf er bearing 150-2000A thick seed layer in electrolyte
wi t h conawotouay215r om 0. 02 to 0.2S/ cm and conducti vi t y PCTamM20088723330. 8S/ cm
are listed in Table 6 : Table 6Step 6 begins when the plated thickness of

Cu fil mreaches 1500A. The detail ed spip|egrrent density ratio and the
signs of potential on individual electrode used in step 6 for plating

uni form copper filmon a 300miakerd t@hshiasted)- waf er Mededi 2{Gon&EMIBBHUPA t hi ck
seed |layer in electrolyte with condygfjvity from0.02 to / cm and
conduct i vi ' , 9a
and 9b show t hewdgepdudtive on profil eL-24%3000A thick film &ePdsited on 359A
seed |ayer in | guc@hgkehi gh conductive electrolyte respectively; wherein the
profiles of nmethod 1" are obtained with the process paraneters detailed in
Tabl e 6 and 7HIINGNAECtvRose of met ho?” are obtai ned wit 331 process
paraneters out ekctrdifter ange defined in Table 6 and 7 . The WNU val ues are
listed in theTable 8 -—As shownin Fgs 9a-9band Table 8 the disclosed
met hod greatly inproves WFNU of deposited 3000A films in both | ow and high

SSar st collSEeA S mEbe G ST ol AfeaFln Pk SERZ, o

50 o 6 hPRrEd: 15, cCBRLEN A cMEE TPl | 2) PESBRES 1M SR el o0

2( ConvenidibdtivitF NéI8EMdIytes. 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, 1023¢c 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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Low conductive 0.54% 2. 81% el ectrol yte Hi gh conductive 1.52% 8. 55%
el ectrolyte Disclosed nethod (nethod 1) significantly inproved WNU,
conpar ed wo 200v&215i onal net hod (nmethod 2) in both | ow &ou/dN2gd8/072373
conductivity electrolytes. In the enbodi nent of |ow conductivity

el ectrol yte, GrelyFh t'rﬁﬁéféﬂ“@lﬁ‘eZséﬂﬁ?ibén%b@bf‘%afeﬁnb@:@rﬁta %ddd Q89er to

enbodi nent of the invention, a nethod for uniform depo ion of Cu™filmon
the surfdhe afafenmhuidduct @2 Wwaherther agppaestuisn the aferahosder | hasr aned
in FIG 10 is disclosed is an enbodi ment of the invention illustrated in FIG
1; wher eialectricalppanduating peassagefthatdst i cordaet twidheth® Eeed tlayes cafond
el ectrode 1001 b, the third el ectrode 1001c and the fourth el ectrode 1001d
whi ch cathBeSYREONEHEEPaWaAfBE sane or different vertical height, the area

of the first electrode ., is 30% 50% of the total area of. all el rr.Qdes.. and
The ratio of SRE BofAP Bl BAS Voltad ihithesucs pf Godatad gV 40 Said”
sem cond | ter than 0.85. The nmethod consists of the

fol |l ow né%@[c%ﬁé@%tggygg@p 1: open flow controllers 1023a, 1023b, 1023c
and 1023d toga W:)'brtiﬁg RO emiconQuEhsy Wﬁé‘r[‘gwélﬂeﬁxf e agafeclRbepde

respectively; the flow rate in the working area of 100la, 1001 b and 1001c
are in tleto agetactt withO thEMeteckrohge, ofinfiDQhe wafen froatr sogack ti9 fBIyL.PM

I n one enbodi nent of the invention, the flow controllers 1023a, 1023b,
1023b andmrogssedrin ther akattoolyse. t he same tinme. In another enbodi nent of

Step 5: apply currents to electrodes 1001a, 1001b and 1001c and
maintain a positive potential on electrodes 1001a, 1001b, 1001¢c 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 1001¢c 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 1001¢c switch from constant
voltage mode to constant current mode at different times.

Step 6: power supplies connected to electrodes 1001a, 1001b and
1001c 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 1001c 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
— 18_



the invention, the flow controllers 1023a, 1023b, 1023b and 1023c are
turned on at different tinmes.Step 2 : transfer the sem conductor wafer
beari ng aweeetyd3miér to the wafer hol der 1021 in the appaTAtN28(s/o7tay3waf er
hol der has an el ectrical conducting passage that is in contact with the

seed | aygfopf QlHel $6MGoNad Phavaifel 00%aeko 3 00 f@Mryne "BH! tdizo Mol TRRe 1 n
the range of 0.01 to 10V to said sem conductor wafer; Step 4 : bring the

sem condtepr imefeasedetile beffiorenef eof hiHaleeledtnbohenritatt depositive by

el ectrolyte, until the wafer front surface is fully imrersed in the

el ect r ol ypplysi@prelativepdayge ueleetricalo ceiregnisodes flvwieleatpodes &0 1@01c
and nmaintain a iositive potential on electrodes 100la, 1001 b, 100l1c and a

posi ti ve 1HOHegdPOVE aBdehPPAM. ohhis star taeminaies WHen \Q@rsﬂ% A/RPEHONOf

el ectrod? ﬁ(tOla is from1l (tjo 15 A, that of electrode 1001 b fromO0.5 to
10A, and (RIEKNEES 1§ 8cfie¥R91001¢c and 1001d from 0.01 to 10A. The ratio of

fromo b1 ¢ Y T MpRl & ihelicffs Yotadko SShiPReTh iAot Ward (b,
and that gfe HifibadimeHiOdf theomvEntion Ot &I&ctrodés d®Pa! adicsd, 010110 30

seconds to fill the vias and trenches on the surface of seni conductor wafer

1022. | n zvek 1€9001asl are g witEhelefrony &g stant tdw@rentvenodepiel ceastamineoltage o
the el ectrodes 1001a, 1001 b, 1001 b and 1001c switch from constant voltage

node to d¢onadeaat the samentidee aintarother embodimerdnof Hbe ambedtionntthef

t he invention, the power su8plies connected to the el ectrodes 1001a, 1001
b, 1001 elagtrodesid0Ha,ch00dbom1hth and V1@ hgareoawitchadi@mneopstarit
node at different

current mo ieq‘c%sc':onstant 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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Step 6 : power supplies connected to el ectrodes 1001a, 1001 b and 1001c
control a positive potential on electrodes 100la, 1001 b, 100l1c and a
positive WO 2ngBiilge potential on el ectrode 1001d; the wROTKiN2g08oMI2I7@Nnt oON
el ectrode 100l1a is from2 to 30A, that on electrode 1001 b and 1001c from 1
to 30A, and that of electrode 1001d fTgp 901 to 2CA. The ratio of the
current densities on electrode 100l1a to that on electrode 1001 b is from
0.5:1 to 10:1 , thatisgPfe|] e¥grdde PEOPA [ 051d0f10cT r onyOred: dentity r8Bi0: 1 and
that of |1001la to 1Gtdoder pEledtiodd |tEDecBOMR: [LElectbhé S 4089 | NCEERSES (408a .
efficiency of the|el ggtrochegicall depesiti apidy |apphyi ng Q&Qgtivthﬁrg
el ectrigal_current lodes 10015 1001 b 1001c and 11001 Thi s
step tenntHStE¥™Mahen desifed ‘depdsition thi ckness®T§2dchlaved: |Stslo7 |
Apply a|sherd-2%¢mg vol t age on saijd sem cpnductor wafer.| I n lone|enbodi nent
of the ilnvention, [Therelectiroedes [I00fa, {O0L b, [10812h aod 1Id0IcCoareo:
swi tched from constant current node to cpnstant |vol tage| node at the sape

time. In er enbodinent of the invention, the electrodes 1001a 1001 b,
1001 b angonfb‘ﬁ'i'&y are switched fram constpant cur et Tbde *t'oconst &AL

vol t age |nBa@d-8atcmdi|f ferent| tinmes. |Step 8 [ bring|the senj conductor wafer out
of the electrolyte and spin off the residue elecirolyte Teft on the wafer
surface. In above step 5 and step 6 , the sign of potential on el ectrode
1001d i s det SteibnE8héginzewish theeplate dabdtkve€sasted uohilr e sl Mot cal
deposition conditions. For exanple, if the conductivity of electrolyte is

| ow and cdneludeiaiked ssets cursemi cenBity aatieafand i the Isigks pbspoterdial on
potentials wll be ap{)I ied to all electrodes 100l1a, 1001 b, 1001c and 1001d
as il | ustndivwduph etegtrode used he sdepdbciarvptating unitetmotgpeer film gn a

300mm semiconductor wafer bearing 50-2000A thick seed layer in

D

electrolyte with conductivity from 0.02 to 0.2S/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 (401a : (401a : (401a:

401a 401b 401c 401d 401b) 401c¢) 401d)
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 + + + - 1:1-2:1 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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and conductive layer on wafer is thin, positive potentials will be applied
to el ectrode 1001a, 1001 b and 1001c, and a negative potential to el ectrode
1001d as wOl2osx3atied in Fig 11b. The detail ed sets of ceCcrTam2oansi7sy rati o
and the signs of potential on individual electrode used in step 5 for
plating %Hdl!éﬁ\‘f‘é’@?éétrb'lyl't@.QNF"JN@Qﬂﬂﬁ@fcﬁlﬁuﬁﬁ&ﬂe‘é@éﬁrth@e%I"f'é@:e5@f Z4000A
thick seed layer in electrolyte with conductivity from0.02 to 0.2S/ cm and
conduct i 30@min ogeMiCohduttBS/waferr arki sbtdined @tladhg T2I8ran9 feoap the
begi ns when the plated thickness of Cu fil mreaches 1500A. The detailed
sets cur asige demBiahy isamoreinaiggressivgn<arnppoednto ath@ncommeinduadustry

el ectrode used in step 6 for plating unjformcopper filmon a 300nm

sem cond RFB6H CRaPEEXE 'ﬂl@g35f£19@5mmhfr@m deerdaeaf the walerrol yte with
conductivity from0.02 to 0.2S/cm and conductivity from0.2 to 0.8S/cmare
listed in Table 10 : Table 10 FIGS 12a and 12b show the deposition profiles
of 3000A thick film deposited on 359A %gl layer in | ow and hi gh conductive
el ectrolyte respectively; wherein the profiles of nmethod 1 are obtained
with the process paranmeters iethd £ (Bistesed). WhiTe pBggei of nethod 2 are
obtained with the process paraneters out of the range defined in Table 9
and 10 . The WFNU val ues are |istedVFNWhe fol | ow nﬁgomm@mfe?orlaﬂ)- As shown in
Figs 12a-12b and Table 11, the discl osed net hod greatl\%lgi roves WFNU of
deposited 3000A filnms in both | ow and hi ghconductive e ol yte. WNU

val ues of saj gwpdgddceiseon the surf@ggypf a 300mMm sem z@ggdgict or wafer are
obt ai ned excluding 2.3mm fromthe edge, which is nore aggressive conpared
to the comon @'@@8’9“’(9

High conductive 0.66% 5.47%

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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practice of excluding 3.0 to 6.5mm fromthe edge of the wafer. Table 11

Met hod 1 (Disclosed)- Method 2 WFNU ( Conventi onal ) - WFNU Low conducti ve

0. 33% 2. 68&2eloast216] yt e Hi gh conductive 0.66% 5. 47% el epCraN2d@s/0D236] osed
met hod (method 1) significantly inproved WFNU, conpared to conventi onal

met hod (reeBadide Wi edhduwivAf fiéirho @y DG fovn o R tdoH Al vty Hrome
enbodi nent of |low conductivity €electrolyte, a WFNU | ess than 2.5%1s

obt ai ned.0.Emwd.881tnt aliee listexy ennaides12f |prtisnénibodimént; e patiog ced
on sinple electrode configurations of the apparatus disclosed in U S patent
No. 6391 apgmratubezonsists oitN @lectiodas; wbenedN os hetweerfeand hdent i on
practiced in those electrode configurations with nore than four el ectrodes
can be devised in simlar way;, wherein the area of the first el ectrode

bei ng 5% 30% of total electrodes area, pr%@’i t ratio of the total area of
all electrodes over the area of the senf&fdifctor wafer is greater than

0. 85. [The detal {[ethignadrS| Ofsignlil ENtSiGEHSITSgd &hl P and cuihiéht Sér@dmprad potent i al
on individual ellectrode|use er| plating fisst EOFAte1500A—~cppper—fHl m on
a 300nm sem conduct{)r vwa%er"qu‘o%ér n{ﬁ]qéo- 2000A th %Tg'r?e'"ecl I%E;/re'r Keeﬂl'eEg%rol yte
wi th donducti vi tlyF't#8fi 0. ®etredss 0| BEFOAF aridFteitductaing ty fFohh

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
0.2-0.8S/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°t 2" -2 | (1) i E1.E2.. (E1 (E1. En)
Electrode | Electrodes Electrode | 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 + + + - 1:1-2:1 1:1-2:1 1:1-300:1
0.2-0.8S/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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0.2 to 0.8S/cmare listed in Table 12. In this enbodi nent, the plating
apparatus consists of N electrodes, where Nis between 5 and 15 . Table 12
The det aiwedomaBs216f current density ratio and the sign®CoiCN20u8é237al on

i ndi vi dual el ectrode used for plating the remaining portion of copper film
on a 300W‘t|§ein“é¥Téh@éﬁf CORtES, WNUHV@U@QOQB’@ME@(U%WQ Y @hettiod of

el ectrolyte with conductivity from0.02 to 0.2S/ cm and conductivity from
0.2 to O.pFesemtaneehtionedre wdlaledond2,5%ak0.2688 iRl &ectiolytevisahie0.59%
deposition profiles of 3000A thick Cu film deposited on a 35gA seed |ayer
with sai dnaglpatralyte 2nrespectively.e 1 with |ow conductivity and electrolyte
2 with high conductivity, respectively; wherein the apparatus of said
enbodi ment conprises ten el ect rodesvvi t h i ndependent cont rol . WFNU vaI ues

'n 6l ectrol y PN, [breues: a8 hulrhe st S idifatEs, o, Ripsaschbifos
as the nyghatodl GLerdoes 53@ plSSERERRRIAN, TR o RER bR

pr esent imvention en app to an apparatus re t han
one el ectpogg, a?ﬁo%‘b\?% WHNUMGES thadh ohe%éleet Y*@f:labe‘éf' WFN@GI%%S
| ayer as thin a Wien N'is increased to four,’ WFNU i nproves to

0. 33% on thha 2H% mfaﬂom wafer seitld d aewrd |dyer aisttmn alé 38®AeyVhent Ne
present invention is conpared to a nmethod di scl osed previously in US Patent

6755954. ig\lihceeadedi timfour et \WRNUbemexavebyta Iﬁ)e33%rmn(th])e same pvafer
el ectrodes configuration (2) electrolyte conductivity = 0.5 S/cm (3) seed
| ayer thiddkhsaene seagtayen)

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 675594 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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total plating thickness = 600gA, and (5) excluding 2. 7mmof Cu filmfrom
waf er edge. To nake direct conparison, thickness uniformty range val ues
are used,wonstoem216f WFNU val ues. Fig 14 shows the depo®CTiaN20s/02i7Be
estimated with the nethod disclosed in the present invention, and the

t hi cknesspzWatfi8rdhinietdigge val ues are conpared in Table 14: Table 14

Thi ckness uniformty range in US 675594 Thi ckness uniformty range here
240A 138. 4A The net hod of present invention produces a deposited filmwth
WFNU = 0. 72% and t hi ckness uniformty range = 138.4A nearly 2X inprovenent
conmpared to tlhé cmnethouiefdrrﬁentr@dhemlis:aiageposﬁmgﬁmmﬁarmi € ufitmnid ains :
1. A nmethod for electrochem cal deposition of uniformCu filmin an
appar at uRRRAFAtYS gensisting of cbwpoglectipiiasi whereipeanrareapkra first

el ectrode i s, bet ween 50% t o 920Q% of .the topal .area of all_electrodes, the
et hod cGHREISEE 1§ PaieTh Stpr ODUE ot e 181 afa & [ I8PRBERS. Jh g
appar atu ' flowrate is from1l to 20 LPM transferring a

sem conqm?wg\a%bﬁ;seas'mf er holder that is electrically in contact wth
conductive | usfingfial 86ppRM SifRste baisetRERGtrblytel fioos Hatilg ég!b@rbﬁ?s,to
apply a bias voltage up to 10V to the sem conddctor wafer; Dbringing the
sem condughereinathe flont patedis frdmw td 20 e Rilect rol yte; maintaining a
positive potential relative to the sem conductor wafer on the first

el ectrode; ptransfiengng ra aseimiconductong veater, ta caniafed dwoldent thabnms2A
to 10A

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
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to all electrodes, a ratio of the current density on the first el ectrode
over that on the second electrode is between 1:1-30:1 when the potential on
t he secormloebmaBinde is positive relative to the sem comdmatNanoswatyss; and
the ratio of the current density on the first el ectrode over that on the
second elsGhlcsiediistdregren 2: 1-30: 1 when the potential on the second

el ectrode is negative relative to the sem conductor wafer; providing, in a

second pl ati hgiredieg, the semicosd uctor enhfdir ot dPAheceléOlrdigtal | el ect rodes;
a ratio of the current density on the first el ectrode over that on the
second el ectrode is between 1:1-30:1 when the potential on the second

el ectrode is pgositive relative to the sem conductor wafer; and the ratio of

the current derdd1g ynethedof clain di, svhesadnothg refisy obiheniotae@sga of all

el ectrode i s, between 10;1-30:1 wh the potential, on the secaond el egirode
s hegat RIECIORRS a0 thradten: ob g samina detgtowalngs 8Jeaiet dhaboner
supplies{)?5bias vol tage up to 1V on thesem conductor wafer; bringing the
sem conductor wafer out of the electrolyte. 2 . The nmethod of claim1,

where in the ratio of the total area of all electrodes over the area of the
sem conductor wafer is greater than 0.85. 3 . The nethod of claim1,

wherein the @aflile ehethed off claiin denghérein tive tratiol of theet@aentdtenyities hat
on the second el ectrode is between 15:1-30:1 in the electrolyte with
conduct i \an ythier dirsd. @ectode 2ovem thiadnonhéh@osenonal electrioelesdsobdtween

el ectrode is negative relative to said sem conductor wafer in the first
pl ati ng sk®p-3271 imRBenglamdtolyte wihmandugtivdy frene 0:@2ite Q2 o/mcwhesnt

dens't'e%he 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 0.8S/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 0.2S/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 0.8S/cm when
the potential on the second electrode is negative relative to said

semiconductor wafer in the second plating step.
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on the first electrode over that on the second el ectrode is between 2:1-1
501 in the electrolyte with conductivity from0.2 to 0.8S/ cm when the

pot ent i alworrotamsi1zécond el ectrode i s negative rel ative POTAN2008/072373

sem conductor wafer in the first plating step. 5 . The method of claiml,
wherein the ratio of the current densities on the first el ectrode over that
on the second electrode is between 15:1-30:1 in the electrolyte with

conducti vi ty 7f fTdve nethod &f ZRiiom whermereen ptheethickhess bfi¢heeconductive

el ectrode is negative relative to said sem conductor wafer in the second
pl ating dayer of thesemisornstuetorovafen is framesd to DA ati o of the current
densities on the first electrode over that on the second el ectrode is
between 10:1-20:1 in the electrolyte with conductivity fromO0.2 to 0.8S/ cm

ST PR ST R, T MEIRS S,
e et o SO Sl S 8 AR,

deposi t edgon golge sem conductor wafer surface is adjustable fromO0.2%to
2.5% 9 . The nethod of claim1, wherein the electrodes are positioned at
the sanme vertical height. 10. The nethod of claim1l, wherein the el ectrodes
are positioned at different vertical heights. 11. A nethod for

el ect r ocheni &alT heepoethodrofotlaini florwhevein theieleastrappaareuposidicnadialy of
three el ectrodes, wherein an area of the first electrode is between 40%to
60% of t ABetsAmE ¥eriCal haightel ect r odes, t he

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
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met hod conprises: flow ng a copper sulfate based electrolyte into a plating
apparatus, wherein the flowrate is froml to 20 LPM transferring a

sem conduwwoapiveinas to a wafer hol der that is el ectricalPCy/dN20@a23et with
conductive layer on the wafer; turning on power supplies to apply a bias

vol tage Wpteatitd\or ehéhikEElEanadetier pyaitRie rEldtNE @ dd18 S&amicondueter
wafer into contact with the electrolyte; maintaining a positive potenti al

rel ati ve wafgrhargkthe qatiecob thaafiarent dignsify ositthed éicst etbctrodevovienthat n a
first plating step, a conbined current from?2A to 10A to all electrodes; a

rati o of amdheursesandeealgatyode ihebetweenellett20de anel thmdt oonthaefiseticond
electrode is between 1:1-2:1 and that on the first el ectrode over that on
t he thi r&léPH@%@é’eirsthl?ét%éhelt.hl'f@(ﬁjeﬁtr\ﬂ‘i’@n'~°e rb&i&%%@ﬂ iZa1-46: 1 nehenithe

el ectrode isHEi%iitive {el atjve,to_said sem conduct qr wafer:, and L(ge ra,ltdio

of the clHHE en@ilt y G tHHrq j (SIECHQdE  ife HRIAUYR: GHALINE sERontR
el eCtrOd%érﬁiée%fﬁe%@?fbé]\i\/éfgrO: 1, and that on the first el ectrode over that

on the thIT rode I's”between 2:1-40:1 when the potential on the third
el ectrode i Srﬁﬁégﬁlih\g? ihea dcthd ?Iéﬁhﬁ %p,@%ﬁbﬁfed‘%fﬁfénpfr‘b\f‘hm GA.tg N a
g urrent fro

second pl ati step, a conbi ned m10OA to 40A to all electrodes;

a ratio cf0Ahe allrgleotrodissia yatio dhehéicuwtreat elgnsitie opvthe ffitet edactrbele
second electrode is between 1:1-2:1 , and that on the first el ectrode over

that on tdwen thatdoal the rselzond dalecirete lis1bstweenwiteh2:ie and dhiat adbn dinet he
third electrode is positive relative to said sem conductor wafer; and the
rati o of firek el@cteade devier thagnonnhéhei 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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el ectrode over that on the second electrode is between 1:1-2:1 , and that
on the first electrode over that on the third el ectrode is between

20: 1- 300:wowhewn3tt1ie potential on the third el ectrode isPoggaRiose7eaBati ve
to said sem conductor wafer; providing, by switch power supplies, a bias

voltage up tq4lV qhean@thed efnelsihe’ 19al wherbid NGl Gatite GreRheoRdied F
wafer out of the electrolyte. 12. The nethod of claim 11, where in the

rati o of ddresitiesabnarthe firstaldleetreds aas dhat dmetha esecdnd helectrode is
sem conductor wafer is greater than 0.85. 13. The nethod of claim 11,
wher ei n thetween ©:4£20hE, andr that oenthe ifost ®lech®de terethat padthetbirc hat

on the second el ectrode is between 1;1-2:1 and that .on the first
el ect rod@lectpdends ketweent Rit-d Qe theeelectpainigeitho congctivity frem

| ectrol it ductivity,f 0.02,t 0.,25/.cr h tenti al,.
the thir 98 o SR/ W tog Blitdnfias ' dn tire Bl ERalicts ThahebBtive ne
first plabifdeisrnLisediieonBLRgs: WarkhhThblirstisutiy sigyratio of the
current deénsities on ?%e r'rst electrode over 't on € 'Second el ectrode

is between 5:1-20:1 , and that on the first electrode over that on the
third electrode is between 2:1-1 0:1 in the electrolyte wth conductivity

from0.2 to @5dS/ ghevherethbe ft erdinal 10n wheren rtheelregio asfe the cegpentve
relative to the sem conductor wafer in the first plating step. 15. The

met hod ofdensities1on ther &irst electradier wiern livat on etite dacdnd eslemtrade fs r st
el ectrode over that on the second el ectrode is between 1:1-2:1 , and that
on the fiheiwegrctrlodel od@d that o theefirsli electreder everithaiepnethe third

>0:1- 300:ejlelc:prot Sis ee(f\\t/vreoelr}/t'\i%xf\ﬁgocf?rﬁwﬁtel éllletc\frélg/?emwith conductivity from
0.02 to 0.2S/cm when the potential on the third electrode 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 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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0.02 to 0.2S/cm when the potential on the third el ectrode is negative
relative to the sem conductor wafer in the second plating step. 16. The

met hod ofwol2aiom31Zis wherein the ratio of the current dem€iridnesosan237be fir st
el ectrode over that on the second electrode is between 1:1-2:1 , and that

on the first 2 ectiyle peiodhadf oBIdiRe YR M dyvBPEIH OdBel SelRitV®®ds are
20:1-80:1 in the electrolyte with conductivity fromO0.2 to 0.8S/cm when the

pot ent i alpawitiohed: at diffetetit verdicalsheigddsi ve rel ative to the sem conductor
wafer in the second plating step. 17. The nethod of claim1l, wherein the
t hi ckness of the conductive layer is from50 to 9OgA. 18. The net hod of
claim1l, wherein the WFNU of the Cu film deposited on the sem gonductor

waf er surfac@lis ddmethed or edartroshargicalsdepesitiomof wifeemot U fiEmning 1,
wherein the electrodes are. posi %i gned_at _the iarrﬁ verticEI hei %1?{11%20. Thfe
met hod o2t ARRATRIUS FRIRISHNG, of dPUL Pl TS, FIC G OHES MEASEE TR 8F 8RO

vertical (hel ghLs. ofchrode ™ haghfgbnelsdnt 1aChRITcaly daROSHIAORAEE W faf

Cu filmin an apparatus consi StTIng of ur or nore el ecCtrodes,

area of tacirodds, dheChictfdd EoRRINEES; 5% to 50% of the total area of all
el ectrodes, the méthod conprises: flowing a copper sulfate based

Cho | ata?of 8,8 ooper s bmseu stecole Hovy e apparatuso 2
el ectri cavhgrein denflowt raie s tromutto\20 LBRMr on the wafer; turning on
pover suppl | ?ﬁarﬁsofe?PiP]lgy ; gie?ﬁsic\(/)ﬂc}uac %rulc\)/véfoerlot\é tao E/vhaefer 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 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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sem conductor wafer; bringing the sem conductor wafer into contact with the
electrolyte; maintaining a positive potential relative to the sem conductor
waf er on wbeofoa3siisel ectrode; providing, in a first plaPCmgCN2O@m7233
conbined current from2A to 10A to all electrodes; a ratio of the current
density st Rfetirbele BlegithedoPYRE [ditle|eltidtfe 36 eA511:9L800r PAdanics
between 0.5: 1- 10 :1, that on the first electrode over that on the | ast

el ectrod¢hat drettiveefirdt &l€bode avert it on the reists¢ledtredesde bebweemt
on the rest electrodes is between 0.5: 1-2: 1 when the potential on the
| ast el ed.Bot:fswhedl theepotantialvent the hask ete cloadeciso posiliee ;redative Ho
ratio of the current density on the first electrode over that on the rest

el ect r oddhesserriGeadustar wafer; and; e ratio; pkthe currentdensily endhe fisst on
t he second |l ast, el ectrgde is hetween 0.5, 1-30; J1.,and_t on. the first
el ect r od & SRR Ve TiateONatle dEst s BaL aE b henhosn: 950024 fat ofe
potent i alyangde o @t et 4P P4 LBchHRIBLP diBch R sEl RRIKETC!
waf er; providing, Th a second plating step, a conbinhed current from to
4QA to ald 5e| eq:HOGhHd tRat AN th@kirkhelEstrbed odePthhY g thE89akt e¥éctrode

el ectrode over that on the second last electrode is between 0.5: 1- 10 :1
that on tigebetaicet! e¢i1-GdH:dverhthatthen poiertist ol ethie otissti elbetrazin is
1:1-300: 1, and that on the first electrode over that on the rest

el ect r odeedativeretatived {8 the- 2emicahductoewafeent i al on the | ast el ectrode
I's positive relative to the sem conductor, wafer; and the ratio of the .
current densiPrevisinghdy swdtchepeteogepelies, enhhtasonoliage bt taeldconotrid s
between 0.5:.1-2. 1 that on the first el ectrode over that on the second
last el eSEBHCTAUGIHWEFEG. 5: 1- 10 :1, and that on the first el ectrode

over that onf}eihasth ELe/ IS uctor wafer out of the electrolyte.

22.  The method of claim 21, where in the ratio of the total area of
all electrodes over the area of the semiconductor wafer is greater than
0.85.

23. 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 0.5:1-3:1, 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.

24. 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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I's between 1:1-300: 1 when the potential on the last electrode is negative
relative to the sem conductor wafer; providing, by switch power supplies, a
bi as vol twgeow3tns1V on sai d sem conductor wafer; bri ng@CREN2hes/072373

sem conductor wafer out of the electrolyte. 22. The nethod of claim2 1,

where inddmidéiviey ofrorhe 0.0t ab &7 88/6Mm alvhe! efie opesetal 6Ae tﬁéeethﬂfd the
sem conduct or wafer is greater than 0.85. 23. The nethod of claim 2

wher ei n tdlectraded isfnegativer refativietel sas semidenductsr W@f@rrnﬂethevarstt hat
on the second last electrode is between 0.5: 1-3: 1, that on the first

el ectrodglating steft. on the | ast electrode is between 10 :1- 100: 1 ,and
that on the first electrode over that on the rest el ectrodes is between
0.5: 1-2: 1 in the electrolyte with conductivity fromO0.02 to 0.2S/cm when

Sem Conduct ot B?ﬂe Lr%fqiae'ffcp&{ it 20 Wi eul U o i iio ThE crarent
b oL g sCoR U Fr IO ETavet Hhal oyt s Uetin leet pIErBYE id M

el ect r odgetyRten h@‘t5 9'1‘1€)h13 tR&t &hefHd Gt 8lRardgenover 1thai0®n the2Mst haEL

on the first electrode over that on the rest electrodes is between 1:1-2

in the eledettroldd s betlveemddot1.300: 1f raamd @h3t on the8 firstreldetnotibeovert et al
on the third electrode is negative relative to said sem conductor wafer in

the firstompltie mesit @ectbdemhdsmbettaeart Ql&i1rR21 1in viher eglectitadytant withof

the current densities on the first electrode over that on the second | ast

el ect r od€anguctivity from 0.02 to 0.2S/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 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%
to 2.5%.

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

same vertical height
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between 0.5: 1- 10 :1, that on the first electrode over that on the |ast
el ectrode is between 10 :1-300: 1, and that on the first el ectrode over
that on twe 2omd31B5ect rodes is between 0.5: 1-2: 1 in tReTEIN20GS00R3TBe Wit h
conductivity fromO0.02 to 0.2S/cmwhen the potential on the third el ectrode
IS negative relative to said sem conductor wafer in the second plating
step. 26. The nethod of claim2 1, wherein the ratio of the current
densities on30he fistmethotr afectaiar 2hatthen dleetraetemdateaspositiertoddat i s
between 1:1-2: 1, that on the first electrode over that on the | ast

el ect r odglifferent weetical hegptts. 1, and that on the first el ectrode over that
on the rest electrodes is between 1:1-2: 1 in the electrolyte with
conductivity from0.2 to 0.8S/ cmwhen the potential on the third el ectrode
is negative relative to said sem conductor wafer in the second plating
step. 27. The nethod of claim2 1, wherein the thickness of the conductive
|l ayer is from50 to 90gA. 28. The nethod of claim2 1, wherein the WFNU of
said Cu filmdeposited on the sem conductor wafer surface is adjustable
fromO0.2%to 2.5% 29. The nethod of claim2 1, the el ectrodes are
positioned at the sane vertical height30. The nmethod of claim2 1, the

el ectrodes are positioned at different vertical heights.
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