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plating and filli ng to forminterconnects in the fabrication of
seni cond P3P 8 es The present invention geRETAPPY7EIUEEr ns a
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interconnects in the fabrication of sem conductor devices. Background of
the invention Copper netallization has becone wi dely adopted to formthe
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Mul tilevel i imtercmneets s tleofabrichtiom ofisensicowddctaf dedapser | ines (al so called
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verti cal apertures Li nes and vias are forne using t he
damascene pr SeREENAUEICKEes-See for exanple S.WIf: "Silicon processing for
the VLSl Era", Vol.4, p.671-687] in 20 which, at each |evel of the

i nt erconnect .system f aﬁures re etched in the dielectric material and
subsequent | ymmma ore being planarized. A sinplified
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Lines and vias are formed using the damascene process sequence [See for
example S.Wolf: “Silicon processing for the VLSI Era”, Vol.4, p.671-687] in
20  which, at each level of the interconnect system, features are etched in the

dielectric material and subsequently filled with copper before being planarized. A
simplified version of this sequence can be described by:
- dry etching of the dielectric material to form trenches and/or vias
- deposition (conventionally by physical vapor deposition - PVD) of a Cu
25 diffusion barrier (usually TaN/Ta) since copper is a fast diffuser and, during
processing, could reach the underlying transistors built into silicon, causing
device failures.
- deposition of a “seed layer” of copper conventionally by PVD ; this layer
being required to overcome the high resistivity of the diffusion barrier layer
30 onto which traditional copper -electroplating processes produce non-
contiguous three-dimensional clusters of Cu rather than a uniform film [See
US Patent application 2005145499]
- electrochemical deposition (electroplating) of copper to fill the vias and

trenches.



2 planarization by chem cal nechanical polishing (CW) to | eave copper
lines inlaid i dielectric. A robust formation techpi-fpsobnssikdiese
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device integration density increases, the wwdth of lines, vias and other 5
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and between the different levels remains fairly constant. As a result, the
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Alternate deposition techniques such as chemical vapor deposition (CVD)
25  or atomic layer deposition (ALD) can be used to deposit a copper seed layer [see
US Patent 6,887,522 and US Patent 6,849,122] but these processes still suffer
from some type of overhang effect and they are prone to produce poor adhesion of

copper to the underlying barrier layer due to the use of fluorine-containing

precursors, thus compromising device yield.

30 These CVD and ALD processes cannot be used for filling features as their
deposition rate is very low, making them incompatible with the high productivity
environment of semiconductor device manufacturing.

Electroless copper deposition directly on the barrier material has been
proposed to fill features. However, an extra activation step is often required and

35  adhesion is also a problem. (See W.L. Goh and K.T.Tan “the use of electroless



5 copper plating chem stries, has al so been proposed [see US patent
6,812, 143]. This approach has the di sadvantage of introducing a new
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danmascene sequence. As feature di mensions decrease, the use of seed

| ayers will nore significantly contribute to increase the effective aspect
rati o and make gap filling 10 by copper electroplating even nore difficult,
if nmerely possible. An el ectrolytic copper bath capable of formng a

seed | ayer of copper is normally not usable for
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that this invéntion fro t stan pol nt _al one.
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A gap fill capable single step electroplating performed directly on the
diffusion barrier material would thus alleviate the above issues and constitute a
solution not necessarily straightforward to the skilled person.
30 In addition, one should note that such a process would bring productivity
gains as one single tool could be used to perform a sequence (seed deposition
followed by trench/via filling) which today requires two equipments i.e. one for
seed deposition and one for copper plating. This latter merit also suggests that the
above-mentioned technical elements regarding the shrinking of dimensions are
35 optional to motivate the introduction of the object of the present invention in



I n accordance with the present invention, it has been discovered that a
single electrolytic copper bath may be used to el ect ropilb directly
onto a 15"0%08ff #2%i f f usi on barri er terial which can @%@%zgled or
not, with the resulting copper filmconpletely filling, w thout any defects
such as "seani, the trenches, vias and other features previously covered
with the barrier material. It has been found surprisingly that the copper

t hus deposited exhibits low resistivity after annealing and strong adhesi on

to the underlyi barri er. W L esistiwl j bau &l Mahoait ageous
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According to a first aspect, the invention is directed to an electrolytic
30 copper bath which generally comprises: a copper source, at least one specifically
choosen complexing agent and optionally additives used to assist in filling.
More specifically, the electrolytic copper bath of the invention contains, in
solution in a solvent, a source of copper ions with a concentration of between 45
and 200 mM, preferably of between 45 and 100 mM and at least one copper
35  complexing agent which is an aliphatic polyamine having 2 to 4 amine functions
with a concentration of between 30 and 200 mM, preferably of between 60 and



Preferred aliphatic pol yam nes which can be used as a conpl exi ng agent
according to the invention are selected fromthe group consisting of
al kyl enep¥P28H M0 and pol yal kyl ene- pol yani nes havi ng 2 PCA/EP24H{0at681
“functions 25 preferably fromthe group consisting of ethyl enediamn ne,

di et hyl enetriam ne, triethyl enetetram ne, and di propyl enetri am ne. In
the framework of the invention, particularly preferred aliphatic pol yam nes
are et hyl enedi am ne and di et hyl enetri ani ne. Excel l ent results have

been obtained in particular with bath conpositions 30 in which the
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ate
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f the invention to increase the plating rate
of the 20 feaWirafsepotiion daet of et and) slectiaplatingcsiensnl ban been R de i ons
in conbi nati ehat\dd idvaaloneillosiss depolitian tiprl ty dehighienabwiichlis ofte daderwged as
suppressor. A f:or{g?pci ”éﬁ/ avai |l abl e suppressor such as Nanopl ateTM C- 3200
f r om Rohn&Hads & % Materials L.L.C (Marl borough, Ma, USA) can al so
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(SPS) can be used_as accef ] . rcial Ly avail abl e accel erator such
as Nanopl at eTM B- Bpderred aliptRrén mehmamingy whick san bemsed ep 41 eomplexing agent
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agents can opebBmiEy 350 PAYBSEIFERODARIBRe LEY DRy 21 o it AN dHRCtHent| on
to enhang$ t pecferablyi figpnotthd lgeoypl @bedistingl of ethylenediamine, diethylenetriamine,
triethylenetetramine, and dipropylenetriamine.
In the framework of the invention, particularly preferred aliphatic
polyamines are ethylenediamine and diethylenetriamine.
Excellent results have been obtained in particular with bath compositions
30  in which the aliphatic polyamine is ethylenediamine present with a concentration
of about 95 to 160 mM.
Excellent results have also been obtained in particular with bath
compositions in which the aliphatic polyamine is diethylenetriamine present with
a concentration of about 160 mM.
35 In general, the electrolytic copper bath of the invention contains a source
of copper ions, in particular cupric (Cu*") ions.



According to a second aspect, the invention is directed to a process or

met hod for el ectroplating copper directly onto a copper, 3egpar rier
| ayer deﬂ&?@%@%‘?‘nﬂoa patterned substrate and, in the sapnglééig@/o? t he

met hod, filling the 35surface features of the patterned substrate with
copper. WD 2007/ 096390PCT/ EP2007/ 051681 7 According to this nethod,
a substrate surface coated with a copper diffusion barrier material is
imrersed in the electrolytic copper bath of the invention as generally

descri bed above. %gg _ %,ng?e?ésfr)? L ia?orgjrxgrﬁfoglkcg g(%drré(e g’f)‘f@%ﬁ‘f s %@E%O%%Iasraitz_ed in

such a way that t surrace 1s e I C& ase a period 5
of tinme depemdhnts mnparfieilatesipped suphgiercoppemehlpridd. feprer NNHE O BB i cal |y,

t he net hod ageo tg!ﬂ?gfe%a"ab%%%ggl{‘s\ﬁ%{@n conprises: providing an electrolytic

copper bath contai'nrng, olution in a saolvent, a source of copper ions
with a concent r at Aorpagfculsstyneseferrsd asRIrgR0 PImePPRT e fUSatt yCBPhH %n 45 and
10? nivi angiha eﬂtﬁﬁ%rrat@.ne copperfcorrpl exi ng 1ﬁ agent which is an aliphatic
pol yam ne having "2 tqQ 4 am ne functionps.w.t.h a copcentrati . ween 30
and 200 mv pref eEé?ﬂ?I)?anes‘bl& Wé@ﬁ’e%o fained i pﬁmcu{éﬁé" @o%%%?&ggérsﬁ{@% ng
agent (s) nol g whithi te Beirdg od tofet iarns Qogpeanulf@e pontehpiratol predsnt wisbrr 0. 3 and
1.5; br{qr}g)ié{lg)féai 19Incopper diffusion barrier |ayer of said
substrate i nfYPEBHE W'th said electrol ytic copper bath, applying an

el ectrical bias tin gérers ths tleatralyfiogopperibathof the invgntion eontaigs 8 sehveR)- t o t he
thi ckness, of  COPPRYwbRPH FEGHIEARLRE o QDY IGn WRCnAURSIHT @ SoheM Sai d
electroly9|c copper bath. According to gne enbodi ment, of the process of the
present i nvefprovided thap appioptinighyedissolvea dhe achue sRECl RS Y M9HOSR Har r i er

material is iERESeRith th NBeBbpRERG), Wiiter 6PPPRYdrbatshadic sdietidmwaiitieon. This
i mrersion can be carried out wth no electrical bias applied to the surface

to be coat edP(%‘%)‘F‘Hi-entry) or with an electrical bias having the sane
pol arity as the biDRpentifg ofiGhe dempkixinigoagefihdhe eletirylytic Dappancbatthef dwat i ng

formation_step, t.he substrate i | egh Ll liarized in
such a way tlﬁ‘g‘fen{‘%%’a G4 103[1??(% & ﬁi‘ek’g’fﬁ%‘%ﬁ @P?gﬁgﬁgg%?eﬁgﬂl SEa&lp riod of
time suffici eddingcohvemionilepldedjustathenb additives. Haveeveerthisdsgr gepsrgl AgYy be
easily deterr&&%glar y a person skilled in the art, the growmh of the film
being a function of the charge, which is equal to the time integral of the
el ectric current Qreswiegddifivessichigsasrelergipsy and sHRPETTSYT AR PP (¥ar aday” s
law) . 30At thg.enfRf bRl RRAbARHIShepavehtién sdihftdasd ehd platiggoatedf flreom t he

bi as. appiPed [FOUERSOBRIFAE PUteT SHBREL rTER SIRreets T artubdin . 10
pol arity (hotwi@iipo)yethers such aBupélpghylbmeghtoefs ofn fer miadg as rﬁgppx@aqor.n@, “the
e Lot o SRR N A Mo W Ykt o
Rohm&Haas Electronic Materials L.L.C. (Marlborough, Ma, USA) can also be
used with the electrolytic bath of the invention. For instance also sulfur-based
25  organic molecules such as bis(sodiumsulfopropyl ) disulfide (SPS) can be used as
accelerator. A commercially available accelerator such as Nanoplate™ B-3200
from Rohm&Haas Electronic Materials L.L.C. (Marlborough, Ma, USA) can also
be used with the electrolytic bath of the invention.
Other additives such as levelling agents and wetting agents can optionally
30 be used in the electrolytic bath of the invention to enhance the quality of the
plated film.
According to a second aspect, the invention is directed to a process or
method for electroplating copper directly onto a copper diffusion barrier layer
deposited on a patterned substrate and, in the same step of the method, filling the

35 surface features of the patterned substrate with copper.




WO 2007/ 096390PCT/ EP2007/ 051681 8 For exanple, the surface can be
cat hodi cal | é bi ased continuously either in galvanostatic node

const ant YWWP3L708¢3¥&nt) or in potentiostatic node (with JCEEHREY 49?1651 as

potential, optionally relative to a réference el ectrode). In general, a

satisfactory coating and filling can be obtained by biasing in 5
gal vanostatic node preferably within the current range from2 nmA/cnt
(mllianps per square centimetre) to 25 mA cn2, and nore particularly from

4 mVcn2 to 15 nA& cnR factqr coatln ma Is be obt ai ned by
bi asing in pot ent ASSeTaine: trdbs, msﬁboapa 9&?%‘3'5 gwifge v6?¥%fgé”lf asGAPCH way
that the resdiffisitg b&irler Ghutedalt 1slﬁnmemd e the tdiéotrolytie sepyer diathr efitth¢ ange as

previouly indicated, Alt h the | t epends:. i r

cel | design PYFaRt %Sr%enegaggﬁieilcélbteﬂg \fﬁﬁé@%&?{%ﬁgf{%ﬁ al[}ﬁgz}“ (gtagode or
the presencepolarizechiznduchmeyay thatiliel bameemzs&cé csreleptpearlb'oblasldl fot egperiod t he art
to deter neo?ﬁ&e‘ﬁ%hénd%ﬁl‘&rﬂﬂ@d@éﬁ B A8 @Rdnad usting the current

obt ai ned T or Ive a glven confrguration. 15The surface can
al so be cat hodi caMcye am ticgll mhansféfeﬂséieerdmg tgahe/ Evertion Gognpsises:

potentiostatiC Sh@pgi al%lfeéea &cap&@lﬁauﬁa)@anﬁqgugmowontﬁ Po1e8, a
Appl i cation 2006/ 0065, |ncor éate herei.n by refere

surface to be co¥{EF € ﬁo%He§d°‘b%Wé ¢} SANEERTRGOh 0 hefveen %ﬁlagéd?oﬁﬁﬂlg (either
E) he cg (r) rent (r)]r t@eﬁd@ﬁle o IbaﬂwdéﬁIMQaIﬂUI (}IEELM ahd at Riast (ﬁﬁS@ppéﬂm)nqjlaahgl cal
i as ave_t ses current or

potentia such %ﬁnfggf g‘ﬁ@ﬁ?zﬁfp%ﬁ s%"zya‘w&g%ﬁ mg Zntg (étboé]ﬁJVI g on the
barrier materi al goricemrationcihisweemao tane %l@bth,aplef%ad}e Oftbwes@npﬁﬂ geé bei ng
advant ageously sepat.gk. b

A satisfactory coat] n;ﬂ@gﬁ%&%&%ﬁﬁ%@%&ﬂ& E‘“ggﬁ‘%a?‘ 035’%%6@312
preferably so asaidodi Iyrheipsl &# apd & hodi ¢ ) vol tage pul ses.

general , this._stgpmdmy saa &)%béﬂ 8HfRISN BArids ldver bIRAFCsuberdtd 3foPsHnsRS
correspongil ng to a unit area within the range from2 md/cn2 to

40 mA cn®® and n’H}tBS?}Qrechgﬁfalf‘lcﬁ?pl?qr(?ﬁ’ihél md cn2 to 25 mA/ cn? separated by
time intervals Wippitdng an leleagicapbias t@ppl Jubstratd Gcc durdiimgadjostedecdoadihg cul ar

feature, the dur%ghggléq%l Ssﬁgﬁé&tg%ﬁgeeaﬁ\géﬁeg 001 and 1 second, for

exanpl e around O as t 6h of the tine interval where
no bias is appliwtoving the sifestrakedror s9i0 Blestralysic seppardeth. f or exanpl e around

1.5 seconds. Accordin TR Lejﬂm?ﬂ fcyq&mcafﬁ h%sprB%e?%fF?ﬁé E&E&R%&Hﬁ%ﬂg this

step depends on t xpect Kness coat | genera a
person skP| | sebsfratet mfa&fstcomem With oy difjusien dprics em@tﬁealnurr%me?

5‘;07/ ]996390 PtQEétEagQ@ Z()}%ﬁl[@&ﬁa &dtﬁ? @ﬁ\%’ﬁué@l "!lflﬂs Pﬁﬁl%ﬁﬁdiﬁ@hn%todﬂnﬁ& b\lita\ht%ulnder
e af orenenti one era itjons,.illustra xa s bel ow
it has been BB ‘g‘?{{’hﬁt aﬂpﬁﬁgﬁp@glﬁl‘f%ﬁe fQs §@ eg]b&/?ll& fn‘i‘iﬁn m@"&/

electrical bias having the same polarity as the bias used for deposition (hot entry).

25
I'n

During the coating formation step, the substrate is electrically connected

25  and polarized in such a way that the barrier surface is cathodically biased for a
period of time sufficient to form the desired coating. This period of time may be
easily determined by a person skilled in the art, the growth of the film being a
function of the charge, which is equal to the time integral of the electric current
flowing in the circuit over the deposition time (Faraday's law).

30 At the end of the coating step, the substrate is removed from the
electrolytic copper bath. This removal step can be performed either with no bias
applied to the surface (cold exit) or with an electrical bias of any polarity (hot
exit).

During the step of forming the coating, the surface to be coated is

35  cathodically biased. More specifically, this can be accomplished through different
current or potential waveforms.



I n one enbodi nent, each periodic cathodic pulse my |ast between 1 ns 5 and
1 s and rated fromthe next one by a durati 5s
wher e no@%@?@?@%ﬁ bias is applied tp the substrate. %%Pzg)ﬂ@rl&ﬁore
conpl ex waveforns can be used to take advantage of inproved filling
performance, especially for narrow lines and small vias (less than 80 nn.
100ne waveform of particular interest is called reverse pulse and is
described in detail in US Patent 6,664,633 and also in US Patent
Application 2003/ 183, 527.1ncoO rat i : reng : this
type of vaver orm o sariplt P SERCEREE bl EhELACHK Bl GRiously cthel B T
potential puksleandsetiappidedwith@ aonstast idsewatend dsén pejgrtiastaticapndedMif a t he 15
anodi ¢ pul se RINIRy Aiehe Rk Ekrele abbiRierompar ed to

cat hodi ¢ pul g%ﬁsl?a\ﬁgg{aﬁgg{eg ath anod§|]c phl ses_may or ma% ngé bebd.%g)ar ated by
time intervals whbygensglin éaélsf%t%ﬁp?tw E_tr@ filljag sap be cRtaingd hy Ll
During cag hoghlGakisasic MbdeGReRbly WitHianps tdrt emgt fons2indAles’ (milkengoat ed

fromthe electrolytic copper bath tthe nvention., 20Dur i odi

bi asi ng, soneefc%‘ﬁfé’rcqngmﬁgfﬁg%ggfmgmzhén%@ﬁ 8&’8&091aﬁ¥3]6°§?9383?°é’5’;ef". Thi s
renoval occuflSnp¥eiérentially on protruding corners at the top of features
t hereby enlarging,the top a tur f.th AL S i oved
filling properti eé %@Bé&ﬁg |%§£tlm glrarlgl.allstgr &? égt?{?lr&elgg’ bllﬁhg lﬁbb&%&%t
surfaces, thewsnoby epplyinges chlhvweltagpdn sedh agvayt thet thel wadling celd avrreght

25copper l(geppfﬁhgiﬁs within the%axglgtéugﬁ;eg?%@g% a§ PALVidlGy TRl AP ERI figd by

bi asing in pulse reverse nod lLy"so as to inpose BJPoIar %h

cat hodi ¢ and veltwsggidepyndsdn pagicuisr pa ssll design parprelgis, ghcly as the, fistagee FoRay be
carried out h&%_ EtnteRelbdTRNAS Or Ahe Brekétfee AF a}/@ém@ﬁ%au?k:glesaewy fﬁﬁraomgmm%/ t ?nz a
maxi nrum cat hodi.c, current per uniLt area, W thin.the .ran ro C to
70, T e aNellb % Gt B esgrmyner s el YRR P e i o Rl 4 by
anodi ¢ vol t ager@it bbameddor @ givem dotentidl and a givenwonfiguratibne current per unit
area within the r fer ) N i

i nterval 25 wher e niﬂg?‘ggc??ags%ﬁi@gac% ‘eg&glé%b[gﬁée&% ?1%1 fgrE:C%an? g}r%gf)lé_:t{%ul ses.
The dur at i onobpotehtieséatici stepsioftdéfferantsmagnjtude ap saughieby USOBMend fppbisgiadeconds.

20677 bag00n ' ' his step depends on the WO
2007/0963390F%9§676(b s 36QiRBrRRULPHAEH Wil

EP2007/ 051681 10 expected thi ckness of, the coati ng. I
general , a personTBgispiiasg tPrbe; enates ganglsq be §§E‘P‘ﬁ?ﬁﬁ'etflé?egi ‘Hé’“?sﬁé ‘ﬁ?ﬂﬁ)er of
cycl es to beqfkf Be@rehn oiMtHegpdidiaial being pulselp 1At earn ticosledriga tesal
condi ti ogé, ill lﬁa&raﬁegong%/ he exar%pl es ..bel gsws '%t ha§ beep obser egs t hat
the 5depdli ¢ FBH TE &0 SEFIEH it BEFOUS ulpes of currént of potential ste

rectangular pulses, having a magnitude depending on the barrier material, its
thickness and the substrate size, these pulses being advantageously separated by

n

time intervals where no bias is applied.
A satisfactory coating may also be obtained by biasing in pulse mode,

25  preferably so as to impose monopolar ( cathodic ) voltage pulses.

In general, this step may be carried out so as to impose voltage pulses
corresponding to a current per unit area within the range from 2 mA/ecm’® to
40 mA/cm’, and more particularly from 4 mA/em® to 25 mA/em” separated by
time intervals where no biasing is applied.

30 According to one particular feature, the duration of bias may be between
0.001 and 1 second, for example around 0.5 second, whereas the duration of the
time interval where no bias is applied may be between 0.001 and 5 seconds, for
example around 1.5 seconds.

The number of cycles to be performed during this step depends on the

35  expected thickness of the coating.

In general, a person skilled in the art will readily determine the number of



I n one particul ar enbodi nent the nethod of the present invention for

el ectroplating copper on the surface (nmade of a copper I terial) of
a patterﬁmz@g@g??‘gte conprises: a s& ep referred to as?@‘%}kgﬂogﬁglpgi during
which the said surface to 10 be coated is brought into contact with the
electrolytic bath while the said surface is not under electrical bias; a
step of formng the coating during which the said surface is biased for a

time long enough to formthe said coating; a step referred to as "hot exit"
during which the said surface is 15separated fromthe electro|lytic bath
while it is SY§es t@ngér perfrmed; %ﬁ?wmgaé.at under Ijg]?i algrenprntiop dgeélﬁ’faﬁ) y" step
of the net hodomditiedsiliingstfatedt by Shersxamipiisnbelow, ithRad brvaniobsutved eat shie f ace of
t he substrat% t 0. be coatelg izd‘gj)[rbefera ly kept in contact with the

el ectrol yti c “BRISHIGPJACSS gt PSP “east 5 seconds, preferably between 10
and 60 seconds andh one empodifrenglwagh abwedic $6thedic gk, m20 st betgveehd ot

exit” st efho%ﬂ& s agﬁ‘ﬁ%%eas%éﬁﬁéh gx%fn& glﬁ;[r{éﬁte &{el-]"@‘é h&‘a}io B ﬁ{éﬁ?%&%ﬁr@ urface

coated w e copper ‘i s remnove ctroplating e under
el ectrical binasleghrshbbiapisyappled tg thesybstralsf bet ween 1 and 10 seconds, nore

preferably for a prrdiofhofd RRMMx Ivdveform3CEANDBE. uhdY & ltAGE A PAfagel B " NOL

exit" step is carried out |n potentiostatic node, 25 that is to say by
keepi ng the &PREVEd éllﬁkgtr@#prraancaf SPREAL s B Tines 204 FRel vipsi(lges i &
potential beigoantyeasured either relative to the counterel ectrode of the
circuit relatiye to a.reference, el ectrade referabl,y at,the s

vol t age mvel R é’é&cﬁb’r gﬁﬁrggtl 1 F%)lhéésrf:%eﬂs%"g%e 18 gf%miggo
carried out imdgail énliSottadttiooc6aBs. andralania 0% Ratenp Application2083M 8852 Ent t he

met hod of th i i O the entry steep is a "hot entry"” where
t he substrat g@g&?ﬁﬁ%p&;g&%ﬂeﬁe@% ectrolytic copper bath under electrical

bias applied to ifn this type afcureefong.td seriehpf @ltermpieg cathpdici adeanedia i s
directed to LhRedSR PhertilEpOLECE Hpkbd o GRPARIacEIS be QbatcheGERMEN i foOr

el ectropl ati ng copper directly onto ﬁ(ill‘?jco(?per di ffusion barrjer 'Egﬁé

deposi t e&® onaBodic Prlses Bavesioper rmaggityds) and shqrfes NRRACHEO ¢4 t hod,
filling the sukéacatiodalandemotic pules palyl @ m@oh@beskpahed byttinecmppeds WO
2007/ 096390PCT/ EP20Q7/ 0516181 eJT‘bOdi ment, the substrate is a

4 1]t L n one
silicon waf el iefF 1o Ras 5 aPRUed P thegpfacg {9 BeS9atthgrat ed circuits, the surface
of which, to be cOaried,caihedichzibsing, @ppepisetepdsifetusi te dusfacd ar bé aypsed

LT, TR S0, Anebiger baser on tantal
20 uring anodic biasing, some copper is removed from the previously
deposited layer. This removal occurs preferentially on protruding comers at the
top of features thereby enlarging the top aperture of the features. This allows
improved filling properties especially in smaller features.
On flat surfaces, the anodic pulses have a polishing effect leading to bright
25  copper deposits.
A satisfactory coating may also be obtained by biasing in pulse reverse
mode, preferably so as to impose bipolar ( cathodic and anodic ) voltage pulses.
In general, this step may be carried out so as to impose a series of voltage
pulses corresponding to a maximum cathodic current per unit area within the
30 range from 2 mA/em® to 40 mA/cm?, and more particularly from 4 mA/cm? to
25 mA/cm?® separated by anodic voltage pulses corresponding to a maximum
anodic current per unit area within the range from 0.4 mA/cm’ to 1 mA/cm®.
There may be time intervals where no bias is applied between the cathodic and
anodic pulses. The duration of these time intervals may be between 0.001 and
35 5 seconds.
The number of cycles to be performed during this step depends on the



5 tantalumsilicon nitride (TaSiN) layer, atitanium( Ti ) |layer, a
titati um%?&& 963?%\1;\0 | ayer, a titaniumsilicon nitrid gﬁtﬁp%ﬂkﬁyer, a
tungsten nifride | ayer, a tungstgn carbon nitride ? ayer, a
cobal t - based | ayer and a rut henium based | ayer. The present invention wll
now be illustrated by the followng non-limting 10 exanples in which the
nmet hod according to the invention is used to plate and fill copper on
silicon substrates coated with a copper diffusion barrier |ayer. This

met hod i s especiall.v appli le.in the fabrication of copper interconnect
structures fg’?pelctﬁflé%?lg?egﬁoﬁﬁ ggﬂ?tfng' and sem conductor devices. It should be
noted that in thebegeagmhp pasorbskiltedciortho sit twil meadily rdetarmineche pumbenpdt er

(optionally w - I coh , C.0 Faf, dsgaum! exi ng
agent (s) andwéztrié'e%_ 2?1},\5% ?lseé%?ljntgg glt@lélﬁg gg%duggg,up%g a{gﬁg‘%ﬁ@?ng, ood
adher ence anePndgipnse diustrrigrlt By thy gkampples)belayy, & dinssleen ehserved iBat Hediti ves

(usual ly ysegleﬂogiﬁ@ﬁsjﬁgqs dbduf { I?;@Cyag/ or to nodify the pH) may further be
added. It should I%LSO be noted that t n, di rectl?;llvbe.depogsi ted

he, co r,c
onto 20 untr eat ed'THaRG PEFHCH éﬁn%b"?ggeqtsth‘? Hggg‘é%é’?ithe PRECRLVERY
exanpl es) . Helegvdlatingheoppev ent thesurface1@inadd of taecbpper bixeier epndeial) ofiaont o
untreated barrjer |layers. ln sone cases, it could be suitable to first
nodi fy the bg?tli%etd g%%a?esc?r?%rtlsﬁ'ng gas anneal, electrol Kti c treatnent, acid
treat nent, el ectrocheni stap refesad nens Y'cold SnEXAdwling which the saidlsurfaestiot r at e
used in i's %%J ', f, Ll %tﬁoob : ' a 400 nm
| ayer of {ds]i I})%én I §x@§‘§%2‘3§&°§{é‘8 f}hpt)q]egggn%@ an%gg‘lhé%gﬁ‘lé %g? %Ig%gr
deposi tion (ISE@VBJ}deW}%“@?Wlé%n di oxi de | ayer was coated with a | ayer of

tantal umnitride (TaN)a Ry @Qf&nﬁ{ir\é G Q6MirRf durthg Mht@PASi daddl stifaddVi® on top
of 30 which g, ’Iv%yer aof tantal unkl& ? hgw ng a thickness of 15 nmwas al so
deposi t ed byPipas for a time lepg enopghyterifray the gaiff coafings nner  di f fusi on barri er
such as those used in #larpsefnedsivrascthot exit” Heng ddth tiessad aadaceofs t hi s
barrier ack wa ohm ar e, b . St r . used for sheet
resi st anﬁjfe (%’f‘raﬁe@ﬁw@We‘ﬁ%qﬁ)}%ﬁly?%@l“ﬁflggﬁ%%gfh%ﬁﬁgl%ft’tglﬁ&gbﬁ\asa bl anket
substrate was neaBurisglthsy cald/entiyibitep fidthe enctiwd aEoriEOEIGEROTIERAO07/ 051681
12 stud-pul | ogiétinvéﬂohtegfghs—me& RENRL SR B2 (SN proferioly RO | /

spacing 100 n havi n sanme underl ayers as. the bl anket substrate was
used for gapcdntadtiwigh tagledtalyie bathdor i peripd foH deast Sgsesondsc RreisTAYY el ect r on

m croscope (§fdbert | @ait SEScbARHndi m®E iphderabllN®o6t FMEHHB! s were used
wi t hout y pre-t{)eat n

t. . TN trol yti bhat h .of th
inventioffin thi sPPARE fheurhat eé%aﬁﬁpg"f\?\t)gg%éerﬁ}? @%@Sg&eﬁ?ilgﬁen@gﬂt @ﬁeﬁi ng
CuSO4, (H20) ubsirkth sarfaeenaarddr with oire edppébisndinoaed] frethth eettoplatime batht h a
concentrati O\r;]v}ug u-%geq erlg%ric-le_ﬁ] Bidd l}grgiferanow ?orsaoﬁe%o'do& Wee}nll ar}tp l(ggé{foﬂﬁ?,nt

more preferably for a period of about 1 to 5 seconds.

Advantageously, the “hot exit” step is carried out in potentiostatic mode,
25  thatis to say by keeping the electric potential of the substrate at a fixed value, this
potential being measured either relative to the counterelectrode of the circuit or
relative to a reference electrode, preferably at the same voltage level as during the
coating deposition step when this is also carried out in potentiostatic mode.
In one other particular embodiment the method of the present invention,
30 the entry steep is a "hot entry" where the substrate is immersed in the electrolytic
copper bath under electrical bias applied to it.
According to a third aspect, the invention is directed to the use of the
electrolytic copper bath of the invention for electroplating copper directly onto a
copper diffusion barrier layer deposited on a patterned substrate and, in the same
35 step of the method, filling the surface features of the patterned substrate with
copper.



The cell used for the electrolytic deposit was a glass cell nmade up of two
parts the cell intended to contain the solution for el on and

"1idn WP aHPTReRRY it possible to intain the vari ousggﬁ‘@@?@%g&ﬁg
p03|t|on, as well as 15 to supply ar dn for consistent hydr odynam cs within
t he sol ution. Connectors all owed contacting the el ectrode by

electrical wires to a stabilized power supply providing a maxi nrum of 32
volts and 5 anperes. Experi mental protocol 20The substrate was i mrersed in

the electrolytic cop t d 0 e ep RO |
per f or med: i OP‘ b@d“m@% tlii:gc])ltg S%Jak \M Qgsn]t‘&)rn ya ?etr @e&wa&soq}?%wgrgZd I n
t he el ectrol jiahm;ammg)pﬁcgrb@dmld:uﬂs,n@eamrf@@tzcﬁdénw tthdlﬂ ceatgd, db deatrafcal bi as

appl i ed to it,,e diffusion b]a%eéﬁggé '&%C'téanfrgfn ﬂfér g@% %oﬁﬁgﬁﬁ’%gfj laapi| Rt sed

potential with'a perro seconds (0. 75 s off on) between

0 V and -15 Yased on tanwmmdmr@zﬁ@ntahune(wgﬂ} & @nwagn s daty) 13%6m 2 he
g 8loper bel gct 'Ea(?xltéﬂlnftncsﬂi’?éagmwf&e ashe):tarytbxc al titahiat A1 9 lhRyeh teaiia tnttﬁd? he

se bi as S orm.n ve experinen col on a
bl anket subs(Rf'é‘géaye%ea hed C%{"&‘H?ﬂ (ﬁ%ﬁg?ﬁ'ﬁﬁ aﬁﬁ?&%ﬁ’%ﬂl@ﬁém g with a
t hi ckness of a4@fgsin caba Qﬁﬁ‘lﬂe r(AENYflay2r,nancsbaAnbasad dayeetandes nghariee- Rs  of
0. 05 ohn squgﬂ$ﬁs dep05| t ed. After an anneal at 350C during 5

mnutes in 4 2196% N2 f or ni ng gas, the adhesion value of the copper
| ayer was 13.4 J/ ifhe pB5és isvemtinniwll Iﬁpgmeenllmstramd hthe $ollpveRymen-disaitisgct i on

i mge of Ta%?%ﬂg??r# LR tﬁ%fﬂ%ﬂﬁﬁ %&HMQh@ EH\/ent?&?‘Fs' 138d 19Pafdnd! fiped wi th

a PVD Ta usion barrier copper accordi ng to the
met hod of t heoppey et siiporpavnlistipes oated avith @n%q?psrafit Bisiwg batigks {ayst. gL his

defect-free gamddis Legﬁealauy ab l‘i‘ca‘bleﬁkl(?chélfa%ﬁcél’tﬁ)% dTkbppdrestercohidet atrgtemesi t ed
t hi ckness of 200 nm he substrate used in this exanple

consi st ed of %f‘g‘iegfwlfﬁﬁﬂtgg?‘gﬁeémc%ﬁ@& fWEF-a 400 nm | ayer of silicon
di oxi de dep05| tedlmopld&&rmﬁahﬁﬁﬂﬂﬁﬂesembds bealp oomgegptsistdontai(sREGVD) . The

oL Lo, O G RS S S BT, gt ISR Bl 10
rut heni um | aygq:nt@aandsaﬁ sﬁﬂhdlgquapétam good results (gap filling, good adherence and
low resistivity, high rate). Of course, additional additives (usually used to assist in
filling and/or to modify the pH) may further be added.
It should also be noted that the copper can directly be deposited onto
20 untreated barrier layers (as is the case in the following examples). However, the
invention is not limited to the deposition onto untreated barrier layers. In some
casés, it could be suitable to first modify the barrier layers (forming gas anneal,
electrolytic treatment, acid treatment, electrochemical treatment).

25 Examplel
The substrate used in this example consisted of a silicon workpiece, coated

with a 400 nm layer of silicon dioxide deposited by plasma-enhanced chemical
vapor deposition (PECVD). The silicon dioxide layer was coated with a layer of
tantalum nitride (TaN) having a thickness of 10 nm deposited by PVD on top of
30  which a layer of tantalum (Ta) having a thickness of 15 nm was also deposited by
PVD.
This TaN/Ta stack is a copper diffusion barrier such as those used in
damascene structures. The sheet resistance of this barrier stack was
21 ohm/square.
35 A blanket substrate was used for sheet resistance (Rs) measurement by 4-
point probe. Adhesion on a blanket substrate was measured by a variable force



A bl anket substrate was used for sheet resistance (Rs) neasurenent by 4-

poi nt pr%&zoﬁﬁg@gon on a bl anket substrate was rreasurng&i;z(ﬁWgﬁrGgfibl e

force stud-pu t. These substratgs were used w thout "any pre-treatnent.
15The el ectrolytic copper bath of the invention in this particular exanple
was an aqueous solution containing CuSO4, (H20)5 with a concentration of 65
mv] and et hyl enediam ne with a concentration of 160 MM The pH of this
solution was 11. 20 Equi pnent The cell used for the electrolytic

deposit was | ags | b rBgs.- t t 8, I~y contain
the sol uti on?tflgrpﬁgl teegf’}r%depom@c?ﬁfegn astﬂstltéi Q{en\%\gievgﬁ%naidggﬁ?pd%gﬁl eto
mai nt ai n t hel9@nindhevieg dhe saseroyndeslapers jag itamblapket \pabttrages wap u f 2By gon f or

consi st ent hﬁﬁ{@%&%@& g Rl s B s 0bdIby Snn i CUVHRE LrilicFosBbPeqWEM)

contacting the electraode by electrical wires to a stabilized power supply
provi di ng a FEOSS-PRTHPRA 192081 ts and 5 anperes. Experinental protocol
The substgat e wasThéseRub®RMAtdsWdrd asedl witiiouohnyt pre-tewappar. bat h and the 30

fol |l ow th - t | [ NPT A i | d
cntry: the subst  SEeRHEIFnesntEaoR of s TRraser i v BHbBRb A Tng 50
seconds Wi t hantagqaeoys abkatibn icontairing €ulPpl (Hed)¢ withta concentratiop) ofAgphiMat i on of
i odi : I A i 0.75
ot and o o SrSilBheduthREifPL tcbiiathiof 8 RRYL PR B of s AERANGE, L0\ ae °

taken out frdMm the copper electrolytic bath under electrical bias at a

| evel sigglar to the pulse bias. WD 2007/ 096390PCT/ EP2007/051681 14
Results By perform ng the above experinental protocol on a bl anket
substrate, wEWBNEDhed a continuous and uni form copper layer with a

thi ckness of 700 mWhR céll g5eanoh thieaélectliyt &posithas anglas’ celierddengsofstvance Rs

it es. i 408 1 PAbiERBRrD i oyt Br Beu RS o agdar ihe copper
| ayer with tkdichomblads it pessibiest maintein dwt various tlecinoded he positionadsweell a5 excess
gf O%g ‘é/h 'Sq@Ia%ug)ﬁlﬂ}gﬁﬁor%Q&iﬁ&t\ﬁ@'hfb‘ayﬂ\ﬁﬁicg RhRVEE sQutigRPr oxi mately 20 % at
Connectors allowed contacting the electrode by electrical wires to a
stabilized power supply providing a maximum of 32 volts and 5 amperes.

Experimental protocol
20 The substrate was immersed in the electrolytic copper bath and the

following three-step protocol was performed:
1) Induction or cold entry: the substrate was immersed in the electrolytic
copper bath during 30 seconds without any electrical bias applied to it.
2) Application of periodic rectangular pulsed potential with a period of
25  1.25seconds (0.75 s off and 0.5 s on) between 0 V and -15 V.
3) Hot exit: the substrate was taken out from the copper electrolytic bath
under electrical bias at a level equal to the pulse bias.

Results

30 By performing the above experimental protocol on a blanket substrate, we
obtained a continuous and uniform copper layer with a thickness of 480 nm, a
growth rate of 2 nm/s and a sheet resistance Rs of 0.05 ohm/square as-deposited.

After an anneal at 350°C during 5 minutes in 4% H, / 96% N, forming gas,

the adhesion value of the copper layer was 13.4 Jm?.

35 As shown in Figure 1, which is a SEM cross-section image of a trench
pattern (trench width 200 nm / spacing 100 nm) lined with a PVD TaN/Ta



10 Exarrpl e 3 The substrate used in this exanple consisted of a
silicon aneter 200 mm coated wth a 400 nm con
di oxi de (Yg 7?%@9%, pl asma- enhanced ghem cal vapor depo§¥@i’2&fwgﬁé D). The
silicon dioxide |ayer was 15 coated Wwth a | ayer of tantalumnitride (TaN)
having a thickness of 15 nm deposited by PVD on top of which a | ayer of
tantal um (Ta) having a thickness of 10 nmwas al so deposited by PVD.

This TaN Ta stack is a copper diffusion barrier such as those used in
damascene structures. . The resistan GEnings 20 45
ohm squar e. ‘5‘%51(’“25‘5?6&??@3]}%@8@’1&? 8?@emﬁgcoﬁ(gié%tt$or s Bh%rlfélzelt iglt ance (Rs)
measur enent jurfomedonnit trgnch patierach eghstratep defacttﬁr@rmfﬂélag of ther srugB¥esreasur ed
by a scotch hekheddyhsirate (trench width 200 nm/
spaci ng 100 ‘H%}O%égﬁ Wlﬁhéa&%ﬂg&%@l%yers as the bl anket substrate was
used for gap-filling evaluation. Gap 25 fill was observed by focused ion
beam (FI Eg) apdam glz:ross secti onal imagi ng. These substrat es wer e used

wi t hout an - he el ectra
i nvention |>/n t hi s%ﬁ"tbﬁtfﬁff?é.‘?e‘je%’éh’ﬁleéa‘%ﬁ Cé?ﬁmé%%@g%ﬁfgg? Vixi ecc?oﬁfag%hﬁl ng
CuSH4, (H20) Swithtah4e0 mmagig:agmm diboxble m«bmﬂobyeplaymmehmnd ebemiceh a

concentration of 95 r t
200 nm waf er ¥2RRE AEPOSIEE moé’ﬁ ﬁhfﬁd)l?s 1‘r))ilgi‘g S}é%éggnatgcrlm al i [zyé%n

copper el ect fnipniih NRWPEvingbi tickneshps 30ouin deposisesliby pR¥Dwi he 3}?@‘85
el B AR e e o o

el ect rocheni Cal uses a copper ano a diffuser instal

the anode and t heAvfmiret wistrate; was pred dak statereSIAtaﬁl@ea{Feﬁ YAy emgat ‘abégd
provi de é&ﬁ? @%%@3%9}?&%583 QOplARRE @ﬁﬂstﬂa& @d§ nRaturk® by hevarkibly fordhi s

current was ere by a power supply unit capable of delivering (32V,
5A) maxi num stud-pull togts or copper deposition, the wafer was cleaned in a SRD

(spin rinse dry) TH@d&Qﬁbstia@&aif&dumWhlﬁnﬁanﬁpteem&aim&ltExperi ment al pr ot ocol
The subsirate was

fol | owi n&° t hr ee- st elﬁptg‘f‘lggé?oéﬁggb%tée?&ﬁeolln%x{tﬁmqﬁ B‘H?fmt%@ﬁlgr %ﬂxpﬁ@@as
an aqueous solution containing CuS0,,(H,0)s with a concentration of 65 mM,

and ethylenediamine with a concentration of 160 mM. The pH of this solution was
1.

bet ween

20  Equipment
The cell used for the electrolytic deposit was a glass cell made up of two

parts: the cell intended to contain the solution for electrodeposition and a “lid”
which makes it possible to maintain the various electrodes in position, as well as
to supply argon for consistent hydrodynamics within the solution.

25 Connectors allowed contacting the electrode by electrical wires to a

stabilized power supply providing a maximum of 32 volts and 5 amperes.

Experimental protocol
The substrate was immersed in the electrolytic copper bath and the

30 following three-step protocol was performed:
1) Induction or cold entry: the substrate was immersed in the electrolytic
copper bath during 30 seconds without any electrical bias applied to it.
2) Application of periodic rectangular pulsed potential with a period of
1.25 seconds (0.75 s off and 0.5 s on) between 0 V and -12 V.
35 3) Hot exit: the substrate was taken out from the copper electrolytic bath
under electrical bias at a level similar to the pulse bias.



1) Hot entry: the substrate was immersed in the electrolytic copper bath

10w th el ias applied to it. 2) Apphj i f

const ant \ﬁ@?@dg@?&:ﬁﬁof 32V. 3) {Hot exit: the subs%tr:g@gbdv@gat% en out
fromthe copper electrolytic bath under electrical bias at a |level simlar
to the pul se bias. 15Results By perform ng the above experinent al

protocol on a blanket substrate, we obtained a continuous and uniform
copper layer with a nmean thickness of 480 nm a growh rate of 4 nms and
an aver age s%eégtltrey stance, Rs, of 0.056 ohnisquare as-deposited. 20Wafers
tested for a n after anneal at 400C for 30 m nutes passed the scotch

t ape test. By rehfowningrthépopmeecxperimpitalpriotocal GEMbmbeisubsimté,one | nage

after Chemc ch

wi dth 140 nm%t*a“‘*’egitﬁzfﬁﬁ’ia@%%@m&? SO IBar i RPCS) pETDO A
and filled wgt orptfep 25386y anchg shset Frsistamendis of 01028 ohmylsaudre ms-

per f or meds on dapdsitednch patterned substrate, defect- free gap-filling of the

structures was obt ned Ex 30The ,substr n.this exanpl e
consi sted of a o MDA ABIRERCD C CudRma iRt B b5 elayeoBined®: con

di oxi de deposheredadiio pbﬂﬁmfetﬁedppeﬂlagf&emmate scamhrtapd:etpﬂsmtticeﬁve( HEVD) . The
silicon dioxi | ayer was coat | aver um nitrid TaN)

havi ng a thi 8&% QUG exﬁ?saego 3I\Atl/iend ‘%& %lotth i% FRPECYS gyg

t ant al um ( Tappprayimregely 20 1% ekh@2Zoluf/sq@aream was al so dep05| ted by 35 PVD. VO
2007/ 096390PCT/ EP2007/ 051681 16 This TaN Ta stack is a copper

di ffusi on bapxasiplesdich as those used i n damascene structures. The sheet
resi stance of this,bar ck,was 21.ohnis ket

onstrateli o oo The Skl N ol S BT R B L B sitisqp vinfer gt BATEST

probe. Adhesi6Ginom coaddamitbta 400 snr kyer whsiliveaslioxdde lnlyp@nedtrhyapllamnﬁor ce
tud-pull t t t -
ity o LSRR ARSIy PECI IAVREK BRI

The electroly I'S particu

was an addeogeatebivith enlagemohitantalymonont (Fd) ban e thigkgwsenf rld non of 65
mM 10 and dU@}Sd@%&&BWP‘VD"‘B% R ¥ WhicR aQRs R @l i@ TR hatBth AMickHass oH of
this solution was
10 nm was also deposited by PVD.
This TaN/Ta stack is a copper diffusion barrier such as those used in
damascene structures. The sheet resistance of this barrier stack was
20 45 ohm/square.
A blanket substrate was used for sheet resistance (Rs) measurement by 4-
point probe. Adhesion on a blanket substrate was measured by a scotch tape test.
A trench-patterned substrate (trench width 200 nm / spacing 100 nm) having the
same underlayers as the blanket substrate was used for gap-filling evaluation. Gap
25  fill was observed by focused ion beam (FIB) and SEM cross-sectional imaging.
These substrates were used without any pre-treatment.
The electrolytic copper bath of the invention in this particular example was
an aqueous solution containing CuSQO4,(H;0)s with a concentration of 65 mM,
and ethylenediamine with a concentration of 95 mM. The pH of this solution was

30 6.

Equipment
200 mm wafers were processed in an industrial tool commercialized for

copper electroplating applications. This tool was equipped with an
35 electrochemical cell having its own solution circulation system. The
electrochemical cell houses a copper anode and a diffuser installed between the
anode and the wafer which is the cathode. A sealed ring was used to provide



Equi pnment The cell used for the electrolytic deposit was a
glass cell made up of two 15parts: the cell intended to contain the

sol uti on W@R0E[08¢39 odeposi ti on and a "lid" which made i PCHELQ0F0168L

mai ntain the various electrodes in pdSition, as well as to supply argon for
consi stent hydrodynam cs within the sol ution. Connectors all owned
contacting the electrode by electrical wires to a stabilized power supply
provi ding a maxi num of 32 volts and 5 anperes. 20 Experinental protocol

The substrate was imersed in the electrolytic copper bath and the

fol | owi ng t heewenjtte thepvafen ddis eaenpwas deliweaed by a power supply)uniteapable @ or
cold entry: ybgvSHBItI Rl SAMRBaxikdiWEer sed in the el ectrolytic 25copper bath

during 30 seconds t hout any electrical bias. a i ed Pt., . 2)
Aopl | carton of pefISHEPE QPRPAAT LS VoD SRR &t & RTH P ERSAS 1. 25

second (0. 75chartbdr 16dagedbrbths sahd tdokt ween 0 V and -10 V. 3) Hot exit:
t he subst§ate was taken out fromthe copper electrolytic bath under
el ectrical bias at a level simlar to the pulse bias. 30 Results By

perform ng t Eepafmemalegxpecolrent al protocol on a bl anket substrate, we
obt ai ned a contin S [ r‘ﬁq%{é e Wh JoRECH 9fh450 nm
a growth rate of blmg sr@n?gatg%ésgls e%?grgls:t%%lgﬁ:ge @Cg‘f pg 1290 square
as- deposi t ed folBmyng Breesien prasedol aas gefarmpdi i ng 5 minutes in 4% H2 / 96% N2

form ng gas, the @g'?ﬁy%ieﬁﬂ%:vﬁlle%byﬁa‘ie Svad/ifersédOn the electrolytic copper bath _
2007/ 096390PCT/ EP20Q7/ 051 Béﬁ%gpﬁaml e 5 The substrate used in this

exanpl e é%ns?‘éfhéée%‘fwaég%ﬁp I con wafer, coated with a 400 nm | ayer of
silicon dioxi de dgpapplietionyf plcassiant poteatislast 32Weni cal vapor deposition

(PECVD). The sili gs)plog iegft(:i tgxg slugé(rea{e Was 1228 to%g fr\éﬁn{[ Exeacopper electrolytic bath

under electrical bias at a level similar to the pulse bias.

15 Results
By performing the above experimental protocol on a blanket substrate, we
obtained a continuous and uniform copper layer with a mean thickness of 480 nm,
a growth rate of 4 nm/s and an average sheet resistance, Rs, of 0.056 ohm/square
as-deposited.
20 Wafers tested for adhesion after anneal at 400°C for 30 minutes passed the
scotch tape test.
As shown in Figure 2, which is a SEM cross-section image after Chemical
Mechanical Polishing) (CMP) of a trench pattern (trench width 140 nm / spacing
140 nm) lined with a PVD TaN/Ta diffusion barrier and filled with copper
25 according to the method of the invention performed on a trench patterned
substrate, defect-free gap-filling of the structures was obtained.

Example 4
30 The substrate used in this example consisted of a silicon workpiece, coated

with a 400 nm layer of silicon dioxide deposited by plasma-enhanced chemical

vapor deposition (PECVD). The silicon dioxide layer was coated with a layer of

tantalum nitride (TaN) having a thickness of 10 nm deposited by PVD on top of

which a layer of tantalum (Ta) having a thickness of 15 nm was also deposited by
35 PVD.



5 layer of tantalumnitride (TaN) deposited by PVD, having a thickness of
15 nm This TaN | ayer having a nean sheet resista

ohm squa?’%‘?z@(z/rqg@?q uted a copper di fflklsi on barrier suchpgisemﬁgjgi’ggﬁsé}ed in
damascene structures. A bl anket "substrate was used for sheet

resi stance (Rs) neasurenent by 4- point probe. Adhesion on a bl anket
substrate was neasured by a variable force 10 stud-pull test. These
substrates were used wi thout any pre-treatnent. The electrolytic

copper bath of the, .l i.on. kn. thi r: r UgouUs
sol ution having a‘fbﬁn]clﬁ%/g'{a Sé%crlﬁ 8 %c%ﬁ%fg}éﬁ%ﬁzb@f)ﬁ? ynﬁc éaé@?g%gu%?r%ti on of
65 MV and etihyiseesdi strictiressi {Thea sheric aatistandeorclofthips hagrier: stacgyi Wvent

200 mm waf ersy Riacessed in an industrial tool commercialized for
copper el ectroplati'ng applications. This tool was equi pped with, an

el ect rocheni cal c@l blapiasisnbstiage isouisd der él?‘iebﬁesbﬁtq%ﬁl(gt%ﬁ %W%byﬁb

el ectrochen galy pRlve. A@HSR6h 8n GOplRSKet 3BMIRtANEs Medirédibpra Varmbll foett bet ween
the 20 anode and the wafer which is the cathode. A sealed ring was used to
provi de cur r 84€-pud t8%he wafer. This current was delivered by a power supply
unit capabl e of dghéseaubsigitds3Rdve used)witteout anyrpre-treatmendf t er copper

deposition, the er | ea I Al [ L : ) | ocat ed
on the sane tool %&%e]ﬁx\é\%‘glyﬁ%?ﬁ%%fjb%gg 6@5? v&%@b%(%@a‘?’gﬂggrterxg@%is
i mersed in theqgeéast sobitioni contaipiperCHHEaMs itk F epncsuiraiipn o 2 mMep

protocol ,was _pet Jf&% ine wi et REHHCSE 90 Ak, G HIEBE this sdiiiton
substrat éavawag&?gi% se trllarﬁm{l%gvlgll E(ia(c:(t)roxllyti c 30 copper bgjth during 5 seconds

W t hout any &faédirical bias applied to it. 2) Application of
periodi c rectangul ar pul sed current with a period of 1.25 second (0.75 s
off and 0.5 s on) between O A and a current of 3.5 Aor 5 A 3) Hot

exit: the subSuiPReatwas taken out fromthe copper electrolytic bath under
el ectrical bias afThackikwedd Rirnhd electtalytihdeposit seshi glass cell®nade up of two

e e N O i
or -5 A we eiitici mede @ possible tumaintain theuvarions eheeteqsiss in position, as well as to
supply argon for consistent hydrodynamics within the solution.
Connectors allowed contacting the electrode by electrical wires to a
stabilized power supply providing a maximum of 32 volts and 5 amperes.

20
Experimental protocol
The substrate was immersed in the electrolytic copper bath and the

following three-step protocol was performed:
1) Induction or cold entry: the substrate was immersed in the electrolytic
25  copper bath during 30 seconds without any electrical bias applied to it.
2) Application of periodic rectangular pulsed potential with a period of
1.25 second (0.75 s off and 0.5 s on) between 0 V and -10 V.
3) Hot exit: the substrate was taken out from the copper electrolytic bath
under electrical bias at a level similar to the pulse bias.
30
Results
By performing the above experimental protocol on a blanket substrate, we
obtained a continuous and uniform copper layer with a thickness of 450 nm, a
growth rate of 1.9 nm/s and a sheet resistance Rs of 0.12 ohm/square as-deposited.
35 After an anneal at 350°C during 5 minutes in 4% H, / 96% N, forming gas,
the adhesion value was 5 J/m®.



| ayer with a nmean thickness of 450 nmand a nean sheet resistance of 5

0. 055 ohni square. Sheet resistance dianeter profiles after copper
deposi t i OM039e5/08¢388ent ed i n Figure 3. H gher gr 8&IEPRY7OS168E e
obtained with -5 A pulses (2.3 - 2. 51r7rrls) conpared to -3.5 A pulses (1.8 -
2 nm's). Adhesion on such copper layers is very 10 high, nmeasured better
than 10 J/n2. Exanple 6 The substrate used in this exanple consisted
of a 200 mmsilicon wafer, coated with a 400 nm |l ayer of silicon dioxide
deposited by plasma-enhanced 15 chem cal vapor deposition (PECVD). The
silicon di oxEgempde®r was coated with various layers: - 10 nmof tantal um

nitride (TaN) dep?ﬁ%%\%&tﬁﬁ: R m"ihltsrbx&l'i_’lfmd?lfms%r@f 4 206 sl RIRERA®Ed Oon

top of it by PVD eet resistance. o nm of t talélm

nitride (TaN?OQ!@bd@tht a cfagynopy\Jpyqr s?feé‘ﬂ‘c?léﬁoé‘t‘%g%p%fte%g’ylﬁlﬁs%ﬁﬁf‘ gye
5 nm of tant ghhical xﬁa?bfj@e;(ol'ﬁﬂblh (HEQWD)! THe chﬁVHlo&&i&d@jlerrv%I @hrdagtod 380

' damscine T SbtBen vt NTRBbosL by P e Bty S dap 0% 1o

resistance (Rs) nEhRuTaNehiyebhadingpai mearprshixe. refidtanss @i b0 @hbi/squiaes
substrate | s ”Edfu%%%cg%ee?gw S| A HoFridi WP Bl in ifRbcoerld @R BUDS Y At s

were used wi EHb reat ytic coner bat h
of the inventi on Anblatites splatiatecwhanseddanplicst waistanae é&@@@@@u@me@t - havi ng

a pH of 6 and,centgenial Qlﬁe&‘r?‘@ﬂ A gl'alldg&)sabéﬂatt@ W%s %a@&@& Eb@lt 4 Shdisle %rc@5 ”M

and et hyl ene |a ne wth a concentration aof pnent

waf ers we@e pludaudidess Thesapubsales pyer %Psefidﬁthoé‘b?ﬁi’e?réﬁﬁaf“%% f or copper
el ectropl ating apihé eRt#rSHEec cdpiied bABAS iNEiBvaidnipeds phutidulanexample was

35el ectrochem cal cell having its owr}és%ild ti ontm rcu#: ég ai{ ste The
el ect rocheni @3] 2QUEPYs KGR HaYing o P > arrd MR £ iR al'l'8d® bet ween
the WO 2007.t00R3QARGTHEXANY 406 tth3lené@amine with a concentration of 95 mM.

15 Equipment
200 mm wafers were processed in an industrial tool commercialized for

copper electroplating applications. This tool was equipped with an
electrochemical cell having its own solution circulation system. The
electrochemical cell housed a copper anode and a diffuser installed between the
20 anode and the wafer which is the cathode. A sealed ring was used to provide
current to the wafer. This current was delivered by a power supply unit capable of
delivering (32V, 5A) maximum.
After copper deposition, the wafer was cleaned in a SRD (spin rinse dry)
chamber located on the same tool.
25
Experimental protocol
The substrate was immersed in the electrolytic copper bath and the
following three-step protocol was performed:
1) Induction or cold entry: the substrate was immersed in the electrolytic
30  copper bath during 5 seconds without any electrical bias applied to it.
2) Application of periodic rectangular pulsed current with a period of
1.25 second (0.75 s off and 0.5 s on) between 0 A and a current of 3.5 Aor 5 A.
3) Hot exit: the substrate was taken out from the copper electrolytic bath
under electrical bias at a level similar to the pulse bias.



anode and the wafer which is the cathode. A sealed ring was used to provide

current to %‘gﬁ/ﬁ%%‘?r' This current is delivered by a poi‘f'f/EﬁibB% 6§init
|

capabl e Yo ng (32V, 5A) naxi qym Af t er " copper “deposition,
the wafer was cleaned in a SRD (spinrinse dry) 5 chanber | ocated on the
sanme tool. Experinental protocol The substrate was immersed in the

el ectrolytic copper bath and the followi ng three-step protocol was
performed: 101) Induction or cold entry: the substrate was inmersed in the
el ectrolytic coqper bath during 5 seconds w thout any el ectrical bias
applied to i Results 2) Application of periodic rectangular pul sed current
with a period of ByJerfeaigdihcOabive expédmatdl Profocdl @n)a binkeesubbirdteand a

current of -3. .. 3 exit:. th out from
t he copper el tgtpﬁbsﬁ/ﬁ Qithsn o f*s%fn'?gé’ B %l(azt@rn%%§|c§§t?r§fé>ﬁg%§da¥\‘ﬁ§o\y}éﬁ%§3% lar to

the pul se bi lyer Regula snean thicknBys pér4¥r mmgpndhe sisaw eshesip eesistanae adf

pr ot ocol §)nn§%gggﬁr§ﬂ ket substrates with sheet resistances in the range

20 - 380 ohnT'sq, we ained a 20 contjnugus and uniform copper |ayers with
a mean thickness Sheetiseistancadipnetercprafilen afler eepprs deposision fre pesenigeh® 0. 055 -
0. 06 ohm squpfggre@ee Tabl e 1). Adhesion on such copper layers is very high,

measured better than 10 3/n2. Substrate. Mean,sheet resistanc ohm sq) Mean
sheet resistance 1808 LoWiberatefe HEE P&’@H‘Ae/?oWHﬁs's)A@“gﬁﬁfl{Egaf §§ § 1.8
TaN Ta compared to -3.5 A pulses (1.8 - 2 nm/s). Adhesion on such copper layers is very

10  high, measured better than 10 J/m?.

Example 6
The substrate used in this example consisted of a 200 mm silicon wafer,

coated with a 400 nm layer of silicon dioxide deposited by plasma-enhanced

15  chemical vapor deposition (PECVD). The silicon dioxide layer was coated with
various layers:

- 10 nm of tantalum nitride (TaN) deposited by PVD, with 15 nm of pure
tantalum deposited on top of it by PVD (sheet resistance of 21 ohm/sq).
- 15 nm of tantalum nitride (TaN) deposited by PVD (sheet resistance of

20 100 ohm/sq).

- 5 nm of tantalum nitride (TaN) deposited by PVD (sheet resistance of
380 ohm/sq).

These layers are copper diffusion barriers such as those used in damascene
structures.

25 A blanket substrate was used for sheet resistance (Rs) measurement by 4-
point probe. Adhesion on a blanket substrate is measured by a variable force stud-
pull test. These substrates were used without any pre-treatment.

The electrolytic copper bath of the invention in this particular example was
an aqueous solution having a pH of 6 and containing CuS0.,(H,0)s with a
30  concentration of 65 mM, and ethylenediamine with a concentration of 95 mM.

Equipment
200 mm wafers were processed in an industrial tool commercialized for

copper electroplating applications. This tool was equipped with an
35 electrochemical cell having its own solution circulation system. The
electrochemical cell housed a copper anode and a diffuser installed between the
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25 Table 1:
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After copper deposition, the wafer was cleaned in a SRD (spin rinse dry)
chamber located on the same tool.

Experimental protocol

The substrate was immersed in the electrolytic copper bath and the
following three-step protocol was performed:

1) Induction or cold entry: the substrate was immersed in the electrolytic
copper bath during S seconds without any electrical bias applied to it.

2) Application of periodic rectangular pulsed current with a period of
1.25 second (0.75 s off and 0.5 s on) between 0 A and a current of -3.5 A.

3) Hot exit: the substrate was taken out from the copper electrolytic bath
under electrical bias at a level similar to the pulse bias.

Results
By performing the above experimental protocol on various blanket
substrates with sheet resistances in the range 20 - 380 ohm/sq, we obtained a
continuous and uniform copper layers with a mean thickness of 450 nm and a
mean sheet resistance in the range 0.055 - 0.06 ohm/square (see Table 1).
Adhesion on such copper layers is very high, measured better than 10 Jm?.

Substrate Mean sheet resistance | Mean sheet resistance after Growth
(ohm/sq) copper deposition (chm/sq) | rate (nm/s)
p Ofmaljganm) 21 0.059 1.8
TaN 15 nm 100 0.055 1.9
TaN 5 nm 380 0.060 1.9

Table 1: sheet resistance and growth rate measured on various wafers for 450 nm
of deposited copper.

As can be seen from the above description, the single step copper filling
method according to the invention is obviously more advantageous, due to the use
of a single formulation, compared to the multi-step and multi-solution procedures
of the prior art.

for



‘copper, “sdi'd "met hod conprising: providing an electrolytic copper bath
containing, in solution in a solvent, a.source of copper ions with a
~concentration of between 45 and 200 an preferably of bet ween 45 and 100 nv
- and at | east one copper conpl exi ng 10agent which is an aliphatic pol yam ne
havi.ng 2 to 4 amine functions with a concentration of between 30 and 200
mvi preferably of between 60.. and 20Q nM the copper/conplexing agent(s)
mol ar' rati o being of between 0.2 and 2, preferably- between 0.3 and 1.5;
bringi ng said copper diffusion barrier layer.of said substrate into contact
15wi th. sai d el ectrol ytic copper bathz Egglying an electrical bias to.the
substrate for a -duration adjusted a #ng -t o the thickness of- copper .to
be el ectroplated, rempving the substrate fromsaid electrolytic copper
bat.h. 21. Ahimethotihfod edéctroplating lcopperedisedilys hwitlqus qrretreaimebl,as has

the formof a,ZQ a's@({r‘ﬂ @rsdf?fusﬁﬁrﬁaﬂ‘liér%ﬁ'r' 48 65ited oft ‘érﬂaﬁ@FneQrSEPé?lta?@zlrldaln th@aV' ng

a magni t ude depen | barri € cl ai n}l
wherein the epdBe FtPﬁaf ﬂlﬁlfﬁ%‘h%§ ll‘%“’leélllf?‘iﬁfe%l”tférﬂf th AT TRRG URtTalE WY,

current’ pol ar ¢ r QRid ﬁaambago,a.pﬂgggl t ude dependl ng.on the barrier material.
- 254, The net hod of wherein 38

pol yamine is sél e%rf’(‘-’z'@/’lg B’ eﬁgoéf&lﬁp%e&l’? hsfcm%m&g al ﬁ?/ g%’él" nglté'%ﬁthes and

pol yal kyl ene- pol ysurceesf happengofs withda &nnmtramrcpf(hsswmeéélamblmofm?ﬂn t he
group consisting né}%fée%ﬂl% 8?2@@4/&@13%:1@“% Bk %H@tal lc%gﬂ &fe  copper. conaplexm

triethylenetetra % enetriamne. . . ~of —claim
4, wherei Wsaid a@geﬂh&’f‘lctb ‘E@PW&‘P atitepqlyangise hayipg - 2 l‘or‘bﬁ‘l"t“lfe FB‘EIB ¥ihai sting
of ethyl enedi ani n@naastradiont &tybaneér |3aranaezoo mM, preferabljeofbstivech 66, aady one

of claims 1 to 5, ad tic t

cont ai Ins in sol L&w&ﬁf\fntﬂﬁscgél’v&ﬁpp ﬁﬁle&gc )gg’pi%pggé I%Ie?%%% l\géényoz
~concentration of detlypesferiblydrettwe®00.3iehd 115 ef erabl y of between-50 and 3580 -
MMand at |east ofidPREH CPpEPURsi BARES 18kt 6f shid ﬁlbsﬁ?latleﬁllt?ﬁt kéntact

pol yam ne
o 15 - with said electrolytic copper bath,

- applymg an electrical bias to the substrate for a duration adjusted accordmg -
to the thickness of copper to be electroplated
. - removing the substrate from said electrolytic copper bath.
2. The method of claim 1, wherein the electrical bias has the form of a
20  series of periodic pulses of cilrrent or potential, having a magnitll_de dependjng on
.+ the barrier. | ' .
3. The method of clalm 1, wherein the electncal bias has the form of a -
" continuous potentlal or current po]anzatlon having a magmtude depending on the
barrier material. : S '
25 ' 4, The method of any one of claims 1 to 3, wherein said aliphatie
- polyamine is selected from the group consisting of alkylene-polyamines and
polyalkylene-polyamines having 2 to 4 amine functions preferably from the group
consisting of - ethylenediamine, diethylenetriamine, 'triethylenetetramine, and
d:propylenetrlamme ' ' '
. 30 5. The method. of clalm 4, wherein said alnphatlc polyamme is selected
- from the group consisting of ethylenediamine and diethylenetriamine.
- 6. The method of any‘one of claims 1 to 5, wherein said electlolytic'
copper bath essentially contains, in solution in a solvent, a source of copper ions
_ with a concentration of between 45 and 100 mM , preferably of between 50 and
35 80 mM and at least one copper complexing agent which is an aliphatic polyamine
| having 2 to 4 amine functions withi a concentration of between 60 and 200 mM,



havihg 2t 6 4 dnine functions with a.concentration of between 60 and 200
mvf 21 preferably of between 90 ‘and 180 nM the copper/conpl exing '
agent (s) nolar ratio being of between 0.3 and 1.5, preferably between 0.4

‘and 0. 8; 7. The nethod of any one of clainms 1 to 6, wherein, in the
. af orenent.i oned el-ectrol ytic copper gfl t he af orementi oned sol vent is
chosen fromwat er and hydroal cohol i mxtures and the source of copper ions

i's a copper salt, such as in particular copper sulphate, copper chloride,
copper nitrate or copper acetate, preferably copper sul phate. -8 The nethod .
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25 10. Use accordmg to claim 9, wherein the aforementioned electrolytic
copper bath essentially contains, in solution in a solvent, a source of copper ions
_ with a concentration of between 45 and 100 mM , preferably of between 50 and
80 mM and at least one copper complexing agent which is an aliphatic polyamine -
. having 2 to 4 amine functions with a concentration of betweé_n 60 and 200 mM,
30  preferably of between 90 and 180 mM; the coppér/compleiing agent(s) molar
ratio being of between 0.3 and 1.5, preferably between 0.4 and 0.8.

11. Use according to claim 9 or-10, wherein said aliphatic polyémine is

. selected from the group consisting of "alkylene-polyamines and polyalkylene-

polyamines having 2 to 4 amine functions preferably fré_m the group coﬁSisting of

35  ethylenediamine, diethylenetriamine, 'triethylénetetramine, and
dipropylenetriamine.



13: Use according to any of clainms 9 to 12, wherein the af orement i oned
substrate is a silicon wafer in the course of fabricating i ntegfated
~eitcuits, the 5 surface of which, to be coated, is that -of a copper |
~diffusion barrier layer selected fromthe group consisting of a bilayer
based on tantal umnitride/tantalum (2N Ta), a tantalumnitride (TaN)

layer, a tantalumsilicon nitride (TaSi N) Iayer, . a titanium (Ti) layer, a
titatiumnitride (TiN) Iayer atitaniumsilicon nitride (Ti'Si N) Iayer a
tungsten nitride (V\N) a tungsten carbon I’lltl‘ldE’ iL a
cobal t-based | ayer ant?. éysﬁu%mmlmntba‘éé@‘ |ldy epherein said a“P atic p° yamifie ‘S

selected from the group consisting of ethylenediamine and diethylenetriamine.

13 Use according to any of claims 9 to 12, wherein the aforemennqned

substrate is a silicon wafer in the course.of fabricating integrated circuits, the

. 5 surface of which, to be coated, is that of a éopper diffusion barrier layef selected

from the group consisting of a bllayer based on tantalum nitride/tantalum
(TaN/Ta), a tantalum nitride (TaN) layer, a tantalum silicon nitride (TaSiN) layer, .

~a titanium (Ti) layer, a titatium nitride (TxN) layer a titanium silicon nitride
(TlSlN) layer, a tungsten nitride (WN) layer, a tungsten carbon nitride ( WCN ) :

10 layer,a cobalt based layer and a ruthemum-based layer



