Process for Inproving Copper Line Cap Formation

This application clainms the benefit of U S

Provi sional Application No. 601801, 489, filed on My
18, 2006, entitled "Process for Inproving Copper Line
Cap Formation," which application is hereby

i ncorporated herein by reference. TECHN CAL FI ELD
This invention relates generally to netallization of
an integrated circuit, and nore specifically to the
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BACKGROUND

A conventional integrated circuit contains a plurality of patterns of metal lines
separated by inter-wiring spacings, and a plurality of interconnect'rlines, such as bus lines, bit
lines, word lines and iogic intercongect lines. Typically, the metal patterns of vertically spaced
metallization layers are electrically interconnected by vias. Metal lines formed in trench-like
openings typically extend substantially parallel to the semiconductor substrate. Semiconductor
devices of this type, according to current technology, may comprise eight or more levels of

metallization to satisfy device geometry and micro-miniaturization requirements.

A common method for forming metal lines is known as "damascene.” Generally, this
process involves forming an opening in the dielectric interlayer, which separates the vertically
spaced metallization layers. The opening is typically formed using conventional lithographic and
etching techniques. After an opening is formed, the opening is filled with copper or copper alloys
to form a metal line and/or é via. Excess metal material on the surface of the dielectric interlayer
is then removed by chemical mechanical polish (CMP). Although copper has low resistivity and

high reliability, copper still suffers from electro-migration (EM) and stress-migration (SM)
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A common nethod for formng netal lines is known as
"damascene." Cenerally, this process involves formng
an opening in the dielectric interlayer, which
separates the vertically spaced netallization |ayers.
The opening is typically fornmed using conventiona
I'ithographic and etching techniques. After an opening
is formed, the opening is filled with copper or
copper alloys to forma netal |line and/or a via.
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top edges of diffusion barrier layers 6 and 8. This increases the leakage current between metal



caps 10 and 12, partially due to the higher
conductivity of netal caps 10 and 12 conpared to the
conductivity of the diffusion barrier |ayers 6 and 8.
In order to reduce parasitic capacitance and | eakage
current between nei ghboring conductive features, a
new net hod of form ng interconnection structures is
needed. SUMMARY OF THE | NVENTI ON In
accordance with one aspect of the present invention,
caps 10 add "Bt faadhl9fdué e it Afzhancdndt@Bitabetheti capyill anddl vo@pared to the
provi di ng a sem conductor substrate, formng a | owk
_conducti¥liyRd (R diFrGsibYRFiciOMers bARJ §em conduct or substrate,
form ng an opening extending froma top surface of
the lowk dielectric layer into the |lowk dielectric .
| alpegrderfigraguegypasasiit fapasipRcadrlpakpgs et botweepeneighboring
openi ng covering the lowk dielectric layer in the
conductivgfeatimeg, anlesr method hEfodininfzustewaniegtion sruchugseis npededa t op
edge substantially level with a top surface of the
lowk dielectric layer, filling a copper line into
t he opening, recessing a top surface of the copper
line, and formng a netal cap on the copper line
using a selective deposition nethod wherein the netal
~cap is only formed substantially within a region
directly over the copper |ine.



In accordance with anot her aspect of the present
invention, a nethod of formng an integrated circuit
i ncl udes providing a sem conductor substrate, form ng
a lowk dielectric layer over the semn conductor
substrate, formng a opening extending froma top
surface of the lowk dielectric layer into the [ owk
dielectric layer, formng a diffusion barrier |ayer
in the opening and covering the lowk dielectric

| ayer in the opening, filling copper into the
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line, oxidizing a top layer of the copper line to
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lowk dielectric layer in the first opening, wherein
covering (R [biwrisdieBidit Usieph thabpeniie Whatein teediffasibobirtian layer has a top
portion connected to sidewall portions, and wherein.
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bottom wherein a top surface of the first coppe
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secon usr n barrier layer separating the second
copper Iine and the lowk dielectric |layer fromthe
sides and the bottom whgrein a top surface of the
second copper line is recessed froma top edge of the
second diffusion barrier layer to have a second
recess, and wherein the first and the second
di ffusion barrier layers have a spacing, and a second



second recess, wherein the second netal cap is
substantially within a region directly over the
second copper |ine. The advant ageous
features of the present invention include reduced
parasitic capacitances and reduced | eakage currents.
BRI EF DESCRI PTI ON OF THE DRAW NGS For a -
nore conpl et e understandi ng of the present invention,
and the advant ages thereof, reference is now made to

further n% LLOWAG 19[%%@[11’1%}16%& Qtpéllﬁ \Nﬁ \Jhﬁreﬁ\ocﬂé U&fﬂhbt@& Weltls atop -
onpany ng ngs,
surface lowgr than the top surfaces of the sidewall portions of the diffusion barrier layer, and a

metal cap on the conductive line and only within a region directly over the conductive line.

In aéoordancé with. yet another aspect of the present invention, an integrated circuit
includes a semiconductor substrate, a low-k dielectric layer over the semiconductor substrate, a
diffusion barrier layer, a metal cap, a coppér line in the low-k dielgctﬁc layer, wherein the copper
line is enclosed by the diffusion barrier layer from the sides and the bottprn and by thermetal cap
from the top, and wherein the cépper line has a top surface lower than a top edge of the difﬁlsion
barrier layer. The metal cap is substantially limited to a region directly over the copper line and

is not extended to a region directly over the top edge of the diffusion barrier layer.

In accordance with -yet another aspect of the present invention, an integrated circuit
inchudes a semiconductor substrate, a low-k dielectric layer over the semiconductor substrafe, a
first copper line in the low-k dielectric layer, aﬁd a first diffusion barrier layer separating the first
copper line and the low-k dielectric layffr from the sides and the bottom, whereiﬁ a top surface of
the first copper line is recesged from a top edge of the first diffusion bartier layer to-_form a first
recess. The integrated circuit further includes a first metal cap covering and at least partially
filling the first recess wherein the first metal cap is substantially within a region directly over tﬁe
first coppér line, a second coppef line in the low-k dielectric layer, a second diffusion barrier |
layer separatmg the second copper line and the low-k dielectric layer from the sides and the
bottom, wherein a top surface of the second copper line is recessed from a top edge of the second
diffusion barrier layer to have a second recess, and wherein the first and the second diffusion

barrier layers have a sp:acing, and a second metal cap covering and at least partially filling the



Figure 1 illustrates a conventional interconnect
structure, wherein netal caps extend onto top edges
of the respective diffusion barrier |ayers;

Figures 2 through 7C are cross-sectional views of
internmedi ate stages in the manufacturing of a
preferred enbodi nent; and Figure 8 illustrates a dua
damascene structure enbodi nent of the present

i nvention. DETAILED DESCRI PTI ON OF | LLUSTRATI VE
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Figures 2 through 7C are cross-sectional views of
internmedi ate stages in the naking of a preferred
enbodi ment of the present invention. Figure 2
illustrates the formation of trenches 22 and 24 in a
dielectric layer 20. In the preferred enbodi nent,
dielectric layer 20 is an inter-netal dielectric (IM
D) layer with a dielectric constant (k val ue) | ower
than about 3.5. Lowk dielectric |layer 20 preferably
contains nitr n.. carbon, hydrogen, oxygen,

BRHﬂ?Qﬁﬁﬂﬁ%?ﬁgﬁ‘£HH%%§&H$%§gﬁgﬁs t hereof. The exenpl ary
mat eri al s i ncl ude un-doped silicate glass (USG,
flegrd H@Feﬁ%nﬁiléﬁé ﬁﬁd&itﬂﬁi%lg(ocf%? prefRfinbBfiocnl 4R the advantages
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~Furthernore, 't val ue of lowk dielectric |ayer 2
. - r‘
thereol, i T Bt R SRR e Rp R kBl R Ry Rinetle

aamnlagﬁﬁlﬁﬁ&Fi% h@ ﬁg_Zl, whi ch acts as a chem ca
p Mgcﬁanlé%ﬁ’po is%’(cmmﬁ stop layer, is fornmed on

dielectric layer 20. Preferably, CWP stop layer 21
C ORpiures B Rlustrated ®ecinabntiahlcatednh¢cd sirgitbre oaerdin tuetad eaps extend
silicon oxyn tride, oxides, carbon-doped oxides,

onto top b@ek 8f BilehdpeQive IPSidn ket 14yERPS) , and conbi nati ons
thereof. The preferred formation nethod is plasm
enhanced chem cal vapor deposition (PECVD). However,
ot Rigures Srwonel 74 sevcrpwstsselinnakviews aEintogpdiaie sapesyin the
plasma CVD (1-1DPCVD), atomic |ayer CVD (ALCVD), and

manufactubiag bf k prefarcdainbodiveengised. 1 n an exenpl ary enbodi ment
wherein CVP stop | ayer 21 conprises silicon nitride
or .si | i carbi de he for I on_ | r ef I . -
el B AN RAL LG kPR R AR gRh G BE R plesent nvenion.
such as silane (Sift and anmonia (NH3) are introduced
for a chenmical reaction. Figure 3
illustrates a blanket formation of a diffusion
barrier |layer 28, which covers the sidewalls and
bottons of trenches 22 and 24. Diffusion barrier
| ayer 28 is preferably fornmed of a materia
conprising titanium titaniumnitride, tantal um
tantalumnitride, ruthenium rutheniumnitride,
titani um conpound, tantalum conpound, and
conbi nati ons thereof The preferred formation nethods
i ncl ude physical vapor deposition (PVD), atom c |ayer
deposition (ALD), and other comonly used nethods.
Referring to Figure 4, a seed | ayer (not shown),
whi ch preferably includes copper or copper alloys, is
formed on diffusion barrier |ayer 28. A conductive
material 30 is then filled into trenches 22 and 24,
preferably using plating. Conductive material 30
preferably conprises copper or copper alloys,
al t hough other materials such as al um num tungsten,
silver, and conbi nations thereof, can also be used.
Referring to Figure 5, a CW is perforned to renove
excess materials, and the top surface of the-
conductive material 30 is reduced until level with a
top surface of lowk dielectric layer 20 (or a top
surface of CWP stop layer 21 if it exists). In the
case where CWP stop |l ayer 21 exists, the CMP stops at
CWP stop layer 21. As a result, diffusion barrier
| ayers 40 and 42 and conductive lines 32 and 34 are
formed. Throughout the description, conductive |ines
32 and 34 are alternatively referred to as copper
lines 32 and 34 al though they may include other
conductive materials. -7-



Referring to Figure 6, copper lines 32 and 34 are
preferably recessed to formrecesses 44 and 46, which
preferably have a depth of between about 100A and
about 300A, and nore preferably between about 100A
and about 200A. Typically, after the CIVET' process,
the top surface of copper lines 32 and 34 tend to
have a natural copper oxide |ayer 38 (refer to Figure
5) due to the exposure of the copper lines in an
oxygen-cont ai ni ng environment. Copper oxi de |ayer 38
DETAILED AHOb e TR TG EMIRADIMEY Thecesses 44
and 46 are forned. The thickness of the naturally
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remgved in a wet cl eaning process, for exanple, using
and do neiigayjthe spapeiof thedpyengiA® a wetting agent. This
enbodi nent (form ng copper oxide layer 38, and then
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, avi certain i gckness is forned, the process.for .
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.wil] be slowed down due to the fact that oxygen
metal dielecticd FYIP) &yaowith ééiéel%mp@vé&%@%vaﬁwé }'Oa\sar thanjaQo,3.5. Low-k
) _before they can reach netal |ines 32 and 34. )
dielectrictayey P prifgrably contgims pifagkmesehopf hxdspgser oxpgeridluogpe ands
is greater than desired, only an upper portion of the
combinateop fercobXiteexbmpbry 88terisls narhodead-dapad sitioge lgbae USG),
portion of copper oxide layer 38 is reduced to
fluorinatedofipalasd tRSG)e shulthi Gike [Hupthemsoramiic Bislac belopek Htarrit layer 20
‘ as a cleaning process to renove naturally fornmed
may be IGRP PR 28¥ItAES (Mficd RFHRAMD ad #h &RRnRIY lowtbgicRlR ayer).
resi stance of copper lines 32 and 34 is proportiona
to their heights. Therefore, it is undesirable to
L r ededigloptyp hver 21 rrdycigactyisn dwmicesd mephanicgh pelish {giyHa step layer,
) - reduction in the sheet resistance. A reduction '
is formedramatitlearic laget Hu$refenablyr 6™ stop fagehidleconipwisesenmiigiipigpelected
oxi de to copper. The reduction reaction is preferably
from silicpe hitadereilicom ogynigiiecixdidss, sobati-ileped vsidog tatd-ktRyl-atho-silicate
el ectrol ess nethod or an el ectrol ytic nethod.
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preferably includes a cyclic borane conmpound.

chemical %@gﬁbﬁ?&ﬁ% (PHERTHY Abivevd 08B oRRTNPH BAA rhdieddddBeh as high-

ol I ne bor ane,
density plasma CVD (HDPCVD), atomic layer CVD (ALCVD), and the like can also be used. In

an exemplary embodiment wherein CMP stop layer 21 comprises silicon nitride or silicon
carbide, the formation is preferably performed in a chamber in which gaseous precursors such as

silane (SiHy) and ammonia (NH3) are introduced for a chemical reaction.
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pi peri di ne borane, pyridine borane, piperazine
borane, 2,6-1utidine borane, N N-diethylaniline
borane, 4-nmethyl norpholine borane, 1, 4-oxathiane
borane, and conbi nati ons thereof In other

enbodi nents, reduction solutions include, but are not
limted to, dinethylam noborane (DVAB),

di et hyl am nobor ane, nor pholine borane, and

conbi nations thereof In yet other enbodi nents,

re | t | |
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nmetal lic copper i's performed in an alkallne-based
(ALD), agdbibei @mmany asedimgghodsor exanpl e, Li OH or KOH.
Figure 7A illustrates netal caps 48 and 50 forned on

cab% lefftg"gi igégeepraesr%‘f %B?f%‘etosrﬁ%%}%ﬁﬁ%ﬂw é‘%{frfﬁas‘/ in{fRi@ copper or
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t hereof Metal caps 48 and 50 nay al so _be conposite
trenches 22,304 24, profgsahily p#BE Ristiag t%uerﬁ@ magerial 30 Rrrderably cergprises
of the layers includes one or nore of the
copper orxiopRe-aipyc akknugh ethee matdrigls supleagplenianme g HERssangf
netal caps 48 and 50 is preferably between about 25A
combinatamd tlebaditca® 3BAbe apmll. mor e pref erably between about

100A and about 200A. In the preferred
nme O f . _
gy TR Elgarea? |%‘§9‘§dﬁp%lfoé’m§% 563{038 SR ARols, g the top
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formati on of netal caps 48 and 50 is that to

layer 20 (gpip foapcaefasfof favlB stopdpeer 28 il exise). e Beged’@w@%ﬂ/%’oﬁmp layer 21
hi gher, level with, or lower, than the respective

exists, thdeI\/fHEd)mmt bMT step lalyalyblr. Asa0rea difsiod bpeivdlaygrsdfl apthd2 and
design preferences. Electroless plating is preferably

- conductive lines 32 and 34 are formed. Throughout the description, conductive lines 32 and 34

are alternatively referred to as copper lines 32 and 34 although they may include other

conductive materials.

Referring to Figure 6, copper lines 32 and 34 are preferably recessed to form
recesses 44 and 46, which preferably have a depth of between. about 100A and about 3004, and
more preferably between about 1004 and about 200A. Typically, after the CMP process, the top
surface of copper lines 32 and 34 tend to have a natural copper oxide tayer 38 (refer to Figure 5)

due to the exposure of the copper lines in an oxygen-containing environment. Copper oxide Jayer
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performed, for exanple, by using a plating liquid
containing cobalt ions, a conplexing agent, a pH
buffer, a pH adjusting agent, and an al kyl am ne
borane as a reduci ng agent. Dependi ng on the
preferred conposition of netal caps 48 and 50, the
plating liquid may further contain refractory
(high-nmelting point) nmetals such as tungsten ions or
nol ybdenum i ons. The cobalt ions contained in the

. | at i i quid. Ii
51 PEPADROH T 1 BB R, D s oo

obalt acetate. Qher i red conponents efery '
naturaly FRSPal SEE CoRpe RIS YEF B B S5V O A et PP ae
. liquid in the formof ions. The structure fqpoed i
dosired derifeo He vACESY, JVRRTdbe SACHHIGHE S0P s B oF i Edran
plating liquid, wherein the tenperature of the .
desired, thik dtickngss is ingragsqdeprpferably tippxidizmeangtal diges 3 aleitiaen oxygen-
about 30C and about 90C. In the preferred
containing eivadinment, forrmetmblecimpspladuachdmber, asing ouyase Plagap pr downstream
formed only on the respective copper lines 32 and 34,
plasma. (Uppertidedflyek Op isigerenaived iif 4 wsi deanbay proeess, feryexampkusing
and 42 and dielectric layer 20. This may be achi eved
H,SO4, citic 4654 Bl AwB@Rg Badnt adhiddhsatient formidpuspparaliderigyen 38, and
di rect electro%ess plating. In other enbodi nents,

then rem&r@%%xi&@%?%%) AngvaRagdlls Her bR MBHoPYr dRRAP biching nfttal lines 32

cap’ layer using common techni ques such as PVD

and 34 o 198 FRESDO T ENAs BHR AR A Be ELADTAE & RROIBIAIIRAR as after

ye orm e caps ring

. he formatian of netal. caps.48 an e L .
an oxide e aF igriehtd (SRR BQTRE W PR Do el Ap ahEafine
. be undesirably fornmed aon tqﬁ ?%% s of diffus}on dt
metal lingsai2rang 94wl b sloigd dRpm 4fge tahe Tach gt aXgER plogiggons now need to
cleaning is perfornmed to renove undesired portions.
penetrate oy oxdstalapirdeioanthsy em regelpmsibbBrespgdyaidd4per f ormed t o

renove portions of netal caps 48 and 50 on barrier

| aﬁgﬁ\%rségfé;ﬁggﬁ éfctk.nés%lotf Q@gr:‘).ep Bgﬁi}ie.izl}@ra ) Cil%/%lké%&% thad defi€ed, onty an

- reCésses terratively, process nmay
forned. . . f @ ' .
wpper pon BF s o0 seide dper P BTG AR Beipld bofIA SRR oxic

surfaces of netal cap |layers 48 and 50 are | evel.ed.
layer 38 Gfedvor coBR e o gy Ao bR Frged & Epne
40 and 42 and the CWP stop layer 21 (or the top . '
process t taneye aeprallyJarmedoppa axiqee A Ay igowgn the %%w&e%ttfwm"e of
' layer 21 is forned). However, the top _ surfaces of
copper limst38land & ss prépartidng 0o theiy hightsi Fhesefoss, it ipprdesicabintoygeess
top surfaces of the diffusion barrier layers 40 and
copper lided,32a8d B4 tdd hukt asab eshse a rédugtive & B skastireFiglandhé. reduction
difference D is preferably |ess than about 50A.

reaction is thus performed to reduce the remaining oxide to copper. The reduction reaction is

preferably performed in a reduction solution using either an electroless method or an electrolytic

method.

For the electroless reduction, the reduction solution preferably includes a cyclic

borane compound. Examples of such cyclic borane compounds include morpholine borane,
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As is known in the art, |eakage currents and
parasitic capacitance are nore significant when the
copper lines are close to each other. The preferred
enbodi nents are therefore preferably used for dense
patterns. For exanple, if the spacing S2 (refer to
Figure 7A) is less than about 0.9gm and nore
preferably | ess than about 0.4gm and even nore
preferably | ess than about 0.2gm the preferred

plperldm@ whREE TR Atine HofRR) pq?é;azu?é bhabisvialidine bh@nd SCNdi&Ryiahiline
whether 'to apply the preferred enbodlnent i's

borane, ﬁ&%@l?ﬁ% 19% bu:a%e, %@%\é}tﬂ%n@ﬁe AGhd)dnd & Iﬁnzﬁﬁ': k ﬂleféfof In other

spac copper i ne (1ncluding

embodin{%iﬁgs r%ﬁu ron%%f tloﬁ%maﬁ)ig r gl)e no§ 11 ?‘tgc‘? H%t@ﬁe%éoﬂ'?@ne (DMABRB),

Ferced era Py ap

rat|o [ t han bou one e
d*ethylar%%‘afarlrre ool paret. and? fﬂg} iR yhfgmbodiments,
and, if the ratiois greater t han about %P mgether
reductwrt $9!ufjops Jay irslustecasaenign, kel gikabinsarihmeialboshyddes
desi gn deci sion, and other factors such as cost may
hypophosphites gelfitdsripien] fites dindrosulfites, metabispiitgshdithipsinsi tetrphipnates,
provided in the precedi ng paragraphs, a single
thiosulfagathiouenas hydoeiess hiydrodylsmires eddahydesx pichidingtfhemaldehyde and
' concepts of the preferred enbodi nent. One skilled in
glyoxal),tdivoxalit ashil] reducied duzers] didtcotdbenatieacthesagf. i s readily
available for dual damascene processes. Figure 8
strat n i nterconnect structure conprising dua
ﬁ\ﬁs Yol e jetftion Bcgn oy &R Teq {5182 BRBBEThHR method by
netal caps 60 and 62 are preferably formed only on
applying jap glsetsicicpaentopypetein theesugipnp{gopmer opide thwetalligeopper is
di ffusion barrier layers 66 and 68. One skilled in
performet] fie amplkahmie- Yasedsrilition dohindeg, fersysemglengiOtd prikOion
steps By using the preferred enbodi nents
apiadrt 2 BRE P BLYArg s T DO e Ra PRER i edines A2 ang 54
str cture .
respectvEy L RE7oR EP O S ?%fgblga%nr%@daseﬁﬁ%wwﬁgéﬁobaﬁ nickel,
described in detail, it should be understood that
tungsten, yaglyprsaumhsienss 7ing Hsme, boresm ghasRRorss. mFogen.oivd cealhﬂraeons
made herein w thout departing fromthe spirit and
thereof. Metaleaps 8 end 50 mak atsp ba camperitilasee dyprrisazappe Hae @ne layer,
claims. Moreover, the scope of the present
wherein @ppbf tatlayers ineludetonint ededs the abeveldistissed ntaeriatse The preferred
particul ar enbodi nents of the process, nachine,
thickness'eEMbtAChpY 48 ardTD i€ pragasbly ibetveeh abmit LOA and®leis 250A, and more
met hods and steps described in the specification. As
preferabl 9 BEwREn MWk NBGA afdkhibdur bo0A he art will readily
appreciate fromthe disclosure of the present
I nvention, processes, machi nes, manufacture,
colbe prefasred eofbodimaensrmetalecans 48 and Hbars formed by slestroless plating
presently existing or |ater to be devel oped, that
and are sglestivelynfosudabérdy b akpoped hefssenel doppatiinen3bandakih repetively. One
substantially the sane result as the correspondi ng
advantag€R gelitire bt sel€ldise fhraRdoh of fictal iy 48@nd 50 s th&dop surfaces of metal
according to the present invention. Accordingly, the

caps 48 afPBE RS DeGpbsiBA BlRel, [Hv%ﬂ@ﬁﬁ‘ dr%wacdhmﬁle%gpemetdhmaon

scope Such processes, mach |nes manuf act ur e,

barrier laf &SRO shd 112 %ﬁp&fmw TialS deé@pﬁ%feré.fﬁgg QR troREs ﬁ&tﬁ%sls preferably
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WHAT IS CLAIMED IS |I. A nethod of form ng an
integrated circuit, the nethod conprising: providing
a sem conductor substrate; formng a lowk dielectric
| ayer over the sem conductor substrate; form ng
an opening extending froma top surface of the | owk
dielectric layer into the lowk dielectric |ayer;
formng a diffusion barrier |ayer in the opening
covering the lowk dielectric layer in the opening,

performedRF 8k ing18 &y dishl USiAMNRGI @htal AYEEHARS0rS, 4 &iInRSERy agent, a
substantiall'y level with a top surface of the |ow
pH buffeﬂ'a%f?&&j ﬁ§tﬁxglag%‘irénd an alkylamine borane as a reducing agent. Depending on
the preferred composition of metal caps 48 and 50, the plating liquid may further contain
refractory (high-melting point) metals such as tungsten ions or molybdenum ions. The cobalt
ions contained in the plating liquid may be supplied from a cobalt salt, for example, cobalt
sulfate, cobalt chloride or cobalt acetate. Other desired components preferred in metal caps 48
and 50 are also included in the plating liquid in the form of ions. The structure formed in the

previously discussed steps is submerged in the plating liquid, wherein the temperature of the

plating liquid is preferably in a range of between about 30°C and about 90°C.

In the preferred embodiment, metal caps 48 and 50 are selectively formed only on
the respective copper lines 32 and 34, but not on top edges of diffusion barrier layers 40 and 42
and dielectric layer 20. This may be achieved by using a non-palladium catalyst, thus enabling a
direct electroless plating. In other embodiments, metal caps 48 and 50 can be formed by
depositing a metal cap layer using commeon techniques such as PVD, sputtering, and ALD, and

then etching the metal cap layer to form metal caps 48 and 50.

During the formation of metal caps 48 and 50, due to process variations, a small
amount of metal cap materials may be undesirably formed on top edges of diffusion barriei‘
layeré 40 and 42, and thus a post-cap cleaning is performed to remove undesired portions. For
example, an etching process may be performed to remove portions of metal caps 48 and 50 on
barrier layers 40 and 42, so that only the portions in the recesses are left. Alternatively, a CMP

process may be performed.

In the preferred embodiment, in order to achieve the optimum results, the top

surfaces of metal cap layers 48 and 50 are leveled with the top edges of the diffusion barrier
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filling a copper line into the opening; recessing a
top surface of the copper |ine; and formng a
netal cap on the copper line using a selective
deposi ti on nethod, wherein the netal cap is only
formed substantially within a region directly over
the copper line, the step of formng the netal cap is
performed using el ectroless plating, and the
electroless plating is free from pal | adi um cat al ysts.

layers 40 dnd Fhgndneat 0P abp tdyad 70 (br thahiep Qirfack bEloNBk dleleeaf} s 2aif no
top surface higher or |lower than the top edge of the

CMP stopthf/efr B3 iiPRRBAY ERtel @Y Rk top SufadBGrREAREhsQls Akiah rﬁle%/ be higher
wherein the step of recessing the top surface of the

or lower tﬁﬂ%@ E%J éuPﬁ SUMd EififisioR ¥htibla g&s 46 8nd ﬁ{? as EHJIQ&% fin Figures

per I'ne to forma copp oxi de Tayer;

v (oX0) X|de fo.qm the top surface
7B and 7%?1‘1{) dliftl%g FEE y less than%% ‘t 50R"

As is known in the art, leakage currents and parasitic capacitance are more
significant when the copper lines are close to each other. The preferred embodiments are
therefore preferably used for dense patterns. For example, if the spacing S2 (refer to Figure 7A)
is less thaﬁ about (.9um, and more preferably less than about 0.4pm, and even more preferably
less than about 0.2um, the preferred embodiment is applied. Alternatively, the decision of
whether to apply the preferred embodiment is determined by the relative spacing. If a ratio of
spacing S2 to a width W of the copper line (including diffusion barrier layer 40) is less than
about 10, the prefeired embodiment is preferably applied. If the ratié is less than about one, the
preferred embodiment is more preferably used. On the other hand, if the ratio is greater than
about 10, whether to apply the process of the present invention is a design decision, and other

factors such as cost may be taken into account.

In the embodiments provided in the preceding paragraphs, a single damascene

_ process is discussed to explain the concepts of the preferred embodiment. One skilled in the art
will realize that the teaching is readily available for dual damascene processes. Figure 8
illustrates an interconnect structure comprising dual damascene structures. Similarly, in this

_embodiment, metal caps 60 and 62 are preferably formed only on respective copper lines 64 and
67, but not the diffusion barrier layers 66 and 68. One skilled in the art will realize the

corresponding formation steps.
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4. The nethod of claim 3, wherein the step of
oxidi zing the top surface of the copper |ine
conpri ses oxygen plasma oxidation. surface of the
copper line to copper. 6.The nethod of claim1,
wherein the diffusion barrier has a spacing from an
addi ti onal

By using the preferred embodiments of the present invention, both the parasitic

capacitances and leakage currents of the interconnect structures can be reduced.

Although the present invention and its advantages have been described in detail, it
should be understood tl_lét various changes, substitutions and alterations can be made herein
without departing from the spirit and scope of the invention as defined by the appended claims.
Moreover, the scope of the present application is not intended to be limited to the particular
embodiments of the process, machine, manufacture, and composition of matter, means, methods
and steps described in the specification. As one of ordinary skill in the art will readily appreciate
from the disclosure of the present invention, processes, machines, manufacture, compositions of
matter, means, methods, or steps, presently existing or later to be developed, that perform
substantially the same function or achieve substantially the same result as the corresponding
embodiments described herein may be utilized according to the present invention. Accordingly,
the appended claims are intended to include within their scope such processes, machines,

manufacture, compositions of matter, means, methods, or steps.
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di ffusion barrier |ayer of a neighboring copper |ine,

and wherein a ratio of the spacing to a conbi ned

wi dt h of the copper line and the diffusion barrier

| ayer is | ess than about one. 7. A nmethod of

formng an integrated circuit, the nethod conpri sing:
WHASP dilyMERR M conduct or substrate; fanning a | owk

di el ectric layer over the sem conductor substrate;

form ng a opening extending froma top surface of the

lowk dielectric layer into the |owk dielectric
L ayérrpethod of forming anymtegrated'cncmt, the method comprlslrng:

prdviding a semiconductor substrate;
forming a low-k dielectric layer over the semiconductor substrate;
forming an opening extending from a top sﬁrface;)f the low-k ‘dielec'tricl: layer into the low-
k dielectric layer;
forming a diffusion barrier layer in the opening covering the low-k dielectric layer in the
‘opening, wherein thé diffusion barrier layer has a top edge substantially level with a top surface of
the low-k didéctric layer; |
| filling a copper line into the opening;
~ recessing 4 top surface of the copper line; and
' foMng a metal cap on the copper line using a selective _d'eposition method, wherein the
l' metal cap is only formed substantially within a region directly over the copper line, the step of
forming the métal cap is performed using electroless plating, and the electroless plating is free

from palladium catalysts.

2. The method of claim 1, wherein the metal cap has a top surface higher or lower than the

top edge of the diffusion barrier layer.

3. ‘The method of claim 2, wherein the step of recessing the top surface of the copper line

comprises:
oxidizing the top surface of the copper line to form a copper oxide layer; and

removing the copper oxide layer from the top surface of the copper line.
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formng a diffusion barrier layer in the opening and
covering the lowk dielectric layer in the opening ;
filling copper into the opening; planarizing the
copper to forma copper line ; oxidizing a top |ayer

- of the copper line to forma copper oxide |ayer;
renovi ng the copper oxide |layer; and form ng a netal
cap on the copper I|ine,

4, The method of claim 3, wherein the step of oxidizing the top sgrface of the copper line

comprises oxygen plasma oxidation.
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wherein the nmetal cap is forned using el ectrol ess
plating with palladiumfree catal ysts, and the netal
cap is only within a region directly over the copper
line 8. The method of claim7 further conprising
formng a chem cal nechanical polish (CW) stop | ayer
on the lowk dielectric |ayer before the step of
forning t he opening, wherein after t he step of

of the

ari z e. ion. .
5. DarTronepadeh it § Bher PpnRBnf §HteRh b dioidildn the top
. net hod of claim7 wherein after
QH%HEEQESﬁQQFrBP%H%?H?PBQ the copper, horizonta
portions of the diffusion bather |ayer are reaned.
- 10. The method of clain17 wherein the step of '

6. gi;ﬁ% g‘%ﬁé R,gc%lx | erem%i_&lﬁﬁfﬁ)g%eﬁ I(l)'lg.pg ]5;9&%{%{ fr&gﬁn addltlonai
dlfé.lgif);l %gﬁne? Paly 6fS | glhb%?ilg & ?ﬁn%,fgﬁg vﬁ{eréﬂ? E%tﬂgofttﬁg %pacmg foa

per ayer on

corﬁblfﬁéda\%%ﬂ? be &1@ @0}9&? REL ahd A€ diPuSAPRE ier layer is less than about one.

-~ 16 -



12. The nmethod of claim 11, wherein the step of
-reducing is perfornmed in a reduction solution
conprising a cyclic borane conpound sel ected fromthe
‘group consisting essentially of norpholine borane,

pi peri di ne borane, pyridine borane, piperazine

bor ane, borane, N, N-di ethylaniline borane,
4- et hyl nor phol i ne bonne, and 1, 4- oxat hi ane bonne,

and conbi nations thereof, and rein the reduction
7. 201 BunSRd oF e mecrpieRslsd Sepbdan B o8 FEEPEaE om

t he group consi e entlally of
dlnﬁ¥W‘1%%?%%%%?%%@%Tﬁﬁﬁg ’dlethylanlnoborane
hol i ne bo a conbi atlons 3 The
ingr opy #%&T@fm el SRR Py <
Pg(r:l ror nfg;jaeﬁl)&g?%?e gt %rslél,tm Iurgag P@r ]ow Yi@ectric layer into the low-

kdeis nt aIIy of ammmoni um alkall, alkallne earth netal
- BT ¥Tdes, hypophosphltes sulfites, bisulfites,

P)é? g'{sngﬁ}lggalnél?% ion taler ; ttﬁ§ o}eegmy&z!n(arl‘%rv the low-k dlelectnc layer in

oS Ut raz nes,
the droxylan1nes aldehydes (|nclud|ng f or mal dehyde and
é% F) gl yoxylic acid, reducing sugars, and

Conﬁlﬂla%§§35%£§5§?&ﬂm%ﬂ .The nethod of claim11,

wher el cing is perforned by applylng
ﬁbgﬁﬂ% % %ﬁP@J%ﬁﬁerelﬁﬁ?ﬁqnﬁglgrlggp hgg ;hfop 
S ur Bﬁﬁﬁuﬂ zgﬁﬁ Hay2k of ¥&bpper line to form a copper oxide layer;
removing the copper oxide layer; and
forming a metal cap on the Copper line,

wherein the metal cap is formed using electroless plating with palladium-free catalysts,

and the metal cap is only within a region directly over the copper line

8. The method of claim 7 further comprising forming a chemical mechanical polish
(CMP) stop layer on the low-k dielectric layer before the step of forming the opening,
wherein after the step of planarizing the copper, a top edge of the diffusion barrier layer

is level with a top surface of the CMP stop layer.

9. The method of claim 7 wherein after the step of planarizing the copper,

horizontal portions of the diffusion barrier layer are removed.
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than the top edge of the diffusion barrier |ayer.

10.  The'method of claim 7, wherein the step of oxidizing the top layer of the copper 7

line comprises oxygen plasma oxidation.

11.  The method of claim 7 further comprising, before the step of forming the metal

layer, reducing a copper oxide layer on a top surface of the copper line to copper.

12, The method of claim 11, wherein thé step of reducing is performed in a reduction
soh-ltionr :comprising. a cyclic borane compound seleéted- from the group consisting
essentialljf of morpholine borane, piperidine borane, pyridine borane, piperazine borane,
2 6-Tutidine borane, N,N-diethylaniline borane, 4-methylmorpholine borane, and 1,4-
.oxaf[hiane borane, and cbmbinations .thereof, and wherein the reduction solution further
comprises a reducer sélected from thc- group consisting essentiélly of
dimethylaminoborane (DMAB), diethylaminoborane, —morpholine borane, aﬁd

combinations thereof.

13.  The method of claim 11, wherein the step of reducing is performed in a reduction
solutioh comprising a reducer selected from the group consisting essentially of ‘
ammonium, alkali, alkaline earth metal borohydrides, hypophosphites, sulﬁfes, bisulfites,
hydrosulfites, metabisulfites, dithionates, tetrathionates, ﬂﬁosulfates, thioureas,
hydrazines, hydroxylamines, aldehydes (i“ncluding formaldehyde and glyoxal), glyoxylic

acid, reducing sugars, and combinations thereof.

14.  The method of claim 11, wherein the step of reducing is performed by applying a

current in an alkaline-based solution.
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15.  The method of claim 7, wherein the metal cap has a top surface higher or lower

than the top edge of the diffusion barrier layer.
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