Process for |nproving Copper Line Cap Formation i
This application clainms the benefit of U S

Provi sional Application No. 60/801,489, filed on My
18, 2006, entitled "Process for Inproving Copper Line
Cap Formation,"” which application is hereby _

i ncorporated herein by reference. TECHNI CAL FI ELD Thi s
invention relates generally to netallization of an
integrated circuit, and nore specifically to the

f or matPoecasefaodm [ufovmg Eapperckines CapcFormation _
BACKGROUND A conventional integrated circuit contains
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. . s of vertically spaced netallization |ayers
apphcatg).“és @ﬁf“ %t RPRPIRlpdinAreEt SpisiREeced by vias. Metal 1ines

formed in trench-l1ike openings typically extend
lally parallel to the sem conductor substrate.
ECED@@Eﬁ&%ﬁ%@ctor devices of this type, according to
current technol ogy, may conprise eight or nore |evels

- of THIEhédtioAdthR érﬁra‘fl?ttb RlealE8U ST 6F %qﬁgﬁ‘{‘raoeﬁ cﬁ'@ﬁ’iﬁ aad more

m Cr o- mnlaturlzalon equi renent s.

SPemﬁCfIG@r to E@M&mﬁﬁ-&&hods Hf ﬁﬁerhénnlé&%%ctgs ‘damascene.

rally, rocess 1 nvolves ?%rnlng an openi ng
: in the dielectric |nterlayer whi ch separates the

dﬁﬁ ally spaced netallization |layers. The opening
BACK yglcally formed using conventional |ithographic

amj& conventional integrated circuit contains a plurality of patterns of metal lines
separated by inter-wiring spacings, and a plurality of interconn'ectrlines, such as bus lines, bit
lines, word lines and iogic interconpect 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 @own as "damascene." Generally, this
process involves forming an opening in the dielectric interlayer, which separates the vertically
Spéced 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 ﬁ 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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etching techni ques. After an opening is fornmed, the
opening is filled with copper or copper alloys to
forma netal line and/or a via. Excess netal materi al
on the surface of the dielectric interlayer is then
renoved by chem cal nechanical polish (CW). Al though
copper has lowresistivity and high reliability,
copper still suffers fromelectro-mgration (EM and
stress-mgration (SM -1 reliability issues as

reliabiG®AsBREY 4s@BoBetiks EiintiOtoShfihinkndedigreftdensitiés ideogk! Vasous
i ncrease. Various approaches are thus explored to

approa8ids\iee thl8SSHIREPR BB thdsk GiébRmk. 1 | | ustrates a .
conventional interconnect structure. Two copper |ines
2 and 4, are fornmed adjacent to each other and are
i nsigwred fystiates s gpivepliaabiptar¢opnedd yeycturd. Hyo enppeisiesd and 4,
barrier layers 6 and 8, respectively. Mtal caps 10

are foramed adjacentivi aabh ather dandpiraciabulated Gromeddwedf dieleeitie tayad Kt by diffusion
suffering less fromelectro-mgration, are fornmed on

barrierdDjepes arld 8)eSpectiatly. Mictal &P 0 khd €2 yWwhichldre typiuatatiraied of
metal caps greatly inproves the reliability of the

materidl O &EBRAL s Gomdkdiroli Igfa@i@h',cdr@ﬁmnﬁ@ Bn Sﬁfp@naﬁxfés a8 3! feSpbctively.
of the copper lines. It has been found that under

. The foithdtRoR%E ﬂ]efa@ E&Bs?éﬁﬂ? .'inr}%lla@es AP Rfab iiliﬁpofttﬂe ﬁl@g{altﬁ'decl&{}% Ef Yeducing

of the | ustrate | erconnecti o structdre may
N t ' t ..
0 8 L8008l 881 50 SEPRRSRL sy o

the inmprov t..1S..the reduction of .

mean tgcio o T AT ehihe vt it hesmare:on pisuete may e fiesonger
void formation is also significantly reduced. The

than thatf ag dfercPyiscliruprehaving e Rirlrpt £att she feasorpios fieem

. however. Metal caps are typically formed on copper

improvemgelsis thelyednctipe pledledtiogmigrasioneWiththeometahraps shersdrduged void
materials. For

formation is also significantly reduced.

- The introduction of metal caps generates another problem, however. Metal caps are
typically formed on copper lines, thus increasing the height of the conductive materials. For
“example, the formation of metal caps 10 and 12 increases the height of the conductive materials
from H’ to H. The parasitic capacitance between copper lines 2 and 4 (as well as the conductive
materials surrounding copper lines 2 and 4) form a parasitic capacitor, and the capacitance is
proportional to the 'cross—sectional area of lines 2 and 4. fherefore, the formaﬁon of metal caps
causes the parasitic capacitance to be H/H” times the capacitance with no metal caps formed. As

aresult, RC delay of the integrated circuit is increased.

An additional effect caused by the formation of metal caps 10 and 12 is the increase
~ in leakage current. Conventionally, metal caps 10 and 12 extend from copper lines 2 and 4 onto

- top edges of diffusion barrier layers 6 and 8. This increases the leakage current between metal
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exanpl e, the formation of netal caps 10 and 12
i ncreases the height of the conductive materials from
H to H The parasitic capacitance between copper
lines 2 and 4 (as well as the conductive materials
surroundi ng copper lines 2 and 4) forma parasitic
capacitor, and the capacitance is proportional to the
cross-sectional area of lines 2 and 4. Therefore, the
formati on of netal caps causes the parasitic

caps 10¢@ag 2| nagietle duotdibe kigher condunsivith of watpheips dheed Vi ¢cdmproed to the
metal caps fornmed. As a result, RC delay of the

conductivityexfitiat diffugion barfier lagers 6 endds ed. An additional effect
caused by the formation of netal caps 10 and 12 is the
I ncyease i eakage current nyentionally, netal .
cap %e% Oy TR PRk G on. blieds T poring

ges of diffusjion barrier layers 6 and 8. This

condUCﬁlY?ch@a%sa nepemethotkalfarmping SO AR peedeths 10
and 12; partially due to the higher conductivity of
metal caps 10 and 12 conpared to the conductivity of
the diffusion barrier layers 6 and 8. In order to
reduce parasitic capacitance and | eakage current
bet ween nei ghboring conductive features, a new nethod
.of formng interconnection structures is needed. 3
SUMVARY OF THE | NVENTI ON I n accordance with one aspect
of the present invention, a nethod of forming an
integrated circuit includes providing a sem conductor
substrate, fornming a lowk dielectric |ayer over the
sem conduct or substrate, form ng an openi ng extendi ng
froma top surface of the | owk




dielectric layer into the lowk dielectric |ayer,
formng a diffusion barrier layer in the opening
covering the lowk dielectric layer in the opening
wherein the diffusion barrier |ayer has a top edge
substantially level with a top surface of the | owk

dielectric layer, filling a copper line into the
openi ng, recessing a top surface of the copper |ine,
and formng a netal cap on the copper line using a

| [t ] nmet hod wherein the netal cap is
SUNm%%#SQ?%rﬁggﬁgﬁigﬁgﬁpiaIIy wWthin a region directly
over the copper line. In accordance wth another
as pda tedbddnbewph esempetivf it prévent idventibhadmethod of kMg an
an integrated circuit includes providing a

 integraSeRINGic O tHeRides pr %éUﬁiﬁgf AdethicdndbdEbN@bSrdtQ \orknifk £1REk Hictectric layer
| ayer over the sem conduct or substrat e, formng a

over th@ @%icﬁﬂdlﬁﬁr et iag, fo’hﬁmgaan O?QHIﬁg E)E}?tgﬁnﬁfmﬁitﬁeto%%a}ﬁe of the low-k

dielectric layer into the ectric yer,

dlelectflg [agbﬂ%EGtPgiow Hﬁiegéggpcal érelrorr{l %rdli}flpslcgnhliahnqa'q eE] 9{1 thg ggening

ctrl c ayer

0 into en
Covemtgo‘bﬁa Ik gefsit layeealb%ewpﬁ Whgheifih R it Eysrr hagp top
: t he per line to f copper oxi de | aye
edge Slfbé%wifyglewﬁ iR dpR pur oF e@theé%ﬁ dielpdrie Byes ﬁ&mg afopRgr line into
cap on the copper line. In accordance with yet
the opeing: resessigpaen swface hbthg cegreniing, aud farming 2 @ﬁtai/?ﬁpefglr’fb@ eapper
circuit includes a sem conductor substrate, a | owk
line usgigelselettiveclepesjtem method wherebatht metticaptio pnlybsadatibstartially
first opening in the lowk dielectric |ayer, and a
within A irdgidn dirdcfly svea@nhdaippeeinel ayer in the first opening
and covering the lowk dielectric layer in the first

erein the first ffusion barrier |ayer, .
has %a‘%{if‘iv’;h& f@%bﬁr@a&?ﬁbeﬁéap%eﬂg !rerev%ﬂru»aa&#tq%ﬁommg an
and_ wherein the sidewal | portions have top surfaces
integrated Giguit chdesapodiding acemigongdigon sgipitatey faxming # Joov-k digkgetric layer

The integrated circuit
over the semiconductor substrate, forming a opening extending from a top surface of the low-k

dielectric layer into the low-k dielectric layer, forming a diffusion barrier layer in the opening
and covering the low-k dielectric layer in the opening, filling copper into the opening,

planarizing the copper to form a copper line, oxidizing a top layer of the copper line to form a |

copper oxide layer, removing the copper oxide layer, and forming a metal cap on the copper line.

In accordance with yet another aspect of the present invention, an integrated circuit
includes a semiconductor subétrate, a low-k dielectric layer over the semiconductor substrate, a
first opening in the low-k dielectric layer, and a first diffusion barrier layer in the first opening
and covering the low-k dielectric layer in the first opening, wherein the first diffusion barrier
layer has a bottom portion connected to sidewall portions, and wherein the sidewall portions

~have top surfaces close to a top surface of the low-k dielectric layer. The integrated circuit
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-4 further includes a conductive line filling the
first opening wherein the conductive line has a top
surface |l ower than the top surfaces of the sidewall
portions of the diffusion barrier layer, and a netal
cap on the conductive line and only within a region
directly over the conductive line. In accordance with
yet anot her aspect of the present invention, an
integrated circuit 1includes a sem conductor

further Buh@ty DERdudive e KilltHgehe fist bieniry@ierd 6fe dohuctive line has a top
sem conduct or substrate, a diffusion barrier |ayer, a

surface RYeRkhandb tof sEIRRE LS the BReWA bHHBohY ke JiFBLISE birtier layer, and a
| ayer, wherein the copper Iine is enclosed by the
r r A . a
metal off 4l S LR BN i anl HSLu R T P o Rl ABARTHE AR
~ copper line has a top surface |ower than a top edge of
~ t helndicédrdarico nvithipat anogher hspeetrof tithsresmat miverdmp, drsintegrated circuit
substantially imted to a region directly over the
includecogpecordducier aubdirate, S lowtk dixleenid &def oved tHeagmondidt@Gubfrate, a
over the top edge of the diffusion barrier layer. In
diffusiof GeRIcH RRGCa Yieidl cfh capl MBE inthP RRE-k Afeldchf: 1Y@ SWRdrein the copper
invention, an integrated circuit includes a
line is cREB3APYIMCAiBLsiH BaLE nh B4 ' ! |
s HRBAYTHENS BT o o Yl G 67 0B o
ol e . . di o o
from 15, Lol SLSELEL Tl AL o S8 S K81 g it
. the J.ow ielectric.layer. fromthe sides and the .
barrier Iy, ik B S e g S Breekin BrepiTy oot per ine and
) line is recessed froma top, edge of the first
is not exferideth & presiefrdireatly Py die o Cdgsatihy Hffysien baERIREr. The
integrated circuit further includes a first nmetal cap

COV@labEtidd e wath ‘}Jeﬁéﬁ)}h& §§ﬂebﬁJf e prgéleh{ iinﬂéhtfbﬁ,eanf ifestated circuit
recess wherein the first netal cap is substantially

et} RSB 3L BUSEc 0 o 8L ARERB e«
first cop?)grcl?n%qn %ﬂeflgv%ﬁi &glegt?iE rlz{y%[, and a first diffusion barrier layer separating the first
copper line and the low-k dielectric layer from the sides and the bottom, whereiﬁ a top surface of
the first copper line is recessed 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 the
first copper line, a second copper line in the low-k dielectric layer, a second diffusion barrier
layer separating the second copper line and the low-k dielectric layer from the sides and the
bottom, threin a top surface of the second copper line is recessed from a top edge of £he second

diffusion barrier layer to have a second recess, and wherein the first and the second diffusion

barrier layers have a spacing, and a second metal cap covering and at least partially filling the



| ayer separating the second copper line and the | owk
dielectric layer fromthe sides and the bottom
wherein 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 diffusion barrier |ayers have a
spaci ng, and a second nmetal cap covering and at | east
partially filling the 5 second recess, wherein the

second s@egNoheeinghe S@pnd SelbptianitsahliyWWitkh 8 résisediRiy over the
directly over the second copper line. The

second plijgeous features of the present invention include
“reduced parasitic capacitances and reduced | eakage
currents. -6 BRI EF DESCRI PTI ON OF THE DRAW NGS For a
nor éheadvaniageoug features of ikl prgsest invhartiopriedledetreduped perpeitic
and the advantages thereof, reference is now nade to

capacitariges dnoll tediwed ipakisenirpiti.ons taken in conjunction with
the acconpanying drawi ngs, in which: Figure |
illustrates a conventional interconnect structure,
wherein netal caps extend onto top edges of the
respective diffusion barrier layers; Figures 2 through
7C are cross-sectional views of internediate stages in
the manufacturing of a preferred enbodi nent; and
Figure 8 illustrates a dual damascene structure
enbodi nent of the present invention.



-7 DETAI LED DESCRI PTI ON OF | LLUSTRATI VE EMBODI MENTS
The maki ng and using of the presently preferred
enbodi nents are discussed in detail below It should
be appreci ated, however, that the present invention
provi des many applicable inventive concepts that can
be enbodied in a wde variety of specific contexts.
The specific enbodi ments di scussed are nerely
illustrative of specific ways to make and use the
[ i it the scope of the
BRJEFi%Sz%]{Pg;PN I gur e?%ﬁlﬁtgg]gh 7C are cross-sectional
views of internmediate stages in the making of a
pr efrer 1 mdreswhpititerenierstindingef fegsesaht inan€iti, a0d theFidgatszes
2 illustrates the formation of trenches 22 and 24 in

thereofare€br&lce ¢ domemb@8 the2Bliowihgldasriptied Eihkepdn ¢ kiB® Qith the
dielectric layer 20 is an inter- metal dielectric

accompah MR dlMEds, Wivkicle di el ectric constant (k value) |ower
than about” 3.5. Lowk dielectric layer 20 preferably
contai ns nitrogen, carbon, hydrogen, oxygen, fluorine, :
. and Figgenbillasitatesrisconentiond! intfisennexbsimictuiray wiratesr ingthkcaps extend

‘ i ncl ude un-doped silicate glass (USG, fluorinated

onto top edges af Gk asspedtiFESAffusmndbatrizeldyedse. Furt hernore, the k
value of lowk dielectric |layer 20 may be [ower than

~aboyut 2. hence.referred to as an extrenely | ow Kk

o oFlaufes B PRRETG SR Seatoprl e T Ly P et e

as .a chem cal nmechanical polish (CWP) stop |layer, is

Hmnw@ﬂ@Wﬂ%ap eéP@ﬂé@%WﬁEwP% 20. Preferably, CMP stop

| ayer 21 conprises a material selected fromsilicon

Ni TPipfR 8 Midd6QM% XY intablee strdthd b0 Gi Bfmﬁﬁg,@ invention.
"oxidgg, t%tra-ethyl-ortho-sflicate ?TE&S , a Sént invention

conbi nations thereof. The preferred formati on net hod

is plasma enhanced '




chem cal vapor deposition (PECVD). However, other
comonly used net hods such as high- density plasma CVD
(HDPCVD), atomic |layer CVD (ALCVD), and the |ike can

al so be used. In an exenplary enbodi nent wherein CW
stop layer 21 conprises silicon nitride or silicon
carbide, the formation is preferably perforned in a
chanber in which gaseous precursors such as silane

(Si H4) and anmonia (NH3) are introduced for a chem ca

j t formation
DETAI%EB?%IS g %(glﬁ ﬁTLﬁégrf%ﬁé@%%W vers the
sidewal | s and bottons of trenches 22 and 24. D ffusion

_ bar Theamaltiay &rd By of thy gbeneb byefértsdrapthboddiients aratigéusadd in detail
conprising titanium titaniumnitride, tantal um

below. k aidudd béRApprdcidtdle howekch @Rt WRB predert MO&itHAMpRdtiddsG®any applicable
titani um conpound, tantalun1conpound and conbi nati ons

mventlJeQ%ﬁ@eﬁfs that38n bPERB&TEEH 4 f»@iﬁ@@ﬁﬁéﬁﬂof%) thed %oﬁt@ﬁls UHR specific

physi cal vapor deposition ( l"ayer

embodlégxé}gr rSII:L'hsg&lt egé @e@ldﬁ iR ,atg}elsz)z e%F%ﬁg;)r/WAy %ngmt?llﬁcg%\{?ﬁs? ‘&% Wﬁvenﬁlon
and do Ry el R0 st P RO r f ayer 08, A bonduct b ve

material 30 is then filled into trenches 22 and 24,

pr efigiredP yhrodh L e @tdsBgectioRdl Aiksds ofentBiiedidi@btagd in the making
preferably conprises copper or copper alloys,

ofa preﬁ:HeH‘ emesdigkhelt tﬁ@ﬁx@@nﬁin%rﬁiéﬁhﬁﬁﬁre@l MH%’E&%ché fé‘ﬁﬂ%cﬁlrbf trenches
| ver, and conbinations thereof, can also be used

22 and %B%rcﬁél&!i’né §J e p ﬁeergtggxﬂb%d&?egn t 2 e 1% ﬁgér%é’ En inter-

excess nater als and
is r vel

mat e al 30 d unti |
metal dl{%l%gtrlg Ewggy%rqutbe\gﬁ? catric cony ?rif Zl? valueg lower tgan abolit §t§ Fow-k
dielectric layer 20 preferably contains nitrogen, carbon, hydrogen, oxygen, fluorine, and
combinations thereof. The exemplary materials include un-doped silicate glass (USG),
_ fluorinated silica glass (FSG), and the like. Furthermore, the k value of low-k dielectric layer 20

may be lower than about 2.5 (hence referred to as an extremely low-k dielectric layer).

A dielectric layer 21, which acts as a chemical mechanical polish (CMP) stop layer,
is formed on dielectric layer 20. Preferably, CMP stop layer 21 comprises a material selected
from silicon nitride, silicon oxynitride, oxides, carbon-doped oxides, tetra-ethyl-ortho-silicate
(TEOS), and combinations thereof. The preferred formation method is plasma enhanced
chemical vapor deposition (PECVD). However, other commonly used methods such as high-
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 (SiH,) and ammonia (NH,) are introduced for a chemical reaction.

-8 -




| ayer 20 (or a top surface of CWP stop layer 21 if it
exists). In the case where CVP stop | ayer 21 exists,

the CVMP stops at CVWP stop |layer 21. As a result,

di ffusion barrier layers 40 and 42 and conductive

lines 32 and 34 are forned. Throughout the

description, conductive lines 32 and 34 are
alternatively referred to as copper lines 32 and 34

al t hough they may include other conductive materials.

Ref Biguie3g it rakes g lanké, fonnpiparof hidifdsicddaai 1a34r 28, evhich covers
preferably recessed to form recesses 44 and 46, which

the sidepal Sidtliymb a¥ RerRheeI? dhdPl. DEFWRAbaaRS Uye A DDA pdTekably formed
about 300A, and nore preferably between about 100A

of a maRAS RROHLing BN ¥iddhdth Pﬁridé}ﬁn@fﬂu&hﬁﬂ% RErRECRheniue

top surface of copper lines 32 and 34 tend to have a

ruthenitﬂi‘?ﬁfﬂr]'%@, ti&ﬁﬁﬂ?&onﬂ?&%ﬂ@ thYiGh c%ﬁxp()ﬁft{ Ghd EGh @S tRteot A4E
tot pper In an

e’ exposure ‘of the co I nés
en- congal.ni ng .envi £ onnent .. Copper {de l.ayer .-9..
preferred 4G BRI 0B A€ B BT 0% o SRE B VL afomif Lk aspgsivion
and 46 are forned. The thickness of the naturally
@ALD%P%$WEETQHWW§@%W? Bi5Eod8xi de | ayer 38, however, may be
greater than or less than the desired depth of the

I eCR&Fefing t{V‘tf‘i%[iretdj @ sbddl 183 @0t sRSwil) iR BREEraldl¥ iir@ﬁ;de@b’(gfper or

38 is |less an desired, this thickness is increase

copper 405§, 64 ALY QY diebidh phi@r Eﬁéraﬁ Wi dfaﬁéuc%%e ﬂn%%g%ﬁ?dnﬁ él"laeﬁ filled into

oxygen- contai ni ng envirohnent, for exa

i . | . .
trenchesgjlé%@ﬂf%o@ﬁ?a%ﬁy usliltf?gldélgt]lr% }eergg%ﬂiveg Isnf‘—l arial ?} (ﬂp%%ﬁ?%ﬁylec%)rpné)r%s[

pper’ oxi en Tenpve

e LTRSS PR LAt o

. copper oxide Iaégr 38, and then renoving oxide | ayer
combinagigns theregh ¢ahplag)eob€dover the nethod of directly
' etching netal |ines 32

. Referring to Figure 5, a CMP is performed to remove excess materials, and the top
surface of the conductive material 30 is reduced until level with a top surface of low-k dielectric
layer 20 (or a top surface of CMP stop layer 21 if it exists). In the case where CMP stop layer 21
exists, the CMP stops at CMP stop layer 21. As a result, diffusion barrier layers 40 and 42 and
k conducti?e 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 preferabl& between about 1004 and about 2004. Typically, after the CMP process, the top
- surface of copper lines 32 and 34 tend to have a natural copper oxide layer 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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and 34 to formrecesses. The reason is the thickness
of oxide layer is nore controllable, as after an
oxi de layer having certain thickness is forned, the
process for further oxidizing underlying netal |ines
32 and 34 wll be slowed down due to the fact that
oxygen atons/ions now need to penetrate the oxide
| ayer before they can reach netal lines 32 and 34.
Conversely, if the thickness of copper oxide |ayer 38

38 is thérSreflofal @ind HaRidegithedecdits id aid 46 BREbrRAl Thothidkhess € the
copper oxide |ayer 38 is renoved, and the | ower

naturall) ¥rile@RuiPice COPRE bxiQX 46r 39, BYREVeD &nﬁysbé' &eMEaHar & less than the
copper. The reduction process may dl so be perforned as

desired ﬁg:(;&g 8%'&2&683@%{ QFfichtnd %tlc{] JIoss ?tﬂ%aﬁt%)gﬁ&lok}/defl F§§i 1S90k

nown 1 n sheet resistance of

demred,ﬁ@f lelssrrllﬁ zl}cgcizage?d’] reli3 {ab’ ﬁmgrn%gtgqn 11{185 % %ng 34 in an OXygen-
. C li nes. 32 and 34 too ch_as to cause
containjng &E@fqﬂa}?nrs doreamBkeid RESIaEhaRbE: Using SAEeh plgsme or downsiream
reaction is thustﬁerfornﬁd_to reduce the renalnin% .
plasma.§;qpger axifedayspep is trpreremoyert in ovetlesaingdRoqess, 15 earBpianS
performed in a reduction solution using either an
H,50;, elticacidhmks wetting agend Thigengdiodimens Kfprhing capiieh oxide fayer 3hand
el ectrol ess reduction, the reduction solution
then rerfvéigenadd yerr3g) wdﬁsamageym aver theaneinel afaiippctiinetching metal lines 32
Exanpl es of such cyclic borane conpounds i ncl ude

and 34 bk flcbdies. 18 Bason is &2 PRkt 6f Beddieyanemoryohdbidle, as after
borane, piperazi ne borane, 2,6-1utidi ne borane,

an ox:dé\ha%rqia@fn ¥bAtth HiflGesNOtRRR4, s PRELY |f6%ﬂﬁ@'okﬂﬁz1@?ﬁlﬁféﬁymg
-oxat |ane borane, and conblnatlons t her eof

metal hgérsl(}% | il 'tbggﬂ%@d d{)\%g Hl%{]foqge ].%.811. og(ﬂ'geﬂ( %;jo?xs nB¥theed to

di met hyl am no

penetrate the oxide layer before they can reach metal lines 32 and 34.

Conversely, if the thickness of copper oxide layer 38 is greater than desired, only an
upper portion of the copper oxide layer 38 is removed, and the lower portion of copper oxide
layer 38 is reduced to copper. The reduction process may also be performed as a cleaning
process to remove naturatly formed copper oxide. As is known in the art, the sheet resistancé of
.copper lines 32 and 34 is proportional to their heights. Therefore, it is undesirable to recess
copper lines 32 and 34 too much as to cause a reduction in the sheet resistance. A reduction
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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di et hyl am nobor ane, norpholine borane, and

conbi nations thereof. In yet other enbodi nents,

reducti on sol utions nmay include anmoni um al kali

al kaline earth nmetal borohydrides, hypophosphites,

sulfites, bisulfites, hydrosulfites, netabisulfites,

di t hi onates, tetrathionates, thiosulfates, thioureas,

hydr azi nes, hydroxyl am nes, al dehydes (i ncl udi ng

formal dehyde and glyoxal), glyoxylic acid, reducing
piperiding Garase, pynidine dnbinaatipesarnd treaneo?,6-Tilidies pratiey B N-didthdaniline

reduction action may be perforned using an
borane,el-methybhoyrphdinadblune, IroxAlpphe/borgheamdedoatiinationctiereeNln other

wherein the reduction of copper oxide to netallic
embodigRAREfediGionReLtioRN MUl banad hisalihRar @a&ﬁféﬂ@mnuhémne (DMAB),

cont ai ni ng, for exanple Li OH or KOH. Figure 7A

dlethylziriulnH&rE.:% %gfﬁ“@hﬁé bR aﬁtﬁc&ﬁlqnégng BLrmRe Iﬁ’ DetGRnd H@Bb&iglents,

lines 32 an respectively. The metal “caps 4

reductlépsowtﬁ)fng ﬁﬁg llycltf&%rm{tﬁo?hl‘?urggﬁﬁrh' Qllk§h %%Hh Beeat ﬁ&%h& r}dgﬁe

ngst en I con, ZI

hypophB s sARREPRIRHE 54t IR ﬁﬁPJ’a %@ﬂ@%ﬁﬁstgaﬁeignaws
ity SRR, e M e RS S AT s
above-di scussed, materials. The preferred thickness of

glyoxalyglyoxyliepdd, sedusing sugars.ang eammbinaiong theseafeen about 25A
and about 250A, and nore preferably between about

1004 andhanp ¥ l%gl% ddh dh
met af caf)s 48 and 50" g? e f A;%e;}{eg{ rr?gc‘ﬁﬁeegéscggﬁk g methOd by
applymggﬁi fsl%{:’c(l3 c%ﬁggnct% he eI tl}&rege CSSB 8t¥c?p$)gﬁ (g%é %f’qgnetngé E(%J%%l‘s 150
vant pre of sel ective f net a
Perfomc?gb‘%a‘h%gaj ﬁ‘gﬁfdlasg YHiQR CORtAIRING, O SXURP 6;}3 ‘Hll&fﬂéaps 48
and 50 may be deposited higher, level with, or |ower,
t haFighker A BiaResds M@aldlapd SIS0 formed on conductive lines 32 and 34,
-respectively. The metal caps 48 and 50 preferably comprise materials such as cobalt, nickel,
tungsten, molybdenum, silicon, zinc, chrome, boron, phosphorus, nitrogen, and combinations
thereof. Metal caps 48 and 50 may also be composite layers comprising more than one layer,
wherein each of the layers includes one or more of the above-discussed materials. The preferred

 thickness of metal caps 48 and 50 is preferably between about 25A and about 250A, and more

preferably between about 1004 and about 200A.

In the preferred embodiment, metal caps 48 and 50 are formed by electroless plating
- and are selectively formed only on exposed surfaces of copper lines 32 and 34, respectively. One
advantageous feature of selective formation of metal caps 48 and 50 is that top surfaces of metal
- caps 48 and 50 may be deposited higher, level with, or fower, than the respective diffusion

barrier layers 40 and 42, depending on the desigil preferences. Electroless plating is preferably
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barrier layers 40 and 42, depending on the design

preferences. Electroless plating is preferably -I11

performed, for exanple, by using a plating liquid

contai ning cobalt ions, a conplexing agent, a pH

buffer, a pH adjusting agent, and an al kyl am ne borane

as a reduci ng agent. Depending on the preferred

conposition of metal caps 48 and 50, the plating

liquid may further contain refractory (high-nelting
perfornpdi for pxamgilalby usingla phesing Uiqgisitcentainimescobalt vk, yademplaxing agent, a

ions. The cobalt 1ions contained in the plating |iquid

pH buffeay piadjustipk ageht fand ah alkghidhd boialetas afr@ucxag@lt EDepending on
cobalt sulfate, cobalt chloride or cobalt acetate.

the prefebrb@EorfiRsitioR Gf GRAPENR IR Snd K6 RS filﬁﬁ‘n mlul‘@ﬁﬁ& figARScdhBuin
and 50 are also included in the plating liquid in the

reﬁactoféﬁtﬂ?%lpfneltﬁg?mn hfetslk § téé'i ggtféfri] o ﬁll]oéjﬂﬁenug{ UL, Gfgﬁﬁ | ¥balt

scussed 'S su nerge

" pla
- ions collBREE TG Bﬁﬂfﬁfgﬁ’tﬁ%ﬁbﬁg bl Eeni @b e Ee“ﬂgﬁwsbﬁ??ak
90C. t he re erred nEtaI s ,48 an
sulfate, SplEtc &?%@F.O& B SR ‘?PSHFFP RS BEETEY &Y EEes 48
lin gl but .not .on top edges_of diffusion
and 50 g5 ra}eSP e lr6§9 & e plpting liqud in thedorn of 1gns: The strugiuse forged in the
Thi s may be achi eved by using a non-pal | adi um
previouslydigeyssed steprus submenadrip the pl@tmgétgwdewg@pmh@wmraatre afthe
' In other enbodi nents, netal caps 48 and 50 can be
plating fiquidecprefprabljeip @s’altgemg batweet athout 3¢5 ( adebowtHI0MG common
t echni ques such as PVD, sputtering, and ALD, and t hen

ST o AT e SO B o
I
oo GBS b s S

. fusion barrier
and dlelectrlc 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 common techniques such as PVD, sputtering, and ALD, and

thén 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 barriel.‘
layer_s 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

-12-



| ayers 40 and 42, and thus a post-cap cleaning is
perfornmed to renove undesired portions. For exanple,
an etching process may be perforned to renove portions
of nmetal caps 48 and 50 on barrier layers 40 and 42,
so that only the portions in the recesses are |left.
Alternatively, a CVMP process may be perfornmed. In the
preferred enbodi nent, in order to achieve the optinmm
results, the top surfaces of netal cap |ayers 48 and
layers 48 gndif 2 andethe CMP stop keyeh2d (oo hedoyesfaot of lew-lddifeatsic dayer 20 if no
barrier -12 layers 40 and 42 and the CVP stop | ayer
- CMP st@illager2 1tilh formed). Blowkeaaetho tod sovfakesdif eleet tapset8lany 60 ni2 betigher .
no CMP stop layer 21 is forned). However, the top
or lowesStiiir] e @sp ukfabRtoTltheCdiFBsidBbatier 2fersBy a4 ) bgREMust:@led in Figures
| ower than the top surfaces of the diffusion barrier
7B and JQYBeiftle@R™4¢ predabl§ idst tafbbAft80AI n Figures 7B and
7C. The difference D 1is preferably |ess than about
50[ x. As is known in the art, |eakage currents and
~ parhsistknewr dpde artaladese perrenty and paragiticfcapasiianogaprmetse
copper lines are close to each other. The preferred
significanbriabel thembppealines dri elosf oreactpotbére Thbprgfonsd dmbodindatse:
patterns. For exanple, if the spacing S2 (refer to
therefor&p@ibrably Aedifbr deRsSpdtlenis. BRAkhmPlediftheaeciABBER (refer to Figure 7A)
preferably | ess than about 0.4m and even nore

is less tHAh @b&It BTh, ah@Bdrd HeRrAPPIEs Hfbout H2uR! Sldves thore preferably
enbodi ment is applied. Alternatively, the decision of

less thaﬁ%h*‘@.ﬁu&?th%@%ﬁ%néd@%rﬂ%ﬁ%&% fs%ggﬁég? %%e#}ﬁg%rlg,ﬁl% deg%'sion of

det erm ned e relative s Ing. 1T _ _
whether§P B2 fhe Wt bt bR ARl sl ! o
spacing ngq g\rwllecéﬁ %ggthg E&%%Eé E&{lﬂ%&ﬂéggr g ! gi%g ImeaeP Etlytiereél%) isl lgssttgaen
about 10, the preferred embodiment is preferably applied. If the ratio 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.

y 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.



preferred enbodinent is nore preferably used. On the
other hand, if the ratio is greater than about 10,
whet her 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 enbodi nents
provided in the precedi ng paragraphs, a single
damascene process is discussed to explain the
concepts of the preferred enbodinent. One skilled in
t heBanting thielpkeferead démaledithatts sftre preasininventich, bath the parasitic
avai | abl e for dual damascene processes. Figure 8
capacitdnkcésimt 1akege @irehBof lRAMBROAndEL SiHRtudseat B8 RIdusddng dual
damascene structures. Simlarly, in this enbodinent,
netal caps 60 and 62 are preferably forped only on .
r esPEReue) degdpisat nyetien apd ity adyanigges haye bepgrdepgsiped in detail, it
di ffusion barrier |ayers 66 and 68. One skilled in the
should bgryndgjstood thed viians changes splrségisionsiandplieratinns ¢ap e snadp Serein
-13 By using the preferred enbodi nrents of the present
withoutidepaztig o thospiritand spapeas thei icventiap acddfmad by theragpended claims.
| eakage currents of the interconnect structures can be
Moreoveg theaecbe Althdwraght dfpticpiondendt thevddttd Balimited o the particular
advant ages have been described in detail, it should

embodiR€nts BEBE $rRess, Aating/ fah@fdStufd) 3RP&mposition b ndkérOmsadNMethods
alterations can be made herein  w thout departing from

d stegs/d8sciBLd int gy ' AN nfddi i
i st RSB SRR A L8t AR A0S GER B proi
: pcation i.s not intended to _he ljm
from PRGNS A0R; bk Mol ol S PR Dl
' manuf act ure, and co sition of matter, ans, pnethods
matter, GEgHs, Bethiess e AR, SR RSO rPT o SrAOAS: GREPEPr
_ ordinpary skil|l in the art w || readilyraPpreciate .
substantially the same function or achieve substantially the same Tesult as the corresponding

teq to.,.:
t(lg]c)?nrpé)’%tlons of

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.



fromthe disclosure of the present invention,
processes, machi nes, manufacture, conpositions of
matter, means, nethods, or steps, presently existing
or later to be devel oped, that perform substantially
the sane function or achieve substantially the sane
result as the correspondi ng enbodi nents descri bed
herein may be utilized according to the present
i nvention. Accordingly, the appended clains are
WHATIIRtEdMED &5:i ncl ude within their scope such processes,
machi nes, manufacture, conpositions of matter, neans,

1. Beh&beiSof Pfmidk @R Snteprdtdd LircAHAE méhdd AndiEinkS: 1. A
met hod of formng an integrated circuit, the nethod

?Rﬂ@ﬁﬁ§d§gnunﬂﬁ&3f§%ggm§ seni conduct or substrate
ormng a lowk dielectric |layer over the

?iﬁ’gﬁtfgoﬂgurcﬁ fiele ?H#Efté{ ?B‘?‘:ﬁ tﬁﬁosre%%% Ppﬁgg}wg ext endi ng

surface o ectric’layer into
Iom#k di el ec

Bt Yo S RSB oot B PR Sy et e o e
low-k helectrlc | ayer in the opening, wherein the
ow-k digleqritla¥s barri er 1 ayer has a top edge substantially

level with a top surface of the lowk dielectric .

Foagping; 2 diffpsipm hargierclayss é thejopening eevering thsdewrkdelectric layer in the

recessing a top surface of the copper line;, and
opening, wherein the diffusion barrier layer has a top edge substantially level with a top surface
of the low-k dielectric layer;

filling a copper line into the opening;

recessing a top surface of the copper line; and

forming a metal cap on the copper line using a selective deposition method, wherein the

metal cap is only formed substantially within a region directly over the copper line.

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.

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

comprises oxygen plasma oxidation.
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formng a nmetal cap on the copper line using a
sel ective deposition nethod, wherein the netal cap is
only formed substantially within a region directly
over the copper line. 2. The nethod of claim1,
wherein the nmetal cap has a top surface higher or
| ower than the top edge of the diffusion barrier
| ayer. 3. The nethod of claim2, wherein the step of
recessing the top surface of the copper line
5. ThOMEihSE 8f clad TfizihegednlRisimreditifgaceppér dxitk 1829 Pe the top
line to forma copper oxide |layer; and renoving the
muﬁwegp@@%ﬁ hg@thpﬁg_fron1the top surface of the copper
l'ine. The nmethod of claim3, wherein the step of
OX|d|2|ng the top surface of the copper l'ine
conpri ses _oxygen plasma oxidation. -15 5. The nget hod
6. Bhe wedpdof clpigy Lvdierais s rskeiob orrues e ﬁ&taé cvisperformgdding
| ayer on the top surface of the copper line to
electrolessppading. 6. The nmet hod of claim 1, wherein the step of
formng the netal cap is perfornmed using electroless
plating. 7. The nethod of claim®6, wherein the

O L e e

barrier has a spacing froman additional diffusion :
barrier |layer of a neighboring copper line, and
8. Whemethad af ¢laini b vaferaihthesibiesiongbarider pas & spsingdpnnaniedditgnal
the copper line and the diffusion barrier layer is
diffusioh dasiet hger eflaoiighboring copper line, and wherein a ratio of the spacing to a

combined width of the copper line and the diffusion barrier layer is less than about one. -

-16-



-16 9. A nmethod of formng an integrated circuit, the
nmet hod conprising: providing a sem conduct or
substrate; formng a lowk dielectric |ayer over the
sem conductor substrate; form ng a opening extending
froma top surface of the lowk dielectric layer into
the low k dielectric layer; formng a diffusion
barrier layer in the opening and covering the | owk
"dielectric layer in the opening ; filling copper into
9. Aheetbpbel fngning bm indegratedegirauitethe oppexd compficingn a copper

line ; oxidizing a top |layer of the copper line to
povidigg ceppemdoctockabiteer ;  renovi ng the copper oxide
| ayer; and form ng a netal cap on the copper line. 10.
fwinyed badck ditleetialdfefovey tHehemicoRIRdrSliBgafeor M ng a
cheni cal nechani cal” polish (CMP) stop |ayer on the

FRMtide addp%hﬁgfegﬂeﬁdlhgﬁ% ab@% Qﬁr?acte ey q&p.k%ﬁeié&mas}& ,Lﬂa%he low-

opening, wherein after th step o pl anari zingt
&Qg a top edge of the diffusion barrier Layer S
kdlelec El?Jri/vlth a top surface of the CMP stop layer. 11.

TSR BL B00 i AR P BB

h catalysts and wherein the metal cap is only within a
RCOPCRIRGE on directly over the :

filling copper into the opening;

planarizing the copper to form a copper line ;

oxidizing a top layer of the copper line to form a copper oxide layer;
removing the copper oxide layer; and

forming a metal cap on the copper line.

10.  The method of claim 9 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.

‘11.  The method of claim 9, wherein the metal cap is formed using electroless plating with

palladium-free catalysts, and wherein the metal cap is only within a region directly over the

~ copper line.

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

portions of the diffusion barrier layer are removed.



copper line. 12. The nethod of claim9 wherein after
the step of planarizing the copper, horizontal
portions of the diffusion barrier |ayer are renoved.
17 13. The nethod of claim9, wherein the step of
oxidizing the top |ayer of the copper line conprises
oxygen plasma oxidation. 14. . The nethod of claim?9
further conprising, before the step of form ng the
netal |ayer, reducing a copper oxide |layer on a top
13. Shemetbed of cléine?, cdppdn theistep df oxclivipsthe tap 1der oflthe copyien dide
of claim.14, wherein the step of reducing is perforned
compriseflogyges Plasih 0Fidatil. ut i on conpri sing a cyclic borane
conpound sel ected fromthe group consisting
essentially of norpholine borane, piperidine bor ane,

B oS oRTREI brlhgf s, Bp e 5 APy P R RERA lhr

borane and 1, 4- oxat hi ane bar ane, and conbi nat i ons
reducing R EPRRST OXIH Y GHAEN PR SYTaCe OB NS COPRSA 118 FUIPBEY- f ur t her

conprises a reducer selected fromthe group

consi sting essentially of dimethylam noborane (DVAB),

15. ThahBUbAST NaROTARRercidTE @ﬂ%?_ bf RAWAAE BNRrfoRRE in a reduction
conbi nati ons t héreof he net hod of clai m 14,

solutlon%g{gc 'sxﬂ%‘é%?ﬁlﬁ:tlﬁ)?an% cofnggﬁkgd Rbcled FRG {519 gﬂﬁlg b 31& Stng (fs§entlal!y of

solution c Ising a re er se
rou tin i al
morpholiieo Pt BoSRe Rhni BARERbehe bt ROk ﬁﬁ E@gd‘ 16 boranc,
ulfite bi s Iflt sul fit t.abisulfite
NoN-di yewlaﬁi%@ T ﬂ&gl}p"r%@@ganeﬂrﬂf%
hydr azi nes, drox | ami nes
combinations thereof, and w erein the reduction solution further comprises a reducer selected

from the group con51stmg essentially of dimethylaminoborane (DMAB), diethylaminoborane,

morpholine borane, and combinations thereof.

16.- The method of claim 14, wherein the step of reducing is performed in a reduction
solution comprising a reducer selected from the group consisting essentially of ammonium,
alkali, alkaline earth metal borohydrides, hypophosphites, sulfites, bisulfites, hydrosulfites,
metabisulfites, di{hionates, tetrathionates, thiosulfates, thioureas, hydrazines, hydroxylamines,
aldehydes (including formaldehyde and glyoxal), glyoxylic acid, reducing sugars, and

combinations thereof.

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

in an alkaline-based sohtion.
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al dehydes (including fornmal dehyde and gl yoxal),
gl yoxylic acid, reducing sugars, and conbi.nations
thereof. 17. The nethod of claim 14, wherein the step
of reducing is performed by applying a current in an
al kal i ne- based solution. -18 18. The nethod of claim
9, wherein the netal cap has a top surface higher or
| oner than the top edge of the diffusion barrier
| ayer. -19
18.  The method of claim 9, wherein the metal cap has a top surface higher or lower than the

top edge of the diffusion barrier layer.
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