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| NVENTI ON [ 00011 The present invention is in the field of sem conductor
devi ces. Worog/o6®oparticularly, the present invention provipdegsas/msthod,
apparatus, system and nachi ne- readabl e nmediumfor an interconnect
structure in a sem conductor device and its nmethod for formation.
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[0003] Electromigration is a process wherein hydrostatic stress on interconnects,
20  such as a direct current applied to an interconnect in one direction, causes current-induced
atomic diffusion due to momentum transfer from flowing electrons to host atoms, ora
diffusion o f e lectrons in electric fields set up in the interconnect while the circuitisin
operation. The metal at anode-end of the interconnect thins or pulls back from the
adjacent via and eventually separates completely, causing an opening or void in the circuit.
25  The metal at the cathode-end of the interconnect forms extrusions and crack insulators
which leads to device degradation such as short-circuiting interconnects and diffusing
metal into the substrate or, more particularly, into the circuit layer and/or a dielectric layer
of the substrate. Electromigration reliability is measured in terms of mean time to failure
and activation energy. Mean time to failure (MTF) is typically defined as the number of
30  hours before an interconnect increases in electrical resistance by 30% for certain length
and width interconnects at a temperature, such as 250 degrees Celsius with the application

of a constant current density such as 1x1076 amperes per square centimeter.
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enbodi nent Otf a.Gross- sec i onal view of the substrate of Fig. 4 after
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BRIEF FIGURE DESCRIPTIONS

[0005] In the accompanying drawings, like references may indicate similar

20  elements:
Figure 1 depicts an embodiment of a cross-sectional view of a portion of an
integrated circuit to enhance an interconnect.
Figure 2 depicts an embodiment of a cross-sectional view of a portion of a
semiconductor device that has been partially processed to define an
25 interconnect feature.
Figure 3 depicts an embodiment of a cross-sectional view of the substrate of Fig. 2
after the formation of a barrier layer and carbon-doped copper layer.
Figure 4 depicts an embodiment of a cross-sectional view of the substrate of Fig. 3
after forming a carbon-doped copper interconnect.
30  Figure 5 depicts an embodiment of a cross-sectional view of the substrate of Fig. 4
after application of a passivation layer and diffusion of silicon into the
carbon-doped copper interconnect.

Figure 6 depicts a flow chart of an embodiment to enhance an interconnect.
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car bon-doped copper interconnect. Figure 6 depicts a flow chart of an
enbodi nent to enhance an interconnect. 2 WD 03/063209 PCT/ US03/ 00525

Fi gure 7 wopBotxoa fl ow chart of an enbodi nent to enhancePam/tsnd/ersedonnect .
Figure 8 depicts a flow chart of an enbodi nent to enhance an interconnect.
[0006] Skilled artisans appreciate that elenents in the figures are

i 1T ust raged 7 or cfepﬁ)‘timﬂb\mchw aﬁﬁh ehbsdityneadnhace andttervonessari |y been
drawn to scal e. For_ exanp di mensi ons of sonme.of the elenents in the
fi gur edigue %xaggbpﬁﬁ%%iﬂﬁ‘élch%ﬂ%aﬁ gmbediment g SnigereQiect-o i npr ove
under st andi ng of enbodi nent(s) of the present invention DETAI LED

DESCRI PTI ON OF EMBODI MENTS 10 [0007] The following is a detailed

descri ooes] of exSiified aﬂmmdapmemae ahatt diemerits v g ﬁguldeplrmlémtrﬂﬁ@dtfhle
acconpanyi ng draw exa | e enbodi nents ar h detail,as to
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designed to nake such enbodi nents obvious to a person of ordinary skill in
the art. [0008] Referring nowto Fig. 1, there is shown an enbodi nent of a
cross- §9ethen@b DECNIPEYORfOP EBBODIMENTSN integrated circuit with an
enhanced i nterconnect. Many enbodi nents such as the enbodi nent shown in
Figlo 1, have an interconnect or have a nethod for building an interconnect
wth e ed el r b i ener gy
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di el ectric, such as an ox 'i'con, etching the dielectric with a
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[0008] Referring now to Fig. 1, there is shown an embodiment of a cross-sectional
20 view of a portion of an integrated circuit with an enhanced interconnect. Many
embodiments such as the embodiment shown in Fig.1, have an interconnect or have a
method for building an interconnect with enhanced electromigration reliability in regards
to activation energy and/or MTF. A semiconductor device, such as the embodiment
shown, may be manufactured sequentially, one layer at a time. The sequence may
25  comprise forming or growing a silicon crystal, slicing the silicon into wafers, polishing the
wafer, forming devices on the substrate 160 of the wafer in a circuit layer 140 by
alternatively depositing a thin layer of dielectric, such as an oxide of silicon, etching the
dielectric with a process like photolithography, and forming a contact 150 in the circuit
layer 140 to allow the circuitry of the circuit layer 140 to be accessed by signaling media,
30  interconnects such as the carbon-doped and silicon-doped interconnect, CuxCySiz
interconnect 120. The specific concentration or molecular ratio X, Y, and Z may vary
between embodiments. In some embodiments, the concentration or doping of carbon in

CuxCySiz interconnect 120 may be within a range of 1 to 100 parts per million, whereas,
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i nterconnect 120. The specific concentration or nolecular ratio X, Y, and Z
may vary between enbodi nents. In sone enbodi nents, the concentration or
dopi ng ofwoasled20¢ n CuxCySi z i nterconnect 120 nmay be w t IRCA/ts03/603g® of 1
to 100 parts per mllion, whereas, 3 WD 03/063209 PCT/ US03/ 00525 ot her
enbodi nents may conpri se carbon concentrations within a range of 1 to 1000
parts @Bdr embddiraents Haytdoetprisé babewoeeattraionswithin dopigefdftodiODD parts i n

CuxCySi z intercaonnect 120 nmay be within rrange of 300. to 900 per
117 orper BUUKPn Tovieh BntrutsPReos o Sppingan sIEER e ferGr Veremar ERked From
Zero p%@gﬂ% wWiire h PR BOND 990 Ipafi® Ber N1iSLBut In SR SBBAhRtsDAliEHLr | ayer

110 may ornmed in-an interconnect feature, or an opening etched or
ot her wi @acémratiens froay anngantfzomoneecperctidf &y ecighr peregnit KBicPht erdBofpiBRt to

prevent or_.attenuate diffusion of .ato of .the intercaonnect into.lhe
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130, may be fornmed overlying the interconnect and/or the remai nder of 10
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[0005] GHraaP AL (R bie My Rt L HBRP of MG Byt SODE 3

net al | i gativativd Ryer 1), neytbaRinakd bzalyinn tHeayttcodnestamdioe thoremmihdey of or m ng
interconnect 15 features in jntra-level dielectric, and then fornng a

t hi i comdigiizatien laypel to preipctdle BusEomiect HowrcopiamippiinTy keameb*HHEéP&% | ayer,
like tutra%%\gae 1n%8f&8§1/[1 betWee ha s%lf[fﬂtgﬂao %tsi. ntra-|evel dielectric, to form
contacts *or vias and/or i1 nterconnects. Via 170, for exanple, may couple
the interconnect of netallization layer 3 with the interconnect of

metal lization Iay§r 2. In sone ?nbodiqpnts, vi.a 170 qﬁﬁ conpr.i se 3 met al
such asl®0fgst en BBE Ph BPke MBIy AsiEs SUH 235 7BCHIAY A Se e he sane
mat er i alcafiz ﬁowé/ér bOkn Ahetdli AHERMARE, H4GIHe BIMEUY P Sining Ratbicehimichd
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et chi ngfeaffibes iexuvesfvekdialectrivy ambthah fpngng adhingoaesitvetler.opehiah§aster i nt r a-

| evel djelectric, |layer ,100, may be renmopved fromt v DI ri zing
the sur ?é‘?feﬁo E}ﬂ%é‘ﬁaay?ofgfl?tbvﬁ, la%%t @éerWPgsg?n’é:ﬁ@?%’r OIpQﬁ%nZ‘ﬁﬁgﬁgffeb%%? A zat i on
layer 15iBRE@ICE 16 Tbih N8ntabR RSviRassdMvatineftohaeces. OfiailTOpifor exeipleli wbpctric
| ayer (IDL) 133(_) may form or define conductive interconnects and reduce
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20  embodiments, via 170 may comprise the same material as is used for an interconnect such

as CuxCySiz. Patterning intra-level dielectric layer 100 may comprise photolithography
and plasma etching. The excess metal, or metal protruding above the opening of intra-
level dielectric layer 100, may be removed from the surface by planarizing the surface.
Planarization, patterning, and/or polishing of metallization layer 1 before forming the
25  passivation layer or inter-level dielectric layer (IDL) 130 may form or define conductive

interconnects and reduce topographical effects of photolithography and etching.

[0010] Further, packaging may encompass the integrated circuit comprising the
substrate up through the metallization layers to protect the integrated circuit and to provide
30  interconnections for use in a product. The packaging may comprise ceramics and/or
polymers to protect the integrated circuit from p hysical d amage and leads to provide a
signaling medium from the circuit layer to an external device, through one or more

interconnects.



substrate up through the netallization |layers to protect the integrated
circuit and to provide 30 interconnections for use in a product. The
packagi ngworag/oenpri se ceram cs and/ or polynmers to protectPCrhsos/onseyr at ed
circuit from physical damage and 1 eads to provide a signaling mediumfrom
the circuit layer to an external device, through one or nore

i nterconnects. 4 WD 03/063209 PCT/US03/ 00525 [0011] Referring now to Fig.

= se cORAIct o QBGPEBETRAY MBS DAbhe SLAEE BB A B ohn |
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manuf acturi ng od known as "damascene", a dieleéectric layer, such as a
| ayer ofntes¢dnnecirfeatined Ide schi 43 edangscerr0isnchayn becneenditedmariiactsigst r at e,

and interconnect features nmpy bhe formed in Si02. 200.t.0 cr t4 ench
pat ter nFHO E’r@o‘gﬂéf)eéaél?asf’ﬂ’tee’r%%W&%gg%e&c%cggs &yt gt glﬁ% naﬁ%.{ui%ﬁ sleZ?[ 0012]
Si Q(er 1 )R Yy B dSRRRED 88 atsBhiedi€ Cindli i6telAWBECt RuRiiteY intgy Bé Fireed MO . | n
sone 10 enbodinent's, a silicon nitride film or other layer |jke an etch
stop or2@fhtesiant & bendhanastern infhg/shape phintasepnaActs Rechasydasrgmeetyflinehe waf er
before Si02 200 is fornmed on the substrate. Si02 200 may conprise a | ayer
of approxi mately 5000 angstrons to 3 mcrons in thickness. In one
embodi Wﬁm‘!{%j] a di e§fy00Gapy@hprissucicketriSi 187:r 208;lying yillvenfvaferedh ssma | ayer
of plasna deposited_oxide fornmed using tet[a-etgéb-ortho-shlicatﬁ‘%TECS) as
a sour cemhsliggants, ¢ silisppmitade Sdmpaheler Byeglikne SHP eSSVt 3¢ g
SiH(err Lize 20,2001 EEAKE @XhdSukRR) - I n
anot herﬁlggt@gﬁneﬁ(érgp%g@%gpfg{?e‘? |§ 815:6?%b3(228y be formed_gs a | ayer of
a phospBRi®,s200 emdyeeghpss GPBE: obapproxidopely FEO @BRSGMS & 13i puerono i de
glass (SOG), silicon dioxide, fluyorine-doped sili oxid ow di el ectric
const anthickpssy o) onerrapgodigent, %Gﬁ#@cw Ve éB‘g’r F%g@%ﬂ g}ay%grtjo{lﬂ%&jf‘% ke. A
low-k i By | @i b RehyA-oethe sffdatd BGS?%E@@I) fcewer
%ggll c?fh:)%s e@ﬁﬁ%ﬂ A RtREd Mind@rhRehyA-odhels (qbe u

than Si sone ments, an etch stop |ayer nm fornmed such as
pl assra desphsidnserabodimentsoSighni200 ingky. beldepadited rusiangi SiE 4 a@i@b@ﬁﬁ@ﬁﬁ gichah et ch

stop | ayer be pl asna.de ited silicon nitri -S4 . i bor on
i 111 dobXisen Sona Bt eepep Gt aroiice SaPofinkrb s il Adef QL iy, .

et chi ngpt RRKERs a B of BPRoGINS-silanRs gl8ds (BB e asirén Goped HSIE (BRSE), dilioon ot her
openi ng bel ow the interconnect 25 feature, such as a dual damascene

t r ench. okide £biss KeOEVs siigpmdinxide. finerinegloped siliwon Oxidrelpv heclertbo APREHE of a
cross- Sag\twi—lgr}%!qulator, spin-on dielectric material, or the like. A low-k insulator may be a
20  material having a dielectric constant lower than SiO,. In some embodiments, an etch stop
layer may be formed such as plasma deposited silicon oxynmitride. In alternative
embodiments, an etch stop layer may be plasma deposited silicon nitride, silicon carbide,
boron nitride, or other similar material. The etch stop layer may facilitate etching through
more than one layer of dielectric to form a via or other opening below the interconnect

25  feature, such as a dual damascene trench.

[0013] Referring now to Fig. 3, there is shown an embodiment of a cross-sectional
view o fthe substrate o f Fig. 2 after the formation of a b arrier layer and c arbon-doped
copper (CuxCy) layer. Metal may be deposited into the interconnect feature or trench
30  patterned in the SiO; layer 200. In the present embodimént, a barrier layer of metal,
tantalum nitride (TaN), may be deposited in the interconnect feature first, followed by a
seed layer of copper (Cu). Then, carbon-doped copper (CuxCy) may be formed into the

interconnect feature by electroplating. In other embodiments, CuxCy may be formed in
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view oft he substrate o f Fig. 2 a fter the formation o f a b arrier |ayer
and car bon-doped copper (CuxCy) layer. Metal nay be deposited into the
i nt er conrwotosfexrbure or trench 30 patterned in the Si Q(er PLTIEsy®005200. | n
the present enbodinent, a barrier layer of netal, tantalumnitride (TaN),
may be deposited in the interconnect feature first, followed by a seed

| ayer ofhedappenndcbidaturErgnelectauldsenspatipen:, veppephabCapi@y)y, fayinipdarftaitared i nt o
the interconnect feature by electroplating. In other enbodi ments, CuxCy
may be MSYQREdnST SINEBATgFAH8 PHBSHS: PCT/ US0O3/ 00525 the i nterconnect feature
by el ectrol ess, sputtering, vapor phase epitaxy, ion inplantation, and/or
other simlar nmeans or process. [0014] Barrier |ayers may be enployed in
met al | i @dtdlon schBamert hatrsusey be dampleyshdn paetadlization efhemepplbipt use pr event
di ffusigon of copper .into Si_or Si rr). regipns of. the s tr waf er .
Di f fUsi GHNASFRG f&Fm%Pg&ﬂ?Pef E%B‘ieé%rgrdéi)fﬁr‘ﬁé?)"giﬁﬁoé’é’e’é R t%% OBE% Bl 9

el ectr ophel dibhSidtB B Watcl ANDI RIS o lcopieh Sthrdi@H | BGdators #afl et tshbayer. The
substrate, for instance, may conprise a circuit |ayer with devices such as

capaci t decseaapidletirom ifetingy &, transistaie of ether deyiess ing upidexesr dhe sHSUBiG ri er

| ayer .prevent inter-diffusi. a p . bottom
el ot r ot AGEF: nhSoBpTS: hal SR e By il ol Rerfl bR A B2 00
(p-Si), reideBeubRbé oipact@s}thodaricnlger may pleeitinterdififsidortansédn opluget al s,
such as Iridium(lr), Platinum (Pt), Palladi um (Pcli_él, odi um (5&& (Os)
OsmilQim oeeentact gind & beidure elsrirodkilaies dhe nlpg npay; be forpped ppipfunggicn &For a c
onbi nat | . . 4 1 I Wel-XH i ments
Furt nor P&k @-85.088 13 Gdhl Elro®lEer PRBTNAONNS) OFCRBLIHATRABIACH

wher ei nag Medibar (e rPlhtiver (PiaRaB@dym niy), Rhddpmme@h) byO9pOsmam,negs., PaN 300

ma ossess hi gher. at om iLght elenents to.increase sidewall over age.
oy P fenet D CravOn T Doy sS4 b GPREHaR o e rasssh 1y cpe 818" 29
activat ;,Gfy,e )Hae.a%@ém%&iﬁﬁﬁ@f@lﬂbr@@m?ﬁ?&é A6 Wasidreiyetai  ure. In

further enbodiments, the 20 resistivity of the barrier |ayer nay be
selesctively varied wwth netal carbides such as TaC or HfC. [0016] The

barrier r, such as TaN 300, nmay be fornmed wthi |
f eat ur e[@gﬁ as i %%%ﬁlﬁlgl% 1ftsy Wﬁge%%e :S’Pnﬁrg.}yeg.mgg(?’%ﬁg?%@%
enbodi NBYtSuttdiie, PANII00" may podseskeigheratsipiaphéight eehaneto dicrédse aftewnil
nitride,"titaniumsilicon nitride, tungsten nitride, : o
coverage. The increase in sidewall coverage may result in an increase in the activation
energy and/or attenuation of electromigration failure. In further embodiments, the
20  resistivity of the barrier layer may be selectively varied with metal carbides such as TaC or

HIC.

[0016] The barrier layer, such as TaN 300, may be formed within an interconnect
feature such as interconnect feature 210 of Fig. 2. In alternative embodiments, the barrier
25  layer may comprise a layer of titanium nitride, titanium silicon nitride, tungsten nitride,
tantalum silicon nitride, tantalum, titanium tungsten, or the like. The TaN 300 may be
deposited using methods such as collimated sputtering, ionized sputtering, or chemical
vapor deposition (CVD). The upper limit of the barrier thickness may depend on the
deposition technique and the geometry of the features being built. For instance, when
30 tapering the sides of a damascene trench and via, a much thicker barrier layer may be
deposited. In some embodiments, TaN 300 may be deposited with a thickness in the range
of approximately 10 - 50 angstroms by atomic layer deposition (ALD). In other

embodiments, the barrier layer may be formed at a thickness in a range from
6



tantalumsilicon nitride, tantalum titaniumtungsten, or the |ike. The TaN
300 may be deposited using nmethods such as collimated sputtering, ionized
sputteri g oaexhen cal vapor deposition (CVD). The uppefPCIriusnt/owshs t he
barrier thickness nmay depend on the deposition technique and the geonetry
of the features bein% built. For instance, when 30 tapering the sides of a
damascedBrroxiaiately A8 to P80 angsmonts. thisil durtheyrenibedinhenisra Y/ bader (apiddi t ed.

I n sone 'Fr&n-% - 0. my deposi t.ed-with a thickness in the range
of appr 6@‘%@8 y1 gm%%gaéa%%goﬁor%g%@gsgﬁog}ﬁbé’d? er deposition (ALD). In

ot her enbodi nents, the barrier |layer may be fornmed at a thickness in a
range from 6 WO 03/063209 PCT/ US03/00525 approximately 150 to 300
angst r oh®017] n st i M1 s9me ewmbpdigienisd  §es¢: layerant acandietive layan mpnpe formedbe

deposi t i 0 r .
embodi men s PG e e N g e ey o0 sdtabf e i g
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el ement, such as copper, nickel, tin, or the like. In the present

enbodi nﬁ?HanieﬁeCOQB%"g ﬁ%y‘@?ﬂy 8@&?&1}?@8? é%f‘pﬁ%‘fd. 13YRT HRgY, CRMBER ARCE anflhe seed
layer MR io? tE@PARN RN atePRBR NGRS nBiR4tioRk T ll%Hn%yfn'aQri tiﬁélh@ihg or
conbi nations of alloying naterials including i ndi tin, chromunt zinc,
car bon, mdiymofinughropaibing diingy carbamardigamiviy, opglladivobi titaniund,Oirom gniebiunt  or
thel(l)i ke, ﬁ£0018] '[h .seed |ayer may be formed using a physical vapor

deposi t 16l P(SIB%)OI Iﬂ)ef 6lﬁeess such as pl asma enhanced physical vapor deposition
(PEVD) with a sputtering target conprising copper. The seed | ayer nmay
alternatively be deposited with other PVD 15 deposition processes such as

i oni zed [#B] " | ongThesesd ye, mep|bei formedi usiyp,2 phsirahivepdr depapition BBBSI ti on

(CVD) p S r i . as el ect S ating, or
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over | yi tuggeT @binfifing @oppdroThe skedi lhydr mBNalidt fiveBNbegéposRed Witl.othd? FO®
enbodi nent, . the seed | ayer may be_ _deposited _at a thickness in a range of

apptoxi HERCEPN PERRessss Shahsmenied PVl engthrow F&/ Dirodlimater SV, aehpmbeal f or med
200, and RSP RRaT KCVED RS br B Bhlint Mol o OYRolS5 il L Ye
| ayer ovlectroptdimgeThe depdslapdr mhipebe dépasitahasec torftmmbus Ry2il6vealyidg TaN 300 For
:)r(lgg}[):’ g?&d't Po?m%g %vditﬂirall ya%r in erélo%%ectf fézr:ltgree(.j Iral1 ton%:l etm io%ii(rggr?t,s tk%f seae pl[l}s)e)éirrrlrz?}; %le y 2000
deposited at a thickness in a range of approximately 150-250 nanometers. However, the
20 seed layer may be formed sufficiently thick to thoroughly plate the barrier layer, or SiO,
layer 200, and thin enough, to prevent excessive lateral build-up of the seed layer over
corner edges of the interconnect feature 210 of Fig. 2. For example, the seed layer may be

formed at a thickness of approximately 2000 angstroms.

25 [0019] A conductive layer may be CuxCy layer 310 and may be formed overlying
the seed layer. The conductive layer may have a thickness that is sufficient to fill the
remainder of the interconnect feature 210, such as approximately 600 nanometers, which
may be approximately 1.5 times the depth of the interconnect feature 210. In one
embodiment, CuxCy layer 310 may be deposited using conventional electroplating

30 techniques with a plating solution comprising an electrolyte, such as copper, sulfuric acid,
and chlorine, and organic additives such as anti-suppressors and suppressors. Additives
may be introduced into the bath to induce microstructures such as a large grain size and/or

randomly oriented grains. For example, the anti-suppressors may comprise bath soluble
7



25 [0019] A conductive |ayer may be CuxCy | ayer 310 and may be forned
overlying the seed |layer. The conductive | ayer may have a thickness that
is sufficwens/noexodill the renainder of the interconnect PeaUWFBGLD, such
as approxi mately 600 nanoneters, which nay be approximately 1.5 tines the
depth of the interconnect feature 210. In one enbodinent, CuxCy |ayer 310
may be diepligiet @dmoaosglfide mndnthicosuabrestces tmgypkanprigp Bitht sndtbie quéstivirg,h a
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grains. For exanple, the anti-suppressors may conprise bath soluble 7 WO
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cont®nt PaYi REE epuiemal glsppsiBen dpstead, ghbpHemoyRydpn supsadildi dewesition fay
produce,contor, Il I; q%qs -of i
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fill high aspect ratio features. [0021] The oxidation products of the

latin | ption be enhanced by reverse  plating Revers | ating ma
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acconplished with a one mllisecond to ten Second pul sé frequency
conpT i shetyeen faorathodt andianesrtodef T sevapaloembédiiientisp eevwsssepplating umae be
centineter a reverse current. of one t 00, m |l ianperes p sguar e
cont | netepminsndt B EoRE aitiae i € e Boeb Lty el A RRE e Adnif o heo
with a gidnt 0808Ro G0MERlantefdsqiRt sQARPEdnSinitger afd bRbldréd duienCof 6tb 100 0.1 to
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fill cupildamperes gige sgeargreniiineter.anpefisdien smbadigants, cevarsaplading mad ba bul k
fill cu : : Lk : r.e. [ r unmber o
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20  milliampere per centimeter squared, one or more applications of a fill current of one to 30

milliamperes per square centimeter, and a bulk fill current of 30 to 60 milliamperes per
square c entimeter. T he number o f applications o f the fill current may depend, in p art,
upon the speed of the reaction causing the metal to plate the seed layer or barrier layer of
the interconnect feature.
25
[0022] In many embodiments, a copper electrode, such as an anode and/or a
cathode, may be used as a catalyst for oxidation of the organic additives. A pure copper
anode, for instance, may increase oxidation products of the organic additives. In other
embodiments, an anode doped with phosphorous may decrease the oxidation rate of
30  organic additives by forming a protective film on the anode, sometimes be referred to as a
"black" anode film. In further embodiments, other deposition processes including
electroless plating, ALD, CVD, PVD, or a combination of CVD plus PVD may form the

conductive layer.



upon the speed of the reaction causing the netal to plate the seed | ayer or
barrier layer of the interconnect feature. 25 [0022] In many enbodi nents,
a copper wbaswexzde, such as an anode and/or a cathode, ne¢ThSouesds as a
catal yst for oxidation of the organic additives. A pure copper anode, for
i nstance, may increase oxidation products of the organic additives. In

ot her enbodi nents, an anode doped w th phosphorous nay decrease the
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ALD, CVD, PVD, ‘or a conbination of CVD plus PVD'may formthe conductive
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5 result in aredistribution of the constituents throughout the seed | ayer
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t he congt | 0 I e
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sur f acegeppndinigniretticaastitoénts bed geeshnealyey caditidnie Ia anghycémb@lilmane, the
dependi ng on the constituents and the annealing conditions. I.n _man

enb &l nAfes mayrke appeqlad at tepRgraBEesiASAL @@%@09-8%%6%@%%0%%29 0 épom

300- 450, degeees Celcius for 20 to 30 mnutes. [0024] Further, annealing a
conductive [ayer may inprove the electromgration reliability of the

i nterconnect. In enbodi nents where the conductive interconnect may be 15

f or med i a barrier |ayer. and a copductive |layer, the substrate my be
anneal el/03A1 appr oI PS8 HiaHBELVCIRYEE Ry Mo u oS FRRATE Iy ¢

M nut esyelihbiligy SERRLIRI®NIRAYIn MBS Wk 186 cBARRAYE thitlomtenas bef

250- 400 degrees Celcius for one mnute or nore as a neans of inproving

t hr dughfmmed Arsingad ibatriar Heyes omd L convduciiay dayef, rihaisubstigén may ke sunsalgth atmay
attenuat e _t he )ii g%bl on_of exRos d surf acetég)f. I n Sever enbgﬁ%’* nment s,
after aPmBSHIRESE 0P ISR SEIYNOT RBRHIPIVE fyg iy fﬁ)x@be P UORAI Y
conpri sgitfatBleBebd BhRERd R at8fde of 250-400 degrees Celcius for one minute or more as

a means of improving throughput. Annealing the conductive layer in nitrogen or a vacuum

may attenuate the oxidation of exposed surface(s). In several embodiments, after annealing
20 the wafer, the conductive layer, CuxCy layer 310 may comprise an electroless plated

copper seed layer with a layer such as an electroplated CuxCy layer.

[0025] Referring now to Fig. 4, the metallization layer, a combination of the
CuxCy 310, TaN 300, and SiO; 200, may be planarized to remove excess CuxCy. In

25  many locations on the wafer, the metallization layer may be planarized to or into the SiO,
200, removing CuxCy 310 from the top surface of the SiO, 200. The result of this process
or a series of similar processes may be a series of metal lines substantially surrounded by
Si02 200.

30 [0026] Referring now to Fig. 5, there is shown an embodiment of a cross-sectional
view of'the substrate o f Fig. 4 after application ofa p assivation layer and diffusion o f
silicon into the carbon-doped copper interconnect. After the metallization layer, a layer of

interconnects and dielectric, may be planarized or polished, the surface may be cleaned
9



copper seed layer with a |ayer such as an el ectroplated CuxCy | ayer. [0025]
Referring nowto Fig. 4, the netallization |ayer, a conbination of the
CuxCy 310wOoTnakb209, and Si O(err) 200, nay be planarized t@Crarsoyersexcess
CuxCy. In 25 many | ocations on the wafer, the netallization |ayer may be
pl anarized to or into the SiQ(err) 200, renoving CuxCy 310 fromthe top
sur f acewith o plasibh GAc2 @ .anhenia €NHE), hyfirdgen (HE),0arges (Aoy oa oskari reduahg si mi | ar
processes may, be a series of. netal. |ines substantjally.surrounded b Si 02
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si | i conlnnitter pepeent Siahedimenty the diffusian 6 silicanbiSik g €¥xGwmapdd MEXFFTUre to
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3 and dmiltof of sili€axCySi z 500 without form ng a correspondi ng copper

silicide |ayer overlying the interconnect, CuxCySiz 500. In the present
enbddi ment, the diffusion of silicon (Si) into CuxCy 310 may form CuxCySiz

500, ar nﬂolﬂz]ﬁr connge alté/iﬁétﬁ’viegéxjfx%%g@fﬁlgp{h@gin'tégccgm_ggfnﬂgy e QBp3@Quittp s 9108n par t s

per I con. n alternative emnbodiments, the
i nt er copi@cd orBybddmtiatipatmulianbowsiy with dopingithe intercamesuvigh mbpal Jugh as

simul taneopus|y with dopjng,the interconnect with. carb .such as by ion
pl ant B RS/ AR SHOm R B GRS o IS s P P gt s oL ma
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di stribution such that a copper silicide 15 [ ayer may not form overlying

t he 1t ar byerdapsad far oséilying hederhed-doppdand sihewnrdenedesepper iftoro)ech
passi vation | ayer such as a Si3N | ayer 510 may be fornmed overlying the
i nterconnects to prevent contam nation. The Si 3N4 | ayer 510 naybe forned

\é“elto gs ?t Foggs{ PECé\e/ %ﬁ&?ﬁés&i@ﬂidrﬁl@%isqwa§al shNasayel astreagreaones chelyimzahe vapor
interconnects to prevent contamination. The SisNy layer 510 may be formed with a vapor
deposition technique such as plasma enhanced chemical vapor deposition (PECVD).

20  PECVD may deposit the SizNy layer 510 within a temperature range of 200 to 425 degrees
Celcius. In other embodiments, a chemical-mechanical polishing (CMP) stop layer such

as SiO, may be formed after exposing the interconnect to silane.

[0029] Tests show that forming an CuxCySiz interconnect, such as CuxCySiz 500,
25 may produce unexpected results, in regards to the electromigration reliability of the
interconnect, yielding, in some embodiments, over twelve times the MTF as a Cu
interconnect, six times the MTF as a CuxCy interconnect, and three and a half times the
MTF of a silicon-doped copper (CuxSi) interconnect. In addition, the tests show an
increased activation energy for CuxCySiz 500 over the Cu interconnect, CuxCy

30 interconnect, and CuxSi interconnect.

[0030] In some embodiments, SisNs 510 may be formed as an etch stop. A

limitation to the damascene process, for example, may be to properly endpoint for etching
10



20 PECVD may deposit the Si3N4 [ayer 510 within a tenperature range of 200
to 425 degrees Celcius. In other enbodi nents, a chem cal - mechani cal

pol i shi ngwQ@@$328¢ op | ayer such as SiQ(err) may be forne@caftiSes/0ms2posi ng
the interconnect to silane. [0029] Tests show that form ng an CuxCySiz

i nterconnect, such as CuxCySiz 500, 25 may produce unexpected results, in
regar ds at@eleﬁecdbeeemaeoﬂnegdlatepm mey i sabiel thb &Sf an hetra-ﬁmbnwmcfor theel di ng,

in some.enbodi nent s etines th nnect, six
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an increased activation energy for CuxCySiz 500 over the Cu interconnect,
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03/ 0632QfriRGPIDEYRABOSRL a dielectric because the dielectric may serve

both as an intra-level insulator for the interconnects or netal |ines
within a layer and as an inter-|evel insulator between netallization

ayers. (P, whem L SciRodttRYshe, Ahabedio sagp stadiamakaymagouse  an

etch st r or fi so that the
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have insul at | erties such silicon nitride (Si 3N ayer 510.
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e forme 10 dsi ng chem cal vapor deposition (CVD) in the sanme or separate
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be t t bst g I nt I tr.id hanb
dopost t STREE g e b o o6t (R LERLEPAPRIET Sert The  aubst Fat e

into a silicon oxide chanber and formthe silicon oxide. 15 [0032] In
ot her enbodi nents, such as errbodl ments wherein SiC nmay be used for an etch

st opS | ayB2l Si C nayotﬂsér e@bebmeatg, $ieh 95 gebadisrimwbercihdits may bo apkst for

deposi ti e I
Si (CHa) & lﬁ‘gtcp((sf) E f‘s@ g%yvsh &eé)%sﬁed;rg}} %la?nr% 81'11}%1%%%24\4%1@% hhra&]e&)’ogltlous. i ng
Si H4 an@PBeVDhaneing CHéla-alrit eDPeetahMetds1SiRnag &gCHﬁ)&Hﬁnﬁﬁﬁedwsoééva@nees
Cel sius._ Although ot her tenperatures may be use?
X 1s in a range from 0-4, or by using SiHy and methane CH4) at temperatures ranging
from 250 to 450 degrees Celsius. Although other temperatures may be used, lower
20 temperatures may produce films of a lower density and higher temperatures may increase

the risk of damaging devices in the circuit layer. Further embodiments may comprise

other deposition techniques to deposit SiC.

[0033] Referring now to Fig. 6, there is shown a flow chart of an embodiment to
25  enhance an interconnect. The embodiment may comprise providing a substrate having an
interconnect feature 600; forming a carbon-doped copper interconnect in the interconnect
feature 610; and doping the carbon-doped copper interconnect with silicon at a
concentration that avoids formation of a copper silicide layer on the carbon-doped copper
interconnect 630. Providing a substrate having an interconnect feature 600 may provide a
30  substrate such as a substrate of a wafer having an interconnect feature designed to provide
a conductive path. The conductive path, or interconnect, may, in some embodiments,
facilitate access to or use of a device built in and/or on the substrate. Providing a substrate

having interconnect features 600 may comprise providing the substrate with a circuit layer
11



20 tenperatures may produce filns of a | ower density and higher
tenperatures may increase the risk of danaging devices in the circuit

| ayer. FuwOheawexnbodi nents nmay conprise other depositi onPCadaisni/epses to
deposit SIiC. [0033] Referring nowto Fig. 6, there is showm a flow chart of
an enbodi ment to 25 enhance an interconnect. The enbodi nent may conpri se
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facilitate access to or use of a device built in and/or on the substrate.
Provi ding a substrate having interconnect features 60Q rmay conprise
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copper eéd |l ayer 615. The seed | ayer may
overlie a dielectric layer, such as Si02, with a thickness in a range of
approxinmately 15 1000 to 300Q angstrons. In many e ts, barrier
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20 layers of metal stack or any substrates wherein a metal may nucleate and grow. The seed
layer may comprise a metal such as a metal alloy and may comprise copper, copper alloy,
nickel, silver, gold, and cobalt. In several embodiments, the seed layer may be physically
or chemically treated in-situ or ex-situ using a liquid or a chemically active or inert gas.

For example, the seed layer surface may be exposed to a gas, such as argon, helium,

25  oxygen, hydrogen, and nitrogen, or some combination thereof, prior to forming the
conductive layer overlying the seed layer. In other embodiments, the seed layer may be
exposed to liquid such as acid, base, solvent, and/or de-ionized water prior to
electrolytic/electroless plating of the conductive layer. In still further embodiments, the

seed layer may be annealed in a forming gas or vacuum to reduce or to eliminate

30  contaminants on the substrate.

[0036] Forming a carbon-doped copper interconnect overlying the seed layer and

in the interconnect feature may comprise depositing copper and/or carbon-doped copper in
12



di rectional deposition technique using netals, netal alloys, netal
conpounds, nultiple 20 layers of nmetal stack or any substrates wherein a
met al maywowslext®e and grow. The seed | ayer nay conpri se &CratsSad/oseeh as a
nmetal alloy and may conprise copper, copper alloy, nickel, silver, gold,
and cobalt. In several enbodinents, the seed | ayer may be phy5|cally or
chem cathwlnw@an@nﬂ fwﬁurQ(SD Qf ﬁxe selhstmt@ ar wefengCappérquicdrbon-depehestipeniray acti ve

O "o b BB B B8 e LRI, PR GRS @ 0%

combi natdyen ahbefeﬁ@fvmgplth@rexééss f&r ByNg prbeess Cs@Bl(ii Ugst kmatekingelelc@Bplating)g t he
seed |ayer. In other enbodinents, the seed |ayer nay be “exposed to |iquid

such asclseirelessppBysicat §aper cpogii@n of heical orperdienssition, @nql mn tmaplantation.
elngc§ r 01331{ é)&{r %er @Ar? gfthelsgéd ﬂgerogvehgﬁg ﬁggm"f&%nn% file ma b%te'xllackse&ur t her
odi men Form ng gas acuum t o

reduce twra pl@tlﬁg scrmumzt érhé&edwyeammymtespmd&@mesplmig@ilmon[m&ﬁilerﬁaﬁm ng a
car bon- doped copper interconnect overlyi tg the seed layer and in the

i nt er cofhed atingahalxiRraysgghe seedlyss i PERREr SO 0T DX HEWIIHEped
copper 2 Sthet I GO0 &fs) of

t he subgl'lt?)rC gsi]se %Q?e\e\gi S?a%%@ﬁ rﬁg E@?ae?‘gg%l @oplggta%:?)é 1%efrl:l ﬂ@?ﬁ E%Igge%gH%a ted in
the int eerusmgrthcmetéad) piate bly th&)s*eml dayea |Adiee comfer metyalbe dnp&»sitgd mgaq)bﬂ ofeed

Iay apd re in he excess qr b process s as, s ri

el e Caff yer tpigregRect g??;;‘%‘%/cﬁﬁe C\?BB‘?frmEi%BBQP do}‘(% g’r?Pctg{"u@]épor
depOSI tio‘ﬂ'L Iﬁﬂﬁatldﬂrbﬂ RIAM bR, InkBmeVMBRliBents h‘ﬁe@%ﬁngogolﬁthﬁl megd |ayer
overlying the interconnect feature may be exposed " to a plating solution.
The seederoaljerbpmyn Bee ssr yeriwith theheoppérat i ng sol ution by immersion in a
plating bath, by spraying the seed layer with the plating solution, or by a
simlar process. A redox reaction may occur between the netal ions in the
pl ati ng[o®alut i on, In soaks emBodiintEebtbr fomfllgad arBbndbped e6tthel AM@tontREL er
copper may. be dep05|ted on a part of 10 the seed layer in the int er connect

f eatiur ethetinereonpesbr thﬁﬁ?“béﬂébﬂ%ﬁhﬂ ¢FbPadMmsA CoRPFUGHET. Y barpingaledtid on or a

car bon SHEERTon bty BOTEEIDRC Rifefng bS BBhAL S lts uPLlbrlBRE™ o1 s
form nga aarxgarolﬁapprdmmmielydpo%omlegﬁes 03619@1@620 ahd/ot Bendalihg i€ ann@edsphdrbe seed
| ayer and the carbon- dofézaﬁ per. |l ayer, may be annealed to di ffuse car bon
into thePTYEEIRY afy &ert g %@n PS8 A 3 Esphie SPAESIEE 28 Pesat 82Ure in

may comprise annealing in an atmosphere comprising nitrogen or hydrogen, or consisting

20  of nitrogen or hydrogen. In alternative embodiments, depending upon factors such as the
melting point of the seed layer and conductive layer, annealing may be performed near
200 degrees Celsius. In many embodiments, annealing may modify the grain structure of
the carbon-doped copper interconnect and facilitate substantially uniform distribution of
the carbon doping through the interconnect.

25
[0038] Doping the carbon-doped copper interconnect with silicon at a
concentration that avoids formation of a copper silicide layer on the carbon-doped copper
interconnect 630 may distribute silicon uniformly through the carbon-doped interconnect.
In some embodiments, the diffusion of silicon uniformly through the carbon-doped

30  interconnect may improve adhesion between the interconnect and an overlying layer. In
alternative embodiments, doping the carbon-doped copper interconnect with silicon may
comprise doping a layer near a surface of the carbon-doped interconnect with silicon to

change the adhesion properties of the surface.
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a range of approxi mately 300-450 degrees Cel sius 620 and/or annealing in an
at nosphere conprising an inert gas 6 25. Annealing in an atnosphere
conpri si ryoan/062eet gas 625 mnmy conprise anneal i ng i n anParmssphELE
conprising nitrogen or hydrogen, or consisting 20 of nitrogen or hydrogen.
In alternative enbodi ments, dependi ng upon factors such as the nelting
point of the seed |ayer and conductive |ayer, annealing may be perforned

near 2 gr ees i I enbodi nment anneal i nodify the
grain s r&g ure ogﬂﬁbﬁéwggrS%ﬁgg%%BHFESHﬁﬁF Fﬁ?ﬁ?@%ﬁﬁegﬁﬂagﬂxpacﬁFi ate
subst antomdehyatityi ther amogtssorrhtionl ¢ @ppett Bcidaldyenod e dgbddaspéaitob

i nterconnect. 2 0038] Dopi ng the carbon-doped copper interconnect with

5
si | i con'tHeregnnegh f3@ Mayagquaniiserdeaniig thgscarbpmeaned intsfeoaned ppidhk asplpsed;de

| ayer o =g i t v distribute silicon
s o g B CaE e SRR rorb LB MG oo e bR endiiie b, e
di f f usi etehefopsialércamthervaftmnrdoped Boppey inttlventaet bher- ppsidg 36 difiiserstipnect nay
i nprove. esi on between the intercog&ect and an overlying |ayer. |

d n
al ter naﬂ%ﬂ’/ RSsjels il LOPRFIRITE RErt 2P b dricHbpE Batt b Hier carbrredensArarer wi t h
silicon l J 1 f - doped
it er ConmmbiasRREY Sinp) (g B SRSty SHbORAGA! odopEr, SR AN
sur f aceembali@en®3/ e 320GcPCHf US3hR0BRAmtioh0038], Bdfhi ngirhdda.carlhontideped

copper interconnect with silicon, at ncentration that avoids formation
of g?coﬁﬁé?LEFPﬁcﬁaﬁn?%gﬁfoé efﬂéoﬁéﬁBgﬁgﬁﬂﬁﬁﬂlﬁ ﬁﬁ@PMYFWPBFﬁﬁﬁﬁé@PgGSO may
conpr i sthegLEadd dT3hé bEbSREOMI-BPpadvikinHgr connect with a plasma; 5 exposing

t he carbon-doped copper interconnect to silane after cleaning; and

depositing an etch stop |ayer on the carbon-doped copper interconnect

after e ing to,diff i ] i t.he carbon-doped copper

i nter com?gg 635. Age;egtréﬁlﬁag 6i§ér t% Srg % ?qfta&lg dP%fff?—nﬂ% et 4 g%lélf:mgvﬂ%?ﬂs%eﬁe%n may
conpr i sexpokiagrthe intétoenreor foadBne mdyhEffagy GBcortiaRe theGaRAIne@N HepbbitiioMe
enbodi nents, the surface of the netallization |ayer, with amonia. Tn other

10 Ehbotft ﬁtéhtsap lay@anpheppeiice forminga RessipgidepEPvdyiee the eontpitasdter my
conpri sggheag ﬁﬁcont Hl??&é’ rlgy%f,e%iﬁéorf RepERr pa&@r' dopgd fePPaf, WL iR | 0040]

After cleaning the surface o e 1 nterconnecé¢t in a reductng gjtpn%spﬁere,
exposi ngetaization dayeowomptising thé fitareoneeet diayf bhese ssidndcmstallivaton Mer of
I nter C01%greec%han%oo%et&lﬂﬂgation layers. The first metallization layer and the remaining

metallization layer(s) may comprise a carbon-doped and silicon-doped interconnect and/or

20  other interconnects.

[0041] Referring now to Fig. 7, there is shown a flow chart of an embodiment to
enhance electromigration reliability of an interconnect. The embodiment may comprise
providing a substrate with a dielectric layer having an interconnect feature 700; forming a
25  barrier layer overlying the dielectric layer 720; forming a carbon-doped copper layer
overlying the barrier layer 740; removing part of the carbon-doped copper layer 780; and
doping a remaining part of the carbon-doped copper layer with silicon at a concentration
to avoid formation of a copper silicide layer on the carbon-doped copper layer 790.
Providing a substrate with a dielectric layer having an interconnect feature 700 may
30 provide a wafer of a semiconductor device having one or more devices like transistors,
thyristors, resistors, capacitors, etc., built into a circuit layer. A dielectric layer may
overlie the circuit layer to insulate at least part of the circuit layer from contact with an

interconnect. Providing a substrate with a dielectric layer having an interconnect feature
14



15 an etch stop layer may conprise form ng a passivation |ayer overlying
the contact and/or formng a silicon nitride |layer, silicon carbide |ayer,
or the |iwe.o3Bem0exanple, the nmnetallization |ayer conpri SCAFSOhens2s

i nterconnect may be a second netallization |layer of nore than two

metal lization |ayers. The first netallization |ayer and the renaining

met al | i 780 inmay ¢taymisesemovygantpef the déeledrid dayed tp fotmathe isietdonnent deqiect

interco ct. and/.or 0 her. interconnects. [0041] Referrin to Fig.
7 her 405 RABNEE Afichy bR alisleGH divarBotrieht JEGeoBRFa fcene 703 msy

el ect r o A6Rt dieRcirRl toaBirh iob¥niffs BNthe RhASLCONMEEEonnIEE aBIRRFSFRItaIBYof
conprise providing a substrate with a dielectric |ayer having an

i nt er cotlredtcuitdlayerrie cpople tho contags o I ibtergonaects ayibranoipgarpgringe qabled a

di el ?ct ric layer 720; form ng a carbon-doped copper |ayer overlying the
barrfer "fPayer 740; removing part of the carbon-doped copper |ayer 780; and
doping a remaining part of the carbon-doped copper layer with silicon at a
concentration to _avoid fornmation of a copper silicide |ayer on the

car bon- d¥#@l coppdn spagambpgdgnentprigiioyinggpat ofifs diglestrig lapentagfemether i ¢

| ayer hay] [ - r 4 Y. [ - waf f

seni condimqPaL Srine R IRES iy ot iR eidtha bRy o SrRisld S5 & 0

t hyri st ohamichleséastion Sor plapial tremsyalesich, aduphtteri éttlo aFei erathple] dyemne A

dielectric | ayer y overlie.the circuit layer to insulate at |east part
of the @m%e@menra g MaY PP sEthoRLE I ERtPLY, o CRstBrmTECRL, hipfistrtalava

substra . 11Gn; L E [ WO
051 o6aa0a rrE) BhESkIRENaR JIAKE MloRRecl f WS EEAIE thicl SRR eptded v

| ayer t mtd dhenlichetricnbparddAndie phetresist magOdesolRe math dayejppet afidr axpesure,

di el ectric | rt ormthe i.nterconnect. feature. 705 may renove .

di ol oot Pr & e fsrsntolsehieh qaienif Ko rugsatist SRTibErisbriRe SREnshd Bk5s8

cont act gre@é thdt Weers b€ plotectcdy@6mt &p6aie e lichearkiopdsaiteSpHdorelist tefiadisciannect s
with an interconnect called a 5 via. [0042] In sone enbodi nents, renoving

par 15 of arcaepitesteskirernexpeppestotlighf.orm t he interconnect feature 705 may
conprise etching and etching may conprise a wet or dry chem cal reaction
or physical renoval such as sputter etch. For exanple, in one 10

enmbodi NMpeU43] et chi RgfieiawubsHR ¢dgpr3ae hpiHtérbegicapiextuey, a6 d@kicogndeafiiaydk t he
dielectric layer w.th photoresist; and devel oping part of the photoresist

to et chivmedinydspesiingeetal exetherecontlpgty cmpicrnl ot digintereonpest foature. ke
phot or gl 55 ABYaidESAL BE W diBie A% QbR SFittPhk GhtefRSRARY Féture may insulate one

20  interconnect from another and insulate an interconnect from a device in the circuit layer.

[0044] The present embodiment may comprise forming a barrier layer overlying
the dielectric layer 720 to prevent or attenuate degradation of the remaining dielectric
and/or the circuit layer as a result of diffusion of the interconnect material into the
25  remaining dielectric and/or the circuit layer. In some embodiments, forming a barrier
layer overlying the dielectric layer 720 may promote adhesion between the interconnect
and surrounding materials. Forming a barrier layer overlying the dielectric layer 720 may
comprise forming a layer coupled with the dielectric layer and the interconnect feature,
having substantially uniform thickness 725 and forming a layer of tantalum nitride 730.
30 Forming a layer coupled with the dielectric layer and the interconnect feature, having
substantially uniform thickness 725 may comprise forming a layer overlying the dielectric
layer in an interconnect feature and, in several embodiments, over part of the dielectric

layer outside an interconnect feature. The barrier layer may be formed of tantalum,
15



or a lack thereof, to high intensity light. Negative photoresist, for
instance, remains in areas that were not protected fromexposure to |light
and posi two@3pbxbor esi st renains in 15 areas protected fPomUSRpaSeFe to
l'ight. [0043] After a substrate conprises an interconnect feature, an

i nterconnect may be formed by depositing netal or other conductive

mat er i altantaiom nivgdé, ntitenioon ngude,f éanime silichs nitr'edmi’flmilgs@ndhéﬁé@ttuhgstm- t he

dielectric.lay ththe i.nt.erco t feature nsu n

Mt er oottty Ftaltmaitian mge of SR ey NobBP T LRR iRt BRGEERL i n ¢ he
circuit ghayftier 1dyBOABY) bENRAHETRBY 18R Bﬁflbn RRYn QP Kiicheass OV, PV I3,
barrier |ayer ovéerlying the dielectric er 720 to prevent or attenuate

degr adatildh adéctrohdior patnmomgleaioddse plating. a ifgrm tthigkusse efithe bamjerlayey a
result of d|fo|on f thel tes o e to ensi pi.ng

di el 2ct 1% BIvd10F fgn& g%b%m%l é\r g%%r"e%% tihe b%m%r %%F m%lgd g{ebar rier
| ayer ovefréspoiding h@teﬂﬂo&h@ctwmedsa;mtunm&nmmermmi ehagiesisely diedcyven t he

i nterconnect. and surrounding materials. Formng a barrier |ayer overlying
the di eFebHity qfhe Antegrtedagircuiloby CPBRTIFHEM hgghsr cayet dHSity d8 aRi #52+ he

di el ect havi ng substantially
unlfornﬁ%ﬁpc ﬁgg% %€kﬂggﬁ$%@%ﬁ%g§ﬁﬁ%dkgﬁkH%gtantalun1n|tr|de 730. 3o
Form ng a |ayer coupled mnth t he dlelectrlc | ayer and the interconnect
feature, vi ng st ant i uni form.t kness 725 may corrprl se for mng a
| ayab oVeHB)i ng ¢ iehriar il i Fie e htotimertiney CoRme OP@%L&@ n
several d@ﬂé@éﬁfpﬁ@ﬁfa?@r &/‘éﬁﬂnn%@ﬁé bé}helt f&?eldﬁﬁ)l @Qﬁ*fnh‘ a bAYSE-d elal'ﬁyer

i nterconnect featufe. The barrier |ayer may orned of tanta

03/ 0632©Qerﬂ3¢frg UBOBdrGies RFer Y%MVwmnpmw ﬁhbetromlam@wuln cm)ppm aang ta|ptlamgum
silicon r|de t.un nitri S ntalu i con
ot ce SEpiGR fhpliae EgR Bl A or RO R Ehel BN Aol B e

| ayer mpyating s@ﬁl@l@ﬁpMS she dopl Reitid eRBs HireumsH ﬁ?bﬂﬂﬁt I‘édﬁch Fh&EWEZaniRVD,
ALD, electrolgtlc ating or el ectrol ess tln%p Uni form t hi ckness of the
bar riper ad@yw 50. e mnpﬁbméy baidppedivish uca@ﬁn figs theiplasingselwionfiaged wisnough

 nt er comorp Ui Ehe it a8 e EAPARRL " e WA PGy W FRRaRRR T

circuit upyn GyTplatig mgthaomplgﬁﬂg sOlutibeB) uskEn®l pitel the aslnbﬁma, In tBS phdsertg i N
| ower el ectro ngratl on resistance for the area. 10 [0045] Referring still
to Fig. embodimentaipbatingeisth may cOBREF SRPTPERANY | 00 £ #8n Peribise af 63Rer | ayer

overlyi BHsohgaRardel Giter! AYifudé Qeid @80 28 986 ROMiHANE Pef ARRYIT dniHhlc
20 (CD), 1 - 100 parts per million of anti-suppressor such as di-sulfide, and 10-500 parts per

million of suppressor such as polyethers and polyamides. In other embodiments, the
electrolyte may comprise copper, sulfuric acid and chlorine 770, and the organic additives
may comprise suppressors and anti-suppressors 775. The suppressors may comprise bath
soluble polyethers, polyamines, and polyamids and the anti-suppressors may comprise

25  bath souluble disulfide or mono-sulfide.

[0046] The plating waveform may be dependent upon the electrical fields applied
while electroplating. In the present embodiment, the plating waveform may comprise
reverse plating to increase production of the oxidation product 755. Reverse plating, in
30 many embodiments, may enhance the oxidation product of the organic additives to dope
the copper with carbon. Reverse plating may comprise reverse plating with a pulse
frequency within the range of 1 millisecond to 10 seconds with a forward currentin a

range 0f 0.1 to 60 milliamperes per square centimeter and a reverse current in a range from
16



overlying the barrier layer 740 may conprise electroplating with copper
using a plating solution conprising electrolyte and an organic additive,
wher ei n caDWA63I289 doped fromthe plating solution 745 an@Caasosgses t h
carbon through an oxidation product of the organic 15 additive 750. The
copper may be doped with carbon fromthe plating solution based upon the
pl ating 1Ctb€1r®'08fhﬂkarﬁpﬁe$3bat éqmgrevwmﬁfrmtm%lﬁhdiqmiemeimgiltg'uwithset copperyndsie

dependent he p bath or platin | utign( used t IaIe t he
subst r ait ea Etﬁ’ EPﬁSo%ﬁ%i@nfna plﬁ‘gt‘?“ﬁémﬁaﬁ’r‘? ﬁé’;}j ﬁ%&fo Eg
apprOX|g@&gbg 15- 60 grans per liter of copper, 5-250 grans per liter of
sul furic aC|cf(HZSO4), 20 -200 mlligrans per liter of chlorine 20 (), 1

- 100 parts per mllion of anti -suppressor such as di-sul fide, and 10-500
parts p II|o sso suc et hers. and pol yam de In
bthes rent o phet CEPeETRRl, e PR e Tabisper SR MRS el d and

chlori n?nu?t?@se agfidedt %&hg%am@n@ﬁgl & I@SatisF)uSePll SerepPRESS0NSteand
antl-suppressors 775. The suppressors may conprise bath sol uble

pol yet henlshanp@reym pagre @ﬁmdrrptﬂr, ﬁil@gﬂamidntatrén%ﬁomslutpp%%@%a@pm@p@orrpr i se
25 bath | ubl | | f T
bo deperdins SRR s BRI D RRE BB sl R s BBl Bof Bee" ™ 1

t he preseaiimaspsh. "ERE fill b@rdil &hﬁayf’tge w@ﬁomm SreoROMiRES. S The rspewal GEt}pI ati ng
to i ncrease production of the oxidation product 755. Reverse Iatln% in 30

many0 e nBAGHAR Y berﬁalws@drbaﬁ@eunqmethafqeawaﬁnérn%?cga&? ot thesugsysApRIle
addi tivegs philr ﬂ@@&ncﬁbﬁn&aﬁpe% mggﬁﬁaude%m% RARLS Mh@éﬂ%@&@omn se

reverse pla equency”w e range o t mllisecond
t o 10 s econds with a formard current i n a range of 0.1 to 60

m | lianperes per square centieter and a evers ent in a range from
16 W0 0HHER200 PRIMOSHS Riosoihe fabgnfgped,oRme, B@Pf TERO%T EAEMNL i et er

760. Rey &Fcc@ip@f oREidM¥ R Rt-CQRRES RAAHLH bﬁb%%a%ﬁﬁ'll}ptieﬂ?ﬁ@ﬁﬁlﬂ'@irb&ﬁdo pper
anode nma enhance the oxidation of organic additives. 5 [0047] In

ot hes ewbmer Netrr@nnedy eRsmopingt pary on?ﬁiae mmm@@edmp@elqodeat’mﬁgmw the a
rrultl-ste di.r curre an.initi t|o rent-i-g a yange from
01 ot R e TR b B PR PR O p R C) A e
from1 ’éf&h&? protdsk aMReReprep@t enfiddanéntCRAIVIRY firt ofthé @rbud-dogdet! dopgetr r ent
in arange from30 to 60 m|llianperes per square centineter 765. The fil

cur r ent layey RO mpp cpmarigrrolishingwiflepart efeise carhen-dpprasdeoppertlpger and part of the
barrier layer 785. For example, CMP may polish away or remove the excess copper or

20  carbon-doped copper and the barrier layer above the dielectric layer, so that copper or
carbon-doped copper and the barrier layer remain in the interconnect feature. Also, the

resulting metallization layer may be substantially uniform thickness after CMP.

[0049] Doping a remaining part of the carbon-doped copper layer with silicon at a
25  concentration to avoid formation of a copper silicide layer on the c arbon-doped copper
layer 790 may comprise doping the carbon-doped copper interconnect as defined after
polishing with silicon by ion implantation and/or diffusion. For example, silicon may be
diffused into the copper by placing the remaining part ‘of the carbon-doped copper layer
into a reaction chamber; generating plasma in the reaction chamber; and releasing silane
30 into the reaction chamber to diffuse silicon into the remaining part of the carbon-doped

copper layer 795.
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10 reaction nmay be adjusted based upon the frequency and nagni tude of the
currents applied so other frequencies and current magnitudes may be
practi cedwpDr3sered enbodi ments. [0048] Renoving part of tRreTasobers2zioped
copper |layer 780 may renove carbon- doped copper outside the interconnect
feature to substantially define the carbon-doped 15 copper interconnect.
Renovi ng00&it of Rederdagmom- thoPied 8¢ dtpeiis klaoper a7BOv whyrt lnd anaguioodpnesthed by

several nethads such. as chem cal - pechani cal ., pol j shing (CVMP) and/or, an
St eni noCPPBESSE DYtk SREDaR VIR BERERE 1258 hiithd dh GierchplRh (St
car bon- @‘I’Qeﬂar&%go@rcarﬁcﬁ‘ﬂl&dpez %Qpﬁ@ymﬁdi’éﬁ?]h%&einp@k! ialkddan&hfreRard 826, dnde

car bon-doped copper |ayer "and part of the barrier |ayer 785. For exanple,
CVP may dpeing sthe sachpnedoped rroppert interentmesis wish pipléronoat 2 @oneanbieiionl dpeadoidopper

and the_barr.ier layer above.the dielectric.layer,.so that. copper :

car bILf)n- 3%8?8080%‘1;)& =G tSHéC“%ea?aryieﬁronl o obgliiohed Fopped IngaRhER, 839

f eat ur e proligig 4 Bebstiags Withi HAidIEdtad llhyeatia0hgl ay efiteftBiind2e fSatliet 817 nalyl ¥

uni form thickness after CVP. [0049] Dopi ng_ a remaining part of the

car bon- gopeHsTRigpEing ayafer ipaving SPppiashing diglects lays ovptlyiagiagirond 1axesi d
formati a .64 ] 1.Ci - : llayer 790
may corpar SeoRBErRAF Hefie A piec N Blend Bt biochr L MY £ R AR B BT o
pol i shi ngnwi enfboglithetnprbyidingna sutptratet with andielecttiorlayr fibuisigoan ink@cormeanpl e,
silicon_may di ffused into the copper by placin he remainin art of

t he 1Bar é@ﬂnaggganqyo%ﬂspa%?vmg i ob tegligleribih l@ﬁagpoéw aglelﬁaﬁr%qnﬂlgﬁ | asnma
in the geactl et ﬁﬂ';thc%?ﬂ)h el easing silane 30 into the reaction chanber
to di ffuz)e s:ssloélhgon%iﬂﬁt olt e rgmai ning part of the carbon-doped copper

| ayer 795. 17 WO 03/063209 PCT/ US03/00525 [0050] Referring nowto Fig. 8,
there i wn a f]ow chart _of an enbodi ment conprisin rovidi a

substr ol h a BTt FeropiyEPed Ruving R SoROT OBrii ctieReRbes deso,

f or m ng gao cahP odbrelaRed cle SRR AtingN {AhC @ t udiflg tNQ1dtice ESIRAGE ondRRingr € 820;
and doping the carbon-doped copper interconnect with silicon at a

condént ekgcirelyte andaanoorgamc paditiae, vaierein carbobppéeped fram ithpeplptaygsolution: Ha

car bon- dpped.co r.intereconnect 830, . Providi a.substr Lt h

i el ect PanmERREL G, GRIRAR sl he 0o R0t TuSBRLEE T 41 Beovi di ng

a waf er chgper NgappRNicEd Wwith cathodl @EbidC idrayiaplagiéeith.y i gode Céniiiidithentayer .
The openings may define an intended pattern of interconnects for a,
net al | i #¥¥0iesa caper-doped coppayinisyeRsderdA tle infrepnget{gatireI AN RARERUNITh a

di el ect rf&rﬁli}lgﬁﬁrca%\ﬁi-d&ea%tiﬂ@gﬁ{e%{‘)%%rming a barrier layer such as a barrier layer

20  of tantalum nitride to reduce or prevent diffusion of ions of carbon or copper into the

dielectric layer and/or the circuit layer.

[0052] Doping the carbon-doped copper interconnect with silicon at a
concentration to avoid formation of a copper silicide layer on the ¢ arbon-doped copper
25  interconnect 830 may comprise instructions for doping the carbon-doped copper with
silicon before and/or after the interconnect is defined by polishing and/or etching. Doping
the carbon-doped copper interconnect with silicon at a concentration to avoid formation of
a copper silicide layer on the carbon-doped copper interconnect 830 may further comprise
doping the copper and/or distributing the silicon doping in the copper such that a copper
30 silicide layer may not form overlying the carbon-doped and silicon-doped copper

interconnect.
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10 feature 810 may conprise renoving part of the dielectric layer to form
an interconnect by a process such a photolithography. [0051] Forming a

car bon- dowed3oe2per interconnect in the interconnect feat ®Ce/US82WspRY
conprise electroplating with copper using a plating solution conprising 15
el ectrolyte and an organic additive, wherein carbon is doped fromthe

pl at i ng[ESBUt i on. Otheradrhesdiatinty engnootiprisndsping e dofepennemywitle sdeposi t ed
in the interconnect feature and the.  copper_ may be doped,w th carbon

t hr oughPTehto; ‘?fp‘%uhﬁﬁ%fﬁ%é(rﬁlmllm%} @’%B&O&’P %}%GHCBWCE};?{“B R bottddBed
copper ng&r Nestod hdiQidanigr connect feature 820 may conprise formng
the car n-db ed 1 nterconnect after formng a barrier |ayer such as a
barrier layer 20 of tantalumnitride to reduce or prevent diffusion of ions
of carbon or copper into the dielectric |ayer and/or the circuit |ayer.
[005%] Dopi ng the carbon-doped copper interconnect with silicon at a
concentration to avoid formation of a copper silicide |layer on the c

ar bon-doped copper 25 interconnect 830 may conprise instructions for
dopi ng the carbon-doped copper with silicon before and/or after the

i nterconnect is defined by polishing and/or etching. Doping the

car bon- doped copper interconnect with silicon at a concentration to avoid
formation of a copper silicide |ayer on the carbon-doped copper

i nterconnect 830 may further conprise doping the copper and/or
distributing the silicon doping in the copper such that a copper 30
silicide layer may not form overlying the carbon-doped and silicon-doped
copper interconnect. 18 WD 03/063209 PCT/ US03/ 00525 [0053] O her

enbodi ments may conprise doping the interconnect with silicon prior to or
substantially sinultaneously with doping the interconnect with carbon, such
as by ion inplantation and/or diffusion. 5 19 WO 03/063209 PCT/ US03/ 00525
CLAIMS What is clainmed is: 1. A nethod, conpri sing:
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5 providing a substrate having an interconnect feature; formng a

car bon-doped copper interconnect in the interconnect feature; and doping

t he car bowodspextozopper interconnect with silicon at a cecramsps/etsedn t hat
avoids formation of a copper silicide |ayer on the 10 carbon-doped copper
interconnect. 2. The nethod of claim1, wherein said providing a substrate
conpris iding the substrate with a circuit layer to couple with the
car bon-%@c’opper interconnect. 3. The nmethod of claiml, wherein said
form ng a carbon-doped copper interconnect in the interconnect feature
conpr i s&¥hat iGclpioradiing a seed | ayer of copper overlying a barrier |ayer;
formng.,a car bont- dgped co?rggﬁr i nterconnect overlying the seed layer and in
t he intérconﬁé@tﬁ AUTE 4 nd anneal | ng the seed | ayer and the carbon-doped
copper i nt er connegfovi@ing dishibdhae eaidpom ihRt@nhbe feged; | ayer. 20 4. The

met hod of claim 3, wherein annealing conprises annealing at a tenperature
in a range of appP@xnget earhorzdenedsepppeymiusomert jiy the mierqmenipfaaBHc;of
claim 3, wherein anneal] ﬁg conprises annealing in an atnosphere conpri sing
an inert gas. 6. The nethod of claim11, wherein said doping conprises: 25
cl eani ng t he car bdopigpetle c oppeii-dopdder coppee Cintsrcdimeat pivith masjlicexpasi ng t he
car bon- doped copper interconnect to sigka e after_cleaning;..and 20 WO

03/ 063209 PCT/ US03/ 005F8nceaBpi thatayo ’g%ﬁl%’ﬂt‘?f& ?%%?Slﬁﬁd‘f &3 Bt5n- doped

coppgr interconnect aft.gf, 5 St Rerindid fuse silicon into the
car Egn-doped copper int epcor?ﬁeec%qw?.l Arrret hod, conprising: 5 providing a

substrate with a dielectric layer having an interconnect feature; formng
a barrier layer overlying the dielectric |ayer; formng a carbon-doped
copper Rayer Theardthacef cltien barherein stidpeqviding a substrate comprises providing the

substrate with a circuit layer to couple with the carbon-doped copper interconnect.

3. The method of claim 1, wherein said forming a carbon-doped copper interconnect
in the interconnect feature comprises:
15 forming a seed layer of copper overlying a barrier layer;
forming a carbon-doped copper interconnect overlying the seed layer and in
the interconnect feature; and
annealing the seed layer and the carbon-doped copper interconnect to

diffuse carbon into the seed layer.

20 4. The method of claim 3, wherein annealing comprises annealing at a temperature in

a range of approximately 300-450 degrees Celsius.

5. The method of claim 3, wherein annealing comprises annealing in an atmosphere

comprising an inert gas.

6. The method of claim 1, wherein said doping comprises:
25 cleaning the carbon-doped copper interconnect with a plasma;

exposing the carbon-doped copper interconnect to silane after cleaning; and
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removi ng part of the carbon-doped copper |ayer; and doping a remaining part
of the carbon-doped copper layer with silicon at a 10 concentration to
avoi d forwetmoe20f a copper silicide layer on the carbonPdapsds/espper

| ayer. 8. The nethod of claim 7, wherein said providing a substrate with a
dielectric layer conprises renoving part of the dielectric layer to form
t he interconnect femsiing.an®tchTitep laperhauthefcabonideped cegpsr sitercormepiattey part
of the dielectric |ayer .éo formthe " 5 interconnegt fe tuae cdorégri Ses:
coating part of the di SHEcHPPENE A0e ISP nSIRERS: AP8s St CABAN AR MRy part
of the photoresist to gl&bhoddae:. i nterconnect feature into the dielectric

| ayer. 10. The nethod of claim 7, wherein said formng a barrier |ayer
overlying the 20 dielectric layer conprises formng a |ayer coupled with
t he dielLectric | r.and the interconnect feature, having substantially
uni f or n#‘t hi cﬁr{g%tgg&ff%p%ﬁgghet hod of claim7, wherein said fornming a
barrier |ayer oveployidi & BébstralicaVieicd diecirityleyerb@anippian éstefoonmicnaturt;ayer  of
tantalumnitride. 12. The nethod of claim7, wherein said form ng a

car bon- doped coppérmingeparrisslaygraveslying tha,diclssiricilayer) ayer conpri ses

el ectroplating w Mhn%?%g%rb%%@%g?%gg&%% ng&yia E}%%%gfq ~PCT/ US03/ 00525

sol ution conprising el®&ctro n organi c tive, erein carbon is
doped fromthe ptatovige sat of thevarbdi3-dofduecopperhiagerofnd| ai m 12, wherein

el ectroplating wi th copper using a plati ol ution conprises.doping with
carbon through anh‘EB%P%I&trFI_Bﬁmﬁ’rgd%Etc?é) tb? C?ﬁgn@%%&F%ppeﬁfaé’g]g}”ftﬁfa?coizﬁt 2The

met fipd of claim 13, whesRlefoRl @chvitd RorERGBRbFlaHEsiABide Nkl ldndthopr oduct
of the organic additive conprises reverse plating to increase production of
the oxidation product carben-dapes agppérdayssf clai m 14, wherein reverse plating

conprises reverse plating with a 10 pulse frequency within the range of 1
mllisecond to 10 seconds with a forward current in a range of 0.1 to 60

m |1 anperespe rmeﬁ%lﬂa&eclgi%p%,i RS s%ﬂppl%vfcﬁﬂfﬁ%ﬁbstrate with a dielectric layer

comprises removing part of the dielectric layer to form the interconnect feature.

9. The method of claim 8, wherein removing part of the dielectric layer to form the
15 interconnect feature comprises:
coating part of the dielectric layer with photoresist; and
- developing part of the photoresist to etch the interconnect feature into the

dielectric layer.

10. The method of claim 7, wherein said forming a barrier layer overlying the
20 dielectric layer comprises forming a layer coupled with the dielectric layer and the

interconnect feature, having substantially uniform thickness.

11.  The method of claim 7, wherein said forming a barrier layer overlying the

dielectric layer comprises forming a layer of tantalum nitride.

12.  The method of claim 7, wherein said forming a carbon-doped copper layer

25 overlying the barrier layer comprises electroplating with copper using a plating
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current in a range from1 to 100 mllianperes per square centineter. 16.
The nmet hod of claim 14, wherein reverse plating conprises reverse plating
with a mabtodos2ep direct current conprising: 15 an initi &Crarsogerseent in a
range fromO0.1 to 1 mllianperes per square centineter; a fill current in
a range from1 to 30 mllianperes per square centineter; and a bulk fil
current in asalatigecémpmsig elteotr@@tenandl draoqgenie sdddives whearem ca2Borc énddapedt er .

17. The methgd o C’fﬁi m llﬁ wherein the el ectrolyte conprises copper,

sul furic aci BoMHAPEHPESPRECN 18 The method of ciaim 12, wherein the
organi c additive conprises anti-suppressors and suppressors. 22 WO

03/ 063209 PCT/ US03/00525 19. The nmethod of claim 7, wherein said renoving

conpri ses parhe Qhethb® ofaglbian-140padra pdestrobayiar Wilops&s uging i piatigg of f
part of the carbon-doped copper | ayer and art of the barrier layer. 20.
The met hod osolBlie pAMprisgA dpRing wWathi C@rm@ﬁhwglggéﬁﬁmd%@n prodyetafitheorgpaic
remag ni ng pag&dim,ethe car bon-doped copper layer into a reaction chanber;
generating plasma’in the reaction chanber; and releasing silane into the
reaction chanmber to diffuse silicon into the remaining part of the

car bon-doped copper layer. 10 21. A apparatus, conprising: a substrate
havi ng & i nThe omthvdatf clazat 1 whemincdophanwith pedoaritrosgh i oxidelaqeprodegiper

i nt erconnect f upl ed .Wi%{égt he interconnect {.eatur.e of saig §ubsc'§ &lte; and
o passi vat i oft PRy QTEaRiS, O S,PUPPLIST Tav SRRt 40 dagrrse R RaeE g 15
si | i con- dopegxkiggiReproindter connect. 22. The apparatus of claim 21, further
conpri sing packagi ng coupled with said

15.  The method of claim 14, wherein reverse plating comprises reverse plating with a
10 pulse frequency within the range of 1 millisecond to 10 seconds with a forward
current in a range of 0.1 to 60 milliamperes per square centimeter and a reverse

current in a range from 1 to 100 milliamperes per square centimeter.

16.  The method of claim 14, wherein reverse plating comprises reverse plating with a
multi-step direct current comprising:
15 an initiation current in a range from 0.1 to 1 milliamperes per square
centimeter;
a fill current in a range from 1 to 30 milliamperes per square centimeter;
and
a bulk fill current in a range from 30 to 60 milliamperes per square

20 centimeter.

17.  The method of claim 12, wherein the electrolyte comprises copper, sulfuric acid

and chlorine.

18.  The method of claim 12, wherein the organic additive comprises anti-suppressors

and suppressors.
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substrate and said passivation |layer to protect said apparatus from damge.
23. The apparatus of claim2l, wherein said carbon-doped and silicon-doped
copper iwDaBoeneCct conprises a substantially uniform di CTiUs0s/v@es of
carbon. 20 24. The apparatus of claim 21, wherein said carbon-doped and
silicon-doped copper interconnect conprises a carbon doping in a range
fromapproximtely 4 parts per mllion to 100 parts per mllion. 25. The
apparatus of claim 21, wherein said carbon-doped and S‘i’flt. con- doped copper

i nt er cd¥nectTheangthod e§clains Gbwherpini said (PMEHINBSOMPHISEE PATh t}l%ﬁarBPn'EP]P? on. 23
WO 03/ 063209 PCT/USO03/ 00525 26, : T S ' ¥l sai d
car bon- doped©RRT &V COWIESHE 8%%%% g?%éggﬂén%agﬁ?ﬂ:% r%%p r ci%iﬂéesﬂ,\)!a&?g?*iuimc on
doping in aﬁamhébgﬁbﬁ]@péroxi mately 300 parts per mllion to 900 parts
per mllion. 27. The apparatus of claim?2l, wherein said substrate
conprises: 5 a circuit layer with contacts; a dielectric |ayer coupled
wth the circuit |ayer to 'soéat.e the contacts. and to formthe

i nt er cohectTheanethp@ of elapy doIVASTRREAAPRIESTREEES and a barrier |ayer of

substantial I'y unifiorm 4 GkRe 64 thE REbeAIddpel edet tayer intcay esaction
attestnuate di ffusi%l%&#%om said igal?abfgn-doped andpsi | icon- 10 doped copper
i nt erconnect into sai dclswuibst;rate. 28. An apparatus, conprising: a substrate

havi ng an interconnect. feature; .a car.bong d d silicon-doped copper
i nt er connect cou&@&ra&h“gﬂ?ﬁ‘ﬁ‘gﬁéﬁt}}eﬁFaecﬁlggﬁR%g?&f%rg(?ure of said substrate,

having a concent r 2{da@iagOfiland Sinf ke @euctost dhiahiberdot diffavoisilicoor méd itber of a
copper silicide layer; "and a passivation | ayer coup{ ed wth the

car bon- doped and si | i crsmeadipgpart ebippsprbpadepebiniPet 12Y9%9. The apparat us of
cl aim 28, wherein said carbon-doped and silicon-doped copper interconnect
conprises a signaling medium forned by: 20 form ng a seed | ayer of copper

over| vyi a LIl lﬂ)ﬁ%:i ormng a carbon-doped copper i nterconnect
oveﬁ(# yi hg thlg%gé%rg{ulsayer résnéoi n :
a substrate having an interconnect feature;

a carbon-doped and silicon-doped copper interconnect coupled with the
interconnect feature of said substrate; and

a passivation layer coupled with and adjacent to said carbon-doped and

15 silicon-doped copper interconnect.

22.  The apparatus of claim 21, further comprising packaging coupled with said

substrate and said passivation layer to protect said apparatus from damage.

23,  The apparatus of claim 21, wherein said carbon-doped and silicon-doped copper

interconnect comprises a substantially uniform distribution of carbon.

20 24,  The apparatus of claim 21, wherein said carbon-doped and silicon-doped copper
interconnect comprises a carbon doping in a range from approximately 4 parts per

million to 100 parts per million.

25.  The apparatus of claim 21, wherein said carbon-doped and silicon-doped copper

interconnect comprises a substantially uniform distribution of silicon.
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the interconnect feature; and annealing the seed |layer and the carbon-doped
copper interconnect to diffuse carbon into the seed |layer. 25 30. The
appar at uswofospbabm 28, wherein said carbon-doped and sili ecnAope2Eopper

i nt erconnect conprises a signaling nediumformed by electroplating with

copper using a plating solution conprising electrolyte and an organic
additive, wherein carbon is doped fromthe plating solution. 24

26.  The apparatus of claim 21, wherein said carbon-doped and silicon-doped copper
interconnect comprises a silicon doping in a range from approximately 300 parts

per million to 900 parts per million.

27.  The apparatus of claim 21, wherein said substrate comprises:
5 a circuit layer with contacts;
a dielectric layer coupled with the circuit layer to isolate the contacts and to
form the interconnect feature to couple with the contacts; and
a barrier layer of substantially uniform thickness overlying said dielectric
layer to attenuate diffusion from said carbon-doped and silicon-
10 doped copper interconnect into said substrate.
28.  An apparatus, comprising:
a substrate having an interconnect feature;
a carbon-doped and silicon-doped copper interconnect coupled with the
interconnect feature of said substrate, having a concentration of
15 silicon distributed to avoid formation of a copper silicide layer; and
a passivation layer coupled with the carbon-doped and silicon-doped

copper interconnect.

29.  The apparatus of claim 28, wherein said carbon-doped and silicon-doped copper
interconnect comprises a signaling medium formed by:
20 forming a seed layer of copper overlying a barrier layer;
forming a carbon-doped copper interconnect overlying the seed layer and in
the interconnect feature; and
annealing the seed layer and the carbon-doped copper interconnect to

diffuse carbon into the seed layer.

25 30. The apparatus of claim 28, wherein said carbon-doped and silicon-doped copper
interconnect comprises a signaling medium formed by electroplating with copper
using a p lating solution comprising electrolyte and an organic additive, wherein

carbon is doped from the plating solution.
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