B d~XTJ6T] kSP14429PCT s to DOPANT | NTERFACE FORMATI ON FI ELD OF THE
OGY [0001J The present invention relates generally to
m croel ectronic device processing, and in particular to the use of doped
metal in fabricating mcroelectronic devices. BACKGROUND OF RT
1 s [0002] In the fabrication of sem conductor devices, vari BM"WN@MQ
may be deposited on a substrate for various purposes. For ex :
inter-layer dielectric (ILD) material nmay be deposited and pattelfed with
trenches. Metal natery t At nches t
interconnect I|ines, 01? ]t)mm @M@%@&M%hg@;\gr Iayermmu‘mm“mmm““m“\
first formed within the trenches in an attenpt to prevent diffusi,gp.of
metal ions into the ILD material or the substrate during device operation.
For exanple, a barrier layer of tantalummay first be deposited 'on the
bottomghﬂi&lﬁwwre filling in the remai nder of the trench
with a conductive netal material such as copper. This barrier |ayer may
prevent ions of the conductive netal fromdiffusing beyond the trenches
when cupooent fl owshé npreknt Matvehtidd Neelaes | geperafigr ad i aicroélesthumici detidet . Thi s
diffusion, often referred to as electromgration, may eventually lead to
the,§ or pRtiLihgOhnd $h Farticla N6 tABLAE ofi dOPEd MHIAICIA BN cARYSRIESIEAHIATR
operation or even failure of the device. Thus, the initial deposition of a
barrierilaygr may be used to reduce electrom gration over the expected
operational life of the integrated circuit. P 14429PCT 5 io is [0004]
Unfortunately, a barrier layer fornmed as indicated above does not
conpletely prevent diffusion or mgration of all netal ions. For exanple,
where copper is t deposited, even tantalum a fairly good barrier
BACKGROIIND Ol B RIJALED ARL) gni ficant anount of migration of
copper ions out of the trenches. Copper is highly desirable for netal |ines
because it has high electrical conductivity and is easy to handle in the
manuf acfodf2ng opematheofebricBicn bf semicahdurtdri deigesdivarfiensi metesials why e
difficult to entirely isolate. As a result, the |ikelihood of
el ect r oggpaEitdd o aisabittaeslforciatisud piirposeg. | Foreappple, imérdbydri didsctfion(fd) i n t he
convention manner is undesirably high. BRI EF DESCRI PTI ON OF THE DRAW NGS

[ 0005] ﬁhﬁriah&ﬂ@é"%p%sﬁé&ﬁﬂ'p%ﬁ@ﬁk@%ﬂh theneNésO MetalSRATEGA RekyCthe bPglakeage and
metal lines within i't, according to one enbodi nent. of the invention. [0006]

Fig. 2 ?ﬂﬁ@ﬁex?ch%é%%hﬂ@ntéfciﬁ?e‘c?ﬁﬁési,91” ac%’ﬁ”ew of the nmetal lines during a
ion odi

fabrica stage, according to one e ment of the invention. [0007] -

Fig. 3 a cl gse-up cross-sectdonal view.of .th tal lines of Fig. 2
at a s_u@@@%ﬁen-t fggﬁrré%t lla?ﬂ?‘f ’§t°§§8,ﬁ’8tc§’6?‘a? r‘l’gﬂ}l%_ﬂben%elgcﬁﬁsom %%ﬁﬁg%‘?t_ Eo_he
Ve o EEbo dntigl Sord ke’ 5 G ¥ Y Slbsfladd Gurig b "

operation. For example, a barrier layer of tantalum may first be deposited on the bottom

and sides of a trench before filling in the remainder of the trench with a conductive metal
material such as copper. This barrier layer may prevent ions of the conductive metal from
diffusing beyond the trenches when current flows in the metal line during operation of the
25 circuit. This diffusion, often referred to as electromigration, may eventually lead to the
formation of voids in the metal lines, which may cause degraded operation or even failure
of the device. Thus, the initial deposition of a barrier layer may be used to reduce

electromigration over the expected operational life of the integrated circuit.



éﬂE?EQPOdinEnt of the invention. 20 [0009] Fig. 5 is a cross-sectional view
die of Fig. 4 during an annealing stage, according to one enbodi nent
of the invention. 2s [0010] Fig. 6 is a flow chart of a nethod, according
to one enbodi ment of the invention. [0011] Fig. 7 is a cross-sectional view
of a die having a netal line and a connected via, according to one

enmbodi "?(ﬂ{olﬂ)f t he Unf@itatedy)- aZbarrier 114fet9 RirmeBEAA jhEioabE SEBIVETUSN ol 0012)
0

1n the OW ng description, nunerous specific details are set forth.
Ho D _ . . . . .

pract 1 oSGy HRVEH SRR B AR IS o, Mol BB, R 5 o
t t t echni t. .b h I detail i d t t
cbscur o G ARLAPO N 10 ALY & IS EPPPHER Cf OUFS) T aPLREE B ™ one

enbodi ment”, "an enbodinent”, "exanple i o0 e diment", "variqQus,

ebodi melEnEicaniEoUnt, QI GRS Al FORTSE IR f dsengyest HEoRReY dhBigsY so
descri bed may include a particular feature, structure, or characteristic,
but mot desizabi:: foryetil tinest bacause dshasihigh ¢lenttienl eendugtivipnand is gasyrto thaadle ire |
structure, or characteristic. Further, repeated use of the phrase "in one
enbodi metet makldssurivgg opeestims.aBut it is altehighty diffasiseand efdiodiffieilt to eatitehyough i t
may. 15 [0014] Sone enbodinents relate to a nethod of fabricating an

el ectri eldy 2QNAHGHK VBl IikbRRdRNITEGéctolipration-tduddtiiltls Fantifieiebapper | cal |y
conductive interconnect structure formed by this nmethod) in a

m cr 08! ik HALL PR FftnlYof WAL mahfer TPhRlesRiPhig) USed Lo Torm the

conductive structure, sequently anneali'ng the conductive structure
to drive the dopant material to the boundaries of the conductive structure.

el ectrom onductive structure during operation.
| n d9paBiisy ] QF LHE DRAWINGS ¢ structure is an interconnect
structure including a conductive line and/or a via in a die or substrate.
Al t hough the foll ow ng descriptions refer to various conductive structures
as bei n{005] al (eFig.,! shoppercrosswsactiamab viewhdfh sepricandpetyr paskagoaiumetiale non
25 metallic materials if those materials exhibit the sane processing and
el ect ri tGiés Within it, according to one embodiment of the invention.

[0006] Fig. 2 shows a close-up cross-sectional view of the metal lines during a
15 fabrication stage, according to one embodiment of the invention.
[0007] Fig. 3 shows a close-up cross-sectional view of the metal lines of Fig. 2 ata
subsequent fabrication stage, according to one embodiment of the invention,
[0008] Fig. 4 is a cross-sectional view of a die containing metal lines, according to
one embodiment of the invention.
20 [0009] Fig. 5 is a cross-sectional view of the die of Fig. 4 during an annealing

stage, according to one embodiment of the invention.

[0010] Fig. 6 is a flow chart of a method, according to one embodiment of the
invention.
[0011] Fig. 7 is a cross-sectional view of a die having a metal line and a connected

25 via, according to one embodiment of the invention.
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I_PA#ﬁ%EPCT characteristics described herein for netal. The terns "line",
& onnect"”, and "trace", when used as nouns, may be used

i-nt erchangeably herein. [0015] Referring nowto Fig. 1, a sem conductor
package 190 is shown. The sem conductor package 190 includes a package
substrate 175 on which is nounted a die s 150. The package substrate 175
may be configured for coupling to a printed circuit board (PCB) or other
interface of an electronic device. In this manner, the package substrate
175 may act as an electronic and protective interface between the conpact
internal circuitry of the die 150 and the larger circuitry of the PCB.
10016] Ny i@bodi ment, the die 150 is electrically coupled
to the 175 by solder balls 180 at the | ower surface of
the die 150. The solder balls 180 are connected to bond pads 185 at the
upper surface of the package substrate 175. The die 150 may be further
secured to the package substrate 175 by an underfill adhesive material 160.
The andé00l2]| adhésithe felewingafestgptionaynunerofs \spedifie Sletails careases, fosthch as a
conventional epoxy polymer. is [0017J Continuing with reference to the
enbodi méfoweotr, i 3. untlerstdod ttlatceribdilimantt welse mventbri may delptfctived whitholt a
circuit layer 110 has been fabricated. The circuit layer 110 i ncl udes

inter-| g8 splicEiceddisilsC Tnl dthdr iBRIES AbelLkRowrbiriited addtedhis & fofret al

circuit features or interconnects such as netal lines 100 (shown in

Choss: B i Ty el b o8 cbissamiloridgaespugp cont ey

dopant I nterfaces Int ontext of this
di scl os a dopant_interface nay be defined.as a regi.on at Qr. _near a
boundar 071 & conBRrrUES oif Loplt & ety Ao ahfRAR of Pl

mat eri al . thoygh shown in the drawi ng.as distinct entifies, the nmetal 101
and laopawbégl BT+ avadouso sMPAMENLSdy &1 ingostfy that¢ eoﬁaﬁ%ff\@fwé%)ﬁﬁjﬂe% t he
metal |ines 100 having an increasing concentration of dopant near the
boundar invention so gesqubpggreyTinelyde 8 particulag fpatine. struetard, ar chasgoteristic. s ngt
material which is of electropositive potential and has |ow solubility in

t he net everysedodimane nedessarihe nch@ies thkspattedan featirea struetyre; be chivacteristic.
interfaces 105 may prevent or reduce the formation of voids within the

met al | Fatker,lRPedled ise0ofape pRtakoOrin ond earbdtlinhed?, dded dothaebdasiporeférity ¢he
potential of the dopant may s help ensure adequate and efficient formation
of the grh&¢mbddifent! Aehough it may.

15 [0014] Some embodiments relate to a method of fabricating an electrically
conductive interconnect structure (and/or to the electrically conductive interconnect
structure formed by this method) in a microelectronic device by doping the metal material
used to form the conductive structure, and subsequently annealing the conductive structure
to drive the dopant material to the boundaries of the conductive structure. This

20 concentration of dopant at the boundaries may reduce the degree of electromigration
experienced by the conductive structure during operation. In a particular embodiment, the
conductive structure is an interconnect structure including a conductive line and/or a via in
a die or substrate. Although the following descriptions refer to various conductive
structures as being metal (e.g., copper), various embodiments may use conductive non-

25 metallic materials if those materials exhibit the same processing and electrical
3



fhg§$§ An additional layer 130 is shown adjacent the circuit layer 110. In
0 odi nent, the additional layer 130 may include internal circuitry
isolated by ILD material. Additionally, enbodi ments of the additional |ayer
130 may actually include nmultiple layers of internal circuitry, including
metal lines with dopant interfaces simlar to 10 the netal lines 100 of the

Circui t chai@eristitd dedchibbd Berelfdfd inigRill THedHns 1R Ctihtettohndoty @hd Yfcend
additional |ayer 130 are built up on the substrate 120 and the die iIs

flipped i i i hdi.cat ed above (e.g., a "fli
I pped \iufusdds n%hﬁ&h%aﬁ'ﬂe%g@@ﬂx@rbﬁﬁg?%%?&bﬁ ve (e.g Ip

chip''). For exanple, e addition 130 may include circuitry for

coup! | M) ¢ "'e SHeASHnD b o B 7 EHSonglbioh Ballbe 180U FAub 2 e i @

150 be flip I'p nrigura as’’s gs. 2-5 show
various stages in the fahri.cation of .a die, su as the die 150,shown in
e O snieSahisitmhornes 19REEA I RckRes BPSFEH 45 85 WHER ¥ BoBveh B o1 nss

section of two netal |ines. However, alternate enbodi nents of circuit

f eat 6ir ed5@raYhepeckagesubstiate t1d8 maydeeonfigured dortcouplingiiost printedseirqyitthpaeds wi t h
ot her shapes and configurations, such as vias and conbi nation |ines/vias
usi ng d(RCBYyanubadnterfaaeaifan@leetronidddvice.ohathisymarer, fhepacBagehmbstrate 175w chart
of a nethod of formng the netal lines and/or other features described

her ei n. mAlytdapacn dlédtionitSardqirbicoive iaferfabEbdt@¥én the fcemphatiftetral Ek@hitrPofind to
one or nmore of Figs. 2-5, it is obvious that the method enbodi nent of Fig.

6 and t{f HeYi¢smEMPefbdRitculy JringspcB- 5 may be practiced independently of

each another. [0021J ferring nowto Fig. 2, a die 250 is shown in an

i nt er megdi d stage,of . ri J - di | ar ger
waf er oﬂm\%ﬁfch th;ﬁl %l%aillﬁ?té;stgéglg ln‘rfgﬁflf[n?ééf,etﬁg%éjﬁ?gii%&é@%a@f%ﬂ@%%a ricated
before the wafer is diyided int e indjvidual, dige. L.n e dllustrated
bt rarabt Absire 195 shider el 1o loet S50l e i 501 s 00 s
materials, such as silicon-based nmaterials including silicon-on-saphire or
si | i conbalke 18(sanenonnectodstoshandnpads 185 g thas uppes surtacs. ofsthe pagknge sHbstEMI et ch
stop layer 225 may be deposited above the s substrate 220. The etch stop

| ayer 22%5.mdheltie dH0 sndyi beofurthes eetunat tor thalpackage substratd 17% by anaumdiedd] or
silicon nitride, having greater resistance to subsequently introduced
chem cahdlebivb amiteriAd 60e Theiunderfitieddhesivé BaRR1al To@E nayde dtvapobsamaterizBp may be
deposited by various neans, such as plasma enhanced chem cal vapor

deposi t ki ds BN AntiohallepexPpdlymer.t he wafer may be placed in 10 a processing
chanber for a PECVD operation where naterials to formthe etch stop |ayer

225 ar elddi?LOduce@?.'%%xﬁ%%?tﬁ @fdten ngetﬂEi s ggﬁé&sép'ii?g% 1! ﬁﬁpgﬁ%aiw es,

radi o frequencies power may be ap to generate a plasma of the

gas and. c e d Sj tian. of, .1.he et ch st l,a . r A in one
onboa makiuees SOBRR 1B badlnibhF cBG i lafte o v Bher Bl R 1ot 015
Torr, a_tenperature (s i ptain et wee out 250C and i s about 450C, and
RE 1S bl GBRE T Lan s D NESA A Bt oS aEd88O AL (5 and
about 1,800 watts are supplied. Simlarly, subsequent material depositions
descri beigcuiefegiremagr jnteseamigets sucts ps getal tiem 08 (srowns inc progssseotion)p, The

metal lines 100 include metal 101 near the center and dopant interfaces 105 near the
20 boundaries. Within the context of this disclosure, a dopant interface may be defined as a
region at or near a boundary of a conductive structure that has a concentration of dopant
material. Although shown in the drawing as distinct entities, the metal 101 and dopant
interfaces 105 may gradually blend into one another, with the metal lines 100 having an

increasing concentration of dopant near the boundaries.



l{g%égé Continuing with reference to Fig. 2, an ILD layer 210 is deposited
2\ The etch stop layer 225 and patterned by various photolithographic
and maski ng techniques 20 to formtrenches 207. The ILD | ayer 210 may be
made up of conventional ILD material 215, which nmay use silicon, carbon and
oxygen sources during deposition of the ILD |ayer 210, and nmay have a

di el ect fega8§onst armhe Afoph@SmateFianmabadtiude af heteriblawhichaiksi dmeledtfdpadiiveV t h
additional reference to Fig. 6, the ILD material 215 may be deposited as

i ndi cat . niiReaf : h : ayer
225, Ve sTHa g s RAP sl A B el ued B AR RO B B Eh BB
create |.LD,| ayer 210. P 14429PCT Phot ol i.t hogr aphi c. + echni gques y be
sed t ot Lot e, LS mpy BRI tegtie % (OrRRpRRE yfidh SVtih M et
enbodi nent trenches 207 are_created as shown jn bl ock 6%0 in the follow ng
manner : lines 160 dysing opgratigy b additen, rfE‘E élrSeF'é?pqS‘a‘lVSd’ﬁEFé‘it‘fﬂe 5 dopprter 210,
2) the photoresist |ayer is exposed to a pattern of |ight or other
el ecs r ohelgrensire adeghiateand effidgnt formatiop ebthsmeespldines 40&r i's devel oped to
remove t he exposed portions of the photoresist |layer (or alternately to
renove {09 on- exposadlitonat layes 130 49 skovahedjpcemt thet cinauitt layer UedInt onet ch
away the portions of ILD |ayer 210 that are no | onger covered by the
phot or eginbbdinR¥e! the i dlditichal fayehase mae ifdhedet infetall eif@@sy isoddied dyt O
portions of ILD |layer 210 that are still covered by the photoresist |ayer
remain hﬁg&ﬁi\ ﬁﬂ@ti@allz,f Efbodiidelts"6F the NdfoRRY %g&glﬂh 9r2ﬁ:§da§l§; hQugrteri al
. Aft es may ha

i's renove er t operations, trenches 2 ve beeh created in

I || d . . i '
ol ace. t BuSg 1ies <10t ol Borhf Bl APhf Ruh BBl et LRy O 11

met hods of creating trenches are ngwn, and are.not described in
gredf’erﬂtfe?’aﬁaf ﬁf‘?f of tﬁﬁﬁgﬁw 5%§¥§L6-uﬁhﬂlﬁs%‘??§?‘naﬂo$°vaﬁ 6 f&e af ment s
of the invention. 15 [0025& Fol Il ow ng formation of the trenches 207, a
barri er 129 3ndragditienal dayss i1 3@ areskwilt v anathe qubstrats) lZdkandhe die isiflipped ovep| | owed
by a seed | ayer 202 being deposited as indicated at bl ock 650. The barrier
203 nay fqredectrohictdoapling a5 indinated ebaver(eige ti“flép ehip’)c tFor example,ttheadditégenab07 from
mgrating into the material of ILD 210 when the final product is in

oper at i fyer 180 iaced ch@itry for écupling tontHeasoider ballen 8@l Howvensr, tthie noar ri er
203, but other 20 enmbodi nents may use other materials in the barrier (e.g.,

tungst ePequﬁﬂeflﬁ{%zﬂf@di@@fr@i)é‘oféaﬂffrc}nip-r&ﬁnf%ufaﬂﬁﬁﬁs alddrcr eation of barrier
s well

| ayers nown and is not described in greater detail to avoid

OB g 1o enS i Rl s RSB o gy s gne 0020
?goré Sgsl?cg\grh i glsgt 10 Fhe Qrilggdimlerqts E%f?zscermrrce)g %1{1:{3 rrzatferiaﬁ]ce%iﬁgs. bhe sROW 4 dgyer 202
section of two metal lines. However, alternate embodiments of circuit features may use
the same techniques to create conductive structures with other shapes and configurations,
such as vias and combination lines/vias using dual damascene techniques. Additionally,
20 Fig. 6 shows a flow chart of a method of forming the metal lines and/or other features
described herein. Although various portions of the tlext refer both to Fig. 6 and to one or
more of Figs. 2-5, it is obvious that the method embodiment of Fig. 6 and the device
embodiment of Figs. 2-5 may be practiced independently of each another.

[0021] Referring now to Fig. 2, a die 250 is shown in an intermediated stage of

25 fabrication. The die 250 may be part of a larger wafer on which the features of multiple
5



%§-§§§ﬁt 1,000 angstrons thick, deposition of the seed |ayer 202 may

¥ by 7 P 14429PCT conventional atom c |ayer deposition (ALD) to
ensure a substantially uniformthickness. The seed | ayer may be of various
materials, such as copper or a copper alloy. [0027] The use of a seed | ayer
202 may increase adhesion to the surfaces of the trench 207 by the

I nt er confRCdre TabrRated|before i whtles @0dieided YntB ltRe Rdividuap didee ThitknfRegatt® forms
the interconnect. For exanple, in one enbodi nent an interconnect materi al

200 i ncloyil BEn&RRAS Hiel 503RALAS S Bl PIPSvhidd tnf]agqgfmuﬁéusl ARdriak a,eg copper

may not adhere well to the materrals used In arrrer layer. ‘Initial

formatign of a,thi,n seed lLayer 202 of copper usi.ng non-plating techniques
mkes. ¢ R SHispRoRrATaRETd g §fip@of SRTE of Spineann bt nfls shg
subsequent  pl ating. gperation only needs to adhere the copper, of the

i nter coﬁhi}&ckﬁio tidgi & 2 FB“WHEO%;?&ZRSW Toyke 230 auay) bey deposifd d1pvedheor e
easily done. [0028] Wth reference to block 660 of Fig. 6, interconnect

mat esi alsulxt@teRRP. nbie ¢teh giopdayer @35 may emefl silidsnchasechmaterials suph @ sidinerect
material 200 is deposited by el ectroplating techniques as described further
bel ow. klanbideeor, silicorotiréde, daviag igrentdrresistncel tot sabsognerehyt intratieredadhed@@l may be
deposited in an el ectrol ess nmanner, or by other known or 15

yet -t 0- ehaay e aaeHbsiEnRdsit i on techni ques. [0029] The interconnect nateri al
200 includes a netal such as copper to provide electrical conductivity as

descri bﬁ@g&!r ther g re?h{%i(:)op%?% ?ﬁéﬁlblé%éos%@ @? Fhdiddus! Iﬂé’X.F | &6k b4 Sidima

resi sta S conpare a mater such as al um num e I nterconnect

mat eri al_.200 al.so .includes a .do a.material .t hat.has el ectropositive
ot andar rEoe Sy b B derB bR BRGPDOFER poft Bheh B s Hesb R o1
solubility in.the netal. us (0. i nterconnect mafer. 200. (,0030J The ratio
of dBpaAtPTRLsSHRs Shambey forp ﬁgﬁﬁﬁd?waéwgnw ipmatesials tgderm HeflehistAR 1a¥6T var i ous
factors. In one enbodi nent the anount of dopant is |ess than about 5 atonic
(at.) 928} areHatrpdiced dbn gaciormaConventionglpressurgayemperatiresy tadimfieqieneint a
copper metal and 2s bisnuth dopant are used to nake up the interconnect

mat er i a(RE0GWd feiverntaly biesppliaitd gon&ated plashalofAROgSEnd causealspisitéml afthe i n
copper, and has an el ectropositive potential of about 0.16V. Therefore,

W th respiGtog tiyeol2hi Fof gxaniply, @0geeemibidimrit) pbiuny i matdihanbstivedi n t he

i nterconnect material 200 will include no nore than about 0.5% bi snut h,

i m tingpdiie.;eTé2ahd 8bodi18/MEdH, a temperature is maintained between about 250°C and
15 about 450°C, and RF is maintained at standard frequencies and between about 1,600 watts
and about 1,800 watts are supplied. Similarly, subsequent material depositions described
below may proceed by various techniques, such as PECVD.
[0023] Continuing with reference to Fig. 2, an ILD layer 210 is deposited above
the etch stop layer 225 and patterned by various photolithographic and masking techniques
20 to form trenches 207. The ILD layer 210 may be made up of conventional ILD material
215, which may use silicon, carbon and oxygen sources during deposition of the ILD layer
210, and may have a dielectric constant of less than about 4 after fabrication.
[0024] With additional reference to Fig. 6, the ILD material 215 may be deposited

as indicated at block 620 in the form of a layer above the etch stop layer 225. Various

25 known or yet-to-be developed techniques may be used to create ILD layer 210.
p _



Prr]ézg)?&gucti vity. Additionally, because the bisnmuth includes an

A positive potential s (i.e. rather than an el ectronegative potential)
it will not polarize with the copper to inhibit deposition of the

i nterconnect material 200 as al so descri bed bel ow. [0031] Enbodi nents of

i nterconnect materials 200 that include copper as the netal may include

dopant s pabtolitogdpRicaRchifdiRe nddyobeuseAddickda@NeéncleP20 inHIR dyet 31ha¥ong | ow
solubility in copper nmay be included within the interconnect material 200,

such as %1%8@ (W "BRY efn%g an?&h&@s(ﬁ%_) are28QEattd O &RY n(l Ff%ck &80Tk e tO Bi,

Sb, Re, are a el ectropositive potent| a her materials such
as carb C) and ot her addl S descrl b el ow b ded.

Car bon. oliihe it 458 1HEEHT e}li%fﬁﬂacrp?fs ' 3633 P %5“?15% BT aces
as descri bed beI ow and is of |ow so it copp Par j cqul

enbodi mBRPteTetHEy layst s cXBRYsE to adatiera qﬁikgh °ra$lf8°raFl“c‘%'1fﬁ)’maﬂﬁ?t}°orﬁ mwlag*aébﬁ s that
is include Bi, and one or nore of C, Sb, Re and Ru (e.g., Cu-Bi, Cu-Bi-C,
Cu- B - Sphatoregist RiyerSls degzlopid Biremeye e-aspowyd-metians ofthesphatpresig, layer (or

Cu-Bi -G Sb-Ru and Cu-Bi-Sh-Ru). In one enbodi nent the total anount of
dopant s alt@natelystot featove th¢ nofieexpased poetidns)) 4) esehentieal ehianpér tsedpereteti | 1§ on
(ppm, and with other dopant elenents in approximately equal ratios, but
ot her e tHEEUrorERof IUDEla®drlP20 thattakdBo Rhgderddteniet by tROphdlOREbt hhe (tse of a
| ow sol ubility dopant pronptes the formation of dopant interfaces 1 OS (see

Fig. 1) %@%ﬁ@seta?@m'e%ﬁw%@m%w@fh@ Sbgionzgmxgwafim 1R &e gmemerédﬂan wi ||

di ssol ve the neta y utilizin opants having low solubility in the

2o gl PO BSRECIS B bR, kLA R
f ) 2 wh
o R ED R TRt R L el 668 41008388,

mat erial 200 includes 1.5% dopant, 0.5% of the dopant may remain dj ssol ved,
whi | e 1layer 2Hballjghsavey dewn Efétheé"&di 9P YER 249, twiuqhowm R pRplace e sfop dhes.

[ 0033J In one enbodi nent, the interconnect material 200 is deposited by

el ect r opichtprogesoat elpmdleteudhpdsiiepﬂlo riThis and lothet nethads iofigreatihg tighehesmye pl aced
in an s electroplating bath containing a liquid that includes the nmetal and

dopant . wkl kitofa[ iridCatt abt GIOAEANE Bteater ldetailed aloid obicvrihg af uhdérwasdingbput 10
grans per liter (g/l) and about 30 g/1 of copper, provided by copper

sul f at evaﬁ&i?,Féﬁ{boﬁhﬁérﬁé@fthQIanﬁtlftﬁ{ appropriate copper source, and the dopant
content Is less than about 0.1 nole (M per liter of bismuth provided, for

exa qdﬁ?] bi SWFEII%@% op%glﬂfertr RECRY Qhﬁ#éf §6§J{ﬂlﬂ¥)%§|dk oshB& as

el ec ng ba I nc onlc and hydroc Creoaetds.

?Sdéh'sﬁi‘ gl TP SO Fi s, RO R s BS e P2 e o S IR 2 6y
ﬁn| the gtsrb]lqéontSal. bOt grrple(l?fZO hnela;E rp?eQ/%Qtealet ngtgl ?nn t}}ehgonsdhgt?se) st?uQ:Ctjurgsh?r{ eby
elp pr
trenches 207 from migrating into the material of ILD 210 when the final product is in
operation. In one embodiment, a tantalum-based material forms the barrier 203, but other
20 embodiments may use other materials in the barrier (e.g., tungsten, titanium, cobalt, etc.)
The purpose and creation of barrier layers is well known and is not described in greater
detail to avoid obscuring an understanding of various embodiments of the invention.
[0026] In one embodiment the seed layer 202 is between about 100 angstroms and

about 3,000 angstroms thick. In an embodiment in which the seed layer 202 is less than

25 about 1,000 angstroms thick, deposition of the seed layer 202 may proceed by
7



Q%g%8§ mati on of trapped voids that m ght occur if the plating on the two
S f the trench 207 net each other before the trench filled up with the
piating material. Such additives i s may include various substances, such
as suppressor polyethers, anti-suppressor di-sulfides, and pol yam ne or

pol yam de |l evelers. [0034] In electroplating, an electric current is run

t hr ough cafveatiefd atdmiedByer@epiMifidh [AEDEICEAsURPA stbstatifnt tnifov thecknBs. devi ce
to be plated is inmersed in the bath and acts as a cathode. In el ectrol ess

| at 2 t
B thout TSRl AR DA Al BB GRNOPPR R boct mont . 1 he
t t | t bout 6% a t % bi th
"o o M T or dBRNSE O Atbe ISIPT 307 Py iR ARG i 16 SR about
0. 5% bi th, th d f th th w b | abl e f f t
of "t ho. HSPRINAOT B BF FHEEIcateraie b SPRSFIROURGIOH GG EEhGO T o

deposi tion descri bed above is enhanced by the use of dopants, such as
bi smat h theriaterenmnedte For exrsaple,iin enp embadimentan Mésseansectanatenial 1208 indhudieg copper
al so has an el ectropositive potential, the dopant and the netal fail to

pol ari zeopgeets applied duimgohlatigctactasques,t ém'drplaﬂade caprec maypiodtadinge adlito tHéhus,
deposition proceeds uninhibited s by polarity of the materials involved.

Thi's al sgateHalOusedan SH@ bh@fer ?dty@id Ninif4] PeRan 600a Ben Ws&Ulayer 200 of copf
el ectroplating bath for the form ng of the interconnect nmaterial 200 on the

di e 250 |y t: g t he
trenc hegs%g%zl Aﬁi%/teergﬁlﬁggﬁrgag%rﬂpgégﬁ%?Q{ﬂﬁ)éqcayer 0??%' tzga]g%{aéért htgﬂ?latl ng
operati o n the | terconn ct 10 materia needed

©F enche o ilg Thd §ibsdeiEnt AMFHE GG obfh ABYE o afihss%;? e G of e fptefiohstet
interconnect material. % one, enbodj nt chem | mechani cal poli shing
(CVPY | DaTigltq © SPPRSE 0 Eﬁsgedrlémv‘é( chigmggegasi %@?Per n bl ock 670 of Fig. 6,
by reno all material down to the surface of ILD | ayer 210. In CWP, a
flat poI[(?@%i ng di Hith seferenee todlegk 66N Qflig. ¢.dRisteonnest malgriah 280 maydiaMal fr om

die 250 by polishing the surface, while a 15 chem cal slurry is used as a
pol i shi bg dapdsitach t dni ope cmbotdimens thec iimerconnekct thatenpad| 20hiingleppsitedt bon. CWP
techni ques are well known and are not described in greater detail to avoid

obscuri eac@gplatmge&smﬂquﬁsrag dederived fipther betbwdiHower, if othbreerhbudexnéntghe Wi | e
in one enb ment all material is renoved down to the surface of ILD |ayer

210, in uﬁ&%ﬁ}?eet RERag ma} bEddpsah afR\ICEbleS marHaE, 1§ Dttler khd®h opnd al so
renoves a thin |ayer of
15 yet-to-be-developed deposition techniques.
[0029] The interconnect material 200 includes a metal such as copper to provide
electrical conductivity as described further herein. Copper includes generally low
electrical resistance as compared to a material such as aluminum. The interconnect
material 200 also includes a dopant of a material that has electropositive standard
20 electrode potential. Additionally, the dopant may have low solubility in the metal used in
interconnect material 200.
[0030] The ratio of dopant to metal may vary in different applications, depending
on various factors. In one embodiment the amount of dopant is less than about 5 atomic

(at.) % of the interconnect material. For example, in one embodiment a copper metal and

25 bismuth dopant are used to make up the interconnect material 200. Bismuth is about 0.5%
8



3914%@?”6" fromthe surface of the ILD |ayer itself. This nmay be used to
assureé that variations in process paraneters fromone part of the wafer to
anot her do not inadvertently | eave interconnect material 200 on the surface
of ILD layer 210 after the renoval operation is conplete. [0038] Although

t he enbodi nent of the previous description renoved all 2s remaining

phot or egbslessyBbRibiedh chpiedr mdHagbn Bgctroposhive pbrhtislifablbutdli6 V. nhtiersfomn) t he
11 P14429PCT photoresist material is left on the surface after etching

and is rgEpY&Pedi Mol bR _ﬁlﬁ’}e'&gﬁﬂ& Ibisnith SH6H BAnABAOH AR Nthe ihffeonnect _
jnterconnect material of Fig. covers the photoresist material, which in

turn co . - f o 0f: : t he CWP
operati ﬁe{t%fl 4 '? ﬁ(e) Qgir] é’\?}ilhg%?%prgly%gt E}%ﬁ%@"rﬁgggsﬁ f’lls{nlugﬂé ?rloﬁ%{/e gatﬁ gg‘g&ceb\r??’gﬁ%usth down to
the surface to the ILD.|l.ayer, producing the.s result. (0039] Fi 3
shows t 198 GoRdpgHVIly t‘%&‘?ﬂéﬁyn R&%P%?dt%ff r]'r‘?%’i“gﬁ ,l,ﬁlf'glgﬁfs ﬁﬁteiercittrﬁp‘gs’é'@ff gnt%ée n
renoved fromdie 250, |eaving interconnect material 200 only in the

t r enéhedi-@gatherrthan an elestronggafive potentind) it 3o}l natpalerize with e qopperdo dfubit
separated from each other by ILD material 215. The trenches 207 are al so

| i ned widepositidyeofithe nt@oMnest matoxial 20Pieselse descaibed belowi s poi nt t he dopant may
still be distributed relatively uniformy throughout the interconnect

mat er i aljo@3). [ 004&mbddigentd ofhiatwsconnedt nelatetialy e200dihat 4ddudsi tdpper aubther at e
420 accommodating an |ILD | ayer 410 having netal |ines 430 enbedded therein,

al'l of vWishnaPinci8e bEatLst bidrlth biBoted adveU N ditdRarddpaRtmMeAAIAhhARS . AS
conpared with the enbodi nents of Figs. 2 and 3, 15 the etch stop | ayer and

barrier .1&%‘8@?@9 iR e\?mq[n%?[ rBEer}ilﬁl&iedA&w?tgln Eﬁég n{t%lc&%f%@{ éﬁriﬁhﬁo > UhSE gL ent

processi ng. nui n erence an additiona ayer 413 is

shown above the,l.LD | aye 10.. The addjg.ional ..l . be var i,ous

mat e¥j aBBUMERY ’gr‘?ﬂ'b'\éT 1 and yihentig {]{‘Bnﬁmﬂ%{%ﬁi‘ﬂ%ﬁ% ﬁlﬁﬁ? P59 of 11D
mat erial and may .include circuit features such as al filled vias

el ect r o CAgqtipPedtive eateptialy hOthar: mpteriplssuch 35 qnﬂzé) ET.‘)I sther AAHIVES 0. | n
this manner coupling may be provided to external features such as a package
subst r atdescribed belaangyagleade inglyded atlarhars whilernet elegtrically gendugtive, is

enbodi ments the | ayer 413 may contain various features and performvarious
functi oneadily dtireenowe imkifacbs sisgdesofiball deldBO0 andVis |of low solubditpadi copper. t he

| ayer 413 is another |ayer containing interconnect features that may be

for med ipartiduBir BRIbAGImenitdinh @ hatOcdpplt Asthe matdlind Gk dvaribigdtidafrdophusts st may
provi de other features in |layer 41 3. One or nore additional |ayers (not

showd) nEdfude?Bi, and one or more of C, Sb, Re and Ru (e.g., Cu-Bi, Cu-Bi-C, Cu-Bi-Sb-C, Cu-

Bi-Sb, Cu-Bi-Sb-Re, Cu-Bi-Sb-Re-C, Cu-Bi-Sb-Re, Cu-Bi-C-Sb-Ru and Cu-Bi-Sb-Ru).
In one embodiment the total amount of dopants is less than 5 at. %, with carbon less than
500 parts per million (ppm), and with other dopant elements in approximately equal ratios,
but other embodiments may use other ratios and amounts.

20 [0032] The use of a low solubility dopant promotes the formation of dopant
interfaces 105 (see Fig. 1) where the interconnect material 200 includes more dopant than
will dissolve with the metal. By utilizing dopants having low solubility in the particular
metal of the interconnect material 200, interconnect materials 200 may be created which
form dopant interfaces even with very small amounts of dopant. For example, in an

25 embodiment where the dopant is about 0.5% soluble in the metal, but the interconnect
9



gﬁé%ﬁ%FCT al so be formed on layer 413. In one enbodi nent die 450 represents
etely fabricated die, while in another enbodi nent die 450 represents
a partially fabricated die. [0041] At block 680 of Fig. 6, the
previously-forned netal lines are anneal ed to cause the dopant to mgrate
to the boundaries of the nmetal lines (e.g., the netal lines 430 of Fig. 4).

Fig. 5 sha¥sal0e iflileded I05% Mopaht 20 G tHE dEYARN ma1BRain! diskoRRY, WhilE 10hace at
vari ous stages of the fabrication process, for éxanple: 1) after the CW

operati f . : i . r an additional |ayer such
as Iaye?)?g%ég Ol?glgt rgée’&\ef %?%E}g%fl%gggﬂi&%ﬁgeﬁa&%és, 3) after all

fabricat}j oper at,i ons have .been coml eted on the waf but, bef.ore

sopar at 100347 "t he Bt PAOGTT Jhmieranee. mAesa d0s B AeReTen BY ¢ he
wafer 10 into individual dice, 5) etc. [0042] As shown in Fig., 5 the
anneal i SlgcHppating (@ slsotrodgpositien.y ddn acleefrRpiaitng, Hhs ¢ disomay plagedvincAnt he die
450 i s advanced bel ow heating el enents 575. The anneal i ng apparatus 550 may
be asknocletroplatjieg bath chutathingd tigeid thasincludasube metab and depantg e garticalani | ar | v,
the heating elenents 575 may include heated coils, an el ectronmagnetic

radi at i embddinscmirthe metl cohtert is betweeaaboit ¥thganmlpeetiter ¢y1) and aboet 30Eddi ment
the anneal i ng operation may provide a tenperature of between about |00C and

about  5Q@@Geopred Chtodided BY ebppt Qlfatt OdopPert hitfRteObr HBEVMEPRorMARIEophedsdtirdiit €s and
about 2.5 h%%?gé} (0043 V\W’Zbﬁ t he di 39250 is heated or p:':l‘nnealpéad as indicated

above, Lg ylORRAL: Ldhud% 1ol Blaf ABAR) 1 WRE (R ned ity BT BRALE: VRIA, foPe

boundari es of I nes, so that opan

concentrate | t he.batto edges,. and top o e tal lines. This may
o oduce cRine: by ASubBEH o b SRl o, TRE o/ BGk Plap il mil o
regi ons  and dopant interfaces 505 havjng doped netal around the poundari es.
For @xadgslude suifonig a@ﬁ@d&{%ﬁhﬂcwﬁ@ﬁe glqnﬁﬁ%r%%ﬁ‘éé@dl‘ﬁ’é@ﬁéﬁya‘!’e w@gldsql Fig. 4
i ncl udes copper and bisnmuth, an alloy of copper bisnuth nmetal 501 will

remai n detherel¢ctoplating bathttalenpurp dettarpup fll of the tienches,20742 o poipting wecurs e,
excess bisnuth, unable to alloy with copper as described above, wll be

dri ven &ster onvthe herizantabibbttorhef sheojpgyebeshem on ther sideshaisd tharebp halpdaevens. As
previ ously described, even though the netal alloy 501 and dopant interface

505 ar e tigheyhatich dfftfaphpédvisiasthasmilihe bédue if tBOplatih€n tHe o) sitRY offiettantly bl end
into each other as the concentration of dopant s becones increasingly

hi gher Bgan,di RecHPBIBABELRSthe trench filled up with the plating material. Such additives

15 may include various substances, such as suppressor polyethers, anti-suppressor di-sulfides,
and polyamine or polyamide levelers.
[0034] In electroplating, an electric current is run through an anode in contact with
the electroplating bath, while the device to be plated is immersed in the bath and acts as a
cathode. In electroless plating deposition takes place due to physical and chemical
20  reactions without the need for electrical stimulation.
[0035] In one embodiment, the interconnect material 200 includes between about
0.6% and about 5% bismuth - while the interconnect material 200 may include an alloy of
up to about 0.5% bismuth, the remainder of the bismuth will be available for formation of

the dopant interfaces.
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%ﬁQﬁﬁ% VWhile bismuth is of sonme solubility in copper generally, the excess
I'STu E is no longer soluble in the copper bismuth netal 501 as it is

al ready acconmodati ng a maxi mum anmount of bisnuth. During subsequent
operation of the circuit, the excess bisnmuth in the boundary areas acts as
a substantially conplete barrier to the mgration of 10 copper within the

dopant i[g03®]f aces THelufficimcysthé d€position tdesuribed aboveris @hhdnb&l bpiheaise ofl t hose
areas. Furthernore, the mnimal anount of bismuth within the nmetal 501, due

to the | 9l é&h'd}stl}isxﬂﬁthpi}ﬁﬁﬂ% Re1dcRroBQRRRY potbMB, | BebfusE1NiEBH G GFL ON

the conductivity of the nmetal Tines 430. Thus, even it electromgration

i nes ( icﬁll‘?fe%élsk&ﬁ%ngﬁfﬁf?ﬁé&é%%%ﬁ%%?ﬁ@gﬂﬁé’%%é%' if:ﬁ%stafc%ﬁtt? RBZE Vo i d:ehe
et al | BRI RoWHBRE GleakPPIBA R Seuh ABPosHicer essds NP dice. or

elimnate the creation of voids. [0045] Follow ng the annealing operation,

t he di e bygolarity of thengaterialalinvalyeds T alsp mHows p amellemameeung o€ domms tavhg
undergo further processing and be coupled to a package 20 substrate to form
a sem caosctlit the efeatrbglgiing baik forahe fdremingeof the ndecbomecpmatezige2XOén thealie i n

Fig. 1. The sem conductor package may then be coupled to a printed circuit
board (B&B) and utilized as part of an electronic device. [0046]

Enbodi ments descri bed above include metal [ines with dopant interfaces.
Q her EW ment s mRY) sAGVUER fidrSotnect mafeHAR S0V IhaP e Str&ithesS D@P &d O her
than that of 2s netal li1nes. For exanple, nmultilevel” features nay be

process int er, i . 4 . Fl Oas

Cross- sgngir{cglﬁath\#;%gv\% nglﬂgsﬁg%r? %I %fgleg t%gaﬁr?g&ge%}o%?%?gew&@ E am\?fl%emi% in
| ayer 712 to connect the.netal line tq another feature in, |ayer 780 (the

f oxtiir o PR JEROSES G0y it enchh VenaR T ant B A I ETIE e | | ne
are shown divided by a dashed Iine, although they may occupy. conti guous
space wunwagted dnjsrspinect| mptstigldady et sebedisatchomigslj meehpnicah @olishinging a
trench for the netal line nay be created in any feasible manner before

pl at i ng (CXR)as nsedrto zffdctahisaemiovalyasrdeserjbeddn bbqgg $170 of Figa 61 by ramanvingralhind
sides of the via and trench in any feasible manner, such as the techni ques

pr evi ousdaferthd downltedhe Freace iofl IBDdayérrXd Oney CMENa lflat polishing disk 13 o eal
i nterconnect material through any of the techni ques previously described.

The excgpmsivBlyClchRNVBaRE sHAR! materifPHomN@B 136 ByepoliBthglhetSFfasg WwileQVP or
ot her operation. Annealing nay then be used to cause the dopant to mgrate

o e, AR Ay 0 21 SRR 555 B8Py 31
operation. CMP techniques are well known and are not described in greater detail to avoid
obscuring an understanding of various embodiments of the invention. While in one
embodiment all material is removed down to the surface of ILD layer 210, in another
embodiment the removal operation continues further and also removes a thin layer of

20 material from the surface of the ILD layer itself. This may be used to assure that
variations in process parameters from one part of the wafer to another do not inadvertently
leave interconnect material 200 on the surface of ILD layer 210 after the removal
operation is complete.

[0038] Although the embodiment of the previous description removed all

25 remaining photoresist material before plating, in another embodiment (not shown) the
11



F’Bf metal line 730 may be treated as a contiguous conductive area, with
a re i vely uniformdopant interface 701 at all boundaries of both the via
and the |line. However, 15 other enbodi nents may create different dopant
interfaces in different parts of the line/via regions. [0048] For exanple,
the via may be formed and plated in layer 712 with a first set of

par amet @hstokésiserasteis i@ 1RGN thel firfict adRr wtdhthgaadd s terd®led By the CMP
tharacteristics in the via (e.g., a certain density of dopant, a certain

conbi natokefa 6K, LETRH Sn dnbdMmaRP I mtarcsanec@% é}gﬁ'andﬁg' "’PY%BveEQEémy be

formed on layer 712, and the line 730 may be for [ated Wt

iﬁ;?gg t rﬁ%)té) Js:sP?f[ 1cl]i ?n ?.m? gg&e?s &lgqﬁgge?ée}lﬁ? ggﬁgeaafcfgas ftlgDah eer%'ad set of

differe conbl of ele smthe dopant, etc, en _pbot h regi ons
may be AIVENFEdhE 53@? rfmeraﬂﬂpﬁn e Py Parpamh aﬂafseﬂﬁram %\ﬁ after
the via 735 is plated but before the line 730 is plated. is The conbl nation
may ©hedows tafecsrfoer afthelLD knyer, pradupipg thessaplegesidt: Since a ful | y- anneal ed
15 P 14429PCT CLAIMS W Claim 1. A nethod, conprising: s formng an

i ntercof@is®] wit hFég.e‘t:shdvcsaﬂmyenmnaﬁertthwanwamwd lirtbrconmmept hmtengl 260 &ks and a
dopant, the dopant conprising bisnuth; and heating the interconnect to nove

a porti @serPfenidved drR@ die 230, aeabmgrndwiobnﬂécttrﬁmmdltzeommﬁpﬂle thedchkes 207e et hod
of claim1, wherein: said heati ng conprises exposing the interconnect to a

tenmper at’[‘ﬂﬁ? R D8 HNRED 18 RBW indBAS ABd BRAUW00e Mrated- froﬂh@acﬂ%tﬁ@dag%[?l aiml,
wherein: 15 sai d heati ng conpri ses heating for” between about 1 nut es

and abo%ate%{ﬁ tztj'S)u ‘1‘?15 g%gc};qliem%{] 0 BI]@{(F l&/?}.g rpnlélaF &l r},ho (ilofv%ggq 4e

conprises pla erei n

ComD11 53 CORRETe Conle P I 21 BB ML e\ 1S, SopI compr 55
rel ati velltg/rcggrfeké?ggggalb OOf urther annealing, the dopant i nt erface
[0040] Fig. 4 shows an individual die 450 with a substrate 420 accommodating an
ILD layer 410 having metal lines 430 embedded therein, all of which may be created with
the previously described operations. As compared with the embodiments of Figs. 2 and 3,
15 the etch stop layer and barrier have been omitted from Fig. 4 as not relevant to the
subsequent processing. Continuing with reference to Fig. 4, an additional layer 413 is
shown above the ILD layer 410. The additional layer may be of various materials. In one
embodiment, the additional layer 413 is primarily of ILD material and may include circuit
features such as metal filled vias electronically coupled to the metal lines 430 of the ILD
20 layer 410. In this manner coupling may be provided to external features such as a package
substrate (e.g., the package substrate 175 of Fig. 1). In various embodiments the layer 413
may contain various features and perform various functions in the overail design of die
450. While in one embodiment the layer 413 is another layer containing interconnect

features that may be formed in the manner similar to ILD layer 210, other embodiments

25 may provide other features in layer 413. One or more additional layers (not shown) may
12



pohARLtshed in the via may not be affected by the further annealing
required for the line. [0049] The foregoing description is intended to be
ilTlustrative and not limting. Variations will occur to those of skill in
the art. Those variations are intended to be s included in the various
enbodi nents of the invention, which are limted only by the spirit and

scope ofalsbhiee dpmesdded l1ayeai418. 16 one Ribbddent die 4B0erepiisbmtsl otompleiely 1,
wherei n: the dopant al so conprises at |east one of carbon, antinony,

r heni umgziaRdied Wid) WHild T afotfer elbRAIRINPAR 430 réfradelisla pattiiafyThbticaledSlie.
electrically conductive material is plated froma plating bath having |ess

than ab%ﬂﬂ?' 1 ml/ﬁ.b%ckgm Fiﬁ.eg, thk Itl?%lvri](?jsl)pfo 0 4 Q‘l&tzﬁ'lix@% Hﬁtmgaled to

conprising: " 10 et ching renchi’ I’na er-lTayer dielectric;, depositing a
barrier in the,trench; .depqgsi.tin see aye n the barrier;. filling the
Crench PR B IureBE T Piglie o disiitioRsds ShabSihelal BRst @ dhn gl et 3
dopant having bisnuth; 15 repoving an excess of the electrically conductive
mat efi aPf §ig i4)-a Figenshoxys the disahiOciy anpyinealing gyesp Annealips mayhiake plece gy t he
inter-layer dielectric to mgrate a portion of the dopant to a region near
t he bar vamous stgges ®of thédabrisntiond pufcess, domexymphhich)edfter the €M pperatibmdbutin

el ectropositive standard potential. 11. The nethod of claim 10, wherein:

t he dopdefore imhetr R esing] eDSified ar additiondl Nayer sadh asiapet, 413eRibeen pRoed
rut henium 25 18 P 14429PCT 12. The nethod of claim9, wherein: said

fillingaseenhé ARGl ffe! BahECA] AblDiocRARPEAtbAhave BeenlEinpIBbd O tRf watkpl M 12,
wherein: s the electroplating operation conprises a liquid having a

g‘git Sf | 221?%%4@&;5%@%%%%?25@‘80 L gﬁﬁgﬂrxcfi{'ig{%&l dike,S4) LAY LpRGtich of HAlrW&Ri Ori C
10 into individual dice, 5) etc.
[0042] As shown in Fig. 5, the annealing apparatus 550 may include a conveyor
belt 525 along which the die 450 is advanced below heating elements 575. The annealing
apparatus 550 may be a known or yet-to-be-developed semiconductor processing oven.
Similarly, the heating elements 575 may include heated coils, an electromagnetic radiation
15 source, or other sources of thermal energy. In one embodiment the annealing operation
may provide a temperature of between about 100°C and about 500°C, such as about
350°C, for a time of between about 1.5 minutes and about 2.5 hours.
[0043] When the die 450 is heated or annealed as indicated above, the dopant in
the interconnect material may migrate toward the boundaries of the metal lines, so that
20 much of the dopant is concentrated along the bottom, edges, and top of the metal lines.
This may produce metal lines 430 having a metal or metal alloy 501 in the center regions
and dopant interfaces 505 having doped metal around the boundaries. For example, in an

embodiment where the interconnect material 400 of Fig. 4 includes copper and bismuth,

an alloy of copper bismuth metal 501 will remain central to the metal lines 430. At the
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%g@ 'ﬁgppressor -sulfide, a polyam ne |leveler, and a pol yam de | eveler.

e method of claim 12, wherein: 10 the liquid conprises about 0.1

mol es of bismuth and between about 10 grans per liter and about 30 grans
per liter of copper. 15. The nethod of claim9, wherein: the dopant is |ess
t han about 5% sol ubl e by weight in the copper. is 16. A method conpri sing:

form ng @mletRR Bxédds Bishiubts unhblY &F al®fy RithVBbifer ad\8esridddPabloVe, AvifleQpeh ay €T
beneath the first | ayer, the via be| ng open to the trench; electroplating a

L;L?Egc%%‘?s 4 THRE 035%} bl Kb B NS MR MR |

a second conducti emater trench.in ntac W t.h the first
conduct i%Y&R '5? mett"ﬁl %hda‘h‘ﬂ& H’U‘é"f*}?ﬁt@ SHAWR Y ﬂf’f EUSHAS net al
and a second dopant cont ai ni bi smut h; and 19 P14429PCT heati ng the
first arfistist ewﬂleéoﬂ@memmcwgkmblp%d inte Gach gihar as theroneqnitation of depantr st
dopant to a boundary of the via and a portion of the second dopant to a
boundar ybeceyésincrehsingly highenoéar the bonndaries. net hod of cl aim 16, wherein: the
mgrated first dopant has a different density than the m grated second
dopant . [6644]The neWhidéelbieuet idiofsdife soMilsiliBi i .cophed gBhaildy, €tk dxicésstbismpAnt has
a different conbination of elenents than the mgrated 10 second dopant. 19.

An apparightJenge? bk ﬁ'lgthe BppeighdthaHetal 5GUhd xt%‘élr@&‘dyf ARbinfRId8GhgM t h
operations conprising forming an interconnect wth electrically cohductive

o o G ?&:h%fvﬁé?%‘a%‘o?ﬁ e SOk ABBLioh 37 B B Q(ryi‘ Hledigat! ng
i T T,
corpr | <GB Ik His PR RTER b 8 b a N poiSs barvsf o8P eRtaB oy 100

and about 500C,  2s 21. The apparatus of claim19, wherein: 20
10 copper within the dopant 1nter aces, thus preventing electromigration of the copper in

those areas. Furthermore, the minimal amount of bismuth within the metal 501, due to the
low solubility of bismuth in copper, results in minimal effect on the conductivity of the
metal lines 430. Thus, even if electromigration creates voids in the center of the
conductive lines, the boundaries of the lines (in the form of the dopant interfaces) will
15 continue to provide electrical conductivity around those voids. In addition, the decrease of
metal mobility in the doped grain boundaries and interfaces may reduce or eliminate the
creation of voids.
 [0045] Following the annealing operation, the die 450 utilizing metal lines 430
with dopant interfaces 505 may undergo further processing and be coupled to a package
20 substrate to form a semiconductor package, such as the semiconductor package 190 shown
in Fig. 1. The semiconductor package may then be coupled to a printed circuit board
(PCB) and utilized as part of an electronic device.
[0046] Embodiments described above include metal lines with dopant interfaces.
Other embodiments may include circuit features with physical shapes other than that of

25 metal lines. For example, multilevel features may be processed in the manner described.
14



514424b§8§CT sai d heating conprises heating for between about 1.5 m nutes and
2RToti .5 hours. 22. The apparatus of claim 19, wherein: said formng
conprises plating. s 23. The apparatus of claim 19, wherein: the netal
conprises copper. 24. The apparatus of claim 19, wherein: to the dopant
conprises at |east one of carbon, antinony, rhenium and ruthenium 25. The

appar at Fsg, gf shelwdicfosd-Sectiohglvaéws oft el B 730Cial lhper 700.ANigH 4 VR 738t 1dyet
conprises |less than about 5 atomic per cent of dopant. is 26. An apparatus,

conpri sizig ot iHethétaf glgé[' %océﬂoﬂg:r %éguitl}sgﬂ %E?t%;é ir7§g l%thg g‘@nﬁgﬁﬂesih I]gvefl 9801019 gna

. §I}1’e
interconnect with electri y conduc I rising netal an

SEP?{‘E&%}I”R% Begi m{i‘&@;vﬁﬂa%ﬂ ?fﬁT o Bt rarR e Zb‘%tzaz?*%bﬁ”ﬁ ?ﬂsggr atus
i m 26, in: 2 , i : 1. P 14429P
the. dopAHEousbiBiy S oseonearisgns BACHHBO. 5 BHECADhAR RN uren B
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el ectr opt beleder thevia and a trench for the metal line may be created in any feasible manner
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, D\ GIM %efore plating. A barrier and a seed layer may be deposited on the bottom and sides of the
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[0047] By using uniform parameters in doping, plating, and annealing, the via 735
and the metal line 730 may be treated as a contiguous conductive area, with a relatively
uniform dopant interface 701 at all boundaries of both the via and the line. However,
15 other embodiments may create different dopant interfaces in different parts of the line/via
regions.
[0048] For example, the via may be formed and plated in layer 712 with a first set
of parameters to produce a dopant interface with a first set of characteristics in the via
(e.g., a certain density of dopant, a certain combination of elements in the dopant, etc).
20  Then the layer 710 may be formed on layer 712, and the line 730 may be formed and
plated with a second set of parameters to produce a dopant interface with a second set of
characteristics in the line (e.g., a different density of dopant, a different combination of
elements in the dopant, etc.). Then both regions may be annealed together. Alternatively,
the via 735 may be annealed after the via 735 is plated but before the line 730 is plated.

25 The combination may then be annealed after the line 730 is plated. Since a fully-annealed
15
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3. The method of claim 1, wherein:
15 said heating comprises heating for between about 1.5 minutes and about 2.5 hours.
4, The method of claim 1, wherein:

said forming comprises plating.

20 5, The method of claim 1, wherein:

the metal comprises copper.

6. The method of claim 1, wherein
the dopant comprises an electropositive material.

25
17



%%?‘25?83/&' () - hPdEbC! 10%t8: () - ! 10%&' () - #10%& () - f! 10%&’ () - L&10%M& () - 3! 10%
m& () - e* dEbCH! 10%m& () -1 (! 10%r& () - S& 10%r8: () - 9$#10%&' () - |
10%r& () - ! 10%&’ () - 0?dEbCY7! 10%m&’ () - @! 10%&' () - &3! 10%&' () - 0! 10%1&' () -. $1
0%& ()-,!10%m8 ()- ?@BM uV7 | 109 ()- SL0%' ()- & 10% ()-h10%&: ()- 10]]
10] ] 10]dpp&Elintgthee temaltielatvely @ntRieged by A& dnhealing, the dopant interface

“109%& ()-! 109 ()-#109%& ()- ! 10%& () - qUdEUVT

| $#109%& ét)abl&éhla@ ‘%ﬁ?«thé)wd x%foﬁot(t)e alfée@f’é&b hd ﬁn&?{@f e(rﬂaeélﬁ%%?m{eh TEHIEUN
_I 0' 10%& /& () - F(!'10% 10%&' () - Vxanth%&

10%54 dfﬁ‘tﬁ?i En%‘éfy“?if&%ﬁ%*%é%%@wféﬁﬁf@efTo%ﬂ by 5t gt ()

E $10%& - " 109 oty f1109%& | 109&
| 10%& () ar@w§ /Qggﬁ,g& )/@:mﬁ /e)E'z“() 0sg | }&tgl?r)s are 1gt)ended to be
109%&' () - Y(l 109%& () - @& 0%& ()- %?/A/\&X&Y&Z&e&& uV7f! 109&Z& () - 9! 109Z& () - 109Z&
' () - s10pesludsdin fepyarious embpdiments-of iy ingogdion) which' agg limjtedonty iyghe epigik’ () -
109&Z& ()-!10%& ()- #109%&Z& ()-!10%Z& ()-
1 109Z& @hd @k pPtherappende claib®oZ& () -! 109&Z& ()-! 109%&Z& () -! 109%Z& () - $109%&Z& (
)-f1109%2& ()-*W++8, , , dEuV7f! . $109%Z& () -, ! 109Z& ()-*!109%Z& ()-1 (mLowZ& ()- @
& 109&Z& () - &$#109%%&' ()-,B---<..... aSE7 1066 1066 1066! $59$10%66&' () - Y7
"109&& () - @' 109Z& ()-3109%&Z& ()-0 "10%Z& ()-...C///ZOdESE7 1066#10%r& () -
1 10%m& ()- !10%r& ()-S! 10%r& ()- 9! 10%m& ()- 10%r& () - Z001k112w2dESE7

16



ﬂ'%ﬁ%" ég%r&' ()-1#10%& () - S! 10%& () - 9! 10%& ()-! 10%& ()-! 10%& () - w22) 3083
YTAGESE? 1066Y(! 10%m8’ () -, & 10%T& () - $#10%& ()- "f 10%& () -

"10%& ()-! 10%& ()- T445b556"6dESE7 1066, 5! 10%1& ()- 3mlO%& () -0

"10%8 () -. #10%1& ()-, "10%& ()-s*!10%& ()- 66777

7707 7uV7T 10%1& () - 9 10%1& () - 10%& ()- 10SS 10SS

10SS! s9%1 0983 e (metidd SOXR [ WwhedaR89t 99dEUV7T LI 10%r8:! ()

110%m& ()-!10%& ()- #10%m& ()-!10%m& ()- !10%m& ()-9':

AEUVTE T 10, i Q8 dd QO G QAR Qi b, g% (- <<

==dEuV7f . $10%&
" 0% Hlﬂ‘%*l 10918 () - Y(! 10%m8 () -, & 10%m8 () - &$10%&' () - ==>[ >>??2?aSE7
10ff 10fFTUMY s9$10%6 f & () - Y7
"10%r& ()-, 5! 10%m& ()- 3! 10%r&' () - 010%r& () - ??{ ??, GARESE7
10f f 3#109%2Z& () - ! 109&Z& () - |
1 1092& () -S! 109Z& () - & 109Z& ()-$10%Z& () - @ A BBB+CCJESE?
10f f 510%z&' ( )The nosibrdd gfjclaimobapdietein: | #1092Z&' () -
1 1092& ()-1110%"& () -1 CC/ DDD4El EdESE7

10f f , 1092Z& ( Yhe electBeatly dohdictivé Btafetial )s-pldibd GOm& ISBANERiGY lobd thAAZ& () - | EE
FQFFGUGVGIB47 10@@° 9$109@a@ () - F7! 1092& ()-5 "109&Z& ()-2 "109&Z& ()-0

"10%&" @boutPLOfSEE df) dd’;@:&%ﬁiﬁﬂ%‘t’l MG 0@ ! 10%Z&' () -
1 1092& ()-y- 1092Z& ()-L! 10%Z& () - 10%& ()- 10@® 10@@H | f11JvIIdEH?
10@@ $109%2& ()-y "109%&& ()-L

9. A method, comprising:
10 etching a trench in an inter-layer dielectric;
depositing a barrier in the trench;
depositing a seed layer on the barrier;
filling the trench with an electrically conductive material containing copper and a
dopant having bismuth;
15 removing an excess of the electrically conductive material with a chemical
mechanical polishing operation; and
heating the inter-layer dielectric to migrate a portion of the dopant to a region near

the barrier.

20 10, The method of claim 9, wherein:

the dopant has an electropositive standard potential.

11. The method of claim 10, wherein:

the dopant comprises at least one of carbon, antimony, rhenium, and ruthenium.
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liter and about 30 grams per liter of copper.

15. The method of claim 9, wherein:
the dopant is less than about 5% soluble by weight in the copper.
15
16. A method comprising:
forming a trench in a first layer of a wafer and a via in a second layer beneath the
first layer, the via being open to the trench;
electroplating a first conductive material in the via, the first conducﬁve material
20  having a first metal and a first dopant containing bismuth,;
electroplating a second conductive material in the trench in contact with the first
conductive material, the second conductive material having a second metal and a second

dopant containing bismuth; and
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18. The method of claim 16, wherein:
the migrated first dopant has a different combination of elements than the migrated

10 second dopant.

19.  An apparatus, comprising:
an integrated circuit device fabricated with operations comprising
forming an interconnect with electrically conductive material comprising
15 metal and a dopant comprising bismuth; and
heating the interconnect to move a portion of the dopant to a boundary

of the interconnect.

20.  The apparatus of claim 19, wherein:
20 said heating comprises exposing the interconnect to a temperature of between

about 100°C and about 500°C.

25 21.  The apparatus of claim 19, wherein:
20
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the metal comprises copper.

24.  The apparatus of claim 19, wherein:

10 the dopant comprises at least one of carbon, antimony, rhenium, and ruthenium.

25. The apparatus of claim 19, wherein:
the electrically conductive material comprises less than about 5 atomic per cent of
dopant.
15
26.  An apparatus, comprising:
a substrate fabricated with operations comprising
forming an interconnect with electrically conductive material comprising
metal and a dopant comprising bismuth; and
20 heating the interconnect to move a portion of the dopant to a boundary

of the interconnect.

27.  The apparatus of claim 26, wherein:

25 the metal comprises copper; and
21



éq‘%g}/ggﬂ& ()-! 1109%83& ()-!10%Z& ()- S"10%Z& () - .

' €e& ()-Glo%& ()-P|]>uS4 100F10%Z& ()- , & 10%Z& ()-t! ,&"'10% )& ()-t
V& 10%N >& () -t L, & 10%n& () -tL$10%& ()-Z~_ @10

GLO%Z&' ()-910%Z& ()-T10%Z& ()-h 10Z 10Z 10Zl:10%Z& ()-!F7" 109%ZZ& () - &~ @
10 G10%&Z&' ()-910%Z& ()-T10%Z& ()-h 10Z 10Z 10ZY: 109%Z& () - @0%& ()- Normal"
" Headi ng 13] ahe ddppationgprided &t leastieddoMarbda) stimdrgagiefithng 3hé ruthére@di ng 53] c”
"Headi ng 63]c" "Heading 73]c" "Heading 83]c" "Heading 93]c"A "Default

Par agr aph

Font HAY#+4<wD&LTQ 9dAl t wsyN} - DP*5?J] TAKhr L| a] »_" abcdef ghiji +D*" % (*, . ZOW2T4

NGT79; =7 Ev \ {e9ghj | np

rsuwxzzn |~~%?ﬁ%(%‘§¥t@ﬁuﬁ%§%’|‘ygeﬁlﬁhes New RomanAri al Courier New'h Root
Ent r yWor dDocum;&.t LV UHSUR () - .l£0123456789: ;

<=>7 @G\BCDEFG¥ EWQP@(‘RMPXFW tingyhcdef ghi j kI rmopgr st uvwxyz{| } ~

5

22



