WD 2004/ 025723 PCT/ US2003/ 027792 DOPANT | NTERFACE FORVATI ON OF AN

| NTERCONNECT 5 FIELD OF THE TECHNOLOGY [0001] The present invention

rel at es gemera4/H257130 m croel ectroni c device 10 processir@yUS20aB/(2n792
particular to the use of doped netal in fabricating mcroelectronic

devi ces. BACKGROUND OF THE RELATED ART 15 [0002] In the fabrication of

sem conductor devices, various naterials bhe deposited on a substrate
For vari ouDORANELIN TERFAGE FORMATIOR, QF AN INTERCONYEST e f ol
may be deposited and patterned with trenches. Metal material may then be
placed in the trenches to forminterconnect lines, or "traces". [0003] A b
arrier layer is often first formed within the trenches in an attenpt to 20
prevent diffusion of netal ions into the ILD naterial or the substrate
during device operation. For exanple, a barrier |ayer of tantalum may
first beﬁﬁﬂﬁ%tiﬁ%ﬁqﬁéﬁp@ﬂég@ and sides of a trench before filling in
the rem a conductive netal material such as
copper. This barrier |ayer nmay prevent ions of the conductive nmetal from

di ffusin be?/ond thﬁ trenches when current flo in the nmetal |ine during
oper ati oW1 ¢ he 23he; present. yRNEOY; f4lpfes oBenemefor é?@?qrg&?trf’%lca#"we

el ectromgration, may eventually lead to the formation of voids in the

met alio | i pesessing, end naypactods Wetieastedofogenecdt hmetal o1 fabrisating inpigioglecenie he
device. Thus, the initial deposition of a barrier |layer nay be used to

reduce dbdedst om gration over the expected operational life of the
integrated circuit. 1 WD 2004/025723 PCT/ US2003/ 027792

BACKGROUND OF THE RELATED ART

15 [0002] In the fabrication of semicronduct,or devices, various materials may be
deposited on a substrate for various purposes. For example, inter-layer dielectric (ILD)
material may be deposited and patterned with trenches. Metal material may then be placed
in the trenches to form interconnect lines, or “traces”.

[0003] A barrier layer is o ften first formed within the trenches in an attempt to

20 prevent diffusion of metal ions into the ILD material or the substrate during device
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 cﬁrrent 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.



[0004] Unfortunately, a barrier layer formed as indicated above does not
conpletely prevent diffusion or mgration of all nmetal ions. For exanple,
wher e copp®r2004025ti3e et al deposited, even tantalum a frdwuSzoggodrddarri er
for copper, is not able to prevent a significant anmount of mgration of
copper ions out of the trenches. Copper is highly 5 desirable for netal

| i nes be it h hi gh electyical conduyctivity and i§ easy to handle in
t he nanuf@t@ﬁri ng g%é?rﬁlgia . aghurigy Ipyer, frmed; @gllﬁg@?@auéﬁ?}é 8RS diten
difficult to entirely isolate. As a result, the |ikelihood" of )

el ect r onFegfrpletebnprienentdedusion ersmigsationmy allrimetaloions. Feremxample, wdigref @PRESi n t he
convention manner i s undesirably high. 10 BRI EF DESCRI PTI ON OF THE DRAW NGS
[ 0005] Filg.mé&alsdeposited, evendsntslant, b daidly guodbardtr for sepper,dmdoicdbds topaekenge and
nmetal lines within it, according to one enbodi nent of the invention.

[ 0006] Fignifidasthamburd ¢l BERatith 61 8sspes 86is AR the @W¥nehest hEopRdralk HigHlgs
during a 15 fabrication stage, according to one enbodi nent of the

i nventi ?aesiJaQQCZBil mla@1inds (REANE iha Igg%‘hee'léﬁ?ri&ﬁ 98&@38%& ondds ggﬁgééfttﬂkdfegﬁ met al

i nes of Fig. at a subsequent I cation stage, accor 0 on

enbodi ment. of the iLnvention. LOOO8] [Fiag. h:S. & Cro$SSzsecit.o vi.ew of a

e cont HednmyTREvATE Ftklhs . BROR A AP et il SE 6 RRRE SipSiRle kLI on.
20 [ 0009 ig. 51is cross-sectional view qf the die of Fig. 4 during an

anneal i n§°lag adé 2 sl s i%elelewérfé cderbongsHen-g1dupeh VoiRs EpRBs In CORPES] Fi g.
6i saf lowc hart of a nethod, according t o one enbodinent o f t he

i nvent i ometql tiogsiformed)in the cenvgnemmenneasds wnslesirably bighof a di e havi ng a net al
| ine and a connected 25 via, according to one enbodi nent of the invention.
2

10  BRIEF DESCRIPTION OF THE DRAWINGS

[0005] Fig. 1 shows a cross-sectional view of a semiconductor package and metal
lines 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 at a
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 o fa method, according to one embodiment o fthe
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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WD 2004/ 025723 PCT/ US2003/ 027792 DETAI LED DESCRI PTION s [0012] In the

foll ow ng description, nunmerous specific details are set forth. However,
it is undesiogeksrisat enbodi nents of the invention nmay [FETprS20e3/0@e™$2W t hout
t hese specific details. In other instances, well-known structures and

t echni ques have not been shown in detail in order not to obscure an
under st andi ng of this description. [0013] References to "one enbodi nent"”
"an enbodi nent", "exanple 10 enbodinent", "various enbodi nents", etc.,

i ndicate that the enbodi ment(s) of the invention so described may include
a particular feature, structure, or characteristic, but not every

enbodi nent necessarily includes the particular feature, structure, or

char act eDETIAIEL.ED BESCRIPTION eat ed use of the phrase "in one enbodi nent"
does not necessarily refer to the same enbodi nent, although it may. 15
[0014] Sone enbodinents relate to a nmethod of fabricating an electrically
conductive interconnect structure (and/or to the electrically conducti ve

t t | ect d
by dopi n itk ?m{ i SR useﬁ“&’form s & %“tﬁ%ﬁséﬁﬁuéﬁ’?@h and
b eal i ct t r.yct t d t
mat or 1 BPybrie oputageioas B i ol Tt Epit pht b dfsd Rt
concentration of dopant at the boundaries nmay reduce t(E g@ar ee of
el ect r onthgpasnesiic deialsy i Jarnilay ipganced V&@h@ﬂf&’t’n yieucdyres, and, fes hpigpesRpvs et at i on.

In a particular enbodi nent, the conductive structure is an interconnect

st r uct ur bednrshbwdiimgetail proordacidt yeobscres anuderstaadingafilis desciptoor substr at e.
Al t hough the foll ow ng descriptions refer to various conductive structures
as bei ng[omBp! (e. Befer@rpper), “vad i eubodinaw!, nEhhs emyodimentpndeciniple non
25 netallic mterials if those materials exhibit the same processing and

el ect;fi cghbodment”, “various embodiments”, etc., indicate that the embodiment(s) of the

invention so described may include a particular feature, structure, or characteristic, but not
every embodiment necessarily includes the particular feature, structure, or characteristic.
Further, repeated use of the phrase “in one embodiment” does not necessarily refer to the
same embodiment, although 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 conducti{re non-

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



WO 2004/ 025723 PCT/ US2003/ 027792 characteristics described herein for
nmetal. The terns "line", "interconnect", and "trace", when used as nouns,
may be uswew iond/@scizangeably herein. [0015] Referring nowdrouszogs/021792a

sem conduct or package 190 is shown. The sem conductor package 190 i ncl udes
a package substrate 175 on which is nounted a die s 150. The package
substrate 175 maybe caonfjgured. for (iou ling to. a, ptinted citcuit, bogrd
(PCB) or Charadsristipg Q?SPQE@{ g?re]&rfoé metaly &ﬁﬁeéela%wg@. > IRteFQPReGha gy Mathe
package substrate 175 may act as an electronic and protective interface
bet ween when seedppampuisymay haused inten¢hapgeably hareia. di e 150 and the | arger
circuitry of the PCB. [0016] In the illustrated enbodinent, the die 150 is
el ect ri cploiLg] coupl Refetring hew tbOFigadk agendscdmstictat @adiage lpOsis| shewnballhs 180
at the |l ower surface of the die 150. The solder balls 180 are connected to

bond padgendiBndibior PAcKHEPAV0 SHElhEE R Pickhdtesubardtades subshitRiemolted alhie die
150 maybe further secured to the package substrate 175 by an underfill

%0 m | pa | L7
var obs B er iR 17 Bl e coRRER K3 (PR & apins o

Cont i nui ith ref t h di t.of Fig. t die 150

ol udosU At EEeTRG SR alroEnt SBrieEuh gy 1 RSt F AR 78t ca

The circuit layer 110 includes inter-]ayer dielectric (ILD) nmaterial 115
pat t er nefay gcascaniesdrRnts adipaptectiveriperiace belgenethe Sopppsipterish fEeHEY 8fich a s
metal lines 100 ( shown in cross-section). T he netal |ines 100 include
met al 10theréat5Q 4rel the targar candtryop et PCBt er f aces 105 near the 20 boundari es.
Wthin the context of this disclosure, a dopant interface may be defined as
a regio[oos] or ney tie Bsiided Ymbbdinengnitiealie V60 St releetrivatly tdoaplelas the
concentration of dopant material. Al though shown in the draw ng as

di st Q?L{)%&%%% 5fRiratt N5 5 tBldel diaTEd HARAMwer stiigdel FGRS b0 0TedheHoRidyal | y

bl ené another, "with the nmetal |ines 100 having an

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 underfill adhesive material 160 may be of various materials,
such as a conventional epoxy polymer.

15 [0017] Continuing with reference to the embodiment of Fig. 1, the die 150
includes a substrate 120 on which a circuit layer 110 has been fabricated. The circuit layer
110 includes inter-layer dielectric (ILD) material 115 patterned to accommodate metal
circuit features or interconnects such as metal lines 1 00 (shown in cross-section). T he
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.



i ncreasing concentration of dopant near the boundaries. 4 WO 2004/ 025723
PCT/ US2003/ 027792 [0018] The dopant material may include a material which
is of el estormpossrive potential and has | ow sol ubility RaT/tS2003RI ML USed
in netal lines 100. As descri bed above, the dopant interfaces 105 nmay
prevent or reduce the formation of voids within the netal | i nes 100 during
oper ati op, addi tjon, the el ectropasit otenti of t my S
hel p ens[hoégﬁdequa{rsl% glﬁﬂargfm?t@ilén?lagd?%‘h %] 19815 of ?Plﬁ‘ggp Ve [ 0019]
An addi ti onal 130 i s shown adj acent the circuit layer 110. In one
o eReiSTiahand e IOMoRIRI Gy HeTeiHGF inorciddineh ! 9. b derarbeil ebgve
isolated by ILD material. Additionally, enbodi nents of the additional

| ayer 13thentvpamcihteafabes 103chaylprevamt dri nptiecel thy éormatibn iofitveidsalititin rtleaiimietay
including netal lines with dopant interfaces simlar to 10 the netal |ines

100 of tHﬁes?i(_I(ﬁ&'ﬁﬁng]' Speeitiohl O ddditidie tRBleetvdpRBiive hovdntial bt ddpeht mbhpyer
110 and additional 1ayer 130 are bui' I t up on the substrate 120 and t e die

is fl % Ppﬁ%ip(%}{ﬁfre a{lé&lﬁat%laﬁ&'% ﬁwn@f&&aab+ eﬂth@%ﬁ%qin@@w above (e.g., a "flip

chi p" exa the additiona may |ncI ude CII‘CUItI‘y for
coupling he sold alls. 180 ve A not. uir that _the die
150 be o 6039#I ip cﬁ“lrlp dggh%a ngi }%(}:u‘oag 9\#430611?) %yars?ﬂ& EI?OHE
various stages in the fabrication_of a di such s the di.,e 15 wn in
Fig. 1. m@o@ﬂaﬁaa.%ﬁ@émee@c g3 Qinay incfiideckiiaan ommuggv l%olge@ ﬁ’dmﬁj) cross-
section of two netal lines. However, alternate enbodi ments of circuit

f eat ur esmateyialis Additimalpnembedimantyufsthe additionalelagem Rt mayeactuallycinglude wi t h
ot her shapes and configurations, such as vias and conbination |ines/vias
usi ng duglulitetsesnd iftemhnciepueisy, idadihg aedl llines Rh ldopant Gntstfaces samildraev char t
of a nmethod of formng the netal |lines and/or other features described

hereif.  HetOMOinesar 008 ESthO @bl RFePl16.néh HRXdMBRARENRAbAN! heFiuit Bay@hd t O
one or

110 and additional layer 130 are built up on the substrate 120 and the die is flipped over
for electronic coupling as indicated above (e.g., a “flip chip”). For example, the additional
layer 130 may include circuitry for coupling to the solder balls 180. However, it is not
required that the die 150 be of a flip chip configuration as shown.

15 [0020] Figs. 2-5 show various stages in the fabrication of a die, such as the die 150
shown in Fig. 1. The embodiments described with reference to Figs. 2-5 show a cross-
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 text 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



nore of Figs. 2-5, it is obvious that the nethod enbodi nent of Fig. 6 and
the device enbodinment of Figs. 2-5 may be practiced i ndependently of each
anot her. Maoddd/oReflerring now to Fig. 2, a die 250 is slr@muUsS2003ar27792

i nternedi ated stage of 25 fabrication. The die 250 may be part of a |arger
wafer on which the features of nultiple 5 WD 2004/025723 PCT/ US2003/ 027792
dice are fabricated hefore the wafer. js divided into the indjvidual dice.
In the i (GT i%%&aategﬁeﬁ@a? Hhen¥atet Hedigided 3up they MRS dicey H@rthaelgwﬁ% whi ch
may be of various materials, such as silicon-based materials including

si | i con- 6mbadigant, dhepdie 250 iincdilos §-sphgiptea? ) whish mayderef varions weterigsosush Fi g.
6, a conventional etch stop |ayer 225 maybe deposited above the 5 substrate
220. Theagsitihorsbaged Ineatenial @ Rfsludtrye Siicaf-os-sdphireror Bded-omineulatat.s Aswshbwas
silicon carbide or silicon nitride, having greater resistance to

subsequeat block 6l 0 adFagd6,xh edhveationa t Edhadibss 186r d25 aidyes dBsdsavs abHR2BE The
etch stop layer 225 nmay be deposited by various neans, such as plasma

enhanged ;oR&aicRl. Vﬁ@étc@%@ﬁ%}f#‘)ggs %@@@é@g 5 éma@eﬂagé:&cﬂ% SfrickRY be

placed in 10 a processing operati on ere materials to

formthe etch st | aver. 225 .are_jintroduced in as _for Convent i.onal
pressur egf‘r%fc%noﬁesi%i‘foﬁlr%&der ﬁﬁi‘flgg ﬁe@&eféﬁ%%&ce t{‘)Fﬁgf’ls%Hantb'oWg]?Odﬂﬁ% %@mé i ed
to generate a plas of e;ﬁhe gas and cause deposition of the etch stop

| ayer 228tchays a%%é%eélb %-one enbodi nent, pressure is maintained between
about 2.0 Torr and about 10.0 Torr, a tenperature is naintained between
about 2500023hd 15 dbeastch4smpdrycaddS RRyibs deposited by edrions meansdsucl af plaguenci es
and between about 1,600 watts and about 1,800 watts are suppli ed.

Si m | ar | ynhanodbenpudcd] vapdratepaditioie (RISCVDYnSodesatpld) el whed aviyrtayplpdeddaed by
various techni ques, such as PECVD. [0023] Continuing with reference to Fig.
2, an | LPpra¢sdingdithniter 4AROBEC YD SROMBN where materials to form the etch stop layer

225 are introduced in a gas form. Conventional pressures, temperatures, radio frequencies
(RF) and power may be applied to generate a plasma of the gas and cause deposition of the
etch stop layer 225. For example, in one embodiment, pressure is maintained between
about 2.0 Torr and about 10.0 Torr, 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.
6



the etch stop layer 225 and patterned by various photolithographic and
maski ng techniques 20 to formtrenches 207. The |ILD | ayer 210 nay be made
up of conwetoneexal23l LD material 215, which may use sil i cat/useesnensand
oxygen sources during deposition of the ILD |ayer 210, and may have a
dielectric constant of |ess than about 4 after fabrication. [0024] VWth

addi tion ference tq Fi 6, the ILD materi al r_m be deposi as
i ndi cat eﬁkafpﬁﬁaos@p&@z*scw h&BReEA g crr%@y‘e?re%oss\s&/ig? ke Tl dpyes 12d B- Ié’}ier

225. Various 25 known or_ yet-to-be devel oped techniques may be used to
create | EBMRgemn ong embedippnp (Entiyss20y3arecTraish @o3hopn7oblock 630 in the
Phot ol i t hogr aphi ¢ techni ques may be used to create trenches 207 in ILD
| ayer 21fbllowaong nmexaerpl pa layer ofhphctorbsisti metetialtis éopdsésd 30 1LBrleyarrda) 2dthas
shown in block 630 in the follow ng manner: 1) a |ayer of photoresist
mat er i al phétofteRORlyEEE eRPosel b hdwREnEQighPdr bther elBARINIRSHS FadiANEA! 3) the

exposed to a pattern of light or other el ectromagnetl c radiation, 3) the 5

phot og eSpﬁéto{eéﬁé?fay%ﬁs %%V‘?blgr B0 refhole iRV Eob %e& e 3%%1%@%%‘59 aly%lgﬁ)s) 4)

phot o esi'st [ ayer y to r 6D ve t e non-ex por

h t nt d t tch t f 1LD | 0 that
e PO Bl Sk b R o8 1 P B PR A0, 2
t h whi.le th t f LD I 210tht til d
e et A il e e

photoresist 10 material is renoved. After these operations, trenches 207
may haveFige8rhese axt b tiench arens)] wiyide the portions of HeD Wayer dbhat aretstidl coverhd st op
| ayer 225, which was put in place to stop the etch process at a

pr edet er by kel ptieptdyist Thyes ramdinoiniet, aRl Rpdferoétchihgathentgenidiging pbhstoassist wel |
known, and are not described in greater detail to avoid obscuring an

den g ko et Ounae e b i 07 i 110, LORERL s v
layer 210 all the way down to the etch stop layer 225, which was put in place to stop the
etch process at a predetermined depth. This and other methods of creating trenches are
well known, and are not described in greater detail to avoid obscuring an understanding .Of
various embodiments of the invention.

15 [0025] Following formation of the trenches 207, a barrier 203 may be deposited as
indicated at block 640 of Fig. 6, followed by a seed layer 202 being deposited as indicated
at block 650. The barrier 203 may prevent the metal in the conductive structures in
trenches 2 07 from migrating into the material o f ILD 2 10 when the final productisin
operation. In one embodiment, a tantalum-based material forms the barrier 203, but other

20 ﬁembodiments 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



i ndi cated at bl ock 640 of Fig. 6, followed by a seed | ayer 202 being
deposited as indicated at block 650. The barrier 203 may prevent the netal
in the comdumbdexs7st ructures in trenches 2 07 from m gretT/vg003M20792 he
material o f ILD 2 10 w hen the final product i s i n operation. In one
enbodi nent, a tantal um based material forns the barrier 203, but other 20
enbodi nents may use other nmaterjals _in the barrier (e.g., tungsten,
titani unforyeningl atepac Jayerrdepastiiogdd-INng EFWELS S@Pt“blg}f ppigerm §5% s wel |
known and is not described in greater detail to avoid obscuring an
under st afilk segd dfyevmay dba of varbpdimaserials, ghch dsecoppereniaicopper[allogs] | n one
enbodi nent the seed | ayer 202 is between about 100 angstrons and about
3, 000 anpwRrpns t hThkuse of asesdnageh 202ninay incndbise adhdseorseetthesayfeces2F2he s | ess
than 25 about 1,000 angstrons thick, deposition of the seed | ayer 202 may
proceed Q¥nch720\ﬁ5@y3ﬁ’9ﬂﬁé}m3t 44136 80 3{1&8&?69@%1 plRBY &iib HRNBdncAEABIf6m) ayer

o]

deposition (ALD) "to ensure a substantially unitormthickness. The seed

| i 1erl . l. 10027
|t TS g o83 514, 3 r SHE A CORREE e SRR ANk 0027

e surraces of-the
trench 207 by.the.intercopnect paterial .to be subsequentl | aced into the
t r enches®PPe ﬁrarli’i’h%({]’tlﬂﬁg Pﬁﬁ@géﬁﬁ#ﬁw% aﬁgrp?aé‘?fgﬁ?ﬂpgf H&H r@%gﬁl@%ﬁggﬂg@ﬁﬁe an

i nterconnect. material 200 .including copper. is applied using plating '

t echni questerialscispd an Ehe easpprelayamy et faamaion Qfcd Fhlltl ée@dqhayehaé)?epf gPPehsed in
the barrier layer. Initial formation of a thin seed | ayer 202 of copper

usi ng nousipg abnpipting chelinggres males she wtialnadhicrdnca i mopperetodfarrier material,
copper-to-barrier material, while the subsequent plating operation only

needs t owail® eetubtguaa pheing@petaien ohlyeicetndattherelle o&ipRf bthetiftetdoneopper
of the seed |layer, which is nore easily done. [0028] Wth reference to

24 SR SN RS MR oo b s oo 1
[0028] With reference to block 660 of Fig. 6, interconnect material 200 may now
be deposited. In one embodiment, the interconnect material 200 is deposited by
electroplating techniques as described further below. However, in other embodiments, the
interconnect material 200 may be deposited in an electroless manner, or by other known or

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



el ectropl ati ng techni ques as descri bed further bel ow. However, in other
enbodi nents, the interconnect material 200 nmay be deposited in an

el ectrol es® was1005723 or by ot her known or 15 yet -t 0- be- devielsepesd2dm®posi ti on
techni ques. [0029] The interconnect material 200 includes a nmetal such as
copper to provide electrical conductivity as described further herein.

Copper i ncl udes enerally lo el ectrical, .resistanc 0 dto a
mat er i al (0§ lgsk) splublg rqoRnFe anthBas an dectionpriite Potertil o Pb%é 1%%26&6@1”@%5 a

dopant of a material that has el ectropositive standard 20 el ectrode

pot ent i awith Adspiect tonsaliility, ey despaen biseyitthalley fowmation upithin tthe jinfercppanggit al
used in interconnect material 200. [0030] The ratio of dopant to netal may
vary i n ghafefier 200t wpiptivdaho anse tidapdodi 06 bismway limitingf the effect .of bisnmtie
enbodi nent the anmount of dopant is |less than about 5 atomic (at.) % of the

i nt er congeedndvefifity. alzxddiﬁ%aw YEBhRe thé‘b@ﬂlﬁtlﬁﬁ@ﬁﬂbmfele@trﬁme értlal and 25
bi smut h dopant are used to make up the interconnect materi al 0. Bisnmuth

is about in
coppet,  Gtarisg Pl ‘*{0‘?@%5%%.35%5‘%“ r?%?%g oty h%?s&pe?her e
with res ect to ub|I|t | formation within the
i nt er confi@Opltl Oﬂﬁfg‘rel]é‘iem? e %eqaﬂg‘ﬁ(ﬁﬁseg?f’o e %111?2% "about 0.5% bi snuth,
limting the effect of bismuth, on conductivity. Additionally, because the
bi snut h~ [498tldes aRmbpdisienspesiintpisanisst amterials éo@lthét mchideefonPRG RS He

el ectronegative potential) it will not polarize with the copper to inhibit
deposi t i owetabmay liecludet dopents € bismmtlt avricdd 3b00e.ad dditiovaldiopanti thaldritde hawing [ 0031]
Enbodi ments of interconnect materials 200 that include copper as the netal
may i ncl weesslamant i edppbi aiytte Asluded edthab cieeintebestinkctomaleridbp@0)tsuctaber i al s

having low solubility in copper may be included within the interconnect
mat end al ;3 f0onyS46Y) Ahium (Re), and ruthenium (Ru). Similar to Bi, Sb, Re, and Ru are also
of electropositive potential. Other materials such as carbon (C) and other additives
described below may also be included. Carbon, while not electrically conductive, is
readily driven to interfaces as described below and is of low solubility in copper.
Particular embodiments may have copper as the metal and a combination of dopants that

15 include 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 w here the dopant is about 0.5% soluble in the m etal, but the interconnect
9



10 antinony (Sb), rhenium (Re), and ruthenium (Ru). Simlar to Bi, Sh, Re,
and Ru are also of electropositive potential. Gther materials such as
carbon (COvoavds/atshsr additives described bel ow may al sedieusnasizamd.
Carbon, while not electrically conductive, is readily driven to interfaces
as described below and is of low solubility in copper. Particular

enbodi nent s . have co as the nmetal and a conbinatj on o opa t hat
151 ncl GBBER JUNEOBHE DT s osihe dbanfe R gl RO e OB - C
Cu-Bi -Sb-C, Cu- Bi-Sb, Cu-Bi-Sh-Re, Cu-Bi-Sh-Re-C, Cu-Bi-Sb-Re,
Cu- Bi - C- shthrdopantim@y beireadblyfgiven tq ioronleparieigifaeest the total anount of
dopants is less than 5 at. % wth carbon less than 500 parts per mllion
(ppm, aftd38) t h ot merondopmbbdialeatyetites intercappedxnatetiall Y06 qisaldepaditedsby but
ot her enbodi nents may use other ratios and anounts. 20 [0032] The use of a
| ow sol uflebttdplatBi@Pant elBdtRIdehSitid e hpraaitﬂogmﬁﬁg, depadit niapt plataras iM5 (see
Fig. 1) wheré the interconnect material 200 includes nore dopant than wl|
di ssol ve i . i did g i HAPRA [ o] L in the
| el‘é@:&d&é&t@% UOEFHt ntalﬁﬁﬁgu(f fiddid 't i Ok ﬁg%%glgd LOYn® H"Q?laﬂfcﬁlaif

particul ar t e 1 nterconnect materi al , I nt'erconnect materials

200 may be. cr.eated whic form dopant Jin faces even w th ve syral
amounts STORGEERT herpLeoniiidt SPRAG, bl 3RiBERS of s MbanfiFbbuciTel |
about 0.5% s oluble i, n the nmetal, butt he interconnect .9 WD 2004/ 025723
PCT/ US200B8¢app9ts $2ovidask By fenpep é‘éfalt‘?:chBB"ééntI@tS%ro%B%rrﬁPPrQPr@% GIPPEhYEEpant

may remai n dissolved, while 1% of the dopant may be readily driven to form
dopant i mdtheavpsnt dooE8BIs less thar aborh Gcli m@f')ﬁ (M} per liter ef bismuticpromaledrfoal 200
is deposited by electroplating or electrodeposition. In electroplating,

the di e smimplt,dydisnuth ahiratSocdthatappipaibicrtgsonath Bale.oThaelbetraplatingitgth way hat

i ncludes the nmetal and dopant. In a particul ar enbodi nent, the netal

contgnt  {RnfAeiWESHc 3RO HYdrbEhIBFiaaBidR e AdhitfoRAlLY, B dahi ARHIERRA thaydbk Bicluded

in the electroplating bath to ensure bottom up fill of the trenches 207 (i.e., plating occurs
faster on the horizontal bottom of the trenches than on the sides) and thereby help prevent
the formation of trapped voids that might occur if the plating on the two sides of the trench
207 met each other before the trench filled up with the plating material. Such additives
15 may include various substances, such as suppressor polyethers, anti-suppressor di-sulfides,
and polyamineé 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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of copper, provided by copper sulfate, copper nitrate, or other appropriate
copper source, and the dopant content is |less than about 0.1 nole (M per
liter of Wioszm/espasovi ded, for exanple, by bisnmuth citrrdTeuso3nime
appropriate bisnmuth salt. The electroplating bath may 10 i nclude sul fonic
and hydrochloric acids. Additionally, organic additives may be included in

the electroplating_bath to ensure bottomup fill of the trenches 207 (i.e.,
pl ati ng i)@c"éis faEB%F&Wr{CNé’f s dlepgitigh dB‘@PLS‘#T?‘Eﬂvetlﬁénlﬁné hedeussfon the
sides) and thereby help prevent the formation of trapped voids that m ght
occur i f depratspisuelt ag bismuthehavipg slegrepasitivenpotentialic h Bepgre remetd ciiclhaher
before the trench filled up with the plating material. Such additives 15
may i ncl volgpey also basaselbsttapositive psteatialathe slopant @ad die mpofay &file pdlarize when
anti-suppressor di-sulfides, and polyam ne or polyam de |evelers. [0034]

I'n el ect if)datddnGuchadd witlsathé Elesidplflie Hath. " Thus AESIsaTbrofo8dtas @ninRibeedt act
with the electroplating bath, while the device to be plated is imersed in

the bat hb??glagi of e xﬁ‘%tﬁrgél% ﬂﬁ%‘f‘ved' “rhgé 266 LBbES 3 sﬁaﬁ&%%g?'ﬂ}‘? %‘P%i%éiérg ri'? ggkes

pl ace due ysi cal em cal O reactions wt hé n

2001 ncl DR HBGHPPL D2t e ATtk 5o Bamreh e P00 ppghe 08 1 7

i nterconnect material 200 may include an alloy of up to about 0.5%

bi smut h, 28fe remai nder of the bisnuth will be available for formati on of
the dopant interfaces. 10 WD 2004/ 025723 PCT/ US2003/ 027792 [0036] The

ef ficient§038F the Higodsshaventhgeltar¢dmacctabatedali 20Qk filling 8¢ tgnches 206 endf
dopants, such as bismuth, having el ectropositive potentials. Because a

met al suctveding thoppéice alf SDDHagera10alfiRe theqiaisig opeatival eSihtathe ihfescodngrant and

the netal fail to polarize when introduced, such as within the
el ect;f ophatdradi Htddded & HHSin 19RRRSIchésOP aRERCEBEHS R MY BE L8EH to remove the
unwanted interconnect material. In one embodiment chemical mechanical polishing
(CMP) is used to effect this removal, as described in block 670 of Fig. 6, by removing all
material down to the surface of ILD layer 210. In CMP, a flat polishing disk is used to
abrasively remove the surface material from die 250 by polishing the surface, while a
15 chemical slurry is used as a polishing medium to improve the efficiency of the polishing
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



5 by polarity of the materials involved. This also allows a smaller anpount
of dopant to be wused in the electroplating bath for the formng of the

I nt er conna@ 200&02ri3al 200 on the die 250. [0037] Fig. 2camosemoidter2

i nterconnect material 200 filling the trenches 207 and covering the
surface of ILD |layer 210 after the plating operation. Since the

I nterconnect 10 material .1 s needed on in the trenches, v ario

t echni quiRotpRg§istymategiab ds tleflb oneths v ah%‘i/\ﬁ‘ﬁ?@& ?IH{ & E‘?ﬂ*ﬁ]"@étbmeeﬁm . In
one enbodi nent chem cal nechanical polishing (CWP) is used to effect this
renoval , opesatibss c i bawghi an ismbekingsng, tfc mitgcomecthmatesimb\afnbigald covs b al
down to the surface of ILD layer 210. In CW, a flat polishing disk is used

t o abr aphotedeyistrmamyigl, théchsinrthaceovert the neh-efchodnsulifae2véasinf TpDI fagtri 21g. t he
surface, while a 15 chemical slurry is used as a polishing nediumto

i mprove RGeS e €MDY ofbratibi® obQhd plvitths RPSAH 8y EMPrdnRRRMINURErAle wel |
known and are not described in greater detail to avoid obscuring an

der st agg| - - - o d e
under st agel A & sAId AT BPUL B A Sudlhe IliSabBYERR O, VAIL e Tn one

Is re gowntot e surface of I1LD layer 210, in
anot her di ment. the.re al operation continues further an Q
Cenoves WU | aybie' o5 o5 Rs Erhl et U RO HiBeomiel R PRz P pds
itself. This nmay be used to assure that variatiqns in process paraneters

f r om onebgsaremgied FamadieS0; laxingtinisrcogrech aterivd PR onbnn {he trepglhes 207.

I nterconnect material 200 on the surface of ILD | ayer 210 after the renoval
oper at i offthuss theoligh) kiyer 2]®068]inckhddsoueshl litiee 30fHsophirated tirond eadheotherchyl By
description renoved all 25 remaining photoresist material before plating,
i n anot hgfhtegiab®IH. NER¢ trémudies 20D Are) alédBned Mrith\@ b2/ 03 %84 3BoWaT/HISAE/2027792

photoresist material is left on the surface after etching and is renoved by
the QW thig point the dopant may still be distributed relatively uniformly throughout the
interconhect material 200.
[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 overall 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



operation. In such an enbodi ment, the interconnect material of Fig. 2
covers the photoresist material, which in turn covers the non-etched
surface anw®emo4625713D | ayer 210. However, the CVP oper athaanusebosdzeropr evi ous
paragraph may still renove all material s down to the surface to the ILD

| ayer, producing the sane result. [0039] Fig. 3 shows the result after the
unwant ed i nterconnect materjal 2 00 has been renpved fromdie 250, .| eaving
i nt er conAke tbentarmed An 3T Py 1t opp embodHRHE sdio (PO represents 4 gopplstelyy er
210 now i ncludes netal |ines 300 separated fromeach other by ILD nmaterial
215. Thefabrieatetdic, wbile ir anothes ombpdigwnivlic 458 rémaesentsra (wotdal hsfabiesigd ditowever ,
at 10 this point the dopant may still be distributed relatively uniformy

t hr oughofaod4the i niebiceknGot offRiges, tht pAbusyORRbd hiddal 1thes hfsnan@aled to
i ndi vidual die 450 with a substrate 420 accommodating an |LD |ayer 410

having mehat td dpantROnerheds et sdtafia ofdhd mefal Y&ﬁézsc{ié. dTife BetarARE adow t h

the previously déscribed operations. As conpared wt enbodi nents of

Frgs. .2 30 Loyl heaflANLS WPARNSh, SRR HIG! RNSRSHR, BILLIEE from

Fig. 4 a an subsequent processi ng. urn

reference t o Fig. 4, a_n additional ayer 13 i_.s .S above the ILD
| ayer a1 Bator st i oriafan biste fo SmlsuD S b ALP qRRRe Ut
enbodi ment, the additional |ayer 413 is primarily of ILD material and may

i ncl ude beforafurther processiig, sticficnsn addifipnalilpyes queh asslayeredt3 basi kegn placedupl ed
to the netal lines 430 of the ILD 20 | ayer 410. In this manner coupling may
be provi dedettioc metablines, ¥)efitualbfbscationapemtipackagdecs adspletion(the gafert he
package substrate 175 of Fig. 1). In various enbodi nents the |ayer 413 rmay

contai n way bt sepautioredf andwpRer 16 AddididL4Udicd, UnY hit@nsephiatibh of dwetvalck

design of die 450. Wiile in one enbodinent the |layer 413 is another | ayer
cont g}, ni g Al BAGRANRECS) et €at ures that may be formed in the manner simlar
to ILD layer 210, other’ embodi nents 25 may provi de other features in |ayer

413. me[dbr42r0r € agcsj'shlo&ﬂe}h Plige}yf "te n%%lir?gh %\)AF athe 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 s emiconductor p rocessing o ven.
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

13



12 WO 2004/ 025723 PCT/ US2003/ 027792 al so be fornmed on |ayer 413. In one
enbodi nent die- 450 represents a conpletely fabricated die, while in

anot her ewwombsreasv23di e 450 represents a partially fabri catmers2003277920041]
At block 680 of Fig. 6, the previously-fornmed netal |ines are annealed to
cause the dopant to mgrate to the boundaries of the netal lines (e.g., the
metal lines 430 s of Fig. 4). Fig. 5 shows the dje 450 in an .gnneal i ng
oven. Anif&a G ‘??‘&95%‘%{%%“‘5* é&a@ﬁa’g allewﬁlfsope?faﬁé%%fbeéwbw%w D5 AR
process, for exanple: 1) after the CMP operation but before further
processi #Yay, 2yhess ttavillhe Hernediveiealit reaghas the boungdsripsy As prevdoushisdesedbeds| aced
above the netal lines, 3) after all fabrication operations have been

conpl et eevennthbingh e metal biloy 561 ané depaeriaterfane 605 tane shwfelin ithet Hgumasliayi dual
dice, 4) after separation of the wafer 10 into individual dice, 5) etc.

[0042] Agistihatitiss, fthélr may ath@lpmbiealihfddeRBRARH 44Sthe 2BndBRAatidiE b depat
conveyor belt 525 along which the die 450 is advanced bel ow heati ng

el ement Sbééﬁles?-&?eaaﬂlgﬁglllr#ﬂ&nggtptﬂéf)@ﬁﬂﬂ%riés S0 may b e a known o r

yet -t 0- be-devel oped conduct or processing oven. Simlarly, the heating

el ement s B75 may iQgl.ude heated. cails el ectromagneti ¢ radiation 15

sour ce. 03 heY (SutdSsiRus e Hlie Suffy B fipesh Rt s i oa i ng
operation y provide a tenperature of between about 100C and about 500C,
such as Hb¥u ongs*sw}ﬁfz dp the ponpst %*S%léh MMttt 13 slreadydceqmaRdatiigotit 2. 5
hours. [0043] Wen the die 450 is heated or anneal ed as indicated above,

t he dopam@axinmm taneuinh o€ bewmikc tDnitge subsequenty onsrgtien of tlsairehit, Hhe lsseasslar i es
of the nmetal lines, so that 20 nuch of the dopant is concentrated al ong

t he bot t bismutdigethe bamadairppread adthas aetisstankiag sompletesbarayr torthe utigratieh af | i nes
430 having a netal or netal alloy 501 in the center regions and dopant

I nt enf acgsppeP Withdy HND dSORE ntleBERL, MO We ehiify RRXAIRNIE8on BPINEEGIPRIGn 1 N an

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. 1 o
[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



enbodi mrent where the interconnect material 400 of Fig. 4 includes copper
and bismuth, an alloy of copper bisnmuth netal 501 wll renmain central to
t he met al wWia ve€024313. At the 13 WO 2004/ 025723 PCT/ US200%/TO226@A)27®ae
time, excess bismuth, unable to alloy with copper as described above, wll
be driven away, where it will be stopped when it reaches the boundaries..

As previoguslLy.described,. even though the tal, all 501 and_ .dopant

e or  ac Bl g8haVs Clongrertion ey sl gel B8 TR Supdie v Mhart » S8 1B Meny
actually _blend into each other as the concentration of dopant s becones

i ncreasi nit o powyIeet theanetak ke wownether ifeature[indaver 79 i(the fortsrauinhlevel BO isone
solubility in copper generally, the excess bismuth is no |onger soluble in
t he coppemitbdds fontdlanity). alThe0dia @sd ithe insetall lireaary shoemndmwitiat i yga alasheexiima)m
anount of bisnmuth. During subsequent operation of the circuit, the excess

bi snut h klhdugh thepndgriotcayeamtigtds sﬁ&ceawﬁh&ﬁtaaﬁﬁyisﬁial Yoef@ap) Béteddthcher to

the mgration of 10 copper within the dopant interfaces, thus preventing
el ect FOmoRdb irAhelyid Rt & HBRAL for e AP Bnd1ER%e AL ety
amount of bisnuth v‘\ln thin the net aIe 501, éllue o} etﬁe (Flowﬁg}éfet%ll ity o
bi smut h | opRer bts in mninal effect op .the, conductivity of. the
metal i gfggeﬁgﬁngr h‘ﬁ‘g’%{—ﬁgﬂa fif eeél]q%%etr%ar% bger(g P%Eedcopgtg? ggtg%iaﬁ‘is dﬁs ?é}t Ccenter
of the conductive . lines, the boundarjes of the lines (in the formof the
dopant i maeaaﬁat&f‘élgsl iRy astbimemese a9t teglnigpesgrrpyiewly devraibed. \I%Fy
around those voids. In addition, the decrease of netal nobility in the
doped gr aianamsb line anayesheaner ifileditlc depethintereonnset oratesial ihmngle anhief theeat i on
of voids. [0045] Follow ng the annealing operation, the die 450 utilizing
met al | i teebni4B3&s previohslgapsmibed.nThe eacss iébonmeyt hatkeimaf dhdnhles repioveéssi ng
and be coupled to a package 20 substrate to forma sem conductor package,
such 1@s HheugeCNIP &Y GRSy oparlienle AhABaIFI30MEY then be used to cause the dopant to

migrate to the boundaries, forming dopant interface 701.

[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 d opant interface 701 at all boundaries of both the via and the line. H owever,

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



in Fig. 1. The sem conductor package may then be coupled to a printed
circuit board (PCB) and utilized as part of an electronic device. [0046]
Enbodi mrenw® mes@siized above i nclude netal |ines with doparus2nesanimees.

O her enbodi nents may include circuit features with physical shapes ot her
than that of 25 netal lines. For exanple, nmultilevel, features may be
processed in the manner, described. . 14 004/ 025723 PCT/ US2003/ 027792
Fig. 7 sffmgt ostce Jemring ﬁ%%ﬁt“&??séwha%g%@vﬁéﬁgrher PReFang thR dORYUINIPEACE yith a
via 735 in layer 712 to connect the netal line to another feature in |ayer
780 (t heestablishaddnitle viewdy mpgbe aectashiyt the durtlsr apneating yoquirgéh éonthealistmd t he
netal |ine are shown divided by a dashed line, although they may occupy
cont i guojid4%pace wWihdfaregang dyriptidn o imelaieyt tb dienidkmstritivenandSndk livaltmgf or t he
via and a trench for the netal line may be created in any feasi bl e manner

bef ore pyaidtigs willbsdcht € tRRE of skBEth HRYAE. "MBbsdalRRARI &r&dntenddd® ot tom
and sides of the via and trench in any feasible nmanner, such as the

technjq j i VIR W | . i Ll W th
doped | miSrREFHL AUl Satd Bt 3 e ttidiBR whibp S ML B0 BT L iR
described., The e gess [ tdarconnect material may then be renoved 10 through
a CWP Oran&Sﬁgpe%tﬁ ? ARG AAMEal i ng may then be used to cause the dopant to
mgrate to the boundaries, form ng dopant interface 701. [0047] By using
uni form 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 wuniformdopant interface 7 01 at a 11 boundaries of b oth the
via and the Iine. H owever, 15 other enbodi nents may create different
dopant interfaces in different parts of the line/via regions. [0048] For
exanple, the via may be forned and plated in layer 712 with a first set

16



of paranmeters to produce a dopant interface with a first set of
characteristics inthe via (e.g., a certain density of dopant, a certain
conbi nat | w0 wh4/edsersent s in the dopant, etc). 20 Then t hedrayseno3fik@oay be
formed on layer 712, and the line 730 may be forned and plated with a
second set of paranmeters to produce a dopant interface with a second set of
characterjstics inthe line (e.g., a different density of dopant, a
differentlAIMR nation of elenents in the dopant, etc.). Then both regi ons
may be anneal ed together. Alternatively, the via 735 may be anneal ed after
t he via W3Clamp| ated but before the line 730 is plated. 25 The conbi nation
may then be annealed after the line 730 is plated. Since a fully-anneal ed
15 WO 2004/ 025723 PCT/ US2003/ 027792 dopant interface remains relatively
unchanged by further annealing, the dopant interface established in the
via may not bg méthegicephpAyinghe further annealing required for the Iine.

[ 0049] The foregoing description is intended to be illustrative and not
limting. Vagj.ati Y . K ' :
vari &t ons arSrnRntkodnd S AR ottt pladell LSRRI mEMERL L ¢ he

i nvention, whi re |imted anl y the spirit and scope of the appended

el s domh S Rabec R Rl 100 LA e ve el 1A et hod,

conprising: 5 form ng an interconnect with electrically conductive nmateri al

conpri si ng meheating e nterepspest fo mope a gapioniof dndanart tag svaday v thend heati ng

the interconnect to nove a portion of the dopant to a boundary of the
interconnect.

0 2. The method of claim 1, wherein:
said heating comprises exposing the interconnect to a temperature of between

about 100°C and about 500°C.

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
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interconnect. 10 2. The nmethod of claim1l, wherein: said heating conprises
exposi ng the interconnect to a tenperature of between about 100C and about
500C. 3. Wo=onwodsors of claim 1, wherein: 15 said heati ngcuwrgoezersbeat i ng
for between about 1.5 m nutes and about 2.5 hours. 4. The nethod of claim
1, wherein: said form ng conprises plating. 20 5. The nethod of claima1,
wherein: the nmetal conprises copper. 6. The nethod of claim1, wherein the
dopant clbnpr i Biegneifodpedlpimpbd¥hei¢ide naterial. 25 17 WD 2004/ 025723

PCT/ US2003/ 027792 7. The nethod of claim 1, wherein: the dopant also
conprises at thedspanbalso ofmpriges ehleasione nbearbom, ketiingny, rhemdumy gtdheni um s 8.
The nmethod of claim1l, wherein: the electrically conductive material is

pl at ed fruthegnamp! ati ng bath having | ess than about 0.1 nole of dopant per
liter of bismuth. 9. A nethod, conprising: 10 etching a trench in an
inter-layer dielectric; depositing a barrier in the trench;

5 8. The method of claim 1, wherein:
the electrically conductive material is plated from a plating bath having less than

about 0.1 mole of dopant per liter of bismuth.

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, rthenium, and ruthenium.

25
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depositing a seed layer on the barrier; filling the trench with an
electrically conductive material containing copper and a dopant having

bi snut h; W6 wes@srrsg an excess of the electrically conduatr/vsoeszemdezal wth
a chem cal nechanical polishing operation; and heating the inter-1|ayer
dielectric to mgrate a portion of the dopant to a region near the
barrier. 20 18 Thgﬁge%hod gf | aj m 9, wherein: the dopant has an

el ectropositi be wethed 8l2BBPeWRFEI 11, The method of claim 10, wherein:

t he dopant conprises at | east one of carbon, antinony, rhenium and
ruthenium  28&id §lling cROPHsG BRI IROIAINGPDOE@R7792 12. The nethod of claim
9, wherein: said filling conprises an electroplating operation. 13. The
met hod of claim 12, wherein: 5 the electroplating operation conprises a
liquid having a material selected froma group consisting of sulfonic

aci d, hygs ochirpé ethd@iod claGRM PORherdinsUPPr essor pol yet her, an
anti-suppressor di-sulfide, a polyamne |eveler, and a pol yam de | evel er.

14. The methog QectbAliih m@rm ristOa fifGd b ik 4 reRER S8 Se@ ABHE 2 O- 1
nnles?of bisnﬁ?hfgngﬁ%et éﬁ about fﬁ g?aﬁg per gIite_r aﬁd’agout §% gr ans
per lit eéro%% cggﬁﬁﬁlrg'of %afon-{cb gciﬁyr&?odch Jriccalma , E:nar%c)n,ve\l'hs%{)ﬁegs:or polyether, an

anti-suppressor di-sulfide, a polyamine leveler, and a polyamide leveler.

14. The method of claim 12, wherein:
10 the liquid comprises about 0.1 moles of bismuth and between about 10 grams per

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 conductive 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

19



the dopant is | ess than about 5% sol uble by weight in the copper. 15 16. A
nmet hod conprising: formng a trench in a first layer of a wafer and a via
in a secon® loayexs7iseneath the first |layer, the via bei rRfTops2no3m7ohe
trench; electroplating a first conductive material in the via, the first
conductive material 20 having a first netal and a first dopant containing

bi snuth; electropl ati a second conductive material, in the trench in
contact with fFine the s Sahtrien ROdHE G maiFrials FumUES AP oEARILE? BB mat er | al
havi ng a second netal and a second dopant containing bisnuth; and 19 WD
2004/ 025 #opanbiory bspuen) @iy via and @ porting affiee secerd depsst wechmadeyneagien p{e
materials to mgrate a portion of the first dopant to a boundary of the via
and a pothdtoamchf the second dopant to a boundary region of the trench. s
17. The method of claim 16, wherein: the mgrated first dopant has-a

different density than the m grated second dopant. 18. The nmethod of claim
16, wherein: the mgrated first dopant has a different conbination of

el enegt s (Fhan i8¢, M Ficim 1%0W§@&g{m dopant. 19. An apparatus, conprising:
an integrated circuit device fabricated with operations conprising forning

an interconnegt wt [l I ductiv terial conprisi .S met al
and a dopant e,{ﬁ}%f%?ﬁgggﬁgﬁf h%syaaﬁgtgreng (Tiensﬁy Hh e migrated 'second r&%pant.
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



heating the interconnect to nove a portion of the dopant to a boundary of
the interconnect. 20. The apparatus of claim 19, wherein: 20 said heating
conpri seswexpos023@3t he i nterconnect to a tenperature of Huatwsess/2atyout 100C
and about 500C. 25 21. The apparatus of claim 19, wherein: 20 WO

2004/ 025723 PCT/ US2003/ 027792 said heating conprises heating for between

about 1.5 mnutes and about 2.5 hours. 22.. The apparatu f claim 19,

wher ei n:  sai dS¥SReARG CEIE‘HE?“TS?’@?H&@F PRigreen Sb%?sﬁﬁgi%ﬁ&aégﬂgczoﬁ’W%l m 19,
wherein: the nmetal conprises copper. 24. The apparatus of claim 19,
wherein: 10 the dopant conprises at |east one of carbon, antinony, rhenium
and ruthenium 25. The apparatus of claim 19, wherein: the electrically

conduct i 92 malTh¢ apparatongficlams] 9, edsreihan about 5 atomi c per cent of dopant.
15 26. An apparatus, conprising: a substrate fabricated with operations

conprising fogg &dﬁgﬁ{sgg)?[@ﬁﬁg with electrically conductive materi al
conprising netal and a dopant conprising bisnmuth; and
5

23.  The apparatus of claim 19, wherein:

the metal comprises copper.

24,  The apparatus of claim 19, wherein:

10 the dopant comprises at least one of carbon, antimony, rthenium, 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



20 heating the interconnect to nove a portion of the dopant to a boundary
of the interconnect. 27. The apparatus of claim26, wherein: 25 the netal
conpr i seswooppeozs7asnd 21 WD 2004/ 025723 PCT/ US2003/ 0277 ¥ 1/t$200300pm0
conprises at |east one of carbon, antinony, rhenium and ruthenium 28.
The apparatus of claim 26, wherein: said formng conprises el ectropl ating.

5 22 : . .
the dopant comprises at least one of carbon, antimony, rthenium, and ruthenium.

28.  The apparatus of claim 26, wherein:

said forming comprises electroplating.
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