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Background of Invention
1) Field of the Invention
This invention relates generally to the field of semiconductor
processing, and more particularly, to reduction of electromigration and stress voids in

metal interconnect structures.

2) Description of the Prior Art

The ever increasing requirements for high density and performance
associated with ultra large scale integration (ULSI) semiconductor device wiring are
difficult to satisfy in terms of providing submicron-sized, low resistance-capacitance (RC)
metallization patterns. Conventional semiconductor devices typically comprise a
semiconductor substrate, usually a doped monocrystalline silicon (Si), and plurality of
sequentially formed interlayer dielectrics and electrically conductive patterns. An
integrated circuit is formed therefrom containing a plurality of patterns of conductive lines
separated by inter-wiring spacings. Typically, the conductive patterns of vertically spaced
metallization layers are electrically connected by vertically oriented conductive plugs
filling via holes formed in the interlayer dielectric layer separating the metallization layers,
while other conductive plugs filling contact holes establish electrical contact with active
device regions, such as a source/drain region of a transistor, formed in or on a

semiconductor substrate. Conductive lines formed in trench-like openings typically extend

; %FQ%MWSMI%T@M§@ vertically
spaced g24net al | ig@tdHOMRATIONEMIRSVEMGAT W eonRasieONEYEst i cal |y



15filling via holes fornmed in the intalayer dielectric |ayer separating the
netallization | ayers, 16while other conductive plugs filling contact holes
establish electrical contact with active 27devi ce regi ons, such as a
source/drain region or a transistor, fornmed in or on a 28sem conduct or
substrate. Conductive lines foinmed in trench-1ike openings typically extend
| substantially parallel to the sem conductor substrate. Sem conductor

devi ces of such type ?according to current technol ogy nay conprise five or
nore levels of metallization to 3satisfy device. geometry and

m cro-mniaturization requirenents. 4 5A commonly enpl oyed nmet hod for

form ng conductive plugs for 6electrically |nterconnect|ng vertically
spaced 1 neﬁualsthmtzaé’lv iperallplaty dresseinécodusipr substraifa femicandictoy deviess %P‘&@éw ng.

Ge.ner al ! %:%Flqu{n‘gr r gl(fr?gn% ke{,\/ﬁnélﬁé/&!n}(f §01{1]@{sg1f@g of fhofAETH lg"& rﬁ&ﬁlﬁﬂtﬁa}l t6 n the

8dielectri ayer, sequently separate the vertically
spaced J_FB'[s’hhbﬂyiiahb@gecﬁhh@wemannaﬂaenmpmmzagon squiygangd. | y formed using
conventjonal |ithographic and etching 10t echni ques, After the opening is
formed,4 t he opening is filled with conductive material, 1llsuch as tungsten

or coppgr, using convegtd,piadinly @ﬁﬂaymahoﬁf@emllchwumﬂwpmgamn al on
12t he surface of the dielectric interlayer is then typically, rennved , by

chemi cal nelediacnlly antercapesiies veza@alldﬁpchixp)etallwpprg}@ygépqlg}owﬁée amascene"
m cr Oprﬁce§§,%r r?z%QJIﬁgﬁ%}ehQr’aﬁ% &ﬁig #%Jc@ss r%gh%lge@?&%ﬁ anlGRAM C{@P&iyﬁh%

circuitry, tegra rcurt “speed varie |nversely
reS|stancahﬁﬁanduﬁaﬁ@erN&mﬂEWﬂHm@hﬂu@ﬂ@gqﬁmnmémnwﬁna@ﬁﬂ@ewhndﬁbzﬁhmegrated

CIrCUItS beco
ayergel“

he opemng is typically formed using conventional lithographic and etching

10  techniques. After the opening is formed, the opening is filled with conductive material,

11  such as tungsten or copper, using conventional techniques. Excess conductive material on
12 the surface of the dielectric interlayer is then typically removed by chemical mechanical
13 planarization (CMP).

14 High performance microprocessor applications require rapid speed of
15  semiconductor circuitry, and the integrated circuit speed varies inversely with resistance
16  and capacitance of the interconnection pattern. As integrated circuits become more

17  complex and feature sizes and spacings become smaller, the integrated circuit speed

18  becomes less dependent upon the transistor itself and more dependent upon the

19  interconnection pattern. If the interconnection node is routed over a considerable distance,
20 e.g., hundreds of microns or more, as in submicron technologies, the interconnection

21  capacitance limits the circuit node capacitance loading and, hence, the circuit speed. As
22  integration density increases and feature size decreases, in accordance with submicron

23 design rules, the rejection rate due to integrated circuit speed delays significantly reduces
24  manufacturing throughput and increases manufacturing costs.

25

26

27 Copper (Cu) and Cu-based alloys are particularly attractive for use in

28  VLSI and ULSI semiconductor devices, which require multi-level metallization layers.



17conmpl ex and feature sizes and spaci ngs becone snaller, the integrated
circuit speed 18 becones | ess dependent upon the transistor itself and nore
dependent upon the 19i nterconnection pattern. |If the interconnection node
is routed over a considerable distance, 20e.g., hundreds of mcrons or
nmore, as in submcron technol ogies, the interconnection 2lcapacitance
limts the circuit node capacitance | oading and, hence, the circuit speed.
As 22integration density increases and feature size decreases, in
accordance with subm eron 13design rules, the rejection rate due to
integrated circuit speed del ays significantly reduces 24manufacturing

t hroughput and increases manufacturing costs. 25 26 27Copper (Cu) and

Cu- based | oys are particgularly attractive for use in 28 .VLSI and ULSI
PRl G eh R G R S A A S A R i Py
Copper 2 and;gaRRRGTy BaSLMharbir@¥teMBiBdvRE v @ ThaMBELRIVE ph3lRs]y Pidferr &IV
resistivities, which are significantly | ower than tungsten and even | ower

t han t hoseyssimpitdiang mupingmend it o @s Hddisinsally Fenper bag adligher msisiaaitol t s
al | oys, Addi.ti , h i k . gration.
Furt e mor bRl pEaRATS Rind 8L Sloh Rl A LR ALY o
S5over & mantraanndfer of dtber cwadhtict imaeeriaal watatdl silvenahdapdly. Sk, \ie corrast tgol d.
Al'so, in contrast to_.6alumnumand rerracjory-tyw netals, copper and its
21 1 oysP caA BRI 48 T<FGOBGLPE Bl cPRRGF MeCiplioxt (e uplrdsponienatiov nown
(vwet) pl atdnif@rit@Ch Ririee By welOhods (G plakifl @SBnighsh, §-hastieapiat hang

techni ques, at deposition rates fully conpatible wth requirenents of

manuf aét u Ie]’eﬁ@onlﬁmgl}gq}pmqes, at deposition rates fully compatible with requirements of
9  manufacturing throughput.

10

11 The more relevant technical developments in the patent literature can be
12 gleaned by considering the following patents.

13 US 6,633,085 - Besser, et al.- shows a method of selectively alloying
14  interconnect regions by ion implantation. A metal interconnect structure and method of

15 making the same implants ions of an alloy elements into a copper line through a via. Then
16  ion implantation of the alloy elements in the copper line through the via provides improved
17  electromigration properties at the copper line at a critical electromigration failure site,

18  without attempting to provide alloy elements throughout the entire copper line.

19 US 6,500,749 - Liu, et al. - Method to improve copper via

20  electromigration (EM) resistance - Ions are implanted through the via pattern hole into the
21  metal via portion, and any portion of the metal interconnect structure above the metal via
22 portion. Whereby the metals have improved electromigration resistance.

23 US 6,713,875 - Farrar - Barrier layer associated with a conductor

24  layer in damascene structures ..

25 US 20030160330 Al - McTeer, Allen - Copper interconnect for an
26  integrated circuit and method for its fabrication - A small dose of titanium is implanted

27  inthe copper surface. The implanted titanium layer suppresses the copper oxide growth in



10 11The nore rel evant technical devel opnents in the patent literature can
be 12gl eaned by considering the follow ng patents. 13US 6,633,085 - Besser,
, et al.- shows a nmethod of selectively alloying 14interconnect regi ons by
ion inmplantation. A netal interconnect structure and nethod of 15nmaking the
sane inplants ions of an alloy elenents into a copper line through a via,
Then ion inplantation of the alloy elenents in the copper |ine through the
via provides inproved 17el ectrom gration properties at the copper line at a
critical electromgration failure 18without attenpting to provide alloy

el enments throughout the entire copper line. 19US 6,500,749 -Liii. et al, -
Met hod to i nprove copper via 20electromgntion (EM resistance - ions are

i mpl antled théwcappetbanli@ad ba cpratal lergthé coreentration bheacadeiest axhilablatoghe ¢dpper, and
any porti an of the metal interconnect structure above the netal via
22port|20n OR BB the netal s have i nproved el ectrom gration resistance.

23US 63713, 875 - Farr aus -¢,B81%er- Hag¥er sissathehedofabicating 9 balviet ayer24l ayer
in damascene structures .. 25US 20030160330 Al - MeTeer, Allen. - Copper

i nter cdnné‘éﬁocfa@ﬁdvélﬁlQﬁW@@F@V@dnéﬁmWFﬂe%WamFFét hod for its fabrication - A
smal | gose of titani g SelphNt hatehidd) bl GRARmEEd BF Enpiliifyel Pl ant ed
8

titani um | ayer suppresses t copper OXI de gowt h in 1the copper bond pad
by confr olseinivgndivtorcondetive Byeron of vacanci es available to the copper ion

trans pC}r t. US 6,228,759 - Wang, et al. shows a method of forming an alloy
8  precipitate to surround interconnect to minimize electromigration. An alloy precipitate is
9  formed to surround a conductive fill within an interconnect opening, including especially a
10  top surface of the conductive fill.. The alloy precipitate at the top surface and at the grain
11 boundary of the conductive fill prevents drift of the conductive material along the top
12 surface and along the grain boundary of the conductive fill and into the insulating layer

13 surrounding the interconnect opening.

14
15 US 20040005773 Al - Lopatin,; etal. - Method of using terary

16  copper alloy to obtain a low resistance and large grain size interconnect - A method of
17  fabricating an integrated circuit includes forming a barrier layer along lateral side walls
18  and a bottom of a via aperture and providing a ternary copper alloy via material in the via
19  aperture to form a via.

20

21



3US 6, 426,289 - Farrar - shows a nethod of' fabricating a barrie
4associated with a conductor |ayer in damascene. structures. 5US 6,117,770
- Pramanick , et al. shows a nethod for inplanting 6sem conduct or
conductive layers. 7US 6, 228, 759-. shows a nethod offonning an all oy
8precipitate to surround interconnect mnimze electromgration"kn all oy

precipitate is 9forned to surround a conductive fill within an interconnect
openi ng, including especially a 10top surface of the conductive fill.. The
alloy precipitate at the top surface and at the grain 1lboundary of the
conductive fill prevents drill of the conductive material along the top
12surface and al ong the grain boundary of the conductive fill and into the
i nsul ating | ayer 13surroundi ng the interconnect opening. :4 15US
20040005773 Al - Lopatin,; et al. - Method of using ternary 16 copper all oy

to obtain a | ow resistance andsﬁ,ﬂhgg?,gfﬁ;eqn%,gtﬁmi nterconnect - A nmethod of
17fabricating an integrated circuit includes formng a barrier |ayer along
| at eraB side walls 18dixdmpldmhadimants ef thé presgué mvanteongmovige gictiirgsgand t er nary

copper ,al | oy vi terial.in the via 19apertyre.to. m | a. 2Sumary
oP PP et noihat BrTRrShe A ik fredieet B BAPE L #Rd B R Bo bbBion 8P 25
st ruct ar esowdidinterconnect.

6 An example embodiment is a method to fabricate a metal interconnect

7  structure having improved electromigration resistance, comprising the steps of:

8 providing a semiconductor structure having an exposed interconnect therein;

9 implanting alloying elements into the interconnect to form a first implanted region in
10 the interconnect;
11 annealing the interconnect and the first implanted region to form a first doped region in
12 a top portion of the interconnect; the first doped region having grain
13 boundaries that are at least partially blocked.
14
15 An example embodiment is an interconnect structure comprise the

16  following:

17 a dielectric layer over a semiconductor structure;

18 a hard mask layer over said dielectric layer;

19 an interconnect opening in said hard mask layer and said dielectric layer;

20 a barrier layer over said hard mask layer said dielectric layer in said interconnect
21 opening;

22 an interconnect filling said interconnect opening comprised of copper;

23 a first doped region in a top portion of said interconnect.

24

25 This summary incorporates by reference the substance of the claims of

26 this patent as allowed.
27



4met hods for formng an interconnect structure with a doped region in. a
top portion of a .5l ower interconnect. An exanple enbodinent is a nethod to
fabricate a netal interconnect 7structure having inproved eiectrom gration
resi stance, conprising the steps of: 8providing a sem conductor structure
havi ng an exposed interconnect therein; 9inplanting alloying elenents into
the interconnect to forma first inplanted region in 10the interconnect;
anneal ing the interconnect and the first inplanted region to Corma first
doped region in a top portion, of the interconnect; the first doped region
havi ng grain 3boundaries that are at |east partially blocked. 14 15An
exanpl e enbodi nent is an interconnect structure conprise the 16fol |l ow ng;
17a didl ectric | ayer oligrabavesand tovdadvartagss putfeaness atke8d répaesdntativk | ayer

over said dielectric.layer; 19an interconnect o ing in said hard mask

| ayer and SRR ‘ﬁ’@t’r"%{& afeéﬂs’g?’,ﬂ‘aﬁ%vﬁ aB@@f f”ffﬁus @;@Pey C8 eieg#eg Oﬁlg'rta mask

| 'ayer sai disliieh a8ddritEndifyBE idveniSad. & shHliebe ande&bodpahditire Ast i Nt er connect
filling said interconnect opening conprised of copper;. 23a first doped

r egi on 4 n rapreesptasige of dhtheinveniiensidsti e elpimsy jp bepRsidered Hipipyons on
I ncor pQratgs inR¥ntl oA £ HERER t}yt}ffe amt’ GNGRitdtREs 6h @&d?ﬁll&lts to the claims. For
6 instance, some of these advantages may be mutually contradictory, in that they cannot be
7  simultaneously present in a single embodiment. Similarly, some advantages are applicable
8  to one aspect of the invention, and inapplicable to others. Furthermore, certain aspects of
9 the claimed invention have not been discussed herein. However, no inference should be
10  drawn regarding those discussed herein relative to those not discussed herein other than for
11  purposes of space and reducing repetition. Thus, this summary of features and advantages
12 should not be considered dispositive in determining equivalence. Additional features and
13 advantages of the invention will become apparent in the following description, from the
14  drawings, and from the claims.
15
16
17



26t his patent as allowed. The above and bel ow advantages and features are
of representative 2enbodi nents only, and are not exhaustive and/or
exclusive. They are presented only to 3assist in understanding the
invention. It should be understood that they are not 4representative of al
the inventions defined by the clains, to be considered Iimtations on 5the
invention as defined by the clains, or limtations on equivalents to the
claims. For 6instance, sone of these advantages may be nutually
contradictory, in that they cannot be 7sinultaneously present in a single
enbodinment. Simlarly, sone advantages are applicable Sto one aspect of the
i nvention, and inapplicable to others. Furthernore, certain aspects of 9

t he clalned i nvention have not been di scussed herein. However, no inference
shoul d lbe 10dr awn regardi ng those di scussed herein relative to t hose not

di scussed herein other than g0 Dl PYpRRsEStheDraRfes and reduci ng
repetition. Thus, this sunmary of features and advantages 12shoul d not be
consi déred di sposi t i velhierfeatetee and aﬂvngtammfaébleheeducmdeiP@mDrdﬁI@atpLthees and
13advant a i nv he f

doscr it | SrefinteP i BXERhE s or BRERFR SARRRL Al b Ml 1Y

Descri pti @Bviot irt dceoxﬂmmwigﬁthsﬁeeeﬂt eratenri@swalisk Iﬁmatﬁaﬂg asdadto@l Benitleonduct or

devi ce accor di.n t he
6 foll ow1n§J descrlptlon taken in conjunction with the accompanying drawings in which like

7  reference numerals designate similar or corresponding elements, regions and portions and

8 in which:

10 Figure 1A-1 shows a cross sectional view of an first example

11  embodiment of an interconnect structure.

12 Figure 1A-2 shows a cross sectional view of an first example

13 embodiment of an interconnect structure.

14 Figures 1B to E1 show a cross sectional views of an first example
15 embodiment of an interconnect structure.

16 Figure 2A-1 shows a cross sectional view of a second example

17  embodiment of an interconnect structure.

18 Figure 2A-2 shows a cross sectional view of a second example

19  embodiment of an interconnect structure.

20 Figures 2B to 2D show a cross sectional views of a second example
21  embodiment of an interconnect structure.

22 Figure 3 shows a cross sectional view of the top surface of doped region of the

23 interconnect after anneal.

24



4present invention and thither details of a process of fabricating such a
sem conduct or 5device in accordance with the present invention wll be nore
clearly understood fromthe 6Foll owi ng description taken in conjunction
with the acconpanying draw ngs in which |ike 7reference nuneral s designate
simlar or corresponding el enments, regions and portions and 8in which: 9
10Fi gure 1A-1 shows a cross sectional view of an first exanple llenbodi nent
of an interconnect structure. Figure 1A-2 shows a cross sectional view of
an first exanpl e 13enbodi nent of an interconnect structure. 14Figures 18 to
El show a cross sectional views of an first exanple 15enbodi nent of an

i nterconnect structure. Figure 2A-1 shows a cross sectional view of a
second [exanpl e 17enbodDesaiiéd Descaiptiontof tloobxangile Emhodimets 18Fi gure 2A-2
shows a cross sectional view of a second exanpl e 19enbodi nent of an

i nt ercénnect structure. 20Fi gures 2B to 2D show a cross sectional views of
a second 21.enbodi nent of an interconnect structure. 22Figure 3 shows a

cross sectional view of the top surface of doped region of the
23i nt edconnect slier aBxmuple emgodiments of the present invention will be described in

5  detail with reference to the accompanying drawings. The example embodiments of the

6  present invention provides a structure and method of forming an interconnect having a

7  doped region near the surface. The doped region had alloying elements that block at least

8  some of the grain boundaries and reduce stress and electro migration.

9 Two example method and structure embodiments are described below.
10  Inthe first embodiment, the barrier layer is not removed by chemical-mechanical polish
11  (CMP) before the implantation of the alloying element. The barrier layer acts as an
12 implant block to prevent the alloying elements from being implanted into the dielectric
13 layer.

14 In the second embodiment, the barrier layer is removed by chemical-
15 mechanical polish (CMP) before the implantation of the alloying element. A hard mask
16  layer that underlies the barrier layer acts as an implant block to prevent the alloying

17  elements from being implanted into the dielectric layer.

18
19 L First example embodiment
20 Figures 1A-1, 1A-2, and 1B to 1E show a first example embodiment

21  for a method of forming an interconnect. In the first embodiment, the barrier layer is not
22  removed by chemical-mechanical polish (CMP) before the implantation of the alloying
23  element. The barrier layer acts as an implant block to prevent the alloying elements from
24  being implanted into the dielectric layer.

25

26 Referring to figure 1A-1, we provide a semiconductor structure 14

27  having an exposed lower interconnect 24 and an inter metal dielectric layer 20. The term



Det ai | ed Description of the Exanple Enbodi nents 2 3 4Exanpl e enbodi nents of
the present invention wll be described in 5 detail wth reference to the
acconpanyi ng drawi ngs. The exanpl e enbodi mnents of the 6present invention
provi des a structure and nethod of form ng ark interconnect having a 7doped
regi on near the surface. The doped region had alloying el enents that bl ock
at | east 8sone of the grain boundaries and reduce stress and el eetro

m gration, 9Two exanple method and structure enbodi nents are descri bed

bel ow. 10In the first enboditnent, the barrier |ayer is not renoved by

chem cal - mechani cal polish 11(CWP) before the inplantation of the alloying
el ement. The barrier laver acts as an 12inplant block to prevent the
al loying el ements frombeing i.nplanted into the dielectric 13l.ayer. 14lIn
e Sedonq S BHBBHTEAE. S OHENHa R POYRRSr TS GROTAT CREAPLFondctor
Smechafi cqlafRodics Bs 4 Shkd) subBEQLE idshRtihfMMlyadndldr endittitd1tesl | oyi ng el enent .

A hard mask 16l ayer that underlies the bather |ayer acts as an_inpl ant
bl ock Bo prevent the dihedgwergnterenesse?t s rreforblycongribednigapras The wwiche
di el ectric_lL Fir, E%% i i <1, 1A-2,
0 ccht bRl Aok SROTBL, ST P2 Gl

5 formed by an embodiment of the invention. The lower interconnect is shown for an

6 example and the style and composition of the lower interconnect can be any feasible

7  interconnect.

8 The top doped region 26 is preferably doped with alloying element such

9 asB,PN or C with a concentration less than 1% and more preferably between 0.1 and 1

10  atomic %. The alloying elements are preferably non-metallic. The top doped region 26

11  has at least some grain boundaries stuffed with the alloying element. See below for further
12 description. At least some of the grain boundaries of the top doped region 26 are blocked
13 by solutes and precipitates or the alloying elements.

14 The top doped region preferably has a depth between 400 and 1300 A.
15 The inter metal dielectric layer is preferably comprised of low K

16  materials such an OSG material, examples of which can include BLACK DIAMOND

17  silicon oxide-based CVD low-k film available from Applied Materials, Inc.; CORAL low-
18  kdielectric film available from Novellus Systems Inc.; and SiLK dielectric material

19  available from Dow Chemical Co. Other examples of low-k materials include; BLACK
20 DIAMOND 2 insulator material available from Applied Materials, Inc.; or p-SiLK

21  dielectric material available from Dow Chemical Co. (low K is dielectric constant K < 3).
22 The semiconductor structure further comprises a hard mask 28 on the
23 inter metal dielectric layer 20. The hard mask can be comprised of SiO2, SiN, or SiC

24  based materials.

25

26 Next, we form a lower cap layer 30 over the lower interconnect 24 and
27  the inter metal dielectric layer 20. The cap layer is preferably comprised of SiC based, or

28  SiN based materials or combinations thereof.

9



21for a nmethod of formng an interconnect. In the first enbodi nent, the
barrier layer is not 22 renoved by chem cal - mechani cal polish (CVM?) before
the inplantation of the alloying 73element. The barrier layer acts as an

i npl ant bl ock to prevent the alloying elenments from 24being inplanted into
the dielectric layer, 25 26Referring to figure 1A-1, we provide a

sem conduct or structure 14 27 having an exposed | ower interconnect 24 and
an inter nmetal dielectric layer 20. The term |"structure surface" is neant
to include the upper nost exposed | ayers over a sem conductor 2wafer, such
as a. silicon surface, an insulating |layer and/or conductive lines. The

| ower interconnect 24 is preferably conprised of copper. The | ower.

4i nt er clonnect pr ef er abSybsh@entdy,tvopfodo pelikl¢ctid laper3d.oviintbe tovyer dgplager3@gi on i s

preferagpbly 5formed by odi nent _of the jnventi.on. .The_| ower.

i nter cgznnect is shown ?E‘?‘%gﬁcmc AYEL A HISIPESIEARLY (CRRIPES oé]-%‘?ﬁgg@%\%’ﬁ%ﬁ‘wlon of
the | ower JsiegdrbomBsste (AKREKa). f easi bl e 7i nterconnect. The top doped
region 26 is preferably doped with alloying elenent such 9 as B, P Nor C

with a4oncentration less than 1% and nore preferably between 0,1 and 1 10

atom ¢ gb The all oy NOAHARMCa R 38R REALANY il Aaydi3a The top doped

region 26 llhas at | east sone grain boundaries st th ihe alloying
el ement6é  See bel ow t hr Wetth¢rhfermih2 cie swtericpiirieoimpeing lireths thaslonaskddyet B&amgt ai n

boundarj es, of,. t he. t.o ped region 26 are bl ocked 13by solutes and
preci piit at B8 d%?ﬁ“ff}?éa‘zﬁfsgyi ng el enents.
8 The interconnect opening preferably has a dual damascene shape

9  comprising a top line opening and a bottom via plug opening.
10 We form a barrier layer 42 over the hard mask layer 38 the dielectric
11 layer 34 in the interconnect opening. The barrier layer can also act as an implant mask for
12 asubsequent doping implant.
13 The barrier layer 42 is preferably comprised of Ru, Ru oxide, W, TiSiN,
14  Ta, TaN or a bi-layer of Ta and TaN. The barrier layer preferably has a thickness between
15 100 and 500 A. The barrier layer preferably acts an implant mask. The barrier layer
16  preferably has thickness between 100 and 300 A.
17 A barrier layer comprised of a layer of Ta and a layer of TaN (Ta/TaN)
18  preferably has a thickness between 100 and 300 A and more preferably about 200 A.
19 The interconnect can be comprised of a conductive metal, such as Au,
20 Al Cu, Cu alloys, Ag, and W. Preferably the interconnect is comprised of Cu formed
21  using adamascene process.
22 We form a copper layer filling the interconnect opening and covering
23  the barrier layer 42. The copper layer can be Cu or a copper alloy such as CuAl. The
24  copper layer is preferably made using a ECP process and the copper is preferably
25  substantially pure.
26 Referring to Fig 1A-2, we planarize the copper layer to a level about
27  even with the barrier layer 42 to form an interconnect 46 preferably without removing

28  significant portions of the barrier layer.

10



14The top doped region preferably has a depth between 400 and 1300 k 15The
inter metal dielectric layer is preferably conprised of low K 16 materials
such an OSG nmaterial, exanples of which can include BLACK DI AMOND 17silicon
oxi de-based CVD lowk filmavailable from Applied Materials, Inc.; CORAL

| ow 18k dielectric filmavailable from Novellus Systens Inc.; and SiLK
dielectric material 19 available from Dow Chem cal Co. O her exanpl es of
lowk materials include; BLACK DIAMOND 2 insulator material available from
Applied Materials, Inc.; or p-SiLK 21dielectric material avail able from Dow
Chemcal Co, (low K is dielectric constant K < 3). 22The sem conduct or
structure further conprises a hard mask 28 on the 23inter netal dielectric
| ayer 20. The hard mask can _be conprised of 5102, SN, or SiC 24based
materi &l's. 25 26Next, %%QF%%%%“PBV%FSS&&BS@ FreggVisedhe Visk! f%wr?he

| nt er connegiricda RNt AL bhifeITIEAY v AlielrBhed fid! RURLcR Tn R GRBukAYET 1S

preferably conprised o i C based, or ased materials or conbinations

t hereoB. 1Sidpsebfamifoynitytheraismgwdedinelogy icellddd-6MBahiheran plhe bE gowsr  cap
Lerer, 30, [0S, FLalRSALAR, Laushuhé oBlghoral e et of Low
38 is formed over the dielectric |layer 34. 6We then form ng an interconnect
openi ng in the hard miﬁllé (fuglyd%ha:ssgeng‘ pn?er?:(gnr}l%ctd 6e1|s Slge errilb(iy lcg' Srrisegil)fa via
7  plug 46A and a line 46B.
8 Referring to fig 1B, we place (e.g., ion implant) alloying elements into
9 the interconnect 46 and the barrier layer 42 to form a first implanted region 50. Preferably,
10  we use a plasma immersion ion implantation process.
11 Preferably the entire exposed top surface of the interconnect 46 is
12  implanted.
13 In an example plasma immersion ion implantation process, we implant,
14 B,P, N, SiorC atoms, at an energy between 10 to 100 keV and more preferably at a bit
15  high energy 40 to 100 keV. The dose is preferably between 1x1E15" and 1x1E18 '*
16  atoms/ sq-cm.
17 The alloying elements are preferably comprised of a material
18  comprising B, P, N, Si or C. Preferably the alloying elements are non-metallic so there is
19  less concem for a "shorting" failure.
20 Since barrier (e.g., Ta/TaN) are materials with dense-structure and
21  heavy atoms, it was expected that dopants will not penetrate further through this barrier
22 layer 42. Therefore the underneath IMD layers will not be affected.
23 Referring to figure 1C, we anneal the interconnect and the first
24  implanted region 50 to form a first doped region 54 in a top portion of the interconnect.
25  The first doped region has grain boundaries that are occupied by the alloying elements.
26 The anneal can be performed at a temperature between 200 to 400°C,
27  and more preferably between 250 to 300°C. The anneal is preferably performed for a time
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8The interconnect opening preferably has a dual damascene shape 9
conprising a top line opening and a bottom via plug opening. 10W forma
barrier layer 42 over the hard nask |layer 38 the dielectric Illayer 34 in

t he i nterconnect opening. The barrier |ayer can also act as an inplant mask
for 12 a subsequent doping inplant. 13The barrier layer 42 is preferably
conprised of Ru, Ru oxide, W TiSIiN, 14 Tit, TaN or a bi-layer of Ta and
TaN. The barrier |ayer preferably has a thickness between 15100 and 500 A
The barrier layer preferably acts an inplant mask. The bather |ayer 16
preferably has thickness between 100 and 300 A. 17A barrier |ayer conprised
of a layer of Ta and a |l ayer of TaN (Th./ram 18 preferably has a thickness
bet ween 102tw¢s 1306 3 ndndemidds preédaipbdrformbd it a 2BEnArorb®mhel Naer connect
can be coquised of a conductive netal, such as Au, 20 Al, Cu, Cu alloys,
Ag, and W #ﬁéferably the interconnect is conprised of Cu formed 21lusing a

damascene process. W gy iﬂlqeal(i@ﬂ@%aﬂlyaplf_&forxfn&l htd¥ghd BpingdthpleOreadh openi ng
and covering 23 the barrier Ia¥er 42." The copper Igfer can _be Cu or a

copper 4al |mgtaklaydy afoushAf is prysidlote nesfppe eng anpetl after ¢t wetet danige/meigbleydi ng a
ECP prﬁéegﬁeﬁggrahe copper is preferably substantially pure. 26Referring to
Fig 1. A-2, we pl'an ,e the copper layer to a | evel about 17 even with the
barriers | ayer 42 to foThe fnst dopeé ragtomefitdtnpeadf basdnl aflowing letsurtent enovi ng

28si gnificant por.tions of .the barri | ayer, Pref er.abl y,
CWP pr JI:es“:?nﬁ%\JﬁrélBW R ‘?bé’%Q/FﬁﬁJ tlﬁ{é) aﬁﬁ{lﬁl % gl e P r?fﬁ%ab]gaqeﬂg?enlogly%ﬁi an)é

bef or e ghathehutomiatslaN) was pl anari zed and renoved,. In order to secure
|-step CVWP uniformty, there is a new technol ogy called E-CVWP which can

al so bé used

10 The first doped region has a depth between 400 and 1300 A and more
11  preferably between 700 and 800 A .
12 In the first embodiment, since we preferably have about 300 angstroms

13 Ta barrier before doping, the penetration depth should be thicker than that in the second
14  embodiment.

15 The portion of the interconnect 46 below the first doped region 54 is
16  substantially free of the alloy elements.

17

18 The interconnect was implanted with B, P, N, Si, C or other suitable
19  dopants, and annealed at certain temperature to drive these dopants to diffuse into the Cu
20 lattice.

21 As shown in figure 3, since these dopants are normally preferentially
22 located in the grain boundaries of Cu, it is expected that the ideal diffusion channels for
23  vacancies such as grain boundaries and surface will be blocked by B, P or other suitable
24  dopants. Therefore the process of accumulation of vacancies can be retarded. Take the
25  normal big grain size of Cu (after anneal) into consideration, the volume percentage of
26  grain boundaries in the dual damascene Cu lines will not be high. Therefore the required
27  concentration of dopants in the Cu to block the diffusion of vacancies may not need to be

28  high too (<<1%).

12



4here to renmove Cu only (remain barrier layer e.g., TalfaN 5 6The dua
damascene interconnect 46 is preferably conprised of a via plug 46A and a
line 46B. 8Referring to fig |l B, we place (e.g., ion inplant) alloying

el enents into 9the interconnect 46 and the barrier layer 42 to forma first
i npl anted region 50. Preferably, 10we use a plasnma imrersion ion

i npl antation process. Preferably the entire exposed top surface of the

i nterconnect 46 is 12inplanted. 13In an exanple plasma i mrersion ion

i npl antation process, we inplant, 14B, P. N, Si or C atons, at an energy
between 10 to 100 keV and nore preferably al a hit 15high energy 40 to 100
key. The dose is preferably between 1 xlI E1515 and Ixi EIS 1E 16at ons/

sg-cm 17The alloying el enents are preferably conprised of a materi al
18conptising B, P. N, [gurgp stowpp epsywptigpat wew theyipmsiréice redrnsd geeaon

non- metal |y . i . ing fall 0Si nce
parri of (605 0P e HELRpl A SRR AR MR B R b O S ey

at ons, 3i t allagngxipech®dn thearaicdbpantseswiflthe GoprapsnEia Aloginfzetantemts Hloakabgh t hi s

o et S oS RS LS SO R PP " e
Irst 5
6 Referring to figure 1D, we planarize the barrier layer to remove the
7  barrier layer over the top surface of the inter metal dielectric layer. Preferably the CMP
8 does not remove significant portions of the interconnect 46 .
9 The final stage of chemical-mechanical polish will remove the barrier
10  (which can be 100 to 300 angstroms thick). A portion of the Cu line may also be polished
11  away during this stage. Preferably, the doping region is thick enough to compensate for
12 the portion lost during the CMP process. However, the doped region is not too thick to
13 increase the Cu resistance too much.
14 After the CMP, the first doped region preferably has a depth between
15 100 and 1000 angstroms anneal and more preferably a depth between 400 and 500
16  angstroms.
17 We then form a capping layer 60 over the interconnect 46.
18 Subsequently, another inter metal dielectric layer and overlying

19 interconnect can be formed contacting the top surface of the interconnect.

20
21 1L Second example embodiment
22 Figures 2A-1 to 2D show a second example embodiment for a

23 structure and a method of forming an interconnect. In the second embodiment, the barrier
24 layer is removed by chemical-mechanical polish (CMP) before the implantation of the

25 alloying element. A hard mask layer that underlies the barrier layer acts as an implant

26  block to prevent the alloying elements from being implanted into the dielectric layer.

27  Parameters for the second embodiment are similar to the first embodiment unless

28  otherwise specified.
13



24i npl anted region 50 to forma first doped region 54 in a top portion of
the interconnect. 25The first doped region has grain boundaries that are
occupi ed by the alloying elenents. 26The anneal can be perforned at a
tenperature between 200 to 400C, 27and nore preferably between 250 to 300C.
The anneal is preferably perforned for a tine |between 10 to 30 m nutes
and is preferably perfornmed in a gas environnent of N, or 3The anneal is
preferably perfornmed after the doping inplant for each 4netal |ayer

al though it is possible to performone anneal after all netal doping/ netal
| ayer 5are four ed. 6The first doped region 54 (after anneal) has an

all oying elenent 7 concentration between about 0.1 and 1.00 atom c % and
ﬂnre pgefeaagly between 0.1 and 80.5 atomic % 9 10The first doped region
as a dept etween 400 and 1300 A and nore llpreferaply betwee 00 and
800 A 212In the first %?ﬁswﬁ%ﬁsyreéﬁn&évwow%?&%mfuﬁé&éﬁ%ﬂa?1.3oo

angst 1 Qs poite AALIEH |RRE HibrofRRLNDa ik BRAGGAGdRuHCRYE 2900ul d be

t hi cker than tChat Tn the second 14 enbodi nent. 15The portion of the

i ntercdnnect 46 bel ow Tixelofvier nterehoped 224 gindre ®Mprisedl@SapRET atiGlavesy free of

the al |50y ig!elec%enxqéc§

pre%e7rably has a top doped region 226.
6 The top doped region 226 is doped with alloying element such as B, P,
7 N, Si, or C with preferably concentration less than 1% . The top doped region 226 having
8  at least some grain boundaries stuffed with the alloying element.
9 At least some of the grain boundaries of the top doped region 226 are
10  blocked by solutes and precipitates or the alloying elements.
11 The top doped region can have a depth between 400 and 1300 A
12 The inter metal dielectric layer is comprised of low K materials such as
13 Coral TM, Black diamond TM, Silk TM (low K is K < 3).
14 The semiconductor structure further comprises a hard mask 228 on the
15  inter metal dielectric layer 220. The hard mask can be comprised of Si02, SiN, or SiC
16  based materials.

17 We form a lower cap layer 230 over the lower interconnect 224 and the

18  inter metal dielectric layer 220.

19 We form a dielectric layer 234 over the lower cap layer 230.

20 The dielectric layer 234 is preferably comprised of low K materials such
21  as Coral TM, Black diamond TM, Silk TM (low K is K < 3).

22 We form a hard mask layer 238 over the dielectric layer 234.

23 We form an interconnect opening in the hard mask layer 238 and on the

24  dielectric layer 234.

25 The interconnect opening preferably has a dual damascene shape
26  comprising a top line opening and a bottom via plug opening.

27 We form a barrier layer 242 over the hard mask layer 238 and the

28  dielectric layer 234 in the interconnect opening.

14



18The interconnect was inplanted with B, P. N, Si, C or other suitable 19a
anneal ed at certain tenperature to drive these dopants to diffuse into the
Cu lattice. 21As shown in figure 3, since these dopants are normally
preferentially 22l ocated in the grain boundaries of Cu, it is expected that
the ideal diffusion channels for 7lvacancies such as grain boundaries and
surface will he blocked by B, P or other suitable 24 doparits. Therefore
the process of accunulation of vacancies can be retarded, Take the 25normal
big grain size of Cu (after anneal) into consideration, the vol une
percentage of 26 grain boundaries in the dual damascene Cu lines will not
be high. Therefore the required 27 concentration of dopants in the Cu to

bl ock the diffusion of vacancies nmay not need to . be igh to <<19) .

Fi gurel3 shows a crossThSeEEHRIT Ve BTty CP‘BB“%eérogg‘g‘éq%’fofogep&ﬁ regi on
300 of »t hepjgiff T5oPR0SEL bialfafvé%rofﬁ“ﬁ BEAITaN FIrHubSris: 1GR9 WeeitiaBlySab UltBRk@iss

preci pitates 312 of the 3alloying elements in the grain goundaries of the
Cﬁ granslgWhendDO@yiﬁ@I&lenents bl ock the 4diffusion of vacancies 308 and
t here reduce stress .gnd electro mgration prohl ring to figure
| D, vvexpl anarize the b ePi“éert%fné%?pef Oy%%ng%g?%%%egggﬁkg{%dpﬁt he top
surface pkob?ﬁghniaﬁﬁaﬁhﬁkzdtelectric | ayer. PreferablyC. | 8does not
remove significant portions oldie interconnect 46 9The fi t age of

cheni cél - mechani cal po‘f*‘?f_%q‘im&it‘i’ 1g ﬂé‘gnél‘ferl?_(i@’ra“E GHPFL"QP?YS%““%%C E"BTI 0

angst r ens 150l 6] tevA BOGtdyONwah thd18p GEhdrll ARsERYe@I380TRS BRhd aliatrdbhavay

during this stage. Preferably, the doping region is thick enough to
conpens$at €4pend removes the barrier layer 242 over the hard mask layer 238. The CMP can

9  remove a portion of the hard mask.

10 Preferably the CMP removed substantially all the barrier layer (e.g.,

11 Ta&/TaN) and stopped on the hard mask. The interconnect 246 top surface is exposed.

12 The interconnect 246 is preferably comprised of a via plug 246A and a
13 line 246B.

14 As shown in figure 2B, we ion implant alloying elements into the

15  interconnect 226 and the barrier layer 242 to form a first implanted region 250.

16 The implant process (e.g., energy, dose, ions, etc) can be performed as
17  described above in the 1% embodiment.

18 Preferably the entire exposed top surface of the interconnect 246 is

19  implanted.

20

21 It can be seen from the above process that the dopants will also hit on
22 the areas covered by hard mask depend on the CMP process. It was expected that the

23 dopants will stopped by the hard mask layers and will minimize its effect to the IMD

24  layers.

25 Referring to figure 2C, we anneal the interconnect and the first

26  implanted region 250 to form a first doped region 254 in a top portion of the interconnect.
27  The first doped region has grain boundaries that are blocked by the alloying elements. The

28  anneal can be performed as described in the 1* embodiment.
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12t he portion lost during the (NIP process. However, the doped region is
not too thick to 13increase the Cu resistance too nmuch. 14After the CMP,
the first doped region preferably has a depth between 100 and 1000
angstrons anneal and nore preferably a depth between 400 and 500
l6angstrons. 17We then form a capping | ayerover the interconnect 46.

i sSubsequently, another inter nmetal dielectric |layer and overlying

i nterconnect can be !brined contacting the top surface of the interconnect.
20 21 ILSecond exanpl e enbodi nent 22Figures 2A-1 to 2D show a second
exanpl e enbodi ment for a 23structure and a nethod of formng an
interconnect. In the second enbodi nent, the bather 24l ayer is renoved by
chemi cdl - mechani cal poThesfirs{ el répéro2 & Hake allogih@eitment@onahtrativer 25al | oyi ng

el enent, hard mas yer that underlies the barrier | r S, as_an

ol ant? 20PBER Dot KGER LB e ROp g TR bhepd) hend s Refted i nt o
the dig ecyric |layer. 27Paraneters for the second enbodiment are simlar to
the first enbodi ment unl ess 28ot herw se specified. ZREferringgto figure

2A-1, Ve provide a sen8enbeamsel, sierfisidoped rgion g ¢idepthdetweepd8@and ower
o comeRiog3tan ol BBLal Bk MELSCL R B S5 Cover
6  angstroms. Preferably the depth is about 7 to 12 % of the line thickness or preferably about
7 10% of the line thickness.
8 The portion of the interconnect 246 below the first doped region 254 is
9  preferably substantially free of the alloy elements from the first doped region 254.
10 Figure 3 shows a cross sectional view of the top surface 302 of doped
11 region 300 of the Cu interconnect 300 after anneal. Figure 3 shows the solutes or
12 precipitates 312 of the alloying elements in the grain boundaries 304 of the Cu grains. The
13  alloying elements (such as solutes or precipitates 312) block the diffusion of vacancies 308
14  and thereby reduce stress and electro migration problems.
15 As shown in figure 2D, we form a capping layer 260 over the
16 interconnect 246. Preferably, no CMP process is used between the implant step and the
17  formation of the capping layer 260.

18 Subsequently, another inter metal dielectric layer and overlying

19 interconnect can be formed contacting the top surface of the interconnect.

20
21 The figures are not to scale or proportion.
22 The above description and illustrations should not be taken as limiting

23 the scope of the present invention defined by the claims.

24 While the invention has been particularly shown and described with

25  reference to the preferred embodiments thereof, it will be understood by those skilled in
26  the art that various changes in form and details may be made without departing from the
27  spirit and scope of the invention. It is intended to cover various modifications and similar

28  arrangements and procedures, and the scope of the appended claims therefore should be
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5i nterconnect preferably has a top doped region 226. 6The top doped region
226 is doped with alloying elenment such as B, P, 7 N, Si, or Cwth
preferably concentration | ess than 1% The top doped regi on 226 havi ng 8at
| east sone grain boundaries stuffed with the alloying elenment. 9At | east
sone of the grain boundaries of the top doped region 226 are 10bl ocked by
solutes and precipitates or the aLloying elenents. 11The top doped region
can have a depth between 400 and 1300 A 12The inter netal dielectric |ayer
is conprised of low K materials such s 13 Coral TM Bl ack dianmond TM Silk
TM (low K is K< 3). 14The sem conductor structure further conprises a hard
mask 228 on the 15inter netal dielectric |ayer 220. The hard mask can be
conpr i $ed acfor®id0Rs brSaddst interBe@tidblasad cnangriedl ksuch Tpéificatinsand ewelar cap

| ayer 30 Jover theﬁﬂ? nt erconnect 224 and the 18inter mtaldielectric

| ayer § BmﬁﬁéFg%trlc Layer 234 over the |ower cap |aver 230.
20The glelectrlc | ayer 234 is preferably conprised of low K materials such
21 as Coral TM Black dianond TM Silk TM(low Kis K < 3). 22W forma
hard mask | ayer 238 over the dielectric |ayer 234. 23We form an

i nterconnect opening in the hard mask |ayer 238 and on the 14dielectric.

| ayer 234. 25The interconnect opening preferably has a dual damascene shape

17



26 conprising a top |ine opening and a bottom via plug opening.

W forma barrier |ayer 242 over the hard mask | ayer 238 and the
28di el ectric layer 234 in the interconnect opening. The
barrier layer 242 is preferably conprised of Rti, Ru oxide, W Ti SN, Ta,
TaN or a hi-layer of Ta and TaN. The barrier |ayer preferably has a

t hi ckness 3 between 100 and 500 k 4Then we form copper layer filling the
interconnect opening and covering the barrier |layer 242. Referring to fig
2A-2, we @ F“ﬁgi he copper layer and the barrier 7layer to a |level about
oven with hard mask | ayer 238. This fornms an interconnect. 246

and renoves the harrler | ayer 242 over the hard mask | ayer 238. The (MP can
remove a portion or the hard nask. LCPreferany the CVMP renoved

substantially all the barrier |ayer ( Tal faN) and stopped on the hard
mask, Thé |ntéP@@Hﬂé@ﬁmﬁﬁéwﬁﬁﬂ“@ﬁ?@§%%ﬂm§ﬁ@§ﬁ8@@5“% 17The i nt erconnect 246
i's preferably conprised of a via plug 246A and a 13line 2468. 14As shown in

figure 2B, weprowdingrsubsitatapepyehyite pe miermetal digdecirisdaype ap éxersptEet 226 and
the barrier layer 242 to forma first inplanted region 250. 16The i npl ant
process (é&hgn intenemgyt, topleséace whivd, is etpddnac avith e igemfetal detbcts: t¢Fdescr i bed
above in the Is' enbodinent. 18Preferably the entire exposed top surface of
t he i nt epgoideetthe 2démiesal dRidgpicant ed
forming a top doped region comprising non-metallic dopants, wherein forming
the top doped region comprises
providing the non-metallic dopants having a first dopant
concentration in a top portion of the interconnect, and
annealing the substrate, wherein annealing causes the non-metallic
dopants in the top portion of the interconnect to block at least some grain
boundaries in the top doped region, wherein a lower portion of the

interconnect below the top doped region is substantially free of the non-

metallic dopants as compared to the top doped region.
2. The method of claim 1 wherein:
the interconnect comprises copper; and

the doped region spans across the entire interconnect top surface.

3. The method of claim 1 wherein:

the interconnect comprises copper; and

18



20 it can be seen fromthe above process that the &ants will also hit on
77t he areas covered by hard nmask depend on the CMP process. It was expected
that the 23dopants will stopped by the hard mask |ayers and will mnimze
its effect to the IMD 24l ayers. 25Referring to figure 2C, we anneal the

i nterconnect and. the first 26inplanted region 250 to forin a first doped
region 254 in a top portion of the interconnect. 27 The first doped region
has gai n boundaries that are bl ocked by the alloying. elenments. The anneal
can be per f or Hsgioped Freruygonery theenfippanictoonasehiogisHrae, the firfidopant st doped
region 254 has a alloying el ement concentration between about 0, 1% and 1.00
at om ¢ %car¢nirgiian qenwiisesalbisyhaveabmpiehatomic Aand 0.5 atonmic 3 % 4After the
anneal, the first doped region has a depth between 100 and 51000 angstrons
after anneal and nore preferably a depth between 400 and 500 6angstrons.
Preferably the depth is about 7 to 12 % of the tine thickness or preferably
about 71@% of Theencthodefichis R vd®sein:8The portion of the interconnect 246

bel ow the first doped region 254 is 9preferably substantially free of the

al | oy el enent ghdihRfBohA&:t Ebhriscd 8dpper; aedi on 254. 10Fi gure 3 shows a cross
sectional view of the top surface 302 of doped liregion 300 of the Cu

| nter connect  300AlhEAIRABERs arf LA Fork ROWEP Nian3 el flBmpaidPr eci pi tat es

312 of the alloying elenents in the grain boundaries 304 of the Cu grains.

The thereof; and

the first dopant concentration comprises less than about 1 atomic %.

5. The method of claim 1 wherein the interconnect is formed in a dual damascene
opening in the intermetal dielectric, the dual damascene opening comprising a top line

opening and a bottom via plug opening.

6. The method of claim 1 wherein:
the interconnect comprises copper; and

the first dopant concentration comprises about 0.1 atomic % to 1.0 atomic %.

7. The method of claim 1 wherein:

the interconnect comprises copper;

the interconnect is formed in a dual damascene opening in the intermetal
dielectric, the dual damascene opening comprising a top line opening for an interconnect

line and a bottom via plug opening for an interconnect plug; and
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13al l oying el enments (such as solutes or precipitates 312) bl ock the

di ffusi on of vacancies 308 14and thereby reduce stress and el ectro

m gration problenms. 15As shown in figure 2D, we forma capping | ayer 260
over the 16 interconnect 246. Preferably, no CMP process is used between
the inplant step and the 17formation of the capping | ayer 260.
18Subsequent |y, another inter netal dielectric |ayer and overlyi

19i nt erconnect can be formed contacting the top surface of the

| nterconnect .y 2400 LEONEES: R A0balr 8935, Rl PBRIHkRBmEP e above

description an ations not be ta as lrmting e scope
of the present invention defined by the clains. 24Wile the invention has
been particularly shown and described with 25reference to the preferred

enbodi nepts thereof, . if wl e understqod.by those skilled.in 26 the art
that varf-ous Ehfdﬁ@‘g%d Péf’l‘I“B‘r Li"’g?famdg‘f dgne r%&ﬂfi@ﬂf‘é&@"\?ﬁ R&tHC departing from
the 27spirit and scope of the invention. It is intended to cover various
nodi fi catfseEngfdosiwdarar 28 arrangements and procedures, and the scope of

t he appended clains therefore should be laccorded the broadest
interpretation so as to enconpass all such nodifications and simlar 2.

arrangenents and procedures. 3 s chinned is:
9. The method of claim 1 wherein the doped region has a final depth between about

100 and 1000 A.

10. A method of forming a device comprising:

providing a substrate prepared with an intermetal dielectric with an interconnect,
wherein an interconnect top surface of the interconnect is coplanar with the intermetal
dielectric top surface of the intermetal dielectric; and

forming a top doped region at a top portion of the interconnect, the top doped
region comprises non-metallic dopants having a first dopant concentration, the non-
metallic dopants block at least some grain boundaries in the top doped region, wherein a
lower portion of the interconnect below the top doped region is substantially free of non-

metallic dopants as compared with the top doped region.
11.  The method of claim 10 wherein an interconnect barrier layer lines the intermetal

dielectric top surface and interconnect, wherein the interconnect top surface of the

interconnect is coplanar with a barrier top surface of the barrier layer.
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1. Anethod to fabricate an interconnect structure conprising:

providing a substrate prepared with an internetal dielectric having an

i nterconnect with an interconnect top surface which is coplanar with an
internetal dielectric top surface of the internetal dielectric;

formmnmg a top doped region conprising nonnetallic dopants, wherein formng
the top doped region conprises provi ding the nonnetallic dopants
having a first doparit concentration in a top portion_ of the interconnect,
and 12.annEh¢ methof wEclaimd i Phersn Rorignsof therbarier faygr kung ks 1qtpgnetal
non-netal lic dopants in the top portion of the interconnect to Nock at

| east sodslasbigriompurése iare remevedopted tyaingrtbgiensd reher.ei n a | ower portion of
the interconnect below the top doped region is substantially free of the
nonnetal | i c dopants as conpared to the top doped region. 2. The net hod of
claiml wherein; the interconnect conprises copper; and the doped region
spans acn®ss Themethod b€ cliaiti €1 eheRECiorficR of thefbaatr lalbelinirg thed[td]] cl ai m 1
wherein: the interconnect conprises copper; and t he doped region
covers t ifeffetdl BRIdcHADE UHNRE brelrBRovdd IrRe & foliRglthd &pedadpait concentration
conprises |less than about | atomc % 4. The nethod of claiml wherein: the
i nt erconnect conprises copper; and the non-netallic dopants are
selected fromN, B, P, Si and C or conbinations thereof; and the first

dopant . qgncegﬁg&k{gaoga. ﬁé%%m% ss than about 1 atomic % 5. The net hod
of claim ‘mherelnlk e rnterconnect is formed in a dual dai nascene opening

the interlinea ielectric,, the duql d scene oge co, | rhsin .a top line
"rig and a bo?k‘?)rﬂ]w lﬁfaﬁldS‘ﬁ)%Fhﬁ&? e@?e?aﬁglei% o8 8‘1“%&’6&‘%5? \ﬁ'?é?ésl n: the

i nt erconnect conprises copper; and the first dopant concentration conprises
about 0. ¥sedteRptiernp frsneh i t laiﬁr@e%&?l?eﬁﬂef%élem IORNeALAYh 1 wher ei n:

an interconnect barrier layer lining the trench and a hard mask top surface of the
hard mask, wherein the interconnect top surface is coplanar with a barrier top surface of

the barrier layer.

15.  The method of claim 14 wherein portions of the barrier layer lining the hard mask

top surface of the hard mask are removed after forming the doped region.

16.  The method of claim 14 wherein portions of the barrier layer lining the hard mask

top surface of the hard mask are removed prior to forming the doped region.

17.  The method of claim 10 further comprises an anneal to diffuse the dopants of the

doped region to block the grain boundaries.
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the interconnect conprises copper; the interconnect is fornmed in a
dual damascene opening in the intennetal dielectric, the dual danascene
opening conprising a top line opening for an interconnect |line and a
bottom via plug opening for an Interconnect plug; and the doped region has
a depth of about 7 to 12% a height of the interconnect line. 8 The nethod
of claiml wherein the doped region extends across the enure anect top
surfacel 9. The nmethod. of claim| wherein the doped region has a final
dept h bet ween about 100 and 1000 A. 10. A nethod of form ng a device

conpri si ng: providing a substrate prepared with an internetal
dielectrig wiih an, interconnpect, .wherein | 0 face of the
i nter con’nfgct nflke %%B?g?{gﬁlm W]%fﬁeémit nter ﬁ%qgnllhcgi%) g{ngsg({brﬂﬁ%&? %bp’slﬁ’r lage of the

internetal dielectric; and formng a top doped region at a top
portion o2 ORPHHPREEMect , the | op doped region conprises non-metallic
dopants having a first dopant concentration, the nonnetallic dopants bl ock
at | east some grain boundaries in the top doped region, wherein a | ower
portion of the interconnect 'below the top doped region is substantially
free of Honnettal métbodiopdsits] tawhereintier fadt dapent conecntroporespadiseediovsh. 11. The
nmet hod of claim 10 wherein an interconnect harrier |ayer lines the

i nt ennet @ll —di.Ghtemia petcenap surface and interconnect, wherein the intnonnect
top surface of the interconnect Is coplanar with a barrier top suriface of
the barrier layer, dielectric top surface are rnovcd after form ng the
doped region. 13. The nethod of claim 11 wherein portions of the barrier
layer |ighng tiemihbde dlaibhiehRtidlihGhek@fhédiCohpRsss WbpRee are renoved
prior to formng the doped region. 14. The nethod of claim 10 wherein:

a hard mask is provided on the intennetal dielectric top surface, the hard
mask is used to pattern a trench in the internetal dielectric for the

intercogggct; an o an int?rQQn&:%% b%&r'er | ayer lining the trench and
a hard k t%ﬂ“%ﬁ@fgg@nngﬁ%glﬁgf@‘nasﬁ? Wher ei n the interconnect |op
surface is coplanar with a barrier. top.surf .of the barrier. layer. 15.
The met hod of PTEV'41% alsJI-‘E’Wi’é? %rpﬂarf)‘g\”ftf‘ Sﬁglt‘c'ﬁme?ari gleg%‘i{frf VINGRdenER i g t he hard
mask top surface of the hard nask are renoved alter form ng the doped
regi on. thewin qesprdigdo an IHEIEPHACHY wherein portions of the barrier |ayer
l'ining the hard mask top surface of the hard nmask are renoved prior to
form ng the dbpethgregnductive layer dhde mehshrad, BE cendichyellBydrepYHer tednpri ses an
anneal to diffuse the dopants of the doped region to block the grain
boundar i ggermefai dialecwittanad dilllirgrtht trerchof .
planarizing the substrate to remove excess conductive layer to form the
interconnect in the trench, wherein an interconnect top surface of the interconnect is
coplanar with an interconnect dielectric top surface of the interconnect dielectric; and
forming a top doped region at a top portion of the interconnect, the top doped
region_comprising non-metallic dopants having a first dopant concentration, the non-
metallic dopants block at least some grain boundaries of the interconnect in the top doped

region, wherein a lower portion of the interconnect below the top doped region is

substantially free of non-metallic dopants as compared with the top doped region.
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19. The nmethod of claim 10 wherein the first dopant concentration conprises
about 0.1 1.0 atomc percent. 20. The nethod of claim 10 wherein the

i nt erconnect conprises copper. 21. A nethod of formi ng an interconnect
conpri si ng; providing a substrate prepared with an internetal
dielectric having a trench therein corresponding to an terconneet;

formng a conductive |ayer on the substrate, the conductive |ayer covering
the iatennetal dielectric and filling the trench; pl ami zi ng t he
substrate to renove excess conductive layer to formthe interconnect in the
trench, wherein an interconnect top surface of the interconnect is coplanar
wi th an 23t er Aonsibed offforniag mp igercepicelin paemiconducks deviceewamiseet di el ectri c;
and formng a top doped region at a top portion of the interconnect,
the top dopedproegingea subsipate prepared with me tiztbinetal dogbatricshavangiarigengh f i r st dopant
concentration, the nonnetallic dopants block at |east sone grain boundaries
of the i eesitconrspéndiny totdhénte@pnidoped regi on, wherein a | ower portion. of
the interconnect below the top doped region is substantially free of

non-metal i c gepaitScoadu@ReRa/cesh ielslibstiaR, theRoftRREE ThfdicBibring2ke A Met hod of
formng an interconnect in a sem conductor device conprising:

provi di ngyanauallRbf RAHGRRIEH: Weddh; an internetal dielectric having a trend
therein orresponding to an Interconnect; form ng a conductive | ayer

on the substrﬁ%ﬁ¥F%%§Hggﬂgug&kggmkggg¥$%§%ﬁﬁ&9g%%¥§%%g£§%ﬁkaI dielectric

and filling t _ he su renove excess
oo coni B S 1 O R PR PG e AR "

an-interconnect .dielectric t surface of the jnterconnect dielectric; and
f ormi ng aorﬁfaﬁrw @&Wtsrgpw%ﬁﬁlﬁ?mg rwgsuﬁfgﬁz leeaunrqr%onaeﬁaﬁwf triCyA%t ei n f or ni ng
the top doped region conprises providing the non-netallic dopants having a
first dopant EsmEenieRdpeas regioR coraprisi 1angretalicidppants, pdiereBnieerg ; 1] and
anneal ing the substrate, wherein annealing causes the non-netallic dopants
in the tths tppdededmegién ¢dveprisns er connect to bl ock at | east sone grain
boundaries in the top doped region, wherein a | ower portion of the

et below the top doped pregidmg thesnemrhathhio tdopdnts/hdvingen fakt ddpentnonnet al | i ¢
dopants as conpared to the top doped region:

concentration in a top portion of the interconnect,[[;]] and

annealing the substrate, wherein annealing causes the non-metallic
dopants in the top portion of the interconnect to block at least some grain
boundaries in the top doped region, wherein a lower portion of the

interconnect below the top doped region is substantially free of the non-

metallic dopants as compared to the top doped region.

23



