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SUMMARY

Certain embodiments described herein pertain to the design and fabrication of

local tungsten interconnects. These embodiments are particularly useful in small

20  dimension features such as those encountered in advanced logic applications. In
specific embodiments, a via or interconnect is formed by subtractive patterning of
blanket layer of tungsten, particularly low-resistivity tungsten. In comparison to
conventional copper damascene interconnect fabrication schemes, the described
embodiments provide (i) lower via resistance and (ii) superior reliability (e.g.,

25  electromigration resistance), both enabling high performance interconnects in device
nodes beyond 22 nm. As explained more fully below, the blanket deposition followed

by subtractive patterning has the advantage of producing lower resistivity metals in

the via. Briefly, this is because the grain sizes of the deposited metal can be grown to

a larger dimension in the blanket film deposition than in conformal fill deposition.

30  Larger grain sizes in a material produce increased electrical conductivity due to
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In some embodiments, a method additionally includes the following

operations: (d) filling the region between the vias with a dielectric material; (e)
forming a blanket layer of metal (e.g., tungsten) over the vias; and (f) patterning the
blanket layer to form interconnect lines. Operations, (a)-(f) produce a complete
25  metallization layer, one having both vias and interconnect lines. Of course, the

process may be repeated to form one or more additional metallization layers.

In certain embodiments, when tungsten is used in the vias, it has a resistivity

of at most about 30 pQ cm (and in some cases at most about 15 uQ cm). The grain

size of the metal in the vias (or lines) may be at least about 5 nm, or at least about 10

30  nm or at least about 25 nm. In some implementations, the semiconductor device has
dimensions specified by a technology node at or beyond the 22 nanometer technology

node.
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In certain embodiments, the conductive metal is tungsten or a tungsten alloy.
Further, the tungsten in the vias may have a resistivity of at most about 30 uQ cm, or
15 in some cases at most about 15 uQ cm. The integrated circuit may additionally

include a barrier layer lining each of the plurality of vias.

These and other features and advantages will be described below with

reference to the associated drawings.

20 BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1A is graph depicting, in general terms, the decrease in tungsten

resistivity with increasing effective thickness.

Figure 1B is a cartoon depiction of tungsten grains grown in a via or line

template.

25 Figure 2A is a process flow chart depicting one method for producing a

metallization layer using subtractive patterning.

Figures 2B-F are schematic depictions of a device cross-section at sequential

stages in a subtractive patterning process for forming vias.

Figures 3A-C are schematic depictions comparing conventional copper

30  damascene and tungsten subtractive patterning processes.



Figure 4 is a cross-sectional cartoon depiction of a via produced by
subtractive patterning. Figures 5 and 6 are schematic illustrations
of tool s woioel4®1Bor perform ng certain operations of Prha/tsadinabs ve
patterning process described herein. 5Figure 7 is a graph showi ng via
resistance, for.tungsten filled yvias, as a function of via bottom di aneter.
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stress migration). THis Tecognition led the inventors to explore alternate metallization

schemes.

Low resistivity tungsten might be considered as a replacement for
conventional tantalum nitride — copper fill. However, the resistivity of tungsten in

20  narrow vias and trenches has been understood in the art to be too high. This is partly
because the bulk resistivity of tungsten is strongly dependent on the tungsten film
thickness/grain size, with tungsten films that have larger grain sizes also having
higher conductivity. See the graph of Figure 1A. In this graph, tungsten resistivity is
presented on the y-axis as a function of the tungsten effective thickness. In this figure,

25  the “effective tungsten thickness” corresponds to the average grain size or dimension

in the direction of current flow.

Unfortunately, current technology limits the grain size to approximately one-
half the critical dimension due to the conformal nature of the CVD tungsten
deposition. More specifically, the grain size is limited to the thickness of the film

30  deposited into the feature, which thickness is 0.5 x (CD-2Tjiner), where CD is the
critical dimension of the feature and Tjye, 1s the thickness of liner (Ti/TiN). This can

be understood with reference to Figure 1B, which shows chemical vapor deposited



tungsten in a via or trench. In conventional via filling technol ogy,
tungsten is deposited by CVD and not PVD because PVD is insufficiently
conf or malweardiZi@res voids in the via fill. However, CVDPdepssdti®s47w8ingst en
conformally follows the contours of the via and therefore limts the
tungsten grain size as depicted in Figure 5. . Thus, tungsten's .
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tungsten fill. IIlovvever, this is not necessary to realize the benefits of
subt r act i V¥ PAMAKAM™g. 1 n some enmbodi ments, the tungsten grain size is
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deposi t i oponductivity significantly higher than that of conformally deposited tungsten and, in

fact, comparable to that of electrodeposited copper.

In some embodiments, the average tungsten grain size in the blanket film is

25  significantly greater than the lateral size of the vias or interconnect lines. In this case,
subtractive patterning results in the vias on average being filled with part of a single
tungsten grain — effectively producing single crystal tungsten fill. However, this is

not necessary to realize the benefits of subtractive patterning. In some embodiments,

the tungsten grain size is relatively small in comparison to the via or line dimensions.

30 Not surprisingly, the blanket deposition and subtractive patterning process
finds particular application in back end of line (BEOL) processing for advanced

technology node fabrication processes such as the 22 nanometer node and beyond. In



met hods such as CVD, ALD, iALD, etc, other nethods with | ower step coverage
(e.g., PVD) can also be used because the initial tungsten is deposited as a
t wo- di nerspanelo4lianket film It has not been feasibl e pceaisousioys7v®
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can be dePpo¥ictidld FAMYC-PUS BINSHIEH; PRHBYS PHBVBRL R8RS B uriRIC¥H dbut ter
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but cannot,. be read;| eposi ted using CVD nethods. |t shoyld al so.be noted
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correspondi ng conpounds .g. . Ti Wand Ta&& nd al |l qys ( i Al), Cu(Al),
Won W Re) . EETRORS poRinis it eng) prede ottt agSndinroEhetey ot her
netals, CREBRMAPRanaPBothAdcl @tSndTBYal PEgPAhbREWRAthbe Maghdona el Btadfet MANNET
for use in advanced node fabrication processes. Wthregard to Cu and its
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Figure 2A and cross-sectional diagranms 2B through 2F. As shown_ in Figures
2A and 2Blayeh@aypedenrcsitebes ¢escipadpeo. (PG b HERPOSEEN & 2 Vo HiseEiCE n

accor danc i i p i : bl ock
202 of 1t nAnENER RS Rhe BRE £y RGPS EROOO) BOKRIGE. Ot od i n
Fi gur e 2Bdemsitedinga €MD psicessct ure i s shown having source, drain, and gate
contacts 201, 203, and 205. These nmay be made froma silicide or other

hi ghl 30 conduct Adeitizabley, FVD allbes slepdsitton 6ff @hpsteraBldoygadueh ak aviArweidhon a

sem conductor substrate 207 such as a single crystal silicon substrate. A
gate el ech¥sdewgooesisianed thasdush tungpicnbubcanpphbe Egpdily gepagied ugng §&/D11.
Tungst en t , It I ohm ¢
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2C, the shnaistElee wihaWTd(ADFVEES, WBRE)S dudliy,N€6(Mn), and Cu(Mg)). As with
tungsten, these other metals, compounds, and alloys may be patterned in a subtractive
30 manner for use in advanced node fabrication processes. With regard to Cu and its
alloys, it can be problematic to perform subtractive patterning with plasma etching
given the low volatility of Cu halides. However, other methods such as reactive or

inert ion beam milling can be used as alternatives to plasma etching Cu.



20 processed to provide a bl anket |ayer of tungsten which will ultimtely
be converted to nultiple tungsten vias. Initially, a barrier |ayer 221 such
as a | ayewoforxa@®iBr om t ungsten nitride and/or a fluori ReTfUSe@1e4TgSt en
material or a titaniumnitride is forned over the top of a structure

produced in Figqure 2B See al.so 204 .of the Fjgure 2A flow _charf. Tungsten
barriers are e_%aeé@@aletmoiﬁsaﬂew8?@%%&@%@}1_ chyyrt Qﬁlg@@ﬁém T8 ric 25
or other gRiighiialiafhRN A LRGHPYFT hes @_&9{/@%'PE@%sFQR%M@B,U%dpﬁ)Qesgepos' t

tungsten netal. O~ particular concern is the hi y reactive tungsten
hexaf | uor befnpmeihuz ety conmedndévassapioguesslenh tesottposivtitht (rogfsemhofmbinal . The

fluorine iated w th_.tungst xaf ride can ch or .oth i se damage
he di ol i) BivoPa BRI n Sanierort b P bR diE ey PrSeeasbaient 1y
deposi g eddblignkss-bauhian tRPidt@l B FigdRADBER traRBedrefrubfid i€khdvay Bhvidgl i s
deposited, the process continues wth deposition of a bulk tungsten |ayer
223 whi chseired, draipmaedgasf cantasgs Eeh 28 and g0ai n$hessamay hetads ibgeguent |y
fornmed vias...Se hat,i qn_the Fi f rndicat ed
wbove. 1 hapiRaL BT HMLY oL phlkiel, HHESo8Ch hWT PR base B (B

chem cal vapenteRdsactbr UbsphRCHETSsuRh S eNEngit Reystd uilicdhl sabpracessgauch as
atom c | ayer deposition (ALE%, pul sed nucl eation, | ayer deposition (PNL), or

even a physrEede 20900 foessodn g e kst pgaty oxifse’ by piessrsantagth be a
convepgi o IO Z8e, R ] t riation
of PV A1 eyt o Aguleamy R T oRrRE ROy AT 08: B2 Lyer
223 may bérenghovieanta gmavidt ungshecctivat betivabn athe ndgvidee ckectrodesr esd sthevi ty
tungsten such as the tuggs%en gescribe inJU.S. ﬁﬁ%ent No. 7,589,017,

i ssued SePtERpEcctishat 3HH&C Mg e B sigdraBe gt maks S r ef erence in its
entirety. The bul k tungsten | ayer 223 may be optionally planarized by

chemical 10 nmeHrhapidde wlersiendhthat ey agimplerdreclegiiode £MPsrgyicsdess. See
bl ock of . L gwr weha I i 10 essary if
the 11t hodrase 1 FGaEL 9 Buef ablBUEIAEL el e b AR IR
resol U i omehwrprdodiaese asdiivhaduiselogicadsticesct itirsesuld Flsd herundgkt@ndrthaathe on or

other material renoval process be. enpl oyed to reduce the thi ckness of
the tungst@8STER SHKAES PLyars: g@’whegﬁﬁ_&% ol % HEMA%S o PHFSESN | ayer
i's grown fRpaiNeh abhVeliondr eatfil Hrekbes st bl dRb BouhdMtERS hat Mes@r ai n
size. It has been found that under some conditions, the tungsten grain size
i ncr easesceitadts needmeabe mgde fiookimegsgenof t he deposited tungsten | ayer. Wen

excess tungsten is deposited for this purpose, the top region of the |ayer
(soneti nes cal Cedsideigr bowdégiije 26, thpbsteadthng shemmy ed Fguror2Bt ds funtlidher

processing. In such enbodi nents, 20.the excess tungste y be renoved at
Bl T hofd bl BiokeBeBloRop A & WG o Podh tHRHE W APyl o igly O3 BB EdPosi ti on

t r eat ment i t @nit; i Il rd r e and/ or
o 1 pe TRiptS SuftRn G nilifiy. 26 Batbick Sélcf APl o0TYef RoriRAITRAR S

exposur e tuwggkasimade aniea flmgincekqpdengsten matgtitlrana tohmtimrmattidatis tmmeet c.
After the layer 223 is optionally.planarized, it Ls,cpat W n

anti - rer T be R aakury BodualiEERE oS! Syepio38 ph et 238,

sui t abl e gt - T@fds@a thaMeers SRtdniioyiato Peotb& ekl fitierliyfigSorRidjReselidsctiis wWel |
known in the art. The process continues as depicted in Figure 2D. As

shown23 hepeothar getrviehfioanattackdy thengeissrirenedrapranyls upachioglapsly tmesicess i s
enpl oyed [n%ta‘i‘.ef(bf’ﬁarﬁﬁﬁaﬂ Q&n%&hfﬂ%hé)fhigth't‘y“ ISLAD: WStk FxdflokAE frbdifdor
metal | i zation |ayer. convent I onal

conventionally used to deposit tungsten metal. The fluorine associated with tungsten

hexafluoride can etch or otherwise damage the diclectric and/or result in adhesion

problems for these subsequently deposited blanket tungsten layer.

30 After tungsten barrier layer 221 is deposited, the process continues with
deposition of a bulk tungsten layer 223 which will form the of tungsten metal grains
used in the subsequently formed vias. See operation 206 in the Figure 2A flowchart.

As indicated above, the tungsten layer may be blanket deposited by a conventional



30 lithography process involves depositing a photoresist, focusing |light on
t he photoresi st, exposing the photoresist, and renoving the exposed or

non- exposwo 2negi4ons of the photoresist, dependi ng upon ROEtUSRE111054798
photoresist is a positive or negative photoresist. Al the possible

vari ations of. lithog a52  are contenpl ated for this agplication and the one

that is aBRFtlyaRNCKBRSHPT PrasesSEUisPRBOEF 8 TaDHePTRETSE PR R IBIEHRST ogy node
in which HHRRIAGRID)] 1@5&%&[@%&5@f&yef@épo%aﬂ?ﬂ>ﬁ%%9 cRIBL bR P AT

| i t hography may be enpl oyed in which an el ectron beamis used in place of

f ocused | defusition rdedcsnPYRE hhe P¥Thprocesssiao e mvaniand! PWEX proogss ©ome

t echnol ogy_nodes, ch as 5 nodes, bel ow .22 ter i be

appr opr | Al R oS P RBHS BhSeY TR ST TrSgr SR B dBY WPENFR er ¢ he

|'i t hogs aphtdpraPa@sssites o proali&d Refer 220881 @R d @sentdodhd] himgheh hefaed oy, for
exanpl e, performng a tungsten dry etch. This may be agcoggllshed with, for
exanpl e, BHEHCst Fvercstshatty hengstchsuph edheeingdemiesgribeinol/ed Ragenp™Neduce bi t

lines in DAY Vi ) t t i r S .10
presented in Pﬁz1?%%ﬁ§ﬁ§§§ﬁ%k%§h?%%%“§%p ﬁgg&%@%@?gégﬁﬁﬁ?ﬁg%?%%#gf%d by
referenceithefiteety. in its entirety: U S. Patent Application No. 12/535, 464,
filed August 4, 2009; U S. Patent Application No. 12/833,823, filed July 9,
2010; U.S. Patent kﬁiﬂ?'thﬁ%géno'[h -2232£na§2b@l)&ioﬁeillyegla[o)@ﬁ@absg dHmiZP08; and
U S. Patent Application . 12/535,377, filed August 4, 2009. In certain
enmbodi renmechanical pelishiing((MdY) beothsr plepgriatier prascsswoSast tderksof 208 ¢fr the

ani sot r opic. et i ¢h . pr, es.. sl ightl versi | foll y an
isotropicbg?%%igo ‘?ﬁ%?tﬁggﬁgéagﬁiégyb?ég&?%nyﬁ%ﬁgg%?%%%ﬁaﬂgogﬁggngize.
Bot h of thekevsetaines trr perforpicdalMityt pefifientmesholigiongtod podabasaitatile hant s.
After etching, the tungsten vias 229 and/or other device structures are
treated byirudtyeyplyherilatasizpiriaer ghestpiedssemay Peossnmay byrmgloayeduence of
l'ithograp [ NG ; i _pl i.ng 1pr e ure
shonn i n B SEE Yl MgERE, g i o R B e Sl B £
r ef er Encetungstehilgyet iggroeni ©® < aghdtivegdgileyt thickakssZihGrider tbhecreaguhe ghn

flowchart.. Vi n.to Figure 2E, .the first nmetallization |ayer is
depi cted dffeft by gt Bﬂwﬁiteatdwdsgme Fonelftopi {ha RS AN PEE A ded to
fill the g@ﬂﬁﬁn%ﬁﬁ‘%@ﬂliéﬂh%sszéf ih@ddeﬁggféﬁltuﬁéyf@;sfa?&. VivaSn 22ss %?gs%lnsig bl ock

212 of the Figure ZA flowchart. The dielectric material nmay be deposited by
any of a dendsged ofor sthiis apirpossr dbes smws regioh udf nye s piyar oopromes sedled PECVD,

etc. In sqme enbodiments,..the dielect terial. is . proyided.b "flow'
epost ti ot GrORESs ) Seheuly HEutef pBEF o iePe Fhiiine  MEBRH aBOgied:

11/ 8349 S8the &Eck@0ruAbi@ets maf, be2Rhbvel.abcitifat B8tk ADPlok Calii@Nth&NPlow3bhart.

12/ 964, 110, filed Decenber 9, 2010; and U.S. Patent No. 7,629,227, issued
Decenber 8ddzoogly.eapestidapesitinsr eatchemay rbeoypiliefl dp ehe depesited dayentinr et y .

The gaps gan, he;f ILe'aieea%d s bﬁ%@%ﬁ%éﬂaﬂlﬂ@ze O th %teﬁ. RIS ﬁ%e%tfn'eﬁt%i J}hﬁ‘&? the
aspect ratio of "thé gap between vias PsralT y Tow (typrcally Tess than
1). The pagt, icgpbsare W@iptdsatt fnralimd, @kp@urd 1o ultypiicial dafliadion,@xd. de, al t hough
other materials such as polynmers, carbides, nitrides, oxygenated variations

of any of thesaftepfi} [b@ 2B koptiallPPlBARLQY Bds 8Sat¥Evith ahAnfiBBYective
enbodi nents, the dielectric is a low k dielectric. After the dielectric

mat er 22l fodting asiispisigsisbb byae?d i HigupdC. they sutablcentpfeficpévescagtingct ure is
Opt'ona"X@ﬁ%%&ﬁ%{%ﬁﬂﬁgﬁmﬁgﬁhﬁqg#%ﬁ%55gﬂ49&8%%§5 such as CWP. See bl ock 214

in Figure p anarrzation i's enpl oyed will depend in
part upon the rticul ar technol ogy e (%o . to osiit the dielectric 231
B ound the pat §BF GG songo8es A HRTSBbat b epiy CRe. phocUes™ ST br ¢ her
processi NgoRRRtidAK ot Won-dbhfeRriendl) Pieddasaphd Grbées®ne cRMldyedttBedefine the

i nterconnection |lines between the vias are prepared by ‘a conventi onal

copper dalmgsideeohdunswol vigy.220nina thyi firssr watallzpiperodetsr- Aheowreatiokadi ct ed in
Fi gurg, 2A..- the,interconnecting lines are forned, by. subtractive patterning
ot ndh 1 ek B { bREERCAREP e PR E prBlR e g JEbL oS PR

i nt er conngkdtotckiBE Scxpbsing ah&gthotyesisty siid deposing i thy pbicAnkehoh-aypsscof

tungsten on_ a I%yer containing vias, such as those o .
regions of the photoresist, dépending upon whether the photoresist is a positive or

negative photoresist. All the possible variations of lithography are contemplated for



15 formed as descri bed above, and then perform ng subtractive pattering to
define the interconnect lines. As with the above via formation process, the
nor phol ogyoab1zdaeiaet al in the resulting structures is ®abaSanmtioad®y t he
sane as that produced in the as deposited netal |ayer. This approach has

t he advantage qf producing |inpes havi hi gh conductivity in co rison to
such T eat DRGEPRIIcS : T 19 Q0 birle POHAY ¢ ﬂléﬁl@_bﬁcﬁaﬂéﬂarﬁés%sﬁéﬁ@%é fill
Pr 0Cesses cchnglogy fbd@Uh Sviddh BB E%e&sﬁ@ iF¥ e8P FbPedabipte, 3RCRRAABLIRN. AS
depicted in Figlre 2F, a blanket |ayer of tungsten nmaterial is deposited on

top of a pithagrmphy ethyshe ersployel wrwhiighed chictrohédcamds ofcdoparlatei drfecubedcr i bed
in associatiqgn w.th.Figure S Initiall Ip this version of a ocess of
tor mng. t REM SRR G oA spon M i R o Roystind 1eePhgoRy ndloss Bl Kot on
barries 238ddsSbdlew B MRoheRrOfit trhe, Bk ei@‘i(%p’ria@e andisexgos@herdicsbadd f ace.
See bl ock 216 of the Figure 2A flowchart. The tungsten barrier may be, as

descr i bedpkdeliiogaphyipgsesn Afterrthel Bthography pracges i cemplaiesy sunestepdexsti al , a

tunget on Ba 11 SR bE RSk Sl iiartib s SRRt B s sSuE RE N Loa: e
as shown. a&emphiklegkwizd, FooEx dnfee, Fohgni ricdAhiitl Hawe badr conddntivnbily kaytyye@ 23,

bl anket tungsten | ayer 235 may be deposited by any of a nunber of different
t echni quet® PiEReRdPiHgNE/D, Dmﬁf, dﬁmeaavmr%lﬁhpéa@g.steww PRGSSEAFCof a

numbey, O@regérft&?'tir?%e Foifogsh !?JSC?EWBQ%L ngE.‘éoﬁ%U%&haﬁlc ofMed %giréfe?éh%g

tungsten conposition as nentioned Further, excess tungsten may be
deposi t edherinaddis ¢rometly: PrdOFasait dgpireaticneN@er TrSwed, fited Avgisade2@09;

tabili i { . ft t i ited, it
surface | S hdihaepiine Ehbi28 e YD oBHR U S, PRERT abgiseats
descr i bedngboM®3 3o 7herR@NbRX M 16y e00@23nd SE&. OPAEAL IAp1iRARONJT gur e

2A. Then, an anti-reflective coating 237 is deposited on top of tungsten
| ayer 13512/88p871,hiled, Asgist fad0i0fe pacertaini ampodityeds Gapdtdyieg may defi ne t he

tungsten lLines interconnecti the tungsten vi.gs 229. See eration 222 of
SRR L R g i SV o Rt et R T
invol ve | ifabo@lanby by b8 is@icpit &h t& trirh PRd BebrsicéERal ﬂgthe%%ﬁropﬁafevﬁla‘it ep

et ching process (ani sotroEi c followed by isotropic) may be perfornmed as
descri bedsiapoBeth pfithehe etchenearcdypisalbhesrifeniog usig snrhase Bsharteardices of t he

patternin e ' RN Lhg.
Ther oar t ofrelmg: 1R ARARLEsS 2ATuREPY SibL S el b s elfedt HTphE
per f or medtHeorepidoni plevtoticsibteaid cleamin@urithit Requeavd v fldliopesbhiyl r@Singn and
i nterconnect |ines. 15The process depicted in Figures 2A through 2F
pr eset s §tﬁ1§p1§g/§§‘§n{nfgaprqﬁ1p§q§t the structure shown in Figure 2D. The subtractive

patterning operation described with reference to this figure is captured by block 210

in the Figure 2A flowchart.

Moving on to Figure 2E, the first metallization layer is depicted after a

dielectric or other insulating material 231 is added to fill the gaps between the

25  individual tungsten vias 229. See also block 212 of the Figure 2A flowchart. The
dielectric material may be deposited by any of a number of suitable processes
including spin-on processes, PECVD, etc. In some embodiments, the diclectric
material is provided by a “flow” deposition process such as described in U.S. Patent
Application No. 11/834,581, filed August 6, 2007; U.S. Patent Application No.

30 12/964,110, filed December 9, 2010; and U.S. Patent No. 7,629,227, issued December
8, 2009, each incorporated herein by reference in its entirety. The gaps can be filled

with conventional or low k dielectrics since the aspect ratio of the gap between the

vias is fairly low (typically less than 1). The particular dielectric material is typically



be enpl oyed to provide an all tungsten first netallization layer. A simlar
sequence of processing steps may be enpl oyed to provide subsequent netal

| ayers cowprzosymgoial | tungsten or at | east tungsten vi a®CT/iseo10ps4i70nal
additional iterations of the above process sequence to produce other
metallization. Jayers are illustrated in the context of. 20 a decision bl ock
226 in Fi @%PéldQA.Xlthougﬁ oﬂrﬁrgrmt@lgalg/&}lg%% p%ﬁ&l@@e%ﬁéﬂiﬁs’ Pléré%‘éc%xg@rl@teg (i) the

current CORPRIondAHTRRGLRE thBkalnbZAk 91&,'@&65?_ hildycd lamém tnghen Vi a

and copper damascene ‘i nterconnect |line netallization layer, and (iii) an
entirely twmhgdtrentspealidl¢ceag iserlowdydelectria. Fi gure 3A, both vias 303 and

i nterconnect |lines 305 are nmade from copper with a copper 25 diffusion
barri er such adfteatitcaliciovtmenadteraal fillantieagapnbeivtach déas 229¢ thewsartheconiathe

damascene process i s eqployed to formthese structures. | n the odi nent
of Fi gfrestﬁlﬁ,turﬁﬁ%om%ﬂg@ NARE RGP P@Ha&%ﬂ)M&Suagaé@\fl?-o%e%g@langsten
fol | owed bys spibtdacthvewdritebPho0a %ﬁn@ﬁ%%ﬁ?%m@l&ﬂdrﬁiﬂp tnd ¢ Bh@ures 2B

through 2E. (Vias 307 correspond to vias 229 igure 2E.) After the 30
t ungst en vpes thar parfioulae tichidlegy mtnptayedrtecdepost dic Hichegicat gl fagpumddthér om a

copper damgscene .progess by plating copper into trenches lined with a
copper di S%%ﬁ%ﬁw%a%'er such as tantalumor tantalumnitride. See |lines

309 in Figure 3B. Note that this structure is.inconpatible with the
structure showz\t ths mlamnéﬁ%nr,ocvﬁe fnther prRcesEh TRk et fTaieat Patke from

tungs{@n. 1 one patl B erdénidEfbLhifestavhihd 419 %%eltﬁpw 6% BodRnfighdl N9 a

netal |1 zation Tayer. This structure would be the natural” successive
out gr owt hcarfpet Hempiconessthetongy.51n 4 tifteugit apprgache— €. onetdepsteaal indiigire resul t

of one pa t hrough the process flow icted. in Figure 2A.. Specifi.cally,
Che Tl v Ruaihenbftdonnr Beofin et g ovmsToot bl fangag g7 oY
made frominuniest an tRAtURERE Subtactivbtpradetd, UBe RRblcBAtHchAnéy A0 BlARKSY

tungsten | ayer 235 in Figure 2F. As nentioned, Figure 1B depicts a via or

trench cr 6t depesitingna blanigti leyer of tungsten on a layer containing vias, such as those

15  formed as described above, and then performing subtractive pattering to define the
interconnect lines. As with the above via formation process, the morphology of the
metal in the resulting structures is substantially the same as that produced in the as
deposited metal layer. This approach has the advantage of producing lines having
high conductivity in comparison to such features produced by conventional template

20  or damascene-type fill processes.

Figure 2F shows the next step in this second option. As depicted in Figure 2F,

a blanket layer of tungsten material is deposited on top of a planarized structure
produced at the end of operations described in association with Figure 2E. Initially, in

this version of a process of forming the interconnects of a first metallization layer, a

25  tungsten barrier 233 is formed on top of the dielectric and exposed vias surface. See
block 216 of the Figure 2A flowchart. The tungsten barrier may be, as described
above, a tungsten nitride, a fluorine-free tungsten material, a titanium nitride material,

or other suitable barrier.

After depositing the tungsten barrier layer 233, the bulk layer of tungsten 235

30 s deposited as shown. See block 218 of the Figure 2A flowchart. As with layer 223,
blanket tungsten layer 235 may be deposited by any of a number of different
techniques including CVD, ALD, and PVD techniques. It may have any of a number

10



10 tungsten netal has been deposited by a conventional conformal deposition
process. As can be seen, the via 101 is filled with tungsten 103 having a
center |iwe202ar®@5 spanni ng much of the via depth. Thecrorsgstiem7bs| | 103
is conprised of nunerous individual tungsten grains 107. These i ndivi dual

grains gro &thard fromthe edges of via 101.incl udi nt% t he sidewal I s and
bot t om of °¥Vﬁ CYqng tungstey COFHOSIHGBHEWNGS ¢ MY 19518{anee A CHECAIPOFIAN 38 gr owi ng

outward frRmMisHE bbdeVhtitr, ef‘xg@és rtutgs%_wtﬂi'a Ol§e Jié;F%iTt&i%rtagdﬁioﬁﬁlzﬁo&éﬁﬁhgi S

approxi mately one-half the wdth of via I01. S I's because any further

gr owt h wounlag bh pednemddipasatdsk or bebidias theigrameired be bl ocked by grains
growi ng outward fromthe opposite parallel sidewall. The point at which the
grai ns grow ngAffteomngpieodatee 286 dewapdssted,oitd suafaco ne optiatahie rplammrigedaiby 105.

20As expl ained, the conductivity of tungsten netal is determ ned jn sone
measure b§Mher gbersusrlle m?ce%éieica%bai tagﬁvedébéfga f%?xtcséfpkagfr%-t SRt en

havi ng | aBg&Eti&H B (NoSFiZER 112S Thed) GN&K-LANIHE LYty 23 7RI RpbsitcRemabs e

el ectrons traveling through the tungsten scatter every tinme they encounter
a grain boltwgstyn la@er t¥ur Bom e suldrstise pattesning gnagurd engployahtoptefine r educes

th ductivity of th terial . 25Fi 4 i ct h i cal.ly how t
haar e 1 At tingb o BRATS Re e GaRSeH Fas 22E 8RB EBIBR T RigTor the
deposi t ed2AUNGSIcEEiB¥EtRthe DRteKNONWIghR 2D, IHE Patforning RESLiBRoIVS liRRAPhY.ed not

in a pre-defined via or other feature on a substrate surface but rather as
a bl atket ctebagi vigpring @eanite churd Avesisp ctahengsproeess s&rasotrppesy fotlowved brie

tungsten grai n .ar Si fegtivel i val ent the via
hei ght . O% Py0§1f§ % %?dysl% ?%g&glregi s %ggﬁeedf %gror\r]\éd ?%]ﬁ}%ﬁe%gleaﬁkgﬁe%%tg\égﬁ%n | ayer
i s the | aysfic peiet &fangds boOthdefattomindimmayib@sadagted $rons cem@ntiondd RGN Bit4 as an

original tungsten sheet 415 on a substrate having a barrier |ayer 417 and a
via 419 dHR¢ Raderningt nEheseafigr sl indigalgd thanonsiaion. 22inef Figuregaostit 8H i ungst en

| ayer has 8 id i 98ctAE AR d et W1y & 3 &qnt lifkZe
appr oxi mP%F%gugpﬁivbdeﬁg@%gg tdél?lght : eﬁ@&sﬂg\ﬁg Frﬁg%f:el grﬁre Jéwﬁ\e,&tlu%%]st en
deposjted into ur.es copvent ional ill _nproce h . quch
hi gheﬁ resisti \;lil%@%%cﬁgsndc[%}lucﬁgds%nenlgaléeﬁo% fh 5%%? Igapﬁqsgrﬁﬁg%e %gpi/setf%talﬁ%gm?hen
subtracti yekmppait &s peevide an all tungsten first metallization layer. A similar sequence

of processing steps may be employed to provide subsequent metal layers comprising

all tungsten or at least tungsten vias. The optional additional iterations of the above

process sequence to produce other metallization layers are illustrated in the context of

20 adecision block 226 in Figure 2A.

Figures 3A, 3B, and 3C show, respectively, (i) the current copper damascene
metallization layer, (i1) a hybrid tungsten via and copper damascene interconnect line
metallization layer, and (iii) an entirely tungsten metallization layer. In Figure 3A,
both vias 303 and interconnect lines 305 are made from copper with a copper

25  diffusion barrier such as tantalum metal or tantalum nitride. A conventional

damascene process is employed to form these structures.

In the embodiment of Figure 3B, the vias 307 are made from a blanket
deposition of tungsten followed by subtractive patterning as described with respect to
Figures 2B through 2E. (Vias 307 correspond to vias 229 in Figure 2E.) After the

30  tungsten vias are formed, the interconnect metal lines are formed from a copper
damascene process by plating copper into trenches lined with a copper diffusion

barrier such as tantalum or tantalum nitride. See lines 309 in Figure 3B. Note that

11



5to define tungsten vias. Metal Deposition Processes Tungsten and
other netals nmay be bl anket deposited by various techni ques including PVD,
CVvD, and woDRot2ahnal ogi es. One suitabl e PNL/ CVD pr ocess P@rius2aia/onoes be
described. A PVD process will follow. Sone exanpl es of PNL/ CvD
processes nay be found in t foJIovmn ate plicatio

Appl i cat i B NBUCtyEs/ tﬁsecgegat?tﬁwtah AB?. urep Q.’YVIP iyl nYYB?rﬁotlhﬁt ed
herein byu{t@rt&{@egglefsg{;eﬁg&e RHLRESREn. | N certain embodi ments, the wafer is
initially heated to the process terrperature in a vacuum chanber and then a

very 15 thin pgj t cl eation
| ayer, is depogléuwﬁlc Y rea tgeatﬂntuIl rearﬁ bt tg%&ﬁﬁgﬁ?ﬁﬁggﬁ%ﬁkyﬁu m (t he
bul k | ayelT)nsl strmbﬁpeswmﬂdl t&ntlteheatumtlwad:dsmne Icmygbwtlf:@lﬁvthﬂtprm Isiowh he
tungst en is for ythe educt i ungst en_hexaf.| uori de
(WF6) i ﬁﬂ @g@fﬁ Y oHse HE T rﬂjletﬂfi‘ﬁsgg‘f |tBy Bfocessdidy it

nucl eati op, F@ﬁ%sz S Sﬂ@o@@éa!llryegle ihd1©idRAIOHEE Binf@YornR&H IHES 37 9 4¥vAg! & &P
liner/barrier layer on the substrate surface. Exanples of liner |ayers

i ncl ude TiiaFi3NY/, FicNnaded i, tungsteid prttéroed by sobtraatist eatteoingdfrofulladet bar ri er

| ayers, Hl feaiure2 .ncl #Ee | ayers such as an adhesion | ayer, a parti al
nucl eat i oH"BHR ayelé 1%%{? n of thereof, or any other applicable
material linin the sub trate surface A tungsten nucl eati.on | ayer. is then
deposi ted over wigmetly Kiawre | 1B deneat  Via BoTeNsk| @ty tsationyBrViEha ¢ hin

| ayer i Eﬁ&g&@ﬁ Yﬁe’ialttpasfb%gh ldep&ited ?ea é&%ﬁ%&%‘i‘%oﬁt@hﬁﬁt dBsibn Pridbk

mat er 1 al reon. Various processe be used to formthe nucleation
| ayer, i nélswdi g sean theotia [1D g ﬁklledwtth@f[gswnd@éé@emg aateotdr dink ayam 182posi ti on

(ALD) processes an |,sed. cI eatl o ) 0si t rocesses. In
L P Dechnrge, Tith BbURoYa AT anbd hpStSe i d iR L Ef aBhERE por ged
30 from t hRyivieas khBtch hadTRe107. tTlﬂEs@%{deQM (%aalﬁ;ug@)ev Qltwardubaehdaszchet ween
reactants. A first reactant is typically a rbed onto the substrate,

avai | abl eof wiar K cinclyding thpeidewgrtls ﬂ@‘hb@‘é@m of The vigr o8& gsonscquersadictici n a
cyeli F4 | [un%glt e!tlaqtglra{mst gr%w(?negscl)d‘t\%grdt ftf'or% Iﬁ'i]eesslaeweﬁls, their growth is limited to a

size that is approximately one-half the width of via 101. This is because any further
growth would become impossible because it would be blocked by grains growing
outward from the opposite parallel sidewall. The point at which the grains growing

from opposite sidewalls contact one another is seam 105.

20 As explained, the conductivity of tungsten metal is determined in some
measure by the grain size of the tungsten deposited. Deposited tungsten having larger
grain sizes has a higher conductivity. This is because electrons traveling through the
tungsten scatter every time they encounter a grain boundary. Of course, electrons

scattering during transport reduces the conductivity of the material.

25 Figure 4 depicts schematically how to address this difficulty and effectively
increase the conductivity of the deposited tungsten metal. As shown in Figure 4,
tungsten is deposited not in a pre-defined via or other feature on a substrate surface
but rather as a blanket coating the entire surface of the substrate. Therefore the
tungsten grains can grow to a size effectively equivalent to the via height. Only after

30  the grains have formed in the blanket tungsten layer is the layer patterned to define
the vias. This is shown in Figure 4 as an original tungsten sheet 415 on a substrate

having a barrier layer 417 and a via 419 defined in the original tungsten sheet. The
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achieved. PNL is simlar to atomc |ayer deposition techniques reported in
the literature. PNL is generally distinguished fromALD by its higher

oper at i ngvpressdra3r ange (greater than 1 Ton) and its hipghars2gnodt7bs r at e
per cycle (greater than 1 nonolayer filmgrowh per cycle). In the context

of the descriptjo rovi ded herein, 5 PNL broadl y. enhodi es any, cyclical
process ofls-éa%a%?ff tuglgmn gﬂd&r ?f@s  Seiitsanf e grams 42t ivgﬁclbr?sa{w&‘éiryﬁhe fluct or
substr at egj,d %ﬁmxﬁmegoewttoeﬂ@o%%@ﬁchmsqsiﬁ)%wp%\f@g\;rb ongl kpngtgherred to
as ALD. In the context of description provided herein, CVD enbodi es

pr ocessesdéppsisgd ditor attranby arcentwgerdeCVihtlbduress hes a medcthoghekor a

vapor - phase. r.eact.i on. PNL and .ALD processes are, distinct from CVD processes
and 10vi BB B e iNia Ro e BT PRy BleR PRl i sl P
cycl ess i stfldgmessedichRidd. S. Patent Nos. 6,844,258, issued January 18, 2005;
7,005,372, issued February 28, 2006; 7,141,494, issued Novenber 28, 2006;
7,262,125, issued August 28, 2007; 7,589,017, issued Septenber 15, 2009;
7,772,114, issued August 10, 2010; and U. S. Patent 15 Application Nos.

12/ 030, 64 i relar , 2008, and 12/407,541, filed March 19, 2009,
each of mﬁ?e&%ﬂ?{ﬁﬁs%@%&i@#gsg herein by reference in its entirety. These

PNL nucl eation.l ayer prpcesses_invol ve i a bstrate tq various
sequences of rgaﬂ%ﬁﬁbléggk EngﬁlsPﬁﬁd%}gﬁﬁgié%%ngﬁgmigma?ﬁdF% hUEP eat i on
layer of {deudigsPVed AV cidieasD WelaidyidiedoNbniGYR PRLITMDGirogtepasilt i ng a
nucl eation layer is 20 described in U S. Patent No. 7,655,567, issued

Febr utl y powbgdescribed.oAi el mprescat will foHowt s entirety. In certain
enbodi ments, depositing the nucleation layer is followed by a

post - deposi t i ofhome saemples ob BRILAL YV Brproeesiaspnayvlec fond die thovfotlpwir@uuitent r eat nent

operations_are.descrd bed i.n nore detaibl.i Uﬂg. Pat en 7,772, 114,
Betiod AuGUBITHHT"5th0 natCa i Mo Ppa i AR T Bn b0 20 Ieas,
filed MargloddratédDGeinli8t Rf@EndTOE Bl PuHobAC ah Reftaiheshidihaftetenearderein in
their entireties. Once the nucleation layer is forned, the process

cont i nuesishipitidizdspici g the oooessUpgaeaire in mvegow) chambarhprd Bisaraatdrpn, a

reducj ng N- 1€ Lni . i a
Gepos, 11 ol L Har RS Aut B TR s R eRleP aD T sPEEGhA Rl Bkt MBS T
carrier gaacwafyerbehcuadhinder d€lthy amgeior fim (e ulkf laybre is dapdsitad oattheans,
whi ch may or nmay not be pre-m xed. Unlike PNL or ALD processes, this

oper at i oﬁn%??é#% lpyer; Sponvertionally, the gingsien bulkclaxsris fermind hdegeductini | t he

desired of tungsten hexafluoride (WF¢) with hydrogen (H») on the growing tungsten layer.

Before the nucleation layer is deposited, the process may include forming a

20  liner/barrier layer on the substrate surface. Examples of liner layers include Ti/TiN,
TiN and WN. In addition to or instead of diffusion barrier layers, the feature may
include layers such as an adhesion layer, a partial nucleation layer, a combination of

thereof, or any other applicable material lining the substrate surface.

A tungsten nucleation layer is then deposited over the substrate. In general, a

25  nucleation layer is a thin layer which serves to facilitate the subsequent formation of a
bulk material thereon. Various processes may be used to form the nucleation layer,
including but not limited to, CVD processes, atomic layer deposition (ALD) processes

and pulsed nucleation layer (PNL) deposition processes.

In a PNL technique, pulses of reactants are sequentially injected and purged
30  from the reaction chamber, typically by a pulse of a purge gas between reactants. A
first reactant is typically adsorbed onto the substrate, available to react with the next

reactant. The process is repeated in a cyclical fashion until the desired thickness is
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amount is deposited. In certain enbodinents, the CVD operation nmay take
place in nultiple stages, with nmultiple periods of continuous and
si mul t anewo0f@®1ef reactants separated by periods of @O@/USROIOE4TIS eact ant

flows diverted. Vari ous tungst en-cont ai ni ng gases i ncluding, but not
limted to, 6, and, W can be used.as the tun sten cont ai ni ng
precursorachl?l"egeriéginl%smé%éal ?ayteﬁéiei’%%‘t éﬁi?n’élﬂﬁ?sa orgd p‘Peti‘Ersor [

a hal ogentieephRl N gyﬁquiqstﬁgﬁl@h@ﬁfr&ﬁmlbrbﬁ%fﬁ@&é? opehadl pRRLGe the

reduci ng agent is hydrogen gas ot her réduci hg agents may be used
i ncl udi ngragigk dgealesithian 1 dow) Iaa¢hets( &gh%grdWhIrram pe ek (grdjter thaot ane

(B2H6) and n nbodi dr.ogen used as the
Feduct ng. BEEREVT & e rpt isbe in 167 o chie SRR RonDg e hetdREC 2

f1 uorine- pngevfoBlyt bABSIIEN aﬂ?&@@hédl qj?ocEHsQQﬂ’Ss% f&ialte R §oyeadnan@8fo@lescrl bed
in US Patent Application, serial nunber 11/ 96 698, filed Decenber 21

2007, ent reariéen 'onee rﬁ@HECOﬁldﬂCthrSHb%ﬁ@teAl |Thn§nghﬁ epnagphteabrdicartachniqiss, * by
Raashi na XH&a &I%Rn-e Wi Ghat B T rp on B(‘[?%f%gé gafg’t%ge Ss%d%gh&'e for all

pur poses. I'n"vartous a ternatlve e osited by a
PVD pr oces¥D babydisdpioakdses i Wihiph me’&ﬁefﬁr@fcgeﬂwﬁlnh@bh@xi té\al’rldeidﬁ@ffoﬂﬁ i oni zed
PVD syst ens |nclud|n a planar netron and a hol | ow cathode magnetron
(HCM ~ sy sVas-phase 15ec @@ed’NIo a%a&i'il Progepgisire dissinciolrpra C YRtapeesssy 8hd i n
accor ggnce;. a%g pdescribed enbodi nents. In one illustrative exanple, such a
systen1|nc1 es an HCM PVD 20 nodule. In this nodule, tungsten is sputtered

onto the subst ho WAGS r IS

di sposed above{:&rt?%néubs IOA iazycflslﬂgg %e%%ﬁ?%ggl |3écéqesdgdg?]lllssed\%(ﬁt§omer
supply. ARaticieNbs. @;:&2.14 2Slcll§su@a Jamgen 18,2006 0me005, Bm dssubeFEirone S8, 20twrber and
is ionized in a form positi velj%lzéchar ged i ons whi ch i npi nge on

the target> ﬁf‘ﬂ“aslﬁﬁuﬁii@:\{oéﬁ@b@rn%gr g906:d.#%s d@éu@tdtﬁw . 20Bhs/- S 8hel bl asma i s
typi cal 1yiZn.4T8 ﬁnb&a LA ‘V‘ﬁd]hl‘ﬁ' G0 t E'P'Tl lthra?ﬁt Ul pipeand may

be al so magnetl y confined int proxi mt er substrate usi ng
a nunber apphegioetiSosdil2H366dS oﬂ]teleibnmfy ﬂB\,ezqﬂSQamSzx@fﬁaﬁﬁe,rﬁlea’y\pmchal ly,

neutr al ize as wel | tral and.ioni zed W
present i llmg’t @8 @8?@%&%@%&%@@%@8 <¥§F%ef%]ﬁe s %H?Wgﬁg‘ase 'lWe

tungsten h@él&&fon ?chk!&;@s Qﬁxt‘tﬁ&e ekpoy & (peghdes THNASIRALNBER30 the
goal is to dep05|t a ungsten alloy or a tungsten conpound. O course,

copper antcduoippergents| angstufgateropreenrsvisatoagrdivor nutleetionatayei af Yhecdesitbé
deposited by PVD a vveII a f sui t apl e PYD appar at us
a6 pr ovi HRRTER- U AR aY YT dRetR MTDsfe P ot i PReor AP 805008,
whi chp s Héb‘éﬁb&pfnalUSdPBt@ﬁﬁNB nYy53, %ﬁﬁ@ﬁ@@mmaﬂy& 2010, a&bVinédtporb Rt il |

pur poses. )
1ts entirety.

In certain embodiments, depositing the nucleation layer is followed by a post-

deposition treatment operation to improve conductivity. Such treatment operations

are described in more detail in U.S. Patent No. 7,772,114, issued August 10, 2010,

25 and U.S. Patent Application No. 12/407,541, filed March 19, 2009, both of which are

incorporated by reference herein in their entireties.

Once the nucleation layer is formed, the process continues by depositing a

CVD tungsten film (306). In this operation, a reducing agent and a tungsten-
containing precursor are flowed into a deposition chamber to deposit a bulk layer on

30  the substrate. An inert carrier gas may be used to deliver one or more of the reactant
streams, which may or may not be pre-mixed. Unlike PNL or ALD processes, this
operation generally involves flowing the reactants continuously until the desired

amount is deposited. In certain embodiments, the CVD operation may take place in
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In certain enbodi nents, the netal |ayer is blanket deposited to a thickness
5 approximately as thick as the height of the lines or vias to be produced
by subtrawOi2oR/@adBerning. I n certain enbodi mnents, the rhirase@ssswwsl be at
| east as great as the height of the lines or vias. In this regard, the

t hi ckness wi Ll account .for erial renoval. by plaparization ot her
techni quem\sqltﬂg? S_Eacgeﬁyawf@r efige \Pgweﬁgq?@@wﬁvé&egn%mwnéﬁﬁ Jpet o
i ncrease EE'a@ﬂaﬁts%bﬁa@ate@Bﬁp@tfio&shﬁ%ﬁe SPmotMAUNRTIHRRASIAdNg the netal |ayer
to a relatively great thickness; e.g., at |least about 20 nm or at |east

I
about 30 nm o 1 : : th this in
m nd, the net ayaﬁgggeﬁlﬂ%%tﬁﬁgg&%%p%sggt%sdg{vcml@&unéé?)gﬁ}l?t?fg%#tgd (Za(?{c\gg] y m%kness or
over bur deand WW(€0)4 sanebovesddprs othe t tungsttti-eomiinghgo prafutser. gdpf ickdtain

dielectric ge ositiqgn. In sonme enbodi nents,. as ﬁiescri bed .el sewher e, herein,
the averag® @ﬁﬁ}eﬁtss theatupgstergontaning; precyspor) is QG PEEY IR cempeY Kbt i ve
pat t er ni ng,dhSysafyF €ag tocARAUMBLIRMERS, @AF rt@Rdlg Qééﬂmsl AUrBEn gas, thoafng?QSt en

atons, for exanple, are known to be relatively nobile even at nodées
t enper at upthsy radncihgdiergs mey e tusepechidurgesilafo (SiEhrdpilene (i hedraginai ns ar e

capable o er.goin sitions b n .al pha and bet tast abl e phases
ot oom SbH LB ] R RS EDPRR) BB bR BB RS ol o o
grain _groygtdge@gsﬂleeediﬂcaigl‘e%tent!iﬁmcifw@@eggs in thickness. Qher techniques,
i ncl udi ng various post-deposition treatnents, may be enployed to increase

and/ oyg st abi | i 2. Q.8 fnbdAmchdy PHIGIRORLL Ve b Be o%%hg?&c%@scﬁa etc.
Iasr‘lr?a, hi gh or | %

Exanpl es of such techniques 1 nclude exposure to p 0
t enper at ubesmphuydd.cas deberrbadiinllet Patati Appleation 58tidpsimtry 141966,688, filaken t o

reduce the roughness,of the deposite ungsten. For._ ex I t he nycl eation
cond t1 onDeRa T oRon? Mt 6 RSl oFa B &7 T ERESE SRS et ¢ ne
overal | tyungstey RAVEha Hudlay8X Rl evhidhB iliéepRalcl 0F rtRpes abldnefofay be
controlled to réduce the roughness. Additionally, nitrogen may be provided

in the prpe@esesgas during CVD to reduce the roughness of tungsten bl anket
| ayers. 30 Generally, PVD produces |ess rough tungsten lines and via. Via
and Life Const it vanius Métcertiaé smbodimenids tungster &t écpoaital/ey a\PMD puscess.

nbodi d i b i tain.tq forni i as. and/ ar. i nt t
TS 11 oMrdrih T B Reuk AR lr o Gt o TRBEh g VIR POR  y 1 ar g
grain si zglJdifOrpainhs Mgh@rdnN@idSd BRIRE c4th8dd/mBgn@on! (HTB) sykfings fnﬁf' udes 5

grains at least as large as one half the via or Iine width, accounting for
any barri be used |t rdeposih tartgstopi er othel imetal fayarss ne Accandhngarviduslesdribed s

t hereof may, be enpl oyed in,the.disclosed epbodi nent.s, arrp*al uch
al | oys. | nevbaRrEry "t g MOPELSY SRUTITRT e it W HEMR® oeee
subt rz@t i wRdpR! tiarthis iGodulQGeESes iFBYutREcEoRbaNE Sustatorfashl @ehotiodscugpnd/ or
interconnect lines for other netals such as copPer , alum num )
shaped tungsten target, which is disposed above the substrate, and is negatively biased
with a DC power supply. An inert gas, such as argon is flowed into the process
chamber and is ionized in a plasma to form positively charged ions, which impinge on
the target with sufficient energy to dislodge tungsten atoms. The plasma is typically
25  magnetically confined within the hollow target region and may be also magnetically
confined in the proximity of the wafer substrate using a number of magnets disposed
outside of the process chamber. Typically, neutral and ionized metal, as well as
neutral and ionized gas will be present in the process chamber during deposition. As
mentioned, the tungsten target may include other elements (besides tungsten) when

30  the goal is to deposit a tungsten alloy or a tungsten compound. Of course, copper and

copper alloys (or other via and/or line material) can be deposited by PVD as well.
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10 titanium tantulum ruthenium cobalt, etc as well as corresponding
conpounds (e.g. TiWand TaN) and alloys (e.g. Cu(Al), Cu(My), Cu(Ti), and
Cu(Mn)). wo2012/040913r esi stivity tungsten (LRW and processgasban/oggpositing
such are described in various patent applications including the foll ow ng,
each of which i,s incorpgrated herei reference in i ent | . U S.
Patent No. 7,5 9@619’5*‘“? Sué %a@@ppgﬁgé‘?p%’{“zﬁﬁwmﬁ?‘% Fﬂa%[gﬁ;a pbl i cation
No. 11/ 9630688xiohiNed) DesEoRernI2d MAOT, 26030 Hhish iPaiBRorARPHECAE ben No.
12/ 755,259, filed April 6,7 2010. In sone enbodinents, the LRW process

i ncl udes fdfersncefiontsiengresy drslor eliperasasr e PNL nucl eation | ayer foll owed by a
mul ti-pul se (reduci ng agent or reducing agent + tungsten precursor) |ow
resistivity traatemit endodinenasyphe naftal ihyarhis foddnkowndep iR &R M6 a/thiMdkfiesé sever al
cycl es_at 300). nucl eati.qn . B2H6/ WF6 nul.ti-pulse (3 or. 400, C, pul se
time shor eprgaﬁa&#ﬁx 8° %&w@%gﬁg%@hﬂgw wiygo'be proquﬁg 3@5&@“&%8; ment s,

a |owr eshstdriinky ThUAYBHE BmbBY iR ent N eh A8&nRsd WNOBLEN 1EAS Qs'g%‘zﬁrashﬁw ng
tungsten mxed Wth a lowresistivity tungsten conpound, e.g., tungsten 25
car bi de oheighingSthenlineistori des. & thas beged.f the thisposss twit nacobunttuiog snagerial

nucl eati on andi r @ul K It.a ers. cg%r.di n .tg va%:i ous enbodi nents, these
tungst en Fi&H? g’{/g parjgatioy gr prherechinique ptiot fo RIErIIPE A dhesi on | ayer s.
Deposition of the tungsten-rich |ayers i nvol ve exposing the substrate
to a hal ogen- f M&EOGY & %?Samycbet%@%%ﬁ?op%&aﬁ%&%ﬁaea ’é?ilﬁ?giﬂi“?éeagent_to
therepy dgR@RiL d@gésﬂﬁ%%@%e&él%ye‘?%é 'é'r@lratitlél#r%\'ea‘f\’{ﬂﬁélﬁie@s;te@, dt4pgshigRz 30 rich

barrier filmconprises a mxture of netall tungsten and a tungsten

car bi de af@dnthenatdxposbay 30hen,subslepsttabotdd lanrh uorgs i @st- abont &Y ninngVphecur sor
to deposit .one or re sten | rs ogn,the tungsten-rich barrier film

The t Ungs U EraF Frel 1y aes BY Bt 1P RBReE P EESInERIS Rhyer on
the subst padrBuRbh, [vAGieh islBmeeEd Aiidt 8 FRACHIRYriftcHRARI dibR6triciRpdsigst en

| ayer(s) on the tungsten-rlch arrier filminvolves using a

hal ogen- cbnhsemaicngodinmgss ep dgscsibad strewheredhereipyrdie avegaigeaig size in the

tungsten/ tungst.en car bi | ayer .. thin,. |qw i Sti Vi fiilmwth

excer | on VHSRELS FaAE e By B FlsuE R Ml iy AL AR ok b T " e
formati onl0nm. As indicated, in sonme enbodinments, the size of the netal
grains (crystallites) inICvias is on the sane order as the height of the
vias. The saneTiggdditatonfs, T8t dkarfflal B kbW i&WeORMARE]Y hidBae cl¥pigal Iy,
the metal grains %ave an average size that is at |east 'as great as the via
or |ine wnddpst tempgravecseigbdingeroos teniperagurai osicxampls, twogyeabsraanmtdral | y
greater than,pne-half the via.or.line wdth. n sone case t he net al

v ane. ar SgpB PRergolitutisfiefS webibEn ik dng B GRERFER ot Cases, a
si ngl 20 gr &in[pefmlyreocnmgyteﬁ e LIy inidy ¥ Partially resphsitaé Frugaiarhediln®nths, the
grain size in vias and lines is, on average, at |east about 5 nm neasured
across t hblankgiglayer incaeanes om thickngss gPaiostechmquesmancduding varines P9staver age
grain sizeg.lS; : I specifi e L ment,

t he grai nﬁgéo%%ﬁﬁ?@%@?eﬁsg%ﬁg%e%@%eg% ear%é%a ﬁggtdgorlg% sl:cnzsgzeﬁtaﬁgﬁgié

det er m nedohtinuad groswth t @blegcaace, wtat Examgiléoadt saole kechsiqiys ietladt exqosaicas oscopy
or x-ray djffraction using, e.g., he Rietveld. nethod. It should be borne
in mnd tREME 1%%]8Wt51“§ﬁ‘ié‘8{f %a@m@&m&leﬁgﬁdﬁﬁmﬂsui bution of grain

sizes, so the sizes nentioned herein are averages )
25 Steps may also be taken to reduce the roughness of the deposited tungsten.

For example, the nucleation conditions have been found to have a strong role in the
roughness of the overall tungsten layer. For example, the nucleation temperature may
be controlled to reduce the roughness. Additionally, nitrogen may be provided in the
process gas during CVD to reduce the roughness of tungsten blanket layers.

30  Generally, PVD produces less rough tungsten lines and via.
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20or means of the distribution found in a layer, via, or line. In
various enbodi nents, the via or |ine produced by subtractive patterning has
a w dt h ovorot2/great er than about 25 nanoneters, or not Pgrast@n/os4vas about
15 nanoneters. For many applications, the via or line has a wi dth of

bet ween about 10 and 20 nm It should be understood that devices having

i nes or viaandRée OynsthusittMaaeialyye patterni ng nay have a range or
distribution of via/line widths and/or aspect ratios. O course, devices

such as nenory AJeNdieRsd BB chafouiRMbolIm@kd ddstaASedfertil§efidiBo Fok@ngnd/ or
aspect ratio. Wien tungsten is enployed in vias for technol ogy nodes beyond

t he 22 nargsendior mydeoniact pnes Epablupgtien aadrpasiigdany frpmofungstenmbeyingbout 30
lan cm (in,;sQ ases_.at .nost _about 15 iu,. S . 30 r.at u The
ot hods nY BTG e R P o R on Y8 b4 et GRbies3Y tueb o Pt Rudeppar at s

avai | apl egfaiynat Veust SukrocenRdMk halfEkamal @ginefwidth, haddu@tia® Paraay beridierude a
Novel | us Concept-1 Al tusT%a Concept 2 AltusTM a Concept-2 ALTUS-STm 5
Concept 3lingrtigdivigeqsdiict iTomesys eednvarion alioys herapk TMyodre dpplored B thari ety of

ot her co L.a4 i.] abl : t aTM PVD
t ool , tth%EeI%%eﬂdr %r}f‘k}?d(@ﬁht?bo]%a@é%sﬁ%d gpian%{%‘r&%gisdt%eﬁ#ﬁ%a)’ W@?%\% i ed

Mat er i al sW(Re3oAdditiasaly, tie diMldse¥/Bulpraotesgataring prqeesstomap the emphayed i pl e
deposition stations sequentially. See, e. ﬁ , U S. Patent No. 6,143, 082,
which is FROFPST YReanher Bfscapcatdines e ARTeMFigls SEFl ap GORSE UMY, o e
enbod} grentiginiuin, NYEhRM, | BihchRYE cobslt, ARPAS Wb ds Brrls n@ﬁﬁgacom#oﬁﬁ}& @?l eation
process at a first station that 1s one of two, fl\?é) or “even nore deposition
st ati ons po¥ianddndd and ahoys (a.gsCngle WEMesi €u@n, elth@b@dn)).Thus, the reduci ng
gases and the tungsten-containing gases are alternately introduced to the
surface of thelsenccasindycttorgseub$LRuA)e andit probsdsi ifeit dspesiitig,sutisi arg an

i ndi vi dual, ga upply systemthat 15creates a | ocalized at nosphere at the
subst r at edgﬁﬁﬁg%ﬂiét} various wt%ca@ﬁﬁcaétogﬁil uﬁﬁg tb%éw?qy@n&s%a& tf Wgw{auét e

nucl eat i Oﬁlcb?()?e[tecfiﬁ%ﬁf %%Q%Eef%hcé % R@rehﬁfegg;atf@.l Patelpwhé.ezkgymm%&ﬁl%avi ty

treatnent. I'n certain enbodinents, a single pulse [owresistivity treatnent
may b&S peftmembel. 1n2009r Lhbr Batsitapplnmtian eNd. hEMOGIsES, tidedo OetonbarQID as

descri bed ve. r re.stati b sed.t rformCVDin a

par al | BIDEERY S FARrE AR R ishy R’ Va7 R 2uey st KiileRell 0o HRE E e D
oper at i oOngmPEAiHRANEALOVH WL PRcOYs TRIRIcS Lk %1&1§§Chuw'taﬂnbypatur_e PNEigure 5
is a block diagram of a processing systemsuitable for conducting PNL-CVD

t ungst en tkgleation| kyere piiviadoby pr oudispelse (Tiskciwgsagent 2000duaied gded &

tungsten precursor) low resistivity treatment, and example of which follows:
20 B2H6 / WF6 (several cycles at 300) nucleation

B2H6/ WF6 multi-pulse (300 or 400 C, pulse time short enough so no W
deposited) H2/WF6 CVD

In some embodiments, a low-resistivity tungsten layer includes a tungsten rich

layer having tungsten mixed with a low resistivity tungsten compound, ¢.g., tungsten

25  carbide or tungsten nitride, as a base for deposition of tungsten nucleation and/or bulk
layers. According to various embodiments, these tungsten rich layers may be used as
barrier and/or adhesion layers. Deposition of the tungsten-rich layers may involve
exposing the substrate to a halogen-free organometallic tungsten precursor and a
reducing agent to thereby deposit a tungsten-rich barrier film, wherein the tungsten-

30 rich barrier film comprises a mixture of metallic tungsten and a tungsten carbide and
then exposing the substrate to a tungsten-containing precursor to deposit one or more

tungsten layers on the tungsten-rich barrier film. The tungsten-rich barrier layer is
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25 transfer nodul e 2003. The transfer nodul e 2003 provides a cl ean,

pressuri zed environnent to mnimze the risk of contam nation of substrates
bei ng proveossexd4am3t hey are noved between the vari ous reatiuseoImOELTbES.
Mounted on the transfer nodule 2003 is a nmulti-station reactor 2009 capabl e

of perform ng PNL depgsition, nulti-pulse treatnent if desired, and CVD.
Chanber 2006 PO b afhin ke esﬂpﬁﬁtf%gﬂ%iﬁn SU181 PBRSIm 2017
that may geupmbl @k nR&m REEAGHNGS ehORBLALL PIRR baFidl: EMATRIBvesCi@dgr 2009
coul d be configured such that station 2011 perforns PNL deposition, station

2013 per f balogemedntdinipg| Bogsterearempuor, agd SMlat | dis 208 tmgst20lungpten f or m
CvD. Each deposition station includes a heated fer pedestal .and.a

Shower heatiD e BT & HRTIGY &BrvBY R GULTehla O olind s o3 B posi ¢ on
stati on 2@9@@%@11{1@1@%%@9111?@ﬁ'hgfgrglaﬁ@n_i ncl udi ng waf er support 2102 and
shower head 2103. A heater may be provided in pedestal portion 2101. 5Al so

mount ed on theakrgnedied. ifRgMt @nd3EBndRY, tREsi2OSF Bl QLR RN Qbr%lstgﬂitesl)
mul ti-station nodul es 2007 capable of performng plasna or chem ca

(non- pl asma)C prag-ig be dlrs sanftherdapaluthe heeght af gl bies.udbd sdroe 1vamé olimetd her

t t ts, .e..g. t 1. t itride t t ts. Th t 2000
al <o i nol itdE BiucBPiest BN TPRARY e Betdlef Sonk 7 ot ee NnliLe Soor

where waf e & great @ @Bk REf of eingndidad. t ah RHRCEHBOANFend tHNgARIATBERNET i C
robot (not shown) in the at rmsEherl c transfer chanber 2019 first renoves

waf er 80 f r suhstantialbyy gregtst haiupesshadfdhe vie erolanf wedt. Jdozomescagest dhe methst er
devi | hot. i in . fer. | ) th
o¥ <= (OmaE AL FRy 0 AR T SR RIS

waf ers fr oad a e nodul es noun
modul e 2083y okeupsahé amtire @iwpodi ments, a system controller 2029 is enpl oyed

to control 15 process conditions during deposition. The controller wll

typically incl uf@.Rue cRfbofRE@t BTN inde\! if € SasAnd 1iBBEisObn M%e@_ﬁﬂ%@s‘%sor S.
The processor may include a CPU or conputer, analog and/or digital

i nput / out plaut dgnhavedsored, acyrse Prselongast dimansionradithegraingade sometcases, the
15 average grain size is between about 10 and 50 nm. In a more specific embodiment,

the grain size is between about 10 and 25 nm. The grain size may be determined by

any suitably accurate method such as by electron microscopy or x-ray diffraction

using, ¢.g., the Rietveld method. It should be borne in mind that a typical blanket

layer contains a distribution of grain sizes, so the sizes mentioned herein are averages

20  or means of the distribution found in a layer, via, or line.

In various embodiments, the via or line produced by subtractive patterning has
a width of not greater than about 25 nanometers, or not greater than about 15
nanometers. For many applications, the via or line has a width of between about 10
and 20 nm. It should be understood that devices having lines or vias made by
25  subtractive patterning may have a range or distribution of via/line widths and/or
aspect ratios. Of course, devices such as memory devices may have many or all vias
of the same size and/or aspect ratio. When tungsten is employed in vias for
technology nodes beyond the 22 nanometer node, it preferably has a resistivity of at

most about 30 uC2 cm (in some cases at most about 15 u Q cm).

30
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The controller may control all of the activities of the deposition
apparatus. 20 The system controller executes system control software

i ncl udi ngwveevr/@f9Bnst ructi ons for controlling the tim RgI/USRKLO479T
gases, chanber pressure, chanber tenperature, wafer tenperature, RF power
| evel s, wafer chuck or pedestal position, and other paraneters of a
particul anppapsass. Ot her conputer prograns stored on nenory devices
associated with the controller may be enployed in some enbodi nents.

25Typi cal |y there MbthbdPBcRit 8Ly ibBt &rfid® LuasiocARh8typkd Rt §osiaphr ol | er.
The user interface may include a display screen, graphical software

di spl ays afpardies aypplablatioem artivey vindowe sksxammeli off antebleapgaggeringlngaue devi ces
such as pQi nting devices,, keyboards. touc Cheens, m crop .o/t C. The
conput er gro %I;ugmdg)g%eéﬁﬁorAl%%nt’r%l ‘i)ﬂncgeptt %e%élﬁosi ?i(c)?lncaeﬁégo‘?’ﬁgﬁ%psr ocesses 30

in a p§oceshicepeqUBIREEM Gidpoditton\Eyisten® Mintl NA IARYME Q™ 8iNdryOsiRd vEp W @thek eadabl e
programm ng | anguage: for exanple, assenbly Iangua%:;,g C, C++, Pascal,
U

Fortran oPOmeerly aeifplp (D sbies P Vdd irolbpucscisithe EnduraRe LYibtpabythe he
processor Ctef?tupaQﬁf?\r/ B tE)g'le?II VS lS?rl'ng ?Hﬁ%sfténeld tb(gi {88 [gﬂp o] mterial? In sdifl€

controll er paraneters relate to process conditions such as, for exanple,
process gasccoapPNLIGCVYD arvdedsl o rtat gsifotnentpenamuitele pdopesitioe, stgaloas ma

conditions 5 such as RF power |evels the | ow frequency RE frequency,
cool i ng gé%luﬁli‘téa(si]é’ur C, S dRafBient Nal %Hgé 2,»3 iGhds TeQERAsatEd heien Eys are

provi g4ed tGebfi& £5 8 plipobdd® 1h QS hbédifRAisPE nudBHioNBYy P& cf‘e@%ﬁfe%‘,j%%.t, ilizing
Si I rocess y be

the user i1nterface. gnals for nonitoring the p

provi ded by agnided gualeatiar prdicepis tadk firstpartionahatds ono s twd, fiveeorsyvsh @mre
controller,. The signals for controllin he .procgss, are, 10 out put. on the
2nal og andeRUraI=0: Ry s HOLH 8alegy IPRINaREET v o MR ehtene
The syst ep@ohhddik fuiBREnROnB@ThEPALs A Lefatdpn@ddhddTBme dirfat&semt ways.
For exanple, various chanber conponent subroutines or control objects may

be wri tt eperaigordnstar sHbstiptss attthe Airsstatine ushgrivdndizishipogrentppinexees iy to

car 1y, gut syl { gbl.g; 0Pl LIion. BRACERSER, (Fxapl es of programs or sections

of prograns tor 'S pUrpose 1 hnerude SubsStrat e positioning code,

pr ocess gas coptial, £adti RLSHRNTS KON SRS ERL Ty SPR iR e, and
to perform a multi-pulse low resistivity treatment. In certain embodiments, a single

pulse low resistivity treatment may be performed.

One or more stations are then used to perform CVD as described above. Two
20 or more stations may be used to perform CVD in a parallel processing. Alternatively
a wafer may be indexed to have the CVD operations performed over two or more

stations sequentially.

Figure 5 is a block diagram of a processing system suitable for conducting

PNL-CVD tungsten thin film deposition processes. The system 2000 includes a

25  transfer module 2003. The transfer module 2003 provides a clean, pressurized
environment to minimize the risk of contamination of substrates being processed as

they are moved between the various reactor modules. Mounted on the transfer
module 2003 is a multi-station reactor 2009 capable of performing PNL deposition,
multi-pulse treatment if desired, and CVD. Chamber 2009 may include multiple

30  stations 2011, 2013, 2015, and 2017 that may sequentially perform these operations.
For example, chamber 2009 could be configured such that station 2011 performs PNL

deposition, station 2013 performs multi-pulse treatment, and stations 2015 and 2017
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A substrate positioning program may include program code for controlling
chanber conponents that are used to | oad the substrate onto a pedestal or
chuck andwbaoorsiel the spaci ng between the substrate &ou/usténens{gyasts of
the chamber such as a 20 gas inlet and/or target. A process gas control

program nma |ncI for controllin ion and flow rates and
opti onal | §HYM ﬁ{gﬁn Egﬁaéepqﬂt% patieh ﬁ%@ espﬁc%te owafgb@giifﬁt%naq aorder to
stabi | i zegt e85 éfé{)&m'oﬁ p1€ of Bﬁfép%ﬁs ifetPr £ %Hérﬁpl@%tar QpoRikies sAFLRRY

i ncl ude code for con ling the pressure in the chanber by regul ating,

e.g., a t AL tsldepicaddvie Rigurt Ihe inskidangswatey supportof1 02 hed shawtrbead N 035 Aeat er
control o ram ng C oJ. roIIing the current to a heating
uni t that FEC 8 ¥Enﬁgﬁﬁnlﬁﬁpq:H§F&%f2ﬂ$Alternatlvely, t he heater contro
program rmay control deliver a_heat s such as heliumto the
vaf er thuck. Eﬁi%?pmegma@ Bribfes n%@éﬁ%%ﬂﬂi ?f@ @nﬁﬁﬁ.r{wesangiwng
deposi ti OpyiflelaHEE nfBIER:s PO c‘a‘;?al%flé of p&FSmiRy ﬁﬁ%ﬁé ®r %ﬁ&ﬁﬁﬁls(n%ﬂ(ihasﬂ?d)

manonet ers, and 30 t hernocouples |ocated in pedestal or chuck
Appr opr i ap@l—gleqmtsoqﬂlam@dldm@yjblacbe andl vomemals cdlhaydreptommts, ey, pl@et lircmed with

data fromthese rs to nt ai n i.r ess conditions. The

f or egoi ng ESER MRE &SRt S TR0t RERAE Sy 8 el Rl

mul ti - chapherwHeniduaddsdRés TH0QGEIRTE RAfdrOMle. stdrs@ BBt Hldafae Eﬁfe@ém

i nterconnect’ via consists of a thin liner and/or diffusion barrier which is

then 1011 éa ytmonpherigriohelr (not shene) By theF%tmoeleﬁpltéaHS&r@hambm é@il%ﬁést may have
a Ta/ TaN # éavre/ b férk %rorallfﬂ{el s%u%e\% &u"%es”?()/m %VIS cﬁo&s 2-62 nearférb[ e?r or

fluorine-free I ner ere1s also an I n aCI al COI’]t act resi S ance

associ at edevitd (pchbelly i ebbaasn aiity e tlm)trhmmﬁlomlﬂe 2003. mdes hﬁ@’@vaﬁd:rﬂw at ed
t he |nfluence of a nunber of factors, sonme 10 geonetric and s

mat eri al s{PBY I9pdaCcks92{ fpand amengsth madeles srouptadipnche gﬁ%ﬁfwmvcmlféao% as.

The aspect ratio of the via (height-to-width) and the cross section of the
vi a (vertl cal &1 geuiein| enbasiseys.t apesten sondeNar 12899 ds empdeyedt o eorftedt or s.

Mat er if rocggs dtt l lﬂgl%vé ra%ﬂcgsli'tltl Ky T ?21' Sto'n‘yrl)ltl%/ wﬁptt E‘c'aﬁ 1%?15%: é otlrhe

pl ugfi Reteri rRer T barr i

conduct i omoed memb@;nda@@& tagd bﬂ@oﬁhoiehﬁo&msmﬁawe p@bmeﬂmaﬁﬁlcmdle rmrBU
conductor and the liner/barrier. We also considered the average grain size
of the prPREMYPEedNEPSANEPhdigital SRV QHRUL CORNRSEON R IStCRBFTAREIRr CRRIEQIFT
boundarlegoﬁﬁ&%ﬁ‘ln turn leads to a large increase in resistivity.

The controller may control all of the activities of the deposition apparatus.

20  The system controller executes system control software including sets of instructions
for controlling the timing, mixture of gases, chamber pressure, chamber temperature,
wafer temperature, RF power levels, wafer chuck or pedestal position, and other
parameters of a particular process. Other computer programs stored on memory

devices associated with the controller may be employed in some embodiments.

25 Typically there will be a user interface associated with the controller. The
user interface may include a display screen, graphical software displays of the
apparatus and/or process conditions, and user input devices such as pointing devices,

keyboards, touch screens, microphones, etc.

The computer program code for controlling the deposition and other processes
30  in a process sequence can be written in any conventional computer readable

programming language: for example, assembly language, C, C++, Pascal, Fortran or

20



Since the resistivity of the barrier/liners are generally nuch greater than
that of 20 the primary conductor, one would |ike to make themas thin as
possi bl e. wOhw/m¥exBm zes the volunme in the via avail abl ecrars2ehestps cal
conducti on and reduces the series resistance at the bottom of the via as

current fl Ir os e barrier/liner in F| conpar es
The cal cuPEBa CPRbTekpSed o oF IR aneeedby Mo Bacurd ladh aiprm the

represent @afskéfﬁeﬂ_t?ﬁe-ﬁqwtﬁéﬁ% JBarrier thickness for Cu (total thickness b 25
= 12 and 24nm), and nuch thinner fluorine free W(FFW liner/barrier for W

(b =1 and 2 n s 1. 5

and we assun"eg)F 'P %ggnt}(ﬂﬁﬁga!rng#éﬁgtsﬂ&g% tiosln gaﬁg%ﬁ&ln&ﬁié@}lgﬁw (%t?\éhﬁdd not '

t he vi a wprhchssagaswonnhggbshieont el das;eraft@;r temearaiior, matssited epesiat ¢camditiohke Vi a
S tapered.at a realistic 20

does n t h e totally vertic S s b
whi ch s%ﬁpawwveiﬁ aaﬁél%e | wnm%n%wep Y> COBHNB L PIGPSHIS on shows
t hat conbhﬁ@&nme%ah%ﬁﬁe&fu@e %eg@garmbﬂar&%pdv@&rdl% thERES it hedoMhVi @

resi stance that 1s conparable or less than that of Cu wth the advantage

bei ng nor ef preonesumckedanbe emtatet etiliving thk wseeingerfice The curves for Cu (b =

12nm and W (b = 2nm are nearly the sanme, but using a slightly thinner FFW
layer (b = mm Sigumhrfm trioitovivg merpistess melosjngnidfeﬂdaarﬁnlagogmnmm@itaﬁhe

interfacial contact i stance has c i dere in this cal cul ati on,
but the r &9yt f@lﬂgﬁms gwet%te@ @@frp %fal qw n@f afEE%OIB lipg Ahg iPEOCER RSB es wi t h
Cu wheg 98&%@&&1 Beapso ﬁhlsoéﬁlﬁ%ﬁ’ﬁe%néﬁseof‘%ﬁé‘& rp%ﬂtl%ﬁa Igr'%ﬁ Embodi ment s
Whi | e vari ous enbodi nent ve descri bed, t ereaeate ations,

the scope of 18P orHNeD ﬁ%ﬁf&r@%? TP BB R bl i
al ternat i Ver weysplof variqisectantben gotnipeneretsubrimitiaed onppattalt olgess ahayt be present
'nvent| Oni)vritten to control operation of the chamber components necessary to carry out
suitable deposition processes. Examples of programs or sections of programs for this
15  purpose include substrate positioning code, process gas control code, pressure control

code, heater control code, and plasma control code.

A substrate positioning program may include program code for controlling

chamber components that are used to load the substrate onto a pedestal or chuck and

to control the spacing between the substrate and other parts of the chamber such as a

20  gas inlet and/or target. A process gas control program may include code for
controlling gas composition and flow rates and optionally for flowing gas into the
chamber prior to deposition in order to stabilize the pressure in the chamber. A
pressure control program may include code for controlling the pressure in the
chamber by regulating, e.g., a throttle valve in the exhaust system of the chamber. A

25  heater control program may include code for controlling the current to a heating unit
that is used to heat the substrate. Alternatively, the heater control program may

control delivery of a heat transfer gas such as helium to the wafer chuck.

Examples of chamber sensors that may be monitored during deposition
include mass flow controllers, pressure sensors such as manometers, and
30  thermocouples located in pedestal or chuck. Appropriately programmed feedback and

control algorithms may be used with data from these sensors to maintain desired
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CLAIMS What is clainmed is: 1. A nethod of preparing vias for a sem conductor
devi ce, the nethod 5conpri sing: (a) formng a blanket |ayer of netal
over a pawOi2aldos7H1abri cat ed sem conduct or devi ce, wher ePaTiUse01blostTR®t | ayer
has a thickness that is at |east about the height of the vias to be

pr epar ed; b roviding a pattern of vias on the bl anket |ayer; and
10(c) renBWACAY %é]}t@ﬁg- ﬁ’he; ot aﬂl%awrlﬁﬁywpl?@e%t@%%eg eF’%@&W% tefi ned by
the patt egfglcWhehfhi RhidBerkbAsdna¥odBbdisingtodihe metal , which grains have a
size, on average, greater than one-half the wdth of the snmallest via in

the pattern. 2. The nmethod of claim1, wherein the netal is tungsten. 3.The
nmet hod of claim 2, wherein the tungsten in the vias has a resistivity of at
nmost aboug 39 j1S2 cm 4. The nmethod of claim1l, wherein the netal is a
tungsten F?g?. 5. The nethod of claim11, wherein the nmetal is copper or a
copper5 alloy. In general an interconnect via consists of a thin liner and/or diffusion barrier
which is then filled with a primary conductor. For example, a Cu filled via may have
a Ta/TaN liner/barrier while a W via may have a Ti/TiN liner/barrier or fluorine-free
W liner. There is also an interfacial contact resistance associated with the interface at
the bottom of the via. We have simulated the influence of a number of factors, some
10 geometric and some materials-related, on the via resistance of both Cu and W filled

vias.

The aspect ratio of the via (height-to-width) and the cross section of the via

(vertical sidewalls versus tapered sidewalls) are geometric factors. Materials factors
include the bulk resistivity and thicknesses of the plugfill material (Cu vs W) and the

15  liner/barrier, as well as conduction electron scattering at the boundary between the
primary conductor and the liner/barrier. We also considered the average grain size of

the primary conductor since electrons reflect at adjacent grain boundaries which in

turn leads to a large increase in resistivity.

Since the resistivity of the barrier/liners are generally much greater than that of
20  the primary conductor, one would like to make them as thin as possible. This
maximizes the volume in the via available for electrical conduction and reduces the

series resistance at the bottom of the via as current flows across the barrier/liner.

The plot in Figure 7 compares the calculated via resistance of a Cu and a W

filled via using representative Ta/TaN liner/barrier thickness for Cu (total thickness b

25 =12 and 24nm), and much thinner fluorine free W (FFW) liner/barrier for W (b =1
and 2 nm). In this calculation, the aspect ratio of the via is 1.5 and we assumed that

the W grain size is equal to the via width and not ’ the via width as would be the case

for a conformal W deposition. The via does not have totally vertical sidewalls but is

tapered at a realistic 20° which is representative of what 1s used in industry.
p p Ty

30 The simulation shows that combination of large grains and thin FFW clearly
leads to a W via resistance that is comparable or less than that of Cu with the

advantage being more pronounced at smaller via diameters. The curves for Cu (b =
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6. The nmethod of claim 1, further conpri sing: (d) filling the
regi on between the vias with a dielectric material; 25(e) formng a bl anket
| ayer of worgst@midver the vias; and (f) patterning thePbirasket/obsryer to
formtungsten interconnect Ii nes WO 2012/ 047913PCT/ US2011/ 054798 7.
The net ho

of claim 6, further ris eat t o )
8. The methy® g1 W Qineoi) diR8FEPH ?ﬁ%ﬂé B pe %mﬁgqﬂgwtﬁfi@ fa%l’e@’slfl&eé foat
Sl east abaufy ng)5loW5}s #hg wethodak s@étﬁ‘ﬁéﬂnll¥ B’@f@*}@un Tthgeinﬁfﬁélﬂlsc&ﬁé’& an

average size of at |east about 5 nm~1010. The method claim1, further
conpri si ng:SistampﬁQas het baeas:mlﬂtreé iy dlnis icelculagigerbut the results shophdowethhod of

claim 10, electrlcgl resmpanceb %rfral W via Xornpetes I’ighs 131 ahefnI gggrflquc falilgemg‘%;la?l“ al. 15

5  factors are controlled.

Other Embodiments

While various embodiments have described, there are alterations,
modifications, permutations, and substitute equivalents, which fall within the scope of
10 this disclosure. It should also be noted that there are many alternative ways of

implementing the methods and apparatuses of the present invention.
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12. The method of claim11l, wherein the form ng a bl anket |ayer of netal
conpri ses perform ng a physical vapor deposition or ionized physical vapor
deposi ti onoab1ztamiaet al . 2013. The nethod of claim 12, wreraiseotiioss7aet al i s

a tungsten alloy or a copper alloy. 14. The method of claiml,
wherein the sem conductor device has di nensions specified by a technol ogy
node beyond the 22 nanoneter technoCpgyvgode. 25 15. The net hod of

claim1l1, wherein renoving the regions of the blanket |ayer conprises: (i)
ani sotropically etching the bl anket | ayer to produce oversized vias; and
(it) trimm ng the oversized vias. WO 2012/ 047913PCT/ US2011/ 054798 16. A
met hod of ypr.epayingqsinterconnect lines for a sem conductor device, the

met hod conpri sing: (a) form ng a blanket |ayer of netal over a
partially fabricate ! oQaH | ce, r e e nket r has a
t hi ckness thatlli S a(f:i fﬂ%ﬁﬂgﬁ a o%ag{nﬁg\gﬁe?oghat g\%ﬁlcﬁe C&)anegicgbﬁ%e%l%@g?nes to
be prepar eshprising: (b) providing a pattern of the interconnect |ines on
t he bl anket |ayer; and (c) renoving regions of the blanket |ayer to

produce the i n{Are@NALGtblAdkRERyeleds medl Byertahuriatyt RbAcat¥h &hdibshdub®r
i nterconnect |lines have grains of the netal, which grains have an average

si ze gr eaflevice, dwraom thetddrket lgerdiag erihisknash that i5i 4 frast aboot the deiebhefetbe 1ine in
t he pattegﬁsu}&é&ggmggthod of claim 16, wherein renoving the regions of the
bl anket ’

(b) providing a pattern of vias on the blanket layer; and

10 (c) removing regions of the blanket layer to produce the vias defined by the
pattern, wherein the vias have grains of the metal, which grains have a size, on

average, greater than one-half the width of the smallest via in the pattern.

2. The method of claim 1, wherein the metal is tungsten.
15
3. The method of claim 2, wherein the tungsten in the vias has a
resistivity of at most about 30 uQ2 cm.
4. The method of claim 1, wherein the metal is a tungsten alloy.
20
5. The method of claim 1, wherein the metal is copper or a copper alloy.
6. The method of claim 1, further comprising:
(d) filling the region between the vias with a dielectric material;
25 (e) forming a blanket layer of tungsten over the vias; and

(f) patterning the blanket layer to form tungsten interconnect lines.
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| ayer conprises: (i) anisotropically etching the blanket |ayer to produce
oversi zed interconnect lines; and (ii) trimmng the oversized interconnect
| i nes. 15wOR812/0am18nt egrated circuit conprising: a pl ura&Cirtus2afi/osi7egt r oni ¢
devices fabricated on a sem conductor substrate; and one or nore

metal lization Layers, electronjcally conpecting.the plurality_.of electronic
devi ces, 20vvne!7ei ' 2be ratod g &lagn 6 Humher samiisiay eﬁtaxﬁe@-@o%plﬁﬁ%es a
plurality,gf. vias, each having a via height and including a conductive
metal conprising one or nore netal grains of size substantially as great as
the via height. 19. The integrated circuit of claim 18, wherein the

conductive netal in at 25l east one of the vias conprises a single grain
that occupi es %he e‘ﬂlie Eneetﬁ/oidaof clai wl%e(%' in-ljcﬁe iarllltlse rv%ta%davc%ar C%ilzte q'fat(:l ai m
18, wherein at 1east somnme Vias oFl%he pFura ﬁfy of - Wias hawe Vi dt 1S of not
greates thamn dbouds gh nanoneters. WO 2012/ 047913PCT/ US2011/ 054798

21. The integrated circuit of claim 18, wherein the integrated circuit has
di mensi ons specified by a technol ogy node beyond the 22 nanonet er

t echnol ogy node. 22. The integrated circuit of claim 18, wherein the

conductive metgl isTRL URGARIESF inf1 L VRGeS %Hn?sy have an average size of at

least about 5 nm.

10 10.  The method claim 1, further comprising lining the vias with a barrier

layer.

11. The method of claim 10, wherein the barrier layer comprises a fluorine

free material.
15

12.  The method of claim 1, wherein the forming a blanket layer of metal
comprises performing a physical vapor deposition or ionized physical vapor

deposition of the metal.

20 13.  The method of claim 12, wherein the metal is a tungsten alloy or a

copper alloy.

14. The method of claim 1, wherein the semiconductor device has

dimensions specified by a technology node beyond the 22 nanometer technology node.
25

15.  The method of claim 1, wherein removing the regions of the blanket
layer comprises: (i) anisotropically etching the blanket layer to produce oversized

vias; and (i) trimming the oversized vias.

25



23. The integrated circuit of claim22, wherein the tungsten in the vias
has a resistivity of at nobst about 30 ILIS2 cm 1024. The integrated circuit
of cl ai mwe,20fumrher conprising a barrier layer |ining eathiSed1iiobeos
plurality of vias. 25.An integrated circuit conprising: a plurality of

el ectroni ¢ devices fabricated on .a sem conductor_substrate; 150ne or nore
metal | i zati on Ilé'yer & @F@@&r"glﬁ’l’f@&}’lp% I RBECt ﬁ@est g apﬁeﬁﬁl‘%ﬂ”ﬁ’éii% “Yf%ectronic

devices, the meth¥ESEpiLiAS: | east one of the metallization layers conprises a
plurality of vias, each having a via width and including a conductive netal

conpri si ng one.qQr | | | . han
one-hal f the VI(ag f(\hﬁgﬂ[hﬁ 'arfg%ﬁéet B8 Hm&h1 §i4 & ﬁaﬁ’tl?aﬁmt)ﬁ@a{té&/ sdi€A bk
device, wherein the blanket layer has a thickness that is at least about the height of the

5  interconnect lines to be prepared;
(b) providing a pattern of the interconnect lines on the blanket layer; and

(c) removing regions of the blanket layer to produce the interconnect lines
defined by the pattern, wherein the interconnect lines have grains of the metal, which
grains have an average size greater than one-half the width of the thinnest

10  interconnect line in the pattern.

17.  The method of claim 16, wherein removing the regions of the blanket
layer comprises: (i) anisotropically etching the blanket layer to produce oversized

interconnect lines; and (ii) trimming the oversized interconnect lines.

15
18. An integrated circuit comprising:
a plurality of electronic devices fabricated on a semiconductor substrate; and
one or more metallization layers electronically connecting the plurality of
electronic devices,
20 wherein at least one of the metallization layers comprises a plurality of vias,

cach having a via height and including a conductive metal comprising one or more

metal grains of size substantially as great as the via height.

19. The integrated circuit of claim 18, wherein the conductive metal in at

25  least one of the vias comprises a single grain that occupies the entire via.

20.  The integrated circuit of claim 18, wherein at least some vias of the

plurality of vias have widths of not greater than about 25 nanometers.

26
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21.  The integrated circuit of claim 18, wherein the integrated circuit has

dimensions specified by a technology node beyond the 22 nanometer technology node.

22.  The integrated circuit of claim 18, wherein the conductive metal is

5  tungsten or a tungsten alloy.

23.  The integrated circuit of claim 22, wherein the tungsten in the vias has

a resistivity of at most about 30 nQ cm.

10 24.  The integrated circuit of claim 18, further comprising a barrier layer

lining each of the plurality of vias.

25. An integrated circuit comprising:
a plurality of electronic devices fabricated on a semiconductor substrate;

15 one or more metallization layers electronically connecting the plurality of

electronic devices,

wherein at least one of the metallization layers comprises a plurality of vias,
cach having a via width and including a conductive metal comprising one or more
metal grains of size substantially greater than one-half the via width.

20
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