Attorney Docket No. NOVLP274WD/ NVLS- 3435PCT METHOD FOR REDUCI NG TUNGSTEN
ROUGHNESS AND | MPROVI NG REFLECTI VI TY CROSS REFERENCE TO RELATED

APPLI CATIVONSoini2s3sappl i cation clains priority to U S, PaCcents20ypbizeat i on

No. 12/202,126, filed August 29, 2008, the disclosure of which is

i ncor por at ed\REeePerke oMY EFHOW/ I VLS-$435Rdt i rety and for all purposes FlELD
OF INVENTION This invention relates to nethods for preparing tungsten

films. Enbodi ments of the invention are useful for integrated circuit
applications that require thin tungsten filns having | ow el ectri cal
resistivity, | METHODEORREDULING TENGSTEN RAOKGHNBESShANIdposi ti on

of tungsten filnms using chem OVPIRG RPPEECTTVIGH?) techniques is an
fa

integral part of many sem conductor rication processes. Tungsten fil s
may be used as | ow resistivi té el ectrical connections in the form of

hori zontal inter dofHae REFERENCEdRERAISHLABREGRTEINY ayers, and contacts

between a first netal |ayer and the devices on the silicon substrate. In a
conventi®nal tungsiieapslepash clams g@lﬁggi@sﬁa Ut%\ePaA\afteApﬂlﬁ:adiI@aEI_bd 1eeoehes, f
process tenmperature i um chanber, .and then a very thjin rtion o
Dungsten fi 1S oHiekt D 0l BEAgly Sf whithch kgt perein L relgisnes Hed.
Ther eaf t er, itshmatiretyramchdenll phirptokes t ungsten film (the bul k layer) is
deposited on the nucleation |ayer. Conventionally, the tungsten bul k | ayer
is formed by the reduction of tyfgsisHIR@ENYONIE (W ) with hydrogen (H

) on the growi ng tungsten | ayer. SUVMARY OF | NVENTI ON The present invention
provi des nmet hods of producing |ow resistivity t,ungst en bul k | a)éer-s havi ng

| ower roughness arts HIVGREN Fedateselor Ehpgs for mecrapBatweiicd tHMghEybpdinedts i ve
tungst en) | ay#rike mkentkasire usdfol fohditapatd efrtuit Higlicawoidehdtirefiale thdwungsten

resistivity tungsten fil . The .net.hods invol ve epoesition of tungsten
in the pres etﬂgg%&png low eﬂ:%tncaﬂesmﬁw%, ow rougﬁness ar%/ Blg% rgf(l)ectlwty.

BACKGROUND

The deposition of tungsten films using chemical vapor deposition (CVD)

techniques is an integral part of many semiconductor fabrication processes. Tungsten

15 films may be used as low resistivity electrical connections in the form of horizontal
interconnects, vias between adjacent metal layers, and contacts between a first metal

layer and the devices on the silicon substrate. In a conventional tungsten deposition
process, the wafer is heated to the process temperature in a vacuum chamber, and then

a very thin portion of tungsten film, which serves as a seed or nucleation layer, is

20 deposited. Thereafter, the remainder of the tungsten film (the bulk layer) is deposited
on the nucleation layer. Conventionally, the tungsten bulk layer is formed by the
reduction of tungsten hexafluoride (WFs) with hydrogen (H») on the growing tungsten

layer.
SUMMARY OF INVENTION

25 The present invention provides methods of producing low resistivity tungsten
bulk layers having lower roughness and higher reflectivity. The smooth and highly
reflective tungsten layers are easier to photopattern than conventional low resistivity
tungsten films. The methods involve CVD deposition of tungsten in the presence of
alternating nitrogen gas pulses, such that alternating portions of the film are deposited

30 by CVD in the absence of nitrogen and in the presence of nitrogen. According to



alternating nitrogen gas pul ses, such that alternating portions of the film
are deposited by CVD in the absence of nitrogen and in the presence of

ni t r ogen.wocowasisg t oAtt or ney Docket No. NOVLP274WD/ NVRPETAB3IHPGISMAr i ous
enbodi nents, between 20-90% of the total filmthickness is deposited by CVD
in the presereaerPockitfNe oY e 2BREEVIEESSRICBTI ON OF THE DRAW NGS The

follow ng detailed description can be nore fully understood when consi dered
in conjunction with the drawings in which: Figure 1 is a process flow sheet
showi ng r el esants epbpditnenrss bofweasrtWe¥% adctbe dotal filro tharknenysis elepadieddnt s of

t he present é@ﬁqﬁgﬂ 2(93 LY BiBodnS @ Process flow sheet show ng rel evant
operati on of net ods of deposM‘%ng a tungsten nucleation |ayer. Figure 3A

is a schematic illustration c?prri“pari ng nulti-stack and single stack tungsten
bul k | ayers. Figure 3B sBRWEF %*%T]Q%D%THETDB@WMGesnce according to

vari ous enbodi nents of the invention. Figure 4 is a graph show ng

reflectivity and Tiesifditdwihg ydetfiled tesagptian danl ke Imdyrer Al anddtebd ophaf t he
per cent age of f.i.l m deposi t(tad i n tEeS%resence of nitrogen. Figure 5is a
graph showi fg P HECE SRR UiclPR AR SR dENARS P Wil stivity for 1000 A tungsten
films deposited by CV/D in the presence of nitrogen and in a nitrogen-free
process. Figure &igweal g5 appros¢rowilory shhes shompeg atlavant deestidenoé ofthods

reflect i vi tnch 409 And ARRIBHC il biThe GRASRIAGAEY_CVD I n the presence of

nitrogen and In a nitrogen-free process. Figure 7 Is a block diagramof a

processi ng system suitable for conducti ngr'tungsten deposition process in
accordance w th diBy8imbnt Prefest Hawi theehtharnarelsyHe wregtraof gethods of

NOVLP274W)/ N¢bSsiBd35 RGEstDERdd 1£dnDiRRER! PTI ON | NTRODUCTI ON I n the fol | owi ng
description, nunmerous specific details are set forth in order to

10 Figure 3A is a schematic illustration comparing multi-stack and single stack

tungsten bulk layers.

Figure 3B shows an example of a timing sequence according to various

embodiments of the invention.

Figure 4 is a graph showing reflectivity and resistivity of a tungsten bulk layer

15 as a function of the percentage of film deposited in the presence of nitrogen.

Figure 5 is a graph showing the temperature dependence of resistivity for 1000
A tungsten films deposited by CVD in the presence of nitrogen and in a nitrogen-free

process.

Figure 6 is a graph showing the temperature dependence of reflectivity for
20 1000 A tungsten films deposited by CVD in the presence of nitrogen and in a

nitrogen-free process.

Figure 7 is a block diagram of a processing system suitable for conducting

tungsten deposition process in accordance with embodiments of the invention.

25



provi de a thorough understandi ng of the present invention, which pertains
to formng thin tungsten filns. Modifications, adaptations or variations of
speci fi c wetzhmdes¥nd structures shown and di scussed her eCm/us2000/0834@ppar ent
to those skilled in the art and are within the scope of this invention. The
met hods descriopedPeks 8o iN@EIPAT VYRV EDH g t ungsten fil ms. Conventi onal
processes for formng a tungsten filmon a surface involve formng a
tungsten nucl eation layer on the surface, and then perform ng a CVD
operation in which Enbodi nents of the present invention involve depositing
tungsten layers that have | ow DETAKED DESCRIPFI®Nhness and hi gh
reflectivity. In previous processes, lowresistivity tungsten filmhas been
achi eved by gromnﬁgjygmg@qqugsten grains. This, however, increases the
roughness of the film As a result, percentage root nean square (RMS)

roughness to fil th| ess may exceed 10% for.a | ow resistiv tungsten
filmof 500A or EP Ow.lrr%ﬁeseam&q AYMERRES PRATYINERY s ﬁﬁefmfdi oS
subsequent qpevid¢ aomO(lgiaﬁﬁc&mamiglg &ft the ))r@a@u 1&Ventﬂ$hewmeh fpeﬂslngl&sfurmbgd al so

provide %1 I gk&l% t{n?fsltee Cftl % odﬂr%atlons Edtl%tr{sa ar1a 1%{8186 S ec1f1c mQt%SI y I’(lig bul k
t ungst en | ayers 1mnvo genr EdUC I on O t un enc pr ECUI' sors

in chenical mapf@rescsepws|and@1nsc(1136®ﬁemmwékbegppaﬁm t<D éfolse@kullvd urytlmfaraanm

filmthat ignﬁggﬂﬂ”hgs&gg%@aﬁégﬂ@ﬁmﬂydrogen reduction CVD is 110% or |ess
conpared to that of a srlicon surface. In certain applications, however,

tungsten filns haV|ngtgreater reflectivity are needed. For exanple

tungsten films halierngethedy deseribed haysip yelatsdo Apghng Sugnisa SUms o opygagional
phot opat t er rpra@sﬁdsngﬁtfeﬂm . @ tundsCenf Gl Hi tal bR e OihvollvB fordingUS tifi@sen NDIr €

difficu S de Cri ed herein i vo ve sitin u ten by H2

D r et GHEIATom BT Er SSBRCUPEE i Grhan i PR mPa el et

is known that tungsten deposition in the presence of nitrogen gas decreases

t ungst en roughnedspbedimentaé mlna)pn;seima\itrevehtmn chvohatdeabsieng aunigstgn Gyyers that

deposi tion Tk { Sy PLESRNEA08! rollbAdcR08K e ol ATPOF bl Rl Wrbdds 10, UL T 0geN
ces oug

present produ roves re ectl ty and ness. 'Figure 1 shows
a process acedftiiifygupgstereitmihgs @ﬁ%b%ﬁ%ﬁf@%grow}caf&?r fragstem gragns. Nbhis,

NOVLP274\W0/ Mék@veéd 3adteakes the roughness of the film. As a result, percentage root mean
15 square (RMS) roughness to film thickness may exceed 10% for a low resistivity
tungsten film of 500A or greater film. Lowering the roughness of the film makes

subsequent operations (patterning, etc.) easier.

The methods described also provide highly reflective films. Conventional

processes for depositing bulk tungsten layers involve hydrogen reduction of tungsten-

20 containing precursors in chemical vapor deposition (CVD) processes. The reflectivity
of a 1000A film that is grown by conventional hydrogen reduction CVD is 110% or

less compared to that of a silicon surface. In certain applications, however, tungsten

films having greater reflectivity are needed. For example, tungsten films having low
reflectivity and high roughness can make photopatterning tungsten, e.g., to form

25 bitlines or other structures, more difficult.

The methods described herein involve depositing tungsten by H2 CVD
reduction in the presence of alternating nitrogen gas pulses. While it is known that
tungsten deposition in the presence of nitrogen gas decreases tungsten roughness, the
inventors have found that alternating CVD deposition in the presence of nitrogen with

30 CVD deposition with no nitrogen present produces films improves reflectivity and

roughness. Figure 1 shows a process according to certain embodiments of the



i nvention. The process begins by depositing a tungsten nucl eation |ayer on
a substrate. In general, a nucleation layer is a thin conformal |ayer which
serves t owbDaoida2s&mre t he subsequent formation of a bul k PeRtuSeél0533her eon.
In certain enbodi nents, the nucleation |ayer is deposited using a pul sed
nucl eat i on 14dypeEey PEKE NotNEHALFYENYIR-H3PNL t echni que, pul ses of the
reduci ng agent, purge gases, and tungsten-containing precursors are
sequentially injected into and purged fromthe reaction chanber. The
process is riepadwibaed ilhe aproyesk i leginsf b hlepositimg ial tungetedlemicteadon Hapkness i s

achi eved. - PNy, B8y, &R0} GaceliorCHEL 2 (BABERTHAT IREANSAL By Addi ng

reactants for reaction on a sem conduct or Sstrate eatures become
smal | er, thda¢ilitigesttbn fulpeqrsnt dermaesion) |qflearé§]ikst%@:féall Hereds es I uertg

scatteri ng effretfedtd) thhBudldtiiBRGsy WS de!pmslte\ﬂyllsh% £hilb&d ﬁiﬂeaﬁb}ﬁ‘ aSEL(PNL)
deposi ti é% esses rquMJe tun sten nucl e eg ﬂgers t hese Iagers
t ypi cal | n{UGhen & bR feERM AN SR ot *ihesrereiY Qegitpanie BHGSt

| ayers. Low tiegsteit dontdiying WreSirems fard BEquehtidlly Zgedaaivaito |apds@sgantrom the

overheating jn.int t ed | rcw t Becau E >
Pbui k, the thi RS Onecglgmﬁf: ‘th enpu eesfsattl? 5?'*%ragédelr Sfoul Cﬁf aShRm mﬁﬂ tﬁe dga’smig eep

the tot al rethlckn%aoe aglgevedw BHLdussdlblembomswme qrhed pln@m:ds Of lamueamj,bft en
nucl eati on Sa!aﬁh'l' Jefifa é’fo k&a‘cﬁ?ﬁ Eﬂa%&}‘uﬁ:&é Redrdhibdragover the underlying

substrate to su port qual it eposition. PNL techni ques for
deposi t| ng tungsten nucl eation layers that have |ow resistivity and that
suppor t 'Yeposi ti om é?atwsmeé%mgtﬁr%% thngraedsn YUY k cPHper & dine §eisarieed in

U S. Patent 11‘1‘@’9&96@?&1!: Q@%Célt%h@g%fﬁé@,m]thé 915111}1&3‘@7 and. G\Uhﬂékff@cﬂ%ﬁ tungsten

i ncor por at ed ef erence herei nal di scussi on, regar di NL type
b ocenaes. cdlspulio GeRs delup e S hiddton eSS Db E YT Gty hVe, )
7,141, 494 ashigledr leleasridah rdgStiPaitee thanAthp [butatungsterd 14y265, 534& readtaatyi tnogguor at ed
her ei n by rqﬁﬁ{serﬁﬁﬁng'p%We? lc?ssé%r%ﬁeWe tlﬁ’é gg éﬁrgtlec?\éllrgﬂfﬁgsiéﬂo%é@ ué

overvi ew of operations that nm esistivity
t ungst ek nudheawion: » ayes thsythipknesaet Wmmgatlw legen féloﬁldé?ﬁb‘@lﬂllﬁ'b?ﬁfl $0 kagpe

process s hFVtﬁe 'tcﬁal':ilfegl'éfaﬁc@ ad [Bb@'ay %ssfilﬂé m@)’&? tllﬁ @)tﬁt&gﬁitﬁln UGG AEA ADCIeRAYR
using a pu S%oulg%: ee% 1!:1(6):1r1]t1y aﬁi t(P ful yecs:osve? the 81\%&1%\/ g su%strate to support high

quality bulk deposition.

PNL techniques for depositing tungsten nucleation layers that have low
20 resistivity and that support deposition of low resistivity tungsten bulk layers are
described in U.S. Patent Applications 12/030,645, 11/951,236 and 61/061,078,
incorporated by reference herein. Additional discussion regarding PNL type processes
can be found in US Patents 6,635,965, 6,844,258, 7,005,372 and 7,141,494 as well as

in US Patent Application 11/265,531, also incorporated herein by reference.

25 Figure 2 presents a process flow sheet showing an overview of operations that
may be used in depositing a low resistivity tungsten nucleation layer by PNL
according to certain embodiments. The process shown in Figure 2 involves forming
a tungsten nucleation layer using a pulsed nucleation layer process at low temperature
and then treating the deposited nucleation layer prior to depositing the bulk tungsten

30 fill. In certain embodiments, the substrate contains a feature that has a high aspect
ratio and/or narrow width. In other embodiments, the methods are used to deposit low
resistivity tungsten film on planar surfaces and surfaces having lower aspect ratio

features and wider features.



and then treating the deposited nucleation |ayer prior to depositing the
bul k tungsten fill. In certain enbodinents, the substrate contains a
feat ure twetotvaes®m7hi gh aspect rati o and/ or narrow w dt RCTIUS2@0I083349

enbodi nents, the nmethods are used to deposit low resistivity tungsten film

on pl anar su%t‘ioé?éﬁe‘%“b%éfos}m\f%éwq'%%%3 fsWer aspect ratio features and

w der features. Attorney Docket No. NOVLP274W)/ NVLS- 3435PCT As i ndi cated by
a process block 203, a | ow tenperature pul sed nucleation |layer (PNL)
process is perforAnssdlcii@tazﬂebpsai proaess urigaekt 803,naddve aemperatuag enlsedapdsatianng

tungsten ”“%gﬁ@t PRI f’é/c%Es ﬂsﬁe%nﬁ?cf’ N—dgp’ Qﬁeasélngé?é&?hﬂcﬁé éf%ﬁﬁ??ér”ﬂefn&‘?tmg

substrate to tern |ng pul’'ses o UC|ng gent
t ungst en- corfiRgstinnpugieationrlgyr, ussigc A RSL \jrocess aiyy o waypeasing dhe gwjsatento

nucl eati on la@%ﬁfatlﬁ%%%§§ ef at@d%ﬂi)g)ﬁgént GRaf0fABd te UG ST Oﬁke&ﬁry&f §uc%f§‘s
i cation 11/ 265, 531, f|Ie Novemnb

descri bﬁg %ﬂg at ent A&gﬁn
2005, i ntor pSfat d hyeresa 6‘8@%%1% ¢ation tl%‘/eérﬂri)‘feé%eﬁ QneePeyf cqn ormal
pur poses. | mut:teaumntm(érmm dekepibed el 0.8, Pagut e\pplichtivd N@bﬁﬂ!‘%ﬁ@?)ﬂﬁlﬁiﬂx&ir ature

is low - bel qut C, n.about. 250. an 350, C or 250
and 325 C. INCYD teéulnzﬁ&éodncwé“%‘%mé F%’e r%f%“”“er ¢ AL N e Bt 3’188 fr
Above- r ef er gniceaieAphl the atmbodinimt dafi¢teé ) E&lqujé,stbc stissraequeensese of lomeduci ng

agent/tungstb%w%cﬁit@w@ RECSHERA b WhSPJubab0 LES5E cr(gmbedne%@éd OIn

deposit low resistivity cording to various enb

bor on- cHht aiSsItag @@bgdlme@raoﬂlanmmuﬁ%hi FePwKe RPalni ng A(bévgrefe@nfealne)

reduci ng agengicatiéh used It1¢26393m3|desdrﬂ>@s Nieuedel 0Bf | RUEEIRg Ade@tunighesertai n
enbodi nent s, nucI eation | a ef @{)om t*on i ncl udcg gne or. nore hi ﬁ
plses, ie

tenperature ‘ceRtining PEEEsop 3 LY TBRY PRESF EHPSEHBYVJF@SW@I gm.
certain enmboikcoeiihs o w&idmdmbbdmm@spbenohmmgtahmmg&t endibocnepirdomon-ayens i n

hopl i cati on TERHEPEER. Sl e FRIME TR RS 05" SEfrote thEpuTBLR ayers.
ref erent® hetled, rinuqqrtam@émhm@tty rangatioy laabll depmﬁlpl@s dicludes @ng o dNare h@.@posu t

the nucl eatigp, &ﬁbﬁ% (e.gNBES O}Elilhﬂqgc]eg“é@clsrv heURWI B niPtkat ¥ WyeRes Of Indeertain
bor on- cont ai n| n reducl nﬁ agent and a tungsten-contal ni ng precursor wth no

hydr ogen in Ha‘%ﬂ%@ rBeh adSt for dlspouting %‘rgﬁte’tl muRleptiny yel THUEr e apbhighayer s
(e.g., aboutaspett Ags fda@iTey aé dedchi®sE if @RS UP&S ABSlidacye N0 OI/GB0Rq 5C BVeRY age.
In certain February 13, 2008, incorporated by reference herein in its entirety and for all
20 purposes, are used to deposit the nucleation layer. These methods involve using PNL
cycles of a boron-containing reducing agent and a tungsten-containing precursor with
no hydrogen in the background to deposit very thin tungsten nucleation layers (e.g.,
about 12 Angstroms) in these features that have good step coverage. In certain
embodiments following these methods, diborane or (another borane or boron-
25 containing reducing agent) is the only reducing agent used during deposition of the

nucleation layer.

Referring back to Figure 2, an optional operation 205 involves a higher
temperature treatment process to lower resistivity. Examples of treatment process
such are described in such as that described in U.S. Patent Application Nos.

30 11/951,236, and 61/061,078, incorporated by reference herein in its entirety and for
all purposes. The treatment process described therein involves exposing the deposited
nucleation layer to multiple pulses of a reducing agent (without intervening pulses of
another reactive compound). According to various embodiments, the substrate having
the nucleation layer deposited thereon is exposed to multiple cycles of reducing agent

35 pulses, or in some embodiments, alternating reducing agent and a tungsten-containing



enbodi nents foll owi ng these nethods, diborane or (another borane or

bor oncont ai ni ng reduci ng agent) is the only reduci ng agent used during
deposi ti omoabiwtsssnucl eati on | ayer. Referring back to FiPgus2@9/053349pti onal
operation 205 involves a higher tenperature treatnent process to | ower

resistivity. Aseanptckd NofNQYIEATEMY Vipr é¥¥d such are described in such as
that described in U S. Patent Application Nos. 11/951, 236, and 61/ 061, 078,
i ncorporated by reference herein inits entirety and for all purposes. The
treat nent prpeassrdesesi badtemhtng pnlsenvdlaviedu@np agemgaridheingsposonteiading

nucl eat i on 'pgé( s Qrd HLd ﬁs%hg? Héﬂo%ﬁ%he%ngsténeﬂ}é‘?é&)ﬂgn agent (w thout

i nterveni ng pul ses of anot reactive tonpoun According to various
enbodi ments, the substrate having the nucleation |ayer deposited thereon is
exposed to mul ti pheitdjeateds infFigue ki thy tERGERNt pRIPSSS | 18 dierfopmed gk a higher
enbodi ment s, te@bé@fui@thaf Ghd REHUIGHE 1AGeAbpARbna TdMESiteRs ¢aibedtdth BIAC @& ney
Docket . 274N/ I\I\/Lg-ggj”;SEﬁT%pr.ecur or 5u| Ses. ternati ng ‘l%ulhses of
a reducihg agent: &%d 10GHGSPR A< c AR TR 35081: Pelgtion: @yg dePaitiey Pothifeposi t
t he tungst enraatmém alpeakioAsnayndivobiedetatimg Hiegiubstrate td betvtaecaatboenBS(pCoariss i s

performed at i r . t I i I 0S1:L4: 9n.
Perpor at ur o< 3SR IF bertBEb ARG R ol TR P € Uy nUEdERAIIAN,
f r om nucl eatlieboe | expesingl dpo sielediont wyehics atpleatient refueingt 4gsnt wayedusingl ve

heat i ng the SURRLARIS SOBRYCARAYUPURED i ABEALS A5 ificddt SRTdchhh

enbodi nents to about 375 Cto 415 C and allowing it to stabilize before
exposi Nt t hEMMPAIBEYS HiF Fubyiedte tMBETIR kI 3oyt 895 FedbeVrigteapsrituret “osluci ng
agent / t ungstriequifOhaémpulg: PieS s atieRUE@ESaléM tRHaBRaSs ffels layel, Gat & dien
certain errbotdl nts the substrate enEter1 turet istaboué 39% ' l"?l\é\lﬁr h
t enper at ur e ROUTY PEFIOPe YRITH éfrsué?tsﬁa AP AR RS AcHi ERYSEYui val erft ™€
treat nent eftfeattertayearess Bescriber trheperatest 2nnapheraed omjmprppe adhdsion, the
substanti al | t '- i il - t g

Meth8ds e {@ggﬁ%& @EgBé ﬁﬁlglgmte}é}’éh \eolEit! %ﬁﬂﬁesﬁlﬁ:&)’ f%@%%sété%e s of

descri bed i n operation ) e us [ nEr ove a ( e I
t he i nventi dhe rangsisa nuphtadipedexed ihittaatedt aj bulk pangstan lgen &5 dgpgaited m thence

t he tungst eefiufe! igal profesk ay&htibs 207 eahigth décﬁb@dﬁnt#}@ﬂlﬁbﬁﬁld)ﬁl'@g of Bigure
deposited in th%éf eat(i.llrﬁel\%l n a process operation 207. This is described in

operations 1088 ¢i5¢"s¢ Yir e
While Figure 2 presents operations in a method of deposition low resistivity
tungsten nucleation layers according to certain embodiments, the methods described
20 herein are not limited to a particular method of tungsten nucleation layer deposition,
but include deposition bulk tungsten film on tungsten nucleation layers formed by any
method including PNL, atomic layer deposition (ALD), CVD, and any other method.

Returning to Figure 1, after the tungsten nucleation layer is deposited, and any

desired treatment has been performed, the bulk tungsten layer is deposited.

25 Deposition begins by a CVD process in which a tungsten-containing precursor is
reduced by hydrogen to deposit tungsten. While tungsten hexafluoride (WF6) is often

used, the process may be performed with other tungsten precursors, including, but not
limited to, WCI6. In addition, while hydrogen is generally used as the reducing agent

in the CVD deposition of the bulk tungsten layer, other reducing agents including

30 silane may be used in addition or instead of hydrogen without departing from the
scope of the invention. In another embodiment, W(CO)6 may be used with or without

a reducing agent. The benefits derived from nitrogen (N2) exposure may also be

derived from exposure to other carrier gases that contain nitrogen, including NH3. By



1, as discussed below. While Figure 2 presents operations in a method of
deposition low resistivity tungsten nucleation |ayers according to certain
enbodi merwe,20toes3set hods descri bed herein are not |imtedTius2@9p533u9 cul ar
met hod of tungsten nucl eation | ayer deposition, but include deposition bulk
tungsten fi I/ﬁ‘ﬁoﬁlﬁYP%iﬁ%fPé\‘p‘HﬁéT”@ﬁh‘WﬁﬁV&Ts formed by any met hod i ncl udi ng
PNL, atom c | ayer deposition (ALD), CVD, and any other nethod. Returning to
Figure 1, after the tungsten nucleation |layer is deposited, and any desired
t reat mnent hasingeNH3per pdremeyhes tdienityogdo-contgsn g rprécaysors, ithe geposs dasdribed
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ot her types ontajiing ggensedatahydragenpiedofrediced intp shepregettansciyarher whdguhay be
nodi fied to GonpGbdent BENGSpREeM! UH icBRaiMchibodi i@t lar @HVANIRBRS caldlRh igh€igM t h

t he PNL(groces es descri edﬁﬁbove, ina C/Dte &g@gu%f the WF aﬁd H are

si mul t aHeoud1S§d P COiTE 88 | Ri%B3SAR MR REAGAIE . RIS B ddeyedo

conti nuous abawitealepowiag tpoftivnodf thexdasgad t@nlt thikaes dthahgaent iAudivalsyed or s
tungsten filmon fhe substrate surface.,.The CVD deposition begins i n
operat on 100 (b R Bl EhBTRe i s S AELRE R P By oty o

i nt roduced idesioed theckmesic tiawrexemaleb er canfaithembodimgnisi abrcogéfi0des depasitesant . | n
certain enbqgi cnal rj I i er gas.
The gases nggﬁgg%%ﬁgyhiggg’g{aﬁg?&gg]éqggéggmgggﬁgﬁé%ggggi%ﬁgﬁgggﬁ%%%
deposi t 1 poleppotsddyy HRercdeationedf Wai0apr ethei kingsten-grecuisaysihehe preserficsefussed

nitrogen. Generally, transitioning from operation 103 (H2-WF6 reduction/no N2) to
operation 105 (H2-WF6 reduction/N2) involves turning on a flow of N2 into the
chamber, such that N2, H2 and WF6 are all flowing into the chamber. The argon or
other gas flow may be reduced or stopped during this portion of the process to
20 compensate for the additional (N2) gas introduced, thereby balancing the flows.
Another portion of the tungsten layer is deposited in this operation. In certain
embodiments, if the desired amount of tungsten has been deposited, the process ends
here. For depositing thick films, e.g., 1000A, more cycles are performed. This is
indicated at an operation 107, in which H2-WF6 reduction CVD without nitrogen
25 present is again performed. Transitioning from operation 105 to operation 107
typically involves turning off the flow of nitrogen, and if necessary, re-introducing
any flow of argon or other gas that was reduced or stopped for operation 105.
Another portion of the tungsten layer is deposited. Another pulse of nitrogen is then
introduced in an operation 109, to deposit another portion of the tungsten layer again
30 in the presence of nitrogen. One or more additional cycles of no-N2 and N2 H2
reductions of WF6 are then performed if necessary to reach the desired thickness. In

certain embodiments, the process may also end after a H2-only reduction.

In another embodiment, pulses of N2 and tungsten containing precursor are

simultaneously introduced into the chamber (e.g., with N2 as the carrier gas for the
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bel ow, the ampbunt of tungsten deposited in this operation depends in part
on the total desired thickness. For exanple, in certain enbodi nents, about
| OQA i s dwpasioessin t hi s operation. Next, in an oper atiPom/us&9/0533e2 her

portion of the tungsten \;/er S dep05|ted by H2 reduction of W6 or other

t ungst en- pr e"fﬁﬁ’rﬂéb‘POCk?thfotl‘ﬁé PP &G-S0t HiGr ogen. General |y, transitioning
fromoperation 103 (H2- W6 reduction/no N2) to operation 105 (H2- W6
reduction/ N2) involves turning on a flow of N2 into the chanber, such that
N2, H2 and \Aﬂﬁgsmneprawrscfrl) emthrdgldystsocht Hhat phlagtbNE2-pradeet sdgaimonorpeodtivas agas
flow may be t b e

conpensat e fﬂe%#ﬁ %@Ptt}%ﬁpﬁl (;gé?ﬁ gisz (lmrl] ro u%:l{)arg téélgb Rggﬁg‘?@lllﬁ]%et he
fl ows. Anot Heherpdic ofdrigee 3hanultintpsk bulk @ypesten @Y@Fé[f@@ilqdefat hby hlit@natmg

ggg;agleons {fgad@ﬂrt@vrb %Hﬁ&ibn”%ghq}llz fesérg?rdﬁsa38§ﬂ?ﬁfﬂ?ﬂl@a H?Lor%ly:iﬁﬁﬂgemhas
| I T.I | |
1000A, p re Pé%flb@eyf @%kﬁ%ﬁm& hlgﬁw rgﬂ?féwtﬁdﬁ%ﬁ Sl tﬁilﬂrea% PQF”\E &?P%im in

whi ch H2- WFewHield uctuiro is adi mﬂéchﬁ/atthzm i BlﬁgRﬂ{DbﬂlstSItdckl(SO'B)gaﬂdfte p)lmtftlﬂarrmasd
Transitioni natg}]]élrst?a}r%n%ps%rg&d (feli' € weenlg laé[:s to Zhetr}{ﬁhcf% é/ B%S:rs]f\:/n r%tacI%s

turning off oW 0 gen sary, ret |ntr any flow
of argon or other gas that was reduced or stopped for operation 105 '
Anot her portion dfiguhe3B uhgesem kayeplei of defposist exuersoadserdipg|ts ecesin

ni trogen is df1RRA;hetes in%eiﬂvérﬂlo%” I"}Rﬁrtétﬁegﬂm he N @W%k&le@&&%ﬂ@éd portion
of the tungsten |ayer a8a|n in the presence of nitrogen e or nore

addi ti oHal c%{aé@n%ﬁo%a Rzbayrg weﬁzatr Ay tirst Shs (g N%Beda?téont Fén 9561 & med
i f necessar \indieate@aBbthtthe pebeisdat €@ firkt delsagEsn ark Ibpﬁ@ﬂiztl almcetioehb®nnsntst he

DUl Ses of Kb SR FlnE KT Bk alonh oy Cpr <GP eats ST SR CarBaag i
i ntroduced iAlsq irh@ertalantmboc(lmegts tov dchieM2 godt hespomser it reggsitabdity, the
;heAt torney %‘&% Pl%@%(&? 2y éﬂﬁed%%g&&%sE VRGRIE b © e‘le ?6%
el ays such t ent uction operation or med
wi t hout Lany flayw & sﬁ@'ﬂllmgbfrﬁszredmrydm@? PR UEE imat@ therdepogigor h‘b%mbqrn Ip Hee
Z H‘Z;’rﬁ; anfenﬁioﬂ}iﬁ&lt?d%BlcE@éﬂ fnl FRUACK, ﬁ@'WF%LFng)zgﬁ QiJeR¥E rb%gd%@ raggcllfﬂgfr Eg}glr bby
only usi ngg@; pCP"Bé%W? ﬁ% \ggg dioa e Bes dherBnb e POJiipRal e
si ngl e N2- prgsenbf ead¢k VD A¢position are depicted in Figure 3, though the number of N2-
CVD cycles may range from 1 to any desired number. It has been found that multiple
20 N2-CVD cycles, e.g., 2-5, improve the roughness over a single cycle. Each N2-CVD
cycle has a H2-only reduction, followed by a delay (delay 1). This delay may range
from 0-1 min, e.g., 2 or 3 seconds. Note that although depicted sequentially, the WF6
divert and the delays are typically concurrent, i.e., the WF6 is diverted during the
delay between reductions. In certain embodiments, there is no divert and tungsten is
25 flowed into the chamber throughout the process. Each N2-CVD cycle also has a H2
reduction with N2, also followed by a delay (delay 2). A delay of at least 1-3 seconds
has been shown to improve the roughness over processes that do not have a delay
after the N2-present H2 reduction. It is believed that this is due to the nitrogen
remaining in the chamber passivating the surface of the deposited film, allowing the

30 following H2-only film to deposit in a smoother fashion.

Tungsten precursor flow is indicated on the timing sequence. Argon or other
carrier gas, hydrogen and nitrogen flow into the chamber is indicated below the
sequence. As shown, argon flow remains constant, except for the H2 reduction in N2,

in which it is reduced or stopped to account for the additional N2 gas. H2 remains



which in turn is nore reflective than a single H2-only stack (307). Note
that there is at | east a one second del ay between N2 pulses to formthe

mul ti pl e WD-2progesssy st acks. Figure 3B shows an exanpl e ®CTaSRéowionip4Sequence
according to certain enbodinents of the invention. Prior to beginning the
N2 CVD cycl estofeseks&d NOVIgpE YT Uns3438%81109 above, a pre-heat and first
H2 (no N2) reduction nmay occur as indicated. Both the pre-heat the first
deposition are optional. In certain enbodi ments, pre-heating the wafer,
e.g., to 39xo@stadi timughowdbe pasessgwhds Nt iarfpevedomdydusfigg thetly2 refuson inn
certain eangéﬁgg5§eoggzachleve good response and repeatability, the
tungsten precursor agent may be diverted to a process vacuum punp. This
allows the flowto stabilize before |ntrodu0|np the precursor into the
deposi ti on chambdfote|that Hes dyviprsas welfers roppideablyi from @EFrV@IQ HEHEFQEEVE ow i s
dlh Vﬁil;) ted befled&tugﬂ@é@‘emg ttcse s@Hﬁlkdﬁﬂ%&%ntlhyB}s hIMerbu% ﬁacv\fs@s fhdeonRdet ot 0 the
chanmber gduri e deposi tion S 0 e e
deplctedéj (E?Bu?gmgln?ﬁ@&dﬁw?%emﬁﬁW§gr% HHREH%@VDaegv @?n V’raﬁ@éﬁgronll

to any deS| rdescribesibEY rediidtionas’ WE€ I fheymekehbadt mtrbgetptloeiemsm}\/ﬂngyteh éslk e. g.,

2-5, . |
I e s K
0-1 min, e.@r, W2CON6 3s sdeaginersl intptthe pﬁembeal tN@t@ﬁndepﬂS@t exﬂrogle@pdemq &hd y,

the W6 di vefehodfith thentke! éﬁ/h%r BeSrd Y(ﬁh%?ldﬂﬁft%f) FHeUSIHERE 1oal i€introli@di
di verted durln%H}he del ay between reducfions, In certaln enmbodi nent s,

is no diQ/ertt S RRARREEG R é‘Fft%“% sityasiagy thepigrogemisdREAfeed gt afighBedepeniion

process. ?ﬂiod‘é@s (nglnemﬁl @rdaﬂ $® anaw ﬁleHZlngﬁéhJQé irdlendet DM, thelrﬁ@oge@ll i@vved
by a delay (d | east 1-3 s cond has

el j n_sho
o orove the nguikrEl ool B abadinord Riteetls iRORN TR SR B g [
N2- present Hhiztrogeduc tisodescriiedi belbe] hewedbrt haile tthe Sprcvcststd desctibed e thd t‘4%lgen

there

remai ni “9 ' #éﬁf r%‘!?ﬁt';’b% éd’ gqg@]ﬁeéshgve%%hgﬁ& ‘&Epésﬁgdq pﬁ%'&b@%cfe' oM
all owin | 'owm ng to deposit In a snoot er fas
Tungst e pr ét}/df%@)ﬁ, ulmg nérqgﬁmﬂeew@ubtﬂiemﬁ@e@s RFHE 18 dGpENES ronghyishs #d ot her

carrier gas,infp
the sequence.
reduction in N2,

yﬂn@g@@kg@gqnltrogen flow into the chanber is indicated bel ow
argon flow remai ns constant, except for the H2

Table 1 shows comparisons in reflectivity between tungsten film produced
with H2 reduction with alternating N2 pulses, film produced by H2 reduction without
any N2, and film produced by H2 reduction with N2 running during the entire

20 deposition.
Table 1
Nucleatio | CVD Thickness | Resistivit | Reflectivity | Reflectivity | Ref
n Layer | Process (Angstroms | y (micro- | (centerpoint | (centerpoint | NU
Process (H2 ) ohm-cm) |) compared | ) compared
reduction to Si wafer | to Si wafer
(PNL 1 of wE6)
deposition
of W
nucleation
)
Process 1 | Without N2 | 1000 11.12 1.13 1.11 1.6
0
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Tungsten nucleation layer deposition was performed by a PNL process as described

above.

Both processes 1 and 2 used alternating pulses of diborane and tungsten

hexafluoride at low temperature, with process 2 also including a low resistivity

treatment as described above with respect to Figure 2. Compared to both the H2-only

and the H2, with N2 throughout, reductions, the alternating N2 process shows higher

reflectivity (average reflectivity 1.2 vs. 1.18 and 1.11 for process 1; 1.18 vs. 1.14 for

process 2). Resistance non-uniformity is also improved for process 1.

In addition to the improvement in reflectivity, roughness is improved for the

alternating pulse process over both of the other processes.

While it is generally

known that H2 reduction of WF6 in the presence of N2 improves roughness, as

compared to H2 reduction of WF6 with no N2, unexpectedly alternating H2-only

CVD reduction with N2 H2 CVD reduction further improves roughness reduction.

Without being bound by a particular theory, it is believed that the following

mechanism may account for this phenomena: tungsten deposition with nitrogen gas

10



process 2). Resistance non-uniformty is also inproved for process 1. In
addition to the inprovenent in reflectivity, roughness is inproved for the
al t er nat iwQ 2pul@eesspr ocess over both of the other proces®es/usWmolosssus is
general ly known that H2 reduction of WF6 in the presence of N2 inproves
roughness, asopenpakedotNP P2 HIREY ot 3YICTWF6 with no N2, unexpectedly
alternating H2-only CVD reduction with N2 H2 CVD reductlon further inproves
roughness reduction. Wthout being bound by a particular theory, it is

bel i eved t hgiresehe dhiohg ok egtirepdranl sy nmpwagaosnin tatain hprefepbd norbnat

tungsten de r e
NOVLP274W)/ @ég&gﬁgéﬁé& (lg'gg}sle%g e@%‘?ﬁ%@ tbgeaﬂe%l%??g&giuﬁb (g ﬁ%m Fogvvxt/hgrt}%fl ns in
certain prefRsescaes 0§uuﬁogqmaga5amaéfr FEIDTeRy qal@iminpelegion gises Pllld rfayesineak

this conti nUrbyimfsutfadd, MW bmd HRURHISERED QhindintadyARe folBRS (B HRP! €SS
certain pucl eathon sites on the tungsten growi ng surface, therefore sone

ensur ed 1 und&PByrai ns may not follow the previous tenplate. In Table 1,
while filmresistivity increases slightly with the addition of N2, the
process still prdddabk f,ivwhite fiaviesigtivigsinsichses gl yoeltlo ielislditioarad Nsh thec m
Thus, the pr t chi £ | S 1V t bl.e with
| arge grain g?‘%? 5‘!#3 ﬁﬂuﬁ:s ﬁ%@seﬂ%‘ﬁ%geéeﬁ%g{ tl(r%évg éﬁﬁ}o?% 1%110 Oqﬁ%?}e?lvggﬁl& Iﬂﬁ smal |
grain size. Progess isablseloggBieve He lgwapyistiviltias qbeqmb&ﬁswabybarwgm gegandhillsame

as without tge mhd LASGANEXRBRHAISy aéﬂe@ﬂ%fﬂ?@nﬁﬁ%&iﬁ Re. 1RBis1 10 veREkO e t he
filmresistivity and roughness i's optim zed e mxture of H2-CVD in the

presenc) of FOINSIZEERBAIAHAPRIOXIGHIS]Y é%aglpa"lé szgthotlﬁée EVISSFRFERIPg to H2
reduction of WF6 to deposit Wby CVD). Specifically, by controlling the

ratio of film depasardotitbrbyspbit ofediec tinventiom tthheﬁm &Sﬁﬁtﬁ&tyOEHd'lZfoﬁg‘hnbsha&st ot al
film ther esp'tl%%llzq\f(}ltg thfg‘nd {u(;"f]:c oFﬁ% (WI{)){H it r%;)sg:]u? o NG @&kso%l%] L Rl \ﬁ?ﬂh Ln

Figure 4, whi miredis y an Il ms
for various sédcphas(Hvkdie rafephng its Hheedatiah OﬁlleR@lEISSdQPQSOSWt by GyDpi2

reduct i on i bR $L00R Afindhathith Benl L BRIk AIDLBIRKBR SR 1AL by

H2 reduction t hi ckness 1 nc es t ness deposited
by all &ycl & H2rioehejtata] filpy thel rgyistivdtyond geflecsivgngan boopgmizad.y This st dwsds, and
the data forjpafiph@ & WhieQr RKROMES rE@stRiQCARIS RSlectivity of 1000A W films for

various alphas, where alpha is the total thickness deposited by H2 reduction in the
presence of N2 divide by the total thickness deposited by H2 reduction without N2.
The total thickness includes thickness deposited by all cycles. The data for alpha = 0
20 corresponds to H2-only processes, and the data for alpha = 1 corresponds to processes
in which N2 is present for most or substantially all of the CVD reduction. Figure 4
shows that the resistivity increases with alpha, and then begins to plateau or even
decrease with alpha around 0.8. Reflectivity increases for alpha between about 0 and
0.8, and then decreases around 1.0. Accordingly, optimize the reflectivity and
25 resistivity (desiring higher reflectivity and lower resistivity), in certain embodiments,
alphas between about 0.2 and 0.9 are used. In particular embodiments, alphas
between 0.4 and 0.8 are used. In other embodiments, alphas between 0.4 and 0.8 are
used, or more particularly between 0.6 and 0.8. Alpha is controlled by controlling the
amount of film deposited by each of the H2-only CVD operations and each of the N2-
30 present CVD operations. Thus, to get alpha of 0.5, each reduction operation in a
single N2-CVD cycle (a cycling including a H2-only reduction and a N2-present

reduction) deposits about the same amount of material.

In another aspect of the invention, the temperature at which the CVD

operation is performed is increased to improve reflectivity. Specifically, temperatures
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in which N2 is present for nost or substantially all of the CVD reduction.
Figure 4 shows that the resistivity increases with al pha, and then begins
to pl at eawioan1oa2ess7’decr ease with al pha around 0. 8. Refl @CTivs2aop/053389 eases
for al pha between about 0 and 0.8, and then decreases around 1.0.

Accor di ngl y,A'GpeY Ricke Ne RO YIPTREYI Vi 3#38i8d resi stivity (desiring higher
reflectivity and |l ower resistivity), in certain enbodi nents, al phas between
about 0.2 and 0.9 are used. In particular enbodinments, al phas bet ween 0.4
and 0. 8 ar e absed abdut 400ensiegrb AN -pentrs , HArgphagoib prtovednb@tes refitetti®it tizane

used, or mrtﬁ%s%at;etl(l)\g %0@@' y}l’ﬂgt \-A:ﬁfl3 1sou1@xg&%e(p a8 t}hepllepggth\hﬁfl_g)? % BLI%VBV

control i ng the anount of ]5103' te y eac
oper ati ons ahEVeaddh @posie okfzct. pridgeiss TVDdopeshery gpgstivityusnd tféﬂ@féWlt$4 pha

of 0.5, eacheg @lw&y qbr AP COD ﬁlﬁlsaarﬂlmb%sé\)ﬁ@@fﬁﬁ{ﬁ' ﬁlgéﬁe S YW N lat

i ncl Udlmesg rme onI red cti on and a resent reduct.i on) rp05| ts. about
the sa i ot f djoth Pﬁo‘:&ﬁsﬁﬁ e&%‘:ﬁe}i’it of’CYARNS r{%‘ﬂ? e 18

t enperature eapecwlsri @I@l thdSIEfafifMngs&h atteonesidt pendrgemmechin slzlemcm&as@dsrt grainmpr ove
reflectivit ecifical | S At e ket.

NovLpa7aver M RS as s sbe aRa O SEER G e RBRSPustRorvpey witb s on
provi de bet tiegregsef liedempdratyre; halﬁhls hs)sbotfeipgwcﬂ@@@le nges graigsilthatirgsult in
unexpect ed 6}§WEIh?esfs?lutf(iﬂérgés%yb(;ﬂ‘?rthé"?m%{ﬁ}&’ss% SLOMRe ttﬁberaﬁeew ‘%ﬁéf;ﬁCt

Figures 5 and 6 show resistivity and ectivity, respective

H2- onl y1@vD ®psengroghdiffpe ﬂF%‘@?@ﬁg Bupxectedly. homguele the &ilsaEvibn 40 ‘IhPIW
resistivity g r@genbpﬂohed@rﬁ@@@s@@&vﬂ%é@ﬁ@@@e%t@n éi@tﬁlﬁfisvlflﬁﬁ feBBRBAGLAF @ie t hi S

i s expected the fas wth rates_.resul i zes, and
fover  gr ai n ‘HoGrRIFTESor RGOS S SRRRTPRa 1%#@ 1oty B Spfiocess.
refl ectivit wldkcneasasg fwbinhl litheto NErefs dse threesamtqa“rmass e. This is also
expected as the larger grains that result in lower resistivity increase

both the roughnesg C%%P%%Lﬁﬁl%ﬁ%t&t bR %&Eéﬁﬁr& M{ulﬁﬁ’ t?n% 1\@@(]}%@%&% a?an ndi ffuse

scatteri ng. Unexpect e ovvever’ e retlect sent
pr ocessld ncrtbars BS-auly I@p@natéomSn&naba@epqrfvrméﬁwénoattwl@ NHEYP ¢ystasec Ism iy for

the 415C pr QeAsH: ehdiRXANPIE teB&GHEOAS BShi Hé}nifoﬂﬂe/q\iz%)ré&%%éd%u&h%f - only
process, while :Hcgyc S|n from116%to 11 %fog t he N2-present process. In

certain enbd¥ ldéﬁfB%Fh&t -anlyporting efifeatyclenp cycl es are hi gher

APPARATUS

The methods of the invention may be carried out in various types of deposition

20 apparatus available from various vendors. Examples of suitable apparatus include a
Novellus Concept-1 Altus, a Concept 2 Altus, a Concept-2 ALTUS-S, a Concept 3

Altus deposition system, or any of a variety of other commercially available CVD

tools. In some cases, the process can be performed on multiple deposition stations
sequentially. See, e.g., U.S. Patent No. 6,143,082, which is incorporated herein by

25 reference for all purposes. In some embodiments, the pulsed nucleation process is
performed at a first station that is one of two, five or even more deposition stations
positioned within a single deposition chamber. Thus, the reducing gases and the
tungsten-containing gases are alternately introduced to the surface of the
semiconductor substrate, at the first station, using an individual gas supply system that

30 creates a localized atmosphere at the substrate surface.

Another station is then used to perform CVD as described above. Two or

more stations may be used to perform CVD in a parallel processing. Alternatively a
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than H2-only operations that are perforned prior to the N2-CVD cycl es.
Al'so, in certain enbodinents, the tenperature is higher for the N2-present
reduct i orwof20ttesiNz- CVD cycl e than during the H2-only pecTiusnooofsishat
cycle. APPARATUS The nethods of the invention may be carried out in various
types of depB$iey erkappa¥ s’ Y labt+e>Hom vari ous vendors. Exanpl es of
sui tabl e apparatus include a Novellus Concept- 1 Altus, a Concept 2 Altus,
a Concept-2 ALTUS-S, a Concept 3 Altus deposition system or any of a

vari ety of otvidfer nogneerciea¢d yo dval HebC¥ DCYPenoalssperfarnsdnevec dwesyr mhe

process can Jhg: pet Ef{%}ﬁ on nultiple deposition stations sequentially. See,
e.g., US At ent %ﬂg 43 082, which is incorporated herein by reference

for all purposes In some enbodlnents t he pul sed nucl eation process is
performed at a fifgdedtiasbickidingramof apeocsssingmysten yetable fescamdpgsing

?ﬁDOSI g ion &hﬁgsltéihrtﬁmmlﬁi adp@@lﬁdnmdcegsesalt aﬁzwﬁhﬁ:edemo&mb@cﬁﬂleﬁt{a@m Thus,
e reau as.es en-con I NN re akLter
| ntroduckd SBvREns At susrOd e T Canarrai Eag: Ta SRt Sl 1ok

station, us iprgvides d cldany ipchsalrizgd sneivpplent 8ymingimidehtad rigde efatoasnanatomalfi zed
at mosp her e ashbétgl?esso%ﬂl?gigéeg%e\?igsftﬁgarg 'Iﬁ‘ﬂ)%g gétw%&?h{e%rloﬁs Ite gtgr %ﬁ%gﬁileg 0

perform CVD as descri ' to perform
CVD i n a parMpuried pr Sedswiisygmodniee0aat & wailty staipn tnapiey 7 eap@blemé

NOVL P27 4V0/ NML1Srathd PRET d¥ph Rfon "Y1 REu1bd %z&%ﬁént ff d@ﬁi’éﬁ 5&%&9@&@ t'oO ns

perfor rred over, two or pore stations sequentially.
di agrambf  £THIEBIYT Aighs yeats Ui-haphe 79%@%&%(& IinH]élPﬂ%%‘éCtnéH 1i,h21r§ film
deposi tion prigceESEY thit rAGCRdandy petfbrne HeosdbpRiidhs OFot H@nipl @Rimbs. The

system 700 i Iud ansf er \[ﬁb fer modul e .70 rovi des
S o e On i ol R St RE o T &M it AR B RGN 2 P on of
subst r at es herfognpmotie psledtremnichie yndistationsvidd abé f7We perferheCVaY.i ous react or
nodul es. Mounted on the transfer nodule 703 is a nulti-station reactor 709

capabl e of perfor g nggﬁlaa'ﬁh'led%ﬁl%’éérﬁ ?é}’mJHﬁﬁé*ioﬂrlb%ﬁaﬁ%@&Irﬁ‘éﬂ%tshg e d65)ked. and

CVD according to e ment s e _invention i ncl ude
mul tipl 8 st sfatigngnadpies 797 gapable of performing plasma or chemical (non-plasma) pre-

cleans. The module may also be used for various other treatments, €.g., post liner
tungsten nitride treatments. The system 700 also includes one or more (in this case
two) wafer source modules 701 where wafers are stored before and after processing.
An atmospheric robot (not shown) in the atmospheric transfer chamber 719 first

20 removes wafers from the source modules 701 to loadlocks 721. A wafer transfer
device (generally a robot arm unit) in the transfer module 703 moves the wafers from

loadlocks 721 to and among the modules mounted on the transfer module 703.

In certain embodiments, a system controller is employed to control process
conditions during deposition. The controller will typically include one or more
25 memory devices and one or more processors. The processor may include a CPU or
computer, analog and/or digital input/output connections, stepper motor controller

boards, etc.

The controller may control all of the activities of the deposition apparatus.
The system controller executes system control software including sets of instructions
30 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.
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715, and 717 that may sequentially performthese operations. For exanple,
chanber 709 coul d be configured such that station 711 perfornms PNL

deposi ti owp 28tea2s3zn 713 perforns multi-pul se treat ment, pamasseossas 715
and 717 perform CVD. Al so nounted on the transfer modul e 703 may be one or
nmore si ngl e BRI IPeKE NatN SH- PRGN ESLS7H 5 dpabl e of performi ng plasma or
chem cal (non-plasma) precleans. The nodul e may al so be used for various
other treatnments, e.g., post liner tungsten nitride treatnments. The system
700 al so i ncl udesTypiallgrtharomell be a usdriisterfacestwidtedwitbthsauiodentithel es 701

where waf ers,ar 1?1 e3af8 £ %ﬁcﬁ@c{eea Ala %clrgern g ﬁgﬁ?ﬂyﬁa{. rs@&f&“&tﬂﬂ@” ¢ robot

(not shown) 1nt eatm) rlctra e enoves wafers
fromthe sompeéramwmi/@gpmsqssw@n%aeﬁ gedkysey pput devigdserch paprintene ¢raidese

(general |y aekBbRls, 8uthWBlebns, hflcrb ntegaemésfer nodul e 703 noves the wafers
from | oadi ock§ 721 to and anpng t nodul es nmounted on the transfer nodul e

703. In gertain odi nents, a sys contr S e ed to control
process Tondi t oﬁﬂ%&ampﬁ}&r@é%@wé St Big FldeBo M S BaPR Pl ude
one or nore imamppsigsdeqiaes cambe omgtenin m@npemmslsmlsputélfheadabbcessor may
include a CRY d AY t tions,
st epper not dr g mﬁg@f&lgﬁ%% eQQm@Q ﬁs%]mﬁg PF% ?ﬁ)ﬁtﬁa H%‘:Sgg]f F%ﬁﬁgﬁf of the
activities oftharheCampded objen ca@epsatr wrigsis exmtfsylm témpwmspotq rerfospdbat es
system cont rQly $@hntivad & hepkdpding sets of instructions for controlling the

timng, m'xture of gases chanber pressure, chanber tenperature, wafer
terrpera | eyvel s, wafer chuck or ped&stal ﬁSltlon and ot her

par anet s of a ‘iOBHP i Pﬁ%%“é"sré Telgf [ ProceinsandFiont B ArdOSPEPWE- on
menory devi qesceds gzo;oaoatmdmvm tahd tlbe ra@mttémbérarurerr@yesbﬁe qsrmdnm/adlditrbnsorre

enbodi ments. ALt or Dac 4N/ ically there
Wi bo a ushrt i REbpIREShs iy aP b AR RN AR P S et o7 ace

may i ncl ude aaddhspbayvakieagnratye Aitese pAragefetsvae ercmlcmdltayl@ wEr initke &ppar at us
and/ or procegs rﬁ&g |a§159&® beae%g:r&ﬁ&;hilwg ugé‘{ ©8Sc.csuch as pointing devices,

keyboar ds, touc cdreens, m crophones,” etc. The conputer program code for

controlllng t he dep05|t|on and other processes
15 Signals for monitoring the process may be provided by analog and/or digital

input connections of the system controller. The signals for controlling the process are

output on the analog and digital output connections of the deposition apparatus.

The system software may be designed or configured in many different ways.
For example, various chamber component subroutines or control objects may be
20 written to control operation of the chamber components necessary to carry out the
inventive deposition processes. Examples of programs or sections of programs for
this 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
25 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
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
30 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

heater control program may include code for controlling the current to a heating unit
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in a process sequence can be witten in any conventional conputer readable
programm ng | anguage: for exanple, assenbly |anguage, C, C++, Pascal,
Fortran owoabtvensis7Conpi | ed obj ect code or script is ex@ecuusdooopsishe
processor to performthe tasks identified in the program The controller
par anet er s rlPEERPcke Pr ol ed 2 COHM YitotidSilich as, for exanple, process gas
conposition and flow rates, tenperature, pressure, plasma conditions such
as RF power |evels and the | ow frequency RF frequency, cooling gas
pressure, anbatahasddao healthe substpge.atliematiVdipsbe peatarmeneolsprag@npmayi ded t o

the user in &H&o}{ &é‘i‘]{\% fofd HefCh R fer gﬁsdsd“éﬁ%s H@mﬁﬂ'tc?{hg@va‘f&j dnhgl ng the user

i nterface. gnhal s noni tori ng e process nmay be provided by anal og
and/or digital input connections of the systemcontroller. The signals for
control ling the grogwdes odcBapbirparsopnthaiaanhamegiteisd duriag depossignput

connect i ons ia¢ludd@asleRas boitRiMleAD pREAL ¢ Sensdi Qualy St AR cnRftdivaie nay be

desi gned. or configured in ny different s. For. exanpl e, varioys chanber
Conponon s BFBIPHIE Igrted it e ol Bk neiP By ot Gbgeg SaepBi
oper at i on ofantlkentcdlahgreithmo magibe nkal wik dstadrom thesesnpyrs cuinainiedn dessedt | ve

deposi tion qﬁ8€§§gﬁ§¥ﬁ£¥anples of programs or sections of programs for this
pur pose incl'ude substrate positioning code, process gas control code,

pressure control code, heater control code, and plasma control code. A
substrate positi ofiedgrogpingrdasaribay implemaatation elerabadiverts pbthedaypntion i1 hig

chanber conpa@nssmbftiathaditRr YsSdoddict®tbcbiignSidbst rate onto a pedestal or
chuck and to control the spacing between the substrate and other parts of

t he chapber such inlet and/or target. A process gas contro
progranﬂﬁay inclugépﬁkéﬁyhiﬂg controlling gas conposition and flow rates and
optionally for flowng gas into the chanber prior to deposition in order to
stabilize the préBsgupresdnn inveatiomamyebe ugedproedaposie thioniov lregtioiy armgsean

i ncl ude cod kd . pE €SS i . d i..ng,

eg 5 thr QL AR LR MIRCRRARS O, hBrckR ERERER ioHor el R
control proghantegiaied; gienify sudotiememornt eliipy and Mhgropipsessoisr ditereasngcth et i ng

uni t At t or neyeuRerk BhesNOunNOHLL 21 MO B 8dB8 IRferl ahdate bendififd1dng digAtlat he

substrate. Alternatiyely, the heater coptrol "program
ESe structures. f(hes may be ormeg by a blanket d%posgitlon o%%ungsten layer (by a

process as described above), followed by a patterning operation that defines the
location of current carrying tungsten lines and removal of the tungsten from regions

outside the tungsten lines.

A primary example of an interconnect application is a bit line in a memory

20 chip. Of course, the invention is not limited to interconnect applications and extends
to vias, contacts and other tungsten structures commonly found in electronic devices.

In general, the invention finds application in any environment where thin, low-

resistivity tungsten layers are required.

Another parameter of interest for many applications is a relatively low

25 roughness of the ultimately deposited tungsten layer. Preferably, the roughness of the
tungsten layer is not greater than about 10% of the total thickness of the deposited
tungsten layer, and more preferably not greater than about 5% of the total thickness of

the deposited tungsten layer. The roughness of a tungsten layer can be measured by

various techniques such as atomic force microscopy.
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control delivery of a heat transfer gas such as heliumto the wafer chuck.
Exanpl es of chanber sensors that nay be nonitored during deposition include
mass fl| owoaentwmbisers, pressure sensors such as nanonet @CT/USA0E/055349

t hernocoupl es | ocated in pedestal or chuck. Appropriately programred

f eedback and‘'eat Pkt ab e VRV MRY-b¥3UEdd with data fromthese sensors to
mai ntai n desired process conditions. The foregoing describes inplenentation
of enbodi ments of the invention in a single or nulti-chanber sem conduct or
processi ng tool. XPRERCMBONBMIENTPr esent i nvention nmay be used to deposit
thin, lowresistivity tungsten layers for many different applications. One

preferred applicayhfp s ihQnabR iRk ARBAGELGidel iheRHY BF &6yl i)&ﬁm?ﬁ't@,h as

menory chi ps_and nlcroProcessots_ I nterconnects are current |1 nes found on
a singl e netth$FivaalteRtipny spodifichtigne RFERBIEPTS g sybititts capiyalegtsy véidy es.
These nay berafl Grifeal thy s@pbl AnkitintaRiesi 1t dBuf aldo beMeldemal @YY are ard

process as descri.bed above)., followed by a patterning operation that

er s nes 1 he AGEHATOMOP Eorimelelie iy EuRgs Bl prreStEh ot dovinesr «ne
tungst en fr dnvantigholnss thereird mterhied then gist feil owingeppertiedrel aims pe éeanppdted of an

i nt er connect:. Lcatd i it 1 ] chip 0 e

i nvention i§nﬁg@&?%ﬁf%g%ay%a?%ﬁéb%gﬁﬁggbﬂﬁg%ﬁ?@%#%%h%k%%@SQQ%@%@ég%%&gias,
cont act s andsdalhwithinhg e ppisit pacscgpest Gomrmsantynyanting. i n el ectronic
devices. In general, the invention finds application in any environnent
where thin, lowesistivity tungsten |ayers are required. Another paraneter
of interest for many applications is a relatively |ow roughness of the
ultimately deposited tungsten |ayer. Preferably, the roughness of the
tungsten layer is not greater than about 10% of the total thickness of the
deposited tungsten | ayer, and nore preferably not greater than about 5% of
the total thickness of the deposited tungsten |ayer. The roughness of a
tungsten | ayer can be nmeasured by various techniques such as atomc force
m croscopy. Att orney Docket No. NOVLP274WD/ NVLS- 3435PCT
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OTHER EMBODI MENTS Wil e this invention has been described in terns of
several enbodinents, there are alterations, nodifications, pernutations,
and substwouow/esis7val ents, which fall within the scopePoff/ushéos/ossseent i on.
It should al so be noted that there are many alternative ways of
i mpl ement i ngMtereY ek h SN AHE 2 HPPAY W udéddf t he present invention. It is
therefore intended that the foll ow ng appended clains be interpreted as
including all such alterations, nodifications, permutations, and substitute
equi val ent s Wkarfiathaineddibi n the true spirit and scope of the present
i nvention. Attorney Docket No. NOVLP274WD/ NVLS- 3435PCT What is clainmed is:
1. Anethod of formng a tungsten filmon a sem conductor substrate, the
met hod conprising: depositing a tungsten nucleation |ayer on the
sem conduct o subsnretta of depwg g vityagstentfimgst ayenbedridurtay substratet the t ungst en
nucl eati gn IQ%Fr q¥ a.CVD process in which the sem conductor substrate is
exposed 1o ath ?%fégp%ﬁﬁ%es of nitrogen during deposition of the tungsten
bul k | ayer with debasndetugsen hii@ediidn9@eon ke Saficonductbhsubigibod of claim
1 wherein depositing a tungsten bul k |ayer conprises one or nore cycles,
wherein a cycl e cisapyiiiaes tuagster sk layps opiry wpetten Resteatian icehy aCV
tungst en-co i.ni r rsSQr . i i . i.nt he absence
of nitrogenq%%&%%gggg¥ﬁPﬁﬁ%ﬁ%%%ﬁgﬁggggﬁgggé?ggé%Q%gﬂﬂgu ?g Hgﬁqﬁn whi ch a
t ungst encontmirogengluping cepssition « thedugaeh bylk dayee diikhi dethyagetteen thetigogenesence
of nitrogen to deposit tungsten. 3. The nmethod of claim2 conprising at
| east t cY®1Y¥8. 4. The method of claim 1 wherein the reflectivity of the
deposited tungsten bulk layer is 20% greater than that of a bare silicon
wafer. 5. The nethod of claim 1l wherein the resistivity of the deposited
tungsten bulX | ayBre mahddsScliinah whbmin ddfositing mduigdstendmlk Byerldoenprsehad of
claim1l1 wherein the resistivity of the de sitedCRHy sten bul k .

or more cycles, wherein a cycle comprises ap I%ast one gperatlon in which a

tungsten-containing precursor is reduced by a reducing agent in the absence of

15 nitrogen to deposit tungsten and at least one CVD operation in which a tungsten-
containing precursor is reduced by a reducing agent in the presence of nitrogen to

deposit tungsten.

3. The method of claim 2 comprising at least two cycles.
20
4. The method of claim 1 wherein the reflectivity of the deposited tungsten bulk

layer is 20% greater than that of a bare silicon wafer.

5. The method of claim 1 wherein the resistivity of the deposited tungsten bulk

25 layer is less than about 15 micro-ohm-cm.

6. The method of claim 1 wherein the resistivity of the deposited tungsten bulk

layer is less than about 13 micro-ohm-cm.

30 7. The method of claim 1 wherein the deposited bulk layer comprises a first
thickness deposited by reduction of a tungsten-containing precursor in the presence of

nitrogen and a second thickness deposited by reduction of a tungsten-containing
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| ayer is |less than about 13 m cro-ohmcm 7. The nethod of claim 1l wherein
the deposited bul k | ayer conprises a first thickness deposited by reduction
of a tungsDentgsisai ni ng precursor in the presence of niPCTagNIARS4A second
t hi ckness deposited by reduction of a tungrsten-cont ai ni ngAt t or ney Docket
No. NOVLP274WOrRKPSkI AZ5HET e IR Slor 398 ('he absence of nitrogen, wherein
the total thickness is the sunmation of the fi rst and second thi cknesses
and wherein the rati oL t he ;lrst t hi_ ckne 38 Hll tot.al, thickness_is

bet ween aboltCOTPTANYCE E G0 ﬁ*ﬂ@g%t“ﬂ%ﬂ% eéPE& nGids Berummatiedof o of
the first thhekPessd {Rotd@idkdbaks il $kaeRShé PRI REMsPARUhe Q-4 dRNPP- 8. 9.
The nmethod of claim7 wherein the ratio of the first thickness to the total
t hi ckness i ghigktesearbeserntabpue0.2add 0.98. 10. The nethod of claim 7 wherein
the ratio of the first. t nes o the total .ckne IS t n about
0.6 and 08511 HheRHRdTBEIERT L pifiein Rl S haEES BTy e Mifigst en

nucl eati®n Itﬁﬁcﬁﬁesgwwmb@ht@n@ﬁaorgg pul ses of a reducing agent and a
tungsten contai ning precursor over the substrate to deposit the nucleation
| ayer by a PNL process. 12. The nethod of claim 1l wherein depositing the
tungsten bul k | ayer conprises at |east one CVD operation in which a

tungst en- cortt-ai ni Hy Prtedipkdnin § whein b rjo %fth‘ég‘%fdﬂ%@é%‘i‘?tth‘?wt%lhe absence
of nitrogen thkkaepehdiwtdndpot.emsandod | east one CVD operation in which a
tungsten-contai ning precursor is reduced by a reducing agent in the
presence of nitrogen to deposit tungsten, and the tenperature during the
CVD opet@t i df.i n THeanghedefdaino? wheteirothe maticnofithe fiest thitlaresd toahe thtali ng t he
CVD operati gen. 13. The nmethod of claim 1l wherein
deposi ting 3ﬁ1€k e&%%ﬁ?"’?‘%%rﬁ%é {)(g?/glrl&(@%rrprl ses reducing W6 with H2. 14. The
met hod of claim2 wherein the tungsten-containing precursor is W6 and the
reduci ng agent i srfdnetdkad oﬁél%rﬂ@%@fénpﬁeﬁblsﬁhg‘tﬂe t\ﬁ'ﬁgé’téﬂ ﬁhc‘f’&tﬂ@ﬂéy'ef‘g the

t ungst en- cont ai nj ng PI’ ecursor
comprises alternating pulses of a reducing agent and a tungsten containing precursor

15 over the substrate to deposit the nucleation layer by a PNL process.

12. The method of claim 1 wherein depositing the tungsten bulk layer comprises
at least one CVD operation in which a tungsten-containing precursor is reduced by a
reducing agent in the absence of nitrogen to deposit tungsten and at least one CVD
20 operation in which a tungsten-containing precursor is reduced by a reducing agent in
the presence of nitrogen to deposit tungsten, and the temperature during the CVD
operation in the presence of nitrogen in higher than that during the CVD operation in

the absence of nitrogen.

25 13. The method of claim 1 wherein depositing the tungsten bulk layer comprises
reducing WF6 with H2.
14. The method of claim 2 wherein the tungsten-containing precursor is WF6 and

the reducing agent is H2.

30
15. The method of claim 1 wherein depositing the tungsten-containing precursor
comprises multiple sequential CVD operations in which a reducing agent reduces a
tungsten-containing precursor in the presence of nitrogen, wherein there is a delay
between the multiple sequential CVD operations of at least 1 second.

35
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conprises nultiple sequential CVD operations in which a reducing agent
reduces a tungsten-containing precursor in the presence of nitrogen,
wher ei n twenrelw®ss7del ay between the mul tipl e sequenti alPCCYB2@pAs34® ons of
at least 1 second. Attorney Docket No. NOVLP274WD/ NVLS- 3435PCT 16. A net hod
of form ng aMereY3ecks NpiNONIFR7AV R cHAtidt or substrate, the method
conprising: depositing a tungsten nucleation |ayer on the sem conductor
substrate; d depositing _a tungsten byl k |ayer .on the tuyngsten nucl eation
Cayer by redcti ohinod 4 GRGPER BRI THIRY DreaemaBrior SITenBr ocess i n
which the sefigonedap@ingubstrate is exposed to multiples pulses of
nitrogen during deposition of the tungsten bulk |ayer with del ays between
the nitrogen pul segogtieha tungstemnsclpatondayer On 2heasechiGor@uctpherbsirateadnsl t he

hi ck f th f th bul k | ited | h
br esence of . ni tr dGnat T oda s BridRREbEm Hink i X EicshoRRE et Bhpeeidtoul «

layer. 1¥. Td1e tilish@dcodtaigih Ech&l@oMQf@VD Pbéeshat WRRA thh enddhdde®r 18. The
met hod of claim 16 wherein the tungsten bulk layer is deposited by H2

reducti on ofsubgsite EExpeysd 4 prktirlespuisss ofBivesen flwing dapgsitiem of the fyngstes
substrate c i SLNG: LEi 0 LSk NG. r upport
and one or ﬁ%@%hvQﬂgﬁgﬁéfgﬁﬁgﬁ?.dﬁ?gﬁﬁﬁg9§§%%g£3§ﬂgﬁQg%gﬁﬁéﬁgﬁ?gﬁgﬁfﬁes of
gas; and b) whereintoriotHeahickness 00 tHertohdstengofithetuagaembilms/cl defdigedli@pbsi ti on
chanber, the controller copprising instructions for flowng a

t ungst en- cor'&iCATRY TP e dvred Ryths tpiabithigkngssaydha tungiten @Hg l38anber; and
for pulgyng nitrogen into the chanber with delays between the nitrogen

pul ses.
17. The method of claim 16 wherein a is between 0.5 and 0.8.

18. The method of claim 16 wherein the tungsten bulk layer is deposited by H2
reduction of WF6.
15
19. An apparatus for depositing tungsten film on a substrate comprising:
a) deposition chamber comprising: a substrate support and one or more gas
inlets configured to expose the substrate to pulses of gas; and
b) a controller for controlling the operations in the deposition chamber, the
20 controller comprising instructions for flowing a tungsten-containing precursor and a
reducing agent into the chamber; and for pulsing nitrogen into the chamber with

delays between the nitrogen pulses.

25
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