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SUMMARY

Certain embodiments described herein pertain to the design and fabrication of

local tungsten interconmects. These embodiments are particularty useful in small

20  dimension features such as those encountered in advanced logic applications. In
specific embod.iments,. 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 (1} 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



reduced el ectron scattering at grain boundaries as electrons travel from
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In some embodiments, & method additionally includes the following
operations: {d) filling the region between the vias with a dielectric material; (e)
forming a biankef 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 pQ cm). The grain
sizerof 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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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 decrcase m tungsten
resistivity with increasing effective thickness.
Figure 1B is a carioon 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 patierning.
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.



Figures 3A-C are schematic depictions conparing conventional copper

30damasceds ,and,AHngst en subtractive patterning procRsS@Seimsiaes Hgure 4
is a cross-sectional cartoon depiction of a via produced by subtractive

patt erni ng. Figures 5 and 6 are schematic illustrations of tools
suitabl e for pégfrof isarjosceratians coer dengins obe viameodigit batbraFevepat t er ni ng
process d?érﬁﬂi ed herein. 5Figure 7 is a graph showi ng via resistance, for
tungsten filled vias, as a function of via bottom diameter. DETAILED
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15 for reliable performance of devices (line leakage, IL.D leakage, electromigration, and

stress migration). This recognition led the inventors to explore alternate metallization
schemes.

Low resistivity tungsten might be considered as a replacement for

conventiona) 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 mungsten 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, tungsien 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 18 0.5 x (CDszhw), where CD is the
critical dimension of the feature and Ty 15 the thickness of liner (Ti/TiN). This can

be understood with reference to Figure 1B, which shows chemical vapor deposited
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subtractive pE}Itl tsgéenierggod%lgn s?%hse 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 smgle
tungsten grain — cffectively producing single crystal tungsten fill. However, this 18
not necessary 1o realize the benefiis 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 patterming process
finds particular application in back end of line (BEOL) processing for advanced

teelmology node fabrication processes such as the 22 nanometer node and beyond. In
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various embodiments disclosed herein. All metal conductors exhibit grain boundary
scattering and other so-called “size effects” that increase their resistivity. Therefore

25 the disclosed subtractive patterning processes may be employed to produce vias
and/or inferconnect lines for metals such as copper, aluminum, titanium, tantulum,
ruthenium, cobalt, etc as well as corresponding compounds (¢.g. TiW and TaN) and

alloys (e.g. W(AL), Cu(Al), W(Cu), W(Re), Cu(Ti}, Cu(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 piasma etching

given the low volatility of Cu halides. However, other methods such as reactive or

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



An exanpl e process flowis depicted in the flow chart of Figure 2A and
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and 205 L0t A ' PLANLEB0R SENIRELILN TRELWERNLS RRadaphee el ectrodes
and the m?eréonnécts at wll be forned in the overlying first

met al | i zatsilisiveloaydrershighly condugtivegimsariall Bee sontser drigondidaietarirmed a si npl e
three el echr.ole idio SWle b7 ARRICLAD A TIAUIRR Bbslbers gabodi ment s
enpl oy other types of devices Including 15 nmenory devices and various

| ogi ¢ deviectesode|209 shfohad cal top obe thim Beersefasls kit 1f hd RaiRgLPEACtE ont act s 213,
215, gpd Y R fOLUBG DyuanY MRin R W coRbhPR0EER8E9nd N4 Uding a
convefml'ltai o%ﬁ’ %E?é_a%rfp%r_ocess.i [ %; shoul d al sombeC under st oortlj t hat these
contacts teeetbnoizs be nredée for epANECHoYsPETCenCHs Heydicei RgCte® PrgUPe 2C, the

structure;shown 10 EiaHLe (2Bed & dfdlkhhs 80t REQGSSRA%yER. Provide a bl anket
| ayer of tungsten which wll ultimtely be converted™to nultiple tungsten

vias. |nitially g fekslodd Hat 33de 8UBRbaSre daysle EOIOREVIeam tungst en
nitride and/or a fluorine-free tungsten material or. a titaniumnitride is

formed ovéepieteibin Gpure £Baothen watodinesnls, Galyeefhs rvess gf devioss inddging| so 204 of

the Fi;gur &,c2Anf HAWE BRT Lariocl ¥ MGSE BRIRAT 1T Slo8ldMI BITRAdRNEMd et PROL eCt the
underlying or "adj acent dielectric 2 her material fromattack by the

t S5 or ot
aggr essi vENEHHpEHES 2Uh 8d5 1289 dbpBay be fumes bRl e Aumbes of PIOEISEUl ar  concern

i s the hi ghl¥indkeAGYRiohHNES B Hrii@xal liuasiidelprRasuaabos ey ertd onal |y used
to deposit tungsten netal. The fluorine associated with tungsten

hexaf | uor Fefgacesasedet he BricdtHe FREYE: danage the dielectric and/or result in

adhesi on probl ens for these sugée ueqtl ' deposi ted bl apket t'glnlgsten | ayer.
30After tungsteSigeRIero Ajare 591 HiCsSHENEs THo8g, ™ HEvhr B &5 808Nt i nues with
deposbpi Oproedssad 1 phokidk UBGSER NeybiBfeing2i23 whith hl wititlatefyeroohfegre®fo t ungst en
metal grains used in the sup equgnt.l forjed vies. See.o e(g%tki on 206 in the
Fi gure 2AmPltplichagsten s i Rala 28 HFORET TheV PRy (81T F4YE! "Ry be bl anket
deposi t e‘duﬂ%stéa SERY 81itdr QTRbrincchemingdlen vaRek «eapesivn anidpiobassl or sonme
ot her suitable process such as ataom c |ayer deposi.t.i %% ) pul sed
nucl eat i oAV Hifdtr HesBLstir rpdpesdy I,ngﬁrre 2§v§ © %Is%g@sqf&l}f&q ?ﬁ%‘gﬂagposi tion
process (B¥R) TulhenB¥Bcprecessordno Porat BomRihg teddidMD jpeerss or an
ioni zed PVD process or sone other varjation of PVD, Addi.tionally, the
tung sfén or other material from attac by the aggressive compounds used to deposit tungsien

metal. Of particular concern is the highly reactive tungsten hexafluoride precursor

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

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

problems for these subsequently deposited blanket tungsten layer.

30 After tungsien 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 fiowchart,

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



5 material deposited to produce |ayer 223 may be a conventional tungsten
mat eri al Woﬁ%yﬂ he.a lowresistivity tungsten such agct/beolRgss en
described in é :batent No. 7,589,017, issued Septenber 15, 2009, which is
incorporated herein by reference in its entirety. The bul k tungsten |ayer
223 may behepicloazdr dgpositiehaiersseer sy eHeniuEalle PceHs SKaRE 88MiYsIT shi ng (CWP)
or ot her @e%flﬁoh%&b??ul%d%@l@ﬁion%@r @p@ﬁfoﬂh\@%&r QfentaiyfibguiRr 2A

fl owchart. anarization nay be nécessary if the |ithography process that
fol | ows caiﬁmitiob@r%@ﬂﬁi(%\“ﬁbd%/hﬁi RV gippess crebi 2 F@?@Wﬁ’c’@%‘g@ 8" QUce suitable
V1 StrucLyG, d P fiBLess B BRBLIRALRNCOE! BYDETAdRLEIyathe h@iggwal process
may be enp oyec? to reduce the thickness of the tungsten bl anket layer. In
certai i empodishesesicd tharodmetasy3tenay 4y 8 corniemBhimgs iamiteiact vel v gr eat
thi Ckness.rﬁa@’ R A8 L9t G £8B8& ubR 2 ORI tiheBleR Qeschibed@SU BERAer: BoNd t hat under
sonme conditrons, the tungstéen grain_size increases wth increasing

t hi ckness 76f90he ixegsolspicaden %§%Q9ewh}6éyéwmwa@%ﬁdés€%%%? fHgEESh i s
deposited far:tbi s purpose, the top region of the layer (sonetinmes called
"over burden"§ IS typically renmoved prior to further processing. In such
enbodi ments, 29nd BRKENERES liigsBemayay BRichanDyReaRkd iyt firmidl ock 208 or
214 in the flow chart. Additi og’ial ly, a POSt-dgng%i i’i OE %é&at nt may be
appl i d8 t encehmmicaknsbaned NB\E PhehPghageFi P PP §&'%5h 8 t'4bi | i ze the
grain si zg;@fe ih@onehal rlouehiss 8aj beniesskfal tdeithdgraghy pexposir e to pl asm,
anneal i ng, exposure to ultraviolet éadi at i on, etc. aitabl After the |ayer
223 is optelowal ae| denaioraet Wi PEIEELUER HOPhCaRodE AT & i ve
25coat i ?|g sREHASPIFaHRS, ;b%aﬁ;ﬁﬁﬁg:ﬁ orRfer h?t&iagﬁmva @mc@saynasmemblogedl ) _
anti-reflective coating may be use r this purpose as.is nown in
the art. toreducerthe thrkgesod ﬂ@oﬁ?gsﬁﬂg’éa’ggt ‘g clgéﬁ‘%}“he Fﬁﬁ?@t%‘e As shown
there;sa %ﬁé{&ma&fé}ﬁ@@m(vﬂrto RGHaERAVERdtithidialeds ini dritd gt aphysepthogais is enpl oyed
to define the_ | ocatigns of tungsten vias 2&% in the first. netallization
ayer. A tenvEiE GRALUSH s EREGIY P ote 08 THYS GBL HegBeitTng a
phot or esi gt hQGYSE AGcnbGNIF toNdh BRie ROIpaELRIVST , WRNDOSENRGuidsen phot or esi st
and renovi ng the exposed or n@g-'exposed r?g{' onEl of ' the .thot O{Iesi st,
dependi ngdtRsEIwAEt H&Y RSSO hBE oPBs I & ahh ot (BMSHRe FAT Ve
phot or csi S§yerpBldent) Rerypoasirkhe i aribab Fontsr mbedsiihd) dgsagphymbadimenant enpl at ed
for this application and the on(g tthﬁ\t f/vhf agbﬁal 2%14 chfgls%ircl)wvxéhgllt be suitable
for tRE pHicts*esir HETELRALPHGTNEUE" FHUAICEH “PhE ptoleds "o "4l enent ed. For
gxarml e, ﬁﬂcéiﬁbﬁqzy,lré)@odile%é}m?ikibﬁ heagih?rﬂhﬁama%ﬂifemmkmy@ﬁoéitﬁd wdyticir an ﬁl elc'éI r gn
eamis used in place Qcus i ght efin e pattern., It shou e
not ed t hafMafigp IEHE ?@@ﬁﬁ%ﬁ*ﬁﬁﬁ%@ﬁ’@g?e %th’ﬁ %%al'Sg%cbgrggtprﬁre“fé%puﬁl? nanonet er s,
it may bee,?,p@;{p@ﬂfré lpdising, Aibalifd) ckiele si naeisieadipheted.i t hography process.
After the lithography process is conpleted, tungsten |layer 223 is patterned
by, for exanplggergeriier iing optidnaihgsitenzdy t ietelrd Withias anayeflsetiv@cconpl i shed
with, for exanple,. m stri.es.that ve, been nventd onal | v. enpl oyed to
produé® b?otat”i’gn%e‘gepi Cﬁeg RYGé §|§ e sl.gurﬁxrbg:frpifﬂgs Sl(])?&? g ‘ﬁtg‘éetffé’ﬁ“%t“é’ %tlmgg processes
are 10 prasend wdd fon tidhergost dsowvalkidSRattentt. appl i cati ons, each incor por at ed
by reference herein in its entirety: U S. Patent Application No.
12/ 535, 464, f iTwedprAcgusbntthues? @9 Iepiged. inPEigent 2AppAs caicvonthNe. 212/ 833, 823,
filed July 9, .2010; U.S. Pat. L cati : , i.| ed Decenber
10, 2008; %g‘ﬁ‘?imﬁféq"rp‘é‘%nécr? V%ﬁ%ﬁ%@??%ﬁﬁﬁoéfg%%s%ﬁ%@?%? ﬁ%%f %\}!ﬁgust 4, 2009.
I n cert ai ncaichodf mensisny vidye228t whibadfirvapetsizat®opleydror Afeebtiventiony st ages: a
first anisotropi c_etch whi S, Siul .ag. followed by
an is ro%ﬁ%grg{%g hp]:t(%cs%1 r%Eﬁ%e8%’8%?2?2%?héigg%gs%’/oﬁtgﬁqe@ag fraito\pé)ﬁrxi glte e final size.
Both of tphesecsat chessimr éetnhpiosalst, yang eehoring dhau sinespdgersngsherdesedt chant s.
After etchin en,..\ui K:TalnTle]s ' ' thygtures are
treated brﬁglé’?gr ?f:)%?ﬁé&ﬁ%%% g%);é{éﬁlzﬁ gl%}ﬁot or eegithse?IE ﬂ%ﬁ%esgi?\ggaﬁlﬁ%%. e#i S sequence
of | it hogreaphy phetbehisngill tigossible variations of lithography are contemplated for



20 stri ppi ng/ cl eani ng' produces the structure shown in Figure 2D. The
subtracti ing operation described with refepepseiRsibis figure is
captured %}%zgﬁ%%'é 3I510 in the Figure 2A flowchart. vllgbﬁg on to Figure
2E, the first nmetallization |ayer is depicted after a dielectric or other

i nsul at i nghisapéicatiah aadtheiose thatiis dctelyf ¢hopent il l@aﬁagabéfef%ﬁwaﬁweia% i ndi vi dual
tungsten nSf: RLQGK RiniddN & FLIME, 2ubdOuebaLt . The
dielectri \(@C%Oké% Fesl%n%/ﬁ{) %‘onm %g’%{gey nany 8 a rzl)unber of suitable

pr ocesses littnglepigi mgy bpémpleed ir vbiek seslectrmdvam iepeed i plagopfoaipbdi ment s, the
di el ectri OYisHeml Dnofed thdt 9W sl RREAJIGSMoREOGRE s SUCh as
descri bed%ﬂﬁ{ﬁ@n@ kglpzaﬁ%}ﬁ SI I catlnon No. 1180834 581, éBz;hlol esd Augshst 6, 2007;
U. S. Pat embdeAﬁplq“céﬁlr@nomer&SG Mgy b6 APITPDTAl 1P e PacERbETonbaseh10: and U. S.
Pat ent Noph 7@1%}%%{ I’pro'c§s§ ug@eﬁﬁ@ BEBELHIE prg&gs s c@ﬁﬁl@teﬂ ngl@gseﬁn@teled herein by
ref erence t rety. The gaps can conventional or |ow
k diel ect ﬂﬁ?cg wittamed thhiefoa speenle.rugtfopnipg at Wé&ﬁ@pd%eﬁtt%eﬁh‘ﬁ Herwhas is fairly

ow (1Ypi GabhyIilies ik MBflxkhpic TEmRALS itthae WAl AGkEbRITRRBILE! | S

typically an oxid hough ot her materials such as pol yners, carbides,
nitri des icomy@@néﬁé@e&/ﬁlﬂ?ww%ﬁ Bnprbs of hegden Rng FESISFRE™ can be

enpl oy se\ézg'd'm d;eh fdm{%}}ﬁge[ﬁ@@%ﬂ% ﬁ@aﬂ&h&.e eQéhei dsrh@d g rfeta K
dlelectrl e dielectric eri al bet ween vi as 229,

the surf abeciofin ithentirgysy SuRqignt é*PP%“*aBﬁ"t’ N@n%ﬁ/ ?%/5 ﬁﬁaﬁé‘i’ %ﬁé‘&ft By*®&%pl anari zat i on
Process syah Pgént%ma%ﬁ N, @%3328’@4 fiRkd Fluguy, Qoﬂ}AU Yhathenpsilcatiatt a

pl anari zation'is d will Hgend in part on the partlcul ar

t echnol og%%ﬁ%@é@t%’d’ tf@e@é&ggmleert 08 éﬁ@r?é feng r APt CReNBat t er ned vi as

229. At this:pehNEdiNaide BrAReSSin dehgin§ HiBdaBkenR! AL ESHiAY nfigbel ake two
different paths.” 10 I'n one path, the intercaonnection |ines between the vias

are piéparetrngd @ EOMERERT i2oal aﬂéﬁ@ﬁﬂé‘ﬁ ol veecerradyet MdBY 64551299 a dif f er ent

approach gt *%&10%@1}9%9&5%&@@0 Ligh [ GW @ SfersizddBad BRS SRRNAGEIAE | i nes are
formed by subtracti ve patterning another |ayer of tungsten. In the tungsten

subt r act i viee. phesk of thesq piehes Hreav e EEHOTRsdasing g PhASKIBYS f A€t depositi ng

a bl anket t(&}ﬂyﬁheoctmdgstéﬁg%%g QNG dHRY QEvieORhRIRIs G ¥i.8% bysuhies those 15
founed as descri bed above, and then perform ngvsubtractl ve pattering to

define t hiseirpriduplphnimesst spd alsaning  hSHeawacyBblibograbyt schaei B9 process, the

mor phej Ogéfnﬁimgw&nfﬁe dﬁbdﬂc% thesresk tide st mg@wms irge Sutbgk@ati al |y the
sane as that produced in the as dep05|ted net al, \éﬁd\}i Thi s approach has

t he advanmaél%m@fopﬁ?%@fisﬂﬁmﬁ B SeTRRgerg e § H“IE(%EF@ %802 i8onpari son to
such featMQ]%?Flgerqu]%@cm conventional tenplate 20or damascene-type fill
processes. Figure 2F shows the next step in this second option. As
depi cted in Fiygds® &fito qsaé@keaakeihelf&ytemeﬁfhzamg&mms napefeli alftet & deposi ted on

top of a Ianarl zed structure d of o eratl Qns descri bed
in associ GEFGHF &F p}bﬂtﬁt@ﬁlﬁ%ﬂgzﬁag{lﬁ ﬁiaﬁ @aflde‘{ i lﬁﬁl tg‘e \E@PSSF 5 process of
form g thGvidniensernect S20f Sae {lid sibckBtzadt the atgmnzA ayetharta Th25 tungst en

barrier 233 is forned on to

E é e di elfectrl @ﬁ sed vi as surface.
See bl ocklidqdiomaena Fey e e’?ﬁt“tF e oL SR RSP OB FT may be, as
descri bed;aReye spif-oh YngstRs FEAVD dac. anf Ad:m:r tiedfmess, thingisleericmat eri al , a
titani umtrrxl:;tet:r[ali gegrcr)rvaf(tie%rgyaal "‘ﬂo%r dggtaoqg{on Sp%c%ﬁ%%hﬁl c[eqcn%ed in U.S. Patent
Application No. 11/834,581, filed August 6, 2007, U.S. Patent Apphcatmn 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 (typicaily less than 1). The particular dieleciric material is typically



After depositing the tungsten bather |ayer 233, the bul k |layer of tungsten

235 30 is_deposited as shown. See block 218 of the Rguw&,44sfdowchart. As
W th Iaerv f%é?mtt%ﬁanket tungsten |layer 235 nay be dep%tﬂe%oﬁy any of a

nunber of different techniques including CVD, AID, and PVD techniques. It
may have amyxidé, sthoughiedror naferigls fsfadr amol yromg seendes onpess rrkmesatelich as a | ow

resi stance_t ungsten | tianoas.aent i eued, ahave,s Kt hgr cess
t ungst en H%i/a%Be‘ éﬁﬁrgggﬁ%ﬁ%ringdﬁ?ﬁo’nal proce@gﬁngasnay be prg?l?%rned to
i ncrease embstmbitd, ihediddemicgy alow ksdidectrif t er tungsten | ayer 235 is

deposited, its surface is optionally planarized bé 5 CVP or_ other suitable
process descr i béd thipbelectiqmytprial Efn e gepotetvepaias 233 thaurfagrditht i on 220 of

i gur & 280 TG0 AR b ELEGH MenbioRldNBoR R bB aclenpsistedloan top of
tungst én Fayer T35 Fr o t here,” subtractive patter nl,na may be enpl oyed to
defi ne thal4 untjetreRAl | Waethdr or @pich RBRERRTRY  FEPIQURY SEERCRFRGE DU, See

oper at i 0, 222,01, LW o2foaSndRSes b8tk bhgicraRt ex! imFiugre 2D, this

patterning may involve lithography, 10 etching, stripping, cleaning, etc.
A t wo- st epatestishiviag 23 ocess (ani sotropic foll owed by isotropic) may be

perfornmed as descri bed above. Fur%ugtgr, t he etch %(Piem' %&2 and sone ot her
features of thet thapeBripisgrorasy: Be UGt ad TP CoREN TG P*BRAM bit 1 ne

pat t engi ng, onlheh e @freonARtibGheE 8é@EerDic RS ERIPrPAred 34 2 Qbnvbhgputie 2A, gap

fill is perfornmed to provide dielectric aroynd the newy .formed tungsten
i nt er conneappen dapasgeneyBethrlojngy e E‘sasd%é.‘érﬁ?tcaﬂjaﬁa#h“ ey %?”gé{ Y ﬁ}%ﬁg h 2F

presents the §t GRScdhatinfiightare DEnEND) Qipatctve pafi@Whgendinr adyer sungsten first
netallization layer. A simlar sequence_ of Err ocess|i ng stfe%s r’gayy be enpl oyed
to provi demesits cfubm PnERiabIaiEs BOESHHPF SUHGORP 15h a5 a8 Yat | east

tungsten MiAgepodiitee £Plhienakeraddidgsenah ai lhgs abhoinsg ofastder aboue process
sequence to produce_ot her metallizaﬁ[ion | ayers are i‘IIuls:#rat din the

conteXi oforpgl # ¢recived BhpVE BEKNIIRSTIORMBE GHbiEAch Y pattering fopqelify BE 3a 3B, and

3C show, pesRasdd Neky AsGiih hb gt iaebimappescesaimsaes»ldptodte zat i on

| ayer, (ii) a hybrid tungsten 'Vigﬁ and copper darrFscecﬁg i,nt erconnect |ine
net al | i za®p@hin| thy esultingFruciurss ys Sté’ﬁ’ﬁ“?”él%saf’l?n”dst BRTPREH %585 on | ayer. In
Fi gure 3Aiep Bt kR Say30 3TRE dpirbidcB a0 eeeaivaltideas pd@hciag einspideiskr om copper
with a copper 25djiffusion barrier such as tant %I umnetal or tantalum
nitride. BekeNBHIVITEFyFomparison 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 i 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 intercomnects of a first metailization 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.
Afier depositing the tungsten barrier layer 233, the bulk layer of tungsten 235
30  is deposited as shown. Sec 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 techmiques. 1t may have any of a number

10



damascene process is enployed to formthese structures. In the

enbodi men%vol fmzlfﬁ)i‘t%y{)e 38, the vias 307 are made from g-phankeaksdeposition of
tungsten folTowe y subtractive patterning as described with respect to

Fi gures 28 through 2E (Vias 307 corresPond to vias 229 in Figure 2E.) After

t he 30t ung>§ tdfgront @ggsﬁqﬂecompﬁp@@ 1such as a iow resistance tungsten compositiof#f ar connect

metal i NG RnBhity fﬁ%@?ﬁﬁ&%&@@ﬁa&@% rSAMRICENEPEQAEESn P Yrobdsdihl NG copper
ches W

into tren I ne h a copper_diffusion barrier such as tantal um or
t ant al um miaybe geforsedtolingiesse FOGbilige PR @ARSIZB. Note that this structure is

inconpatible with the structure shown in Figure 2F, V\/nel*rqe Ihcfbi nt er connect
lines are madeAffrgrRasisRderRASS 15 depostted, qi§suriags 1§ Qpiinpldy PHRATEFY Y ungst en

approagh tQsf of Bind0s AP lRddedsZhkir®Bd laBYRr in thBicEnt&kt rdfaker @2noWedl be the
nat ural successive outgrowh of the process shown 5 thro_ugh Figure 2F. It

is al so t eerr@s 2P obFighise Apalisnt W BHFRHICHE shebrest ¥ IRPSHEANdPRd in Figure
2A. Speci ik gabdidh 1afehe3d. by il subtRtde fanbaimgoniattenpidyes ddkbine as wel | as

the vias 307, are made fromtungsten patterned by subtractive patterning
from bl an R‘@tm’%ﬁﬁﬁﬁélf‘@ﬁnt@&?‘é’rwﬁég‘? 'i‘l‘ngﬁfe@l}?f’é%éﬁz g?ﬁ‘sgﬂ’?@ﬁ?’? %%e# I}{ﬁir‘gur e 1B

depi cts ajyi asQ@EschbRNS heGhbRss vbBiglicQD, ik pabibsehg Wdhytinipgstieiver®ial has been
deposi ted b}l/_ a conventi onal conformal de.ﬁosi tion pr ocess., Asd can be seen,
the vild 16%hips SFIPPIREEIHME: FingSYRH A 65 AADINES S eners 'Y PHe! Beam 105
spanni ng eSO mishee YirdorAePhd destiiRdt 46095t Borthor,| the +08 chemigeypid sed of

numer ous i ndivi dual tun%?‘ten %ai ns 11307_ Tge e indivi dqaé% S grow

out ward f FOtR ¢thE Eyesolohe PRISTIIRE MaY BF adPRG o cSVadRaT) ot t om of the
Via. As ajifOpseainCencfafitdies hdickiunogloparaniet 204 GrEins 290 ow filg iout ward from
t he sidewal | s, their_c?rowth_is | i 'tedlybg a size that is approxi mtely

one- hal f PHETREPYCRT QT Felecttyrroundithe new E’%\‘ii!:t}éngé’fﬁ THAFET 1gfl"sowt h woul d

becone_i npossi bl e because i.t. woul d be, bl ocked by grains grow outward
from the oppos! TR PEIdd? gpég\}%}éels [~ %nghpgfﬁfes‘g?tsg%is%ﬂs @ﬁt ehe)

e 1ﬁral ns grow ng
from opposé EBpisiedenploviie aantl aaigsen Ersanotafientidrslageam d08ar 20kscexpl ai ned,

the conductivity of tungsten t(ﬂ is%gtg}rm’ nrgd itngsomec0 neasure by the
grain si z8& BPpiRe THN ealé’g’g’g OOV BE BB R M SRR FORBY Ty | ar ger
grain si zgsuRgsendorhik ghgrugendut.i Yhd yptiotdlisgdikisndd @caties ofkiectbrans travel i ng
t hrough the tungsten scatter every.ti.re they encounter.a grain. boundary. O
course, ePBEP} HHEIEL R %&thffd?‘?térf}gzaflf’%lrlaggé?‘{elﬂ‘ésgﬁtgaelsn ks %%&éegkﬁfucti vity of
t he mag er i adcisicddcgareinfFigeptat s schematically how to address this
difficulty and effectively

Figures 3A, 3B, and 3C show, respectively, (1) the current copper damascene

metallization layer, (ii) 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 intercomnect iines 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 interconmect metal lines are formed from a copper
damascenc process by plating copper into trenches lined with a copper diffusion

barrier such as tantalum or tantalum nitride. See fines 309 in Figure 3B. Note that
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i ncrease the conductivity of the deposited tungsten nmetal. As shown in

Fi gure 4, is deposited not in a pre-defined r feature
on a subsﬁo{égm‘i%rq? ace but rather as a bl anket coati ﬁé%@ﬁéeagleﬂﬁéﬁsree surface

of the substrate. Therefore the tungsten grains can grow to a size
ef f ect i veltyis eqpuétwnal ie nbcompatithe Wﬂhathhetlgmr.e Bty iafligywe 30, whae @rai ns have

formed in.the S is the layer patterned to define the
vias. Thi snmrcomﬁ%\?\%ﬁﬁlg%aﬁé%g&u%%p%hg% an original tungsten sheet 415 on a

substrate havipg,a RANRL hayeludd %g)s <8 ] RorhQ apliintlioh Inthe ori gi nal

tungsten sheet eposite ten layerhas a series of large
grains 42Il‘mmstuhturfaefonldﬂ@dfhﬁHWeafaql@‘ieﬁ%VfaBﬁgWMéhw pEgefal shPen t he vi a

hei ght . {?ergf AW Bsd e rew@g%e@ae%eéghtegmeésg aheatpres by a

conventl onal process has hi gher resistivi tﬁ; t han tungsten
deposi t ed 1a§1garemAarﬁpe@ﬁ¢aélyethe aﬁw@uhiehetéluwwae&epﬁ\ﬂme§/3b5aﬁ$ eehedhst o define

tungsten \Ul S307, I\Q‘E’ %{ad Hlstlmra S% pP HORESBE ubtractive paﬁe&ﬁ@%@ﬁldm@l ot her

nmetal s may e bl anket ep03| ed by various techniques including PVD, CVD,
and ALD t eéwiaioh yirdds indngura -t abl e PNL/ CVD process will 10 now be
described. A PVD process will follow. Sone exanpl es. of PNL/ CVD
processes nay Bé mationgdi FigiielB glepistii fgiapsit ERtchaipisrsedionon: Wik,

Appl i c@t | Qfhg N@n bl Kz{?ﬁoegx5 eroﬁxkéda@ LkvbniBnal %Qﬁ@mé!l’fﬂeﬁ&iﬂoﬁ rlr&@é%r por at ed

herei n by re erence for, al 5) ses. In certain enbodinments, the wafer is

initially Afeat Bsen thande b%léé%lg PERpBEsen B hayng afsuauiRccRa Bt . and then a

very 15 thiiRinpGhidch QR RS vik WBEST e fridollen Wi 03 5§ @EMBSscADf FumBRMs O
nucl eati on Ia%uer is deposited. Thereafter, the remainder of the tungsten

i l'm (t he istivifes) apesiop FEnddgodbeseindbAdiheaing groasqutsHd [aipehe cdgshvent i onal |y,

the tungst,ep;zbuh kmmyn%rth»- Sidbweniread bytdnh8r theduct AR cefsedusn@ssrar: hexaf | uori de
(WF6) with hydrogen 2) on the grow ng tun‘%ﬁ;en | ayer, Before the

nucl edfi owqga%meta@e@%ewwéamw%ﬁ% BEadev iy R SIURSAGIN i & 20

I'i ner/ bar rsfz%a! R Tﬁ;;roﬁﬂlafte%nwbﬁ&Heabxathwrviaam TERAIBERGscQhy hirher | ayers
include Ti/Ti N I'N In addltlonto or instead of diffusion barrier

| ayers, tE@veacuddemme iW%H% PRy & ithbe Blogied fyhEeing 81 %Rker , a parti al

nucl eat i 0Qydh@¥Stom ﬁle%g@l@@ﬁtﬁ% sRbwhiherrofointQf wARY tBd F}@Ins arplidgcabl e
material |lining the substrate surface. A tungsten nucleation layer is then

deposi t ed SWPQSH%S‘%’%@ P%"éﬁoﬂeﬁnﬁt@ﬁéf' sgem 145705 nucl eat| on layer is a thin
| ayer which serves to f sequen n, of a bul k

a}éﬁl litate.t h ub E g
mat er 41t her eoh “ERARS % 5?’1518%??’%3 r’r‘%f?gsf)ee* EBy 1% et%rf"?ﬁ fe®H el eati on
I(aye; I Nelebigleny tﬁwérdxﬁ@ize bf itk hllﬁigstérﬂdep&“ﬁai pmqeewe&;gstaﬁ baviig; lbigyrer  deposi ti on
ALD) processes S nucl ea PNL osi,tion processes. In
a PNL t ecHii"gires eﬁlﬂ @é&e ‘?nd}lgﬁ’bt?"ahhlé 1%}?68 usﬂ‘fé %tﬁ’[“% gﬁﬁ@‘%ﬂ}%@?é}% and pur ged
fungsten 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 subsirate surface
but rather as a blankef 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 fo 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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30 fromthe reaction chanber, typically by a pulse of a purge gas between
reactants. A first reactant is typically adsorbed o st rate,

avai | abl e"PI'FPE4EE with the next reactant. The procgié(gr/%gs}%rlé%zat ed in a
cyclical fashion until the desired thickness is achieved. PNL is simlar
t 0 at omi c ab-dypetitedepastet layer e chimiigguédarge pomse@! iwhichhes hdtedehaetr e PNL i s

general l'y distinguished f L -t S R gher I R ) re range
(great er Pﬁ%ﬁpliro'glra%gaﬁ%la{?éntﬁ gﬁte}}rél%rf'oﬁﬁ rat e%gggg%%:éyéllg’em ?%gter than 1

monol ayer dépdsimdgmanwfdatupsr bic y cdogyentiom! tANED ddhexessofasthendeSetiept i on
provi ded herei g, WD tlfml\_ll_stegrd%ﬁ?%g% gﬂﬁgﬁﬂ(‘asia%%n&%%h's&&{actWegpé%%&n&f
B S s tor uc

sequent i af Ty ng reacta reaction on a sem conductor substrate.
Thus, thecdsfieephgembiodi es t echni ques conventionally referred to as ALD. In
the context of description provided herein, CVD enbodi es processes in which
reactants are together introduced to a reactor for a vapor-phase reaction.
PNL and ALD processes are distinct from CVD processes and 10vi ce-ver sa.

Foi i i ng aMuidDeaedidmn Frggespesusi ng one or nore PNL cycles is discussed in

U S. Patent Nos. 6, 844,258, issued January. 18,, é 05; .7,00!%?372, i ssued

Febr uary 28, Jbpesemaiaberoncials Sendy NBVerisarsisd by Jgals 9N 05. | ssued
August  28;,.2007:pvh, %88 Qhd ALIS&HEGIBRPt ©Nbeiitabl, PROOYD phockd2willl4, issued
August 10, 2010; and U.S. Patent 15 plication Nos. 12/030, 645, filed

Febr udPy maw bodwgibednd PV prosesswil ©9%Y.ed March 19, 2009, each of which is

i ncorporated herein by refere inits entirety. These PNL nucleation

| ayer processe¥MeiFaIRies ‘é&’g\é‘é{gﬁg PSSP A %%)(HBX%%? gozlgwgé(ﬁ)ﬁ{élﬁces of

reduci ng ageBiRnandst UAEKLEM PIECLVEORSOL Gldgr ayra Huulieatihah Isayer of the
desired thickness. A conbjned Né- CvD rret#aod af dggﬁ&% afg}ucl eation
layer is Poefaeate bagnity rejesncegt ghpUrRyyss: 70 §8EB £ g ™ FeBuary 2, 2010,
al so i ncoysn@akiaterkaien 1t Ridehd ©hperature in 2 Jabueethaaibar, enbodh eeatys, depositing
the nucleation |ayer is E"%%l"ﬁm@? §¥ a pos -depfsti tniloré tisr(geatmnt%nt operation
to i b ovEITRERICE teResEn T G SEREHAR A SEh e HPIEIE %k 5@V %ed i n nore
detai | i nThbr@aefakceRtaNaer o, BT Zingsdeh filns sthie dulugyes) is eposB@lLoy t@5and U. S.

Pat ent ApIEl)l.llCIEe%.g(t)I{ g}r/]er. on\}e%{ign%ﬁy,%ﬁg' funésltelnebqﬂkl\ﬁgze%% gb%hec? g)p 31%: reb uE:tPonOf which are

of tungsten hexafluoride (WFs) with hydrogen () 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 fayer,
including but not limited to, CVID 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 & 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 z cyclical fashion uatil the desired thickness is
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i ncorporated by reference herein in their entireties. Oice the nucleation
| ayer is fornmed, the process continues by depositing CVD tungsten film
(306). In"‘f%“éz"lﬂ)"é? ation, a reducing agent and a tunBET/E?FOUéUBﬁ%%l ni ng

precursor are flowed into a deposition chanber to deposit a bulk |ayer on
30 the suhskieaide. P]AD ik RBfitar GANLfceE 1gas demyitbe tth)ﬁiﬂ;uésOrcdaiteidv'ﬁr thene or nore

of the reactant eans i.ch ma e-mxed. Unlike PNL or
2D procedtane, AN RSraly Rl ol R8T roEebt SaiiEte e et ant s
cont i nuoushpe Utehter tag ldESﬂr)rﬁdi AdThightr gzs;wdemcspéxedgc ldl ferazer tthinn1 enbodi nent s,
i i It|pIe perlods

t he CVvD operalo ke ce i | ti sta
of conti ndBUs aﬁ‘ﬁ @l%‘?ﬂ”?gﬁeo ﬁ%&? %&yﬁxégpt#‘féﬁ%sgm Km rrcé"%&eeg erf’nﬁ)erl ods of
one Or smorpNIr B@@&Iﬁr&nbbhley\ﬁn}dbykﬁndie;docess of seq\dﬁﬂﬂaﬁgﬂ&dﬁﬂdggséc&mscfmﬂt ai ni ng

ases includi.ng, but not an b d
Sne et ungsremianRr & remgardBaE] THe; el el SR afiap 1ood

tungsten COfMeadidtaIng rqlirRad Ub SOMTIDS mtbalc@geﬁ-ﬁoaiﬁsmmnmgmfmmmd:, such as
uci en s _hydro as, t hough

In ce i n. epbodi nent.s n
ot her red&rc‘}ﬁ&ng‘ﬁieﬁﬁtpgocﬁé? 1%8”1&5@%“‘ TG i Y &é)ﬁ%cef | R &b P51 ane (Si 416)
hydr azi ne véﬂ)\lglﬂﬁése r@ctor #nE {ndl 33 Hbproameksger divinet {&@e THL) protaasamn@/
enbodi 5ents hydrogen gas is used as the reducing agent in the CVD process.
101 n Jd8rt 415 V&Wbodi nents, a fluori ne- free CVD tungsten deposition process

T 22 TPl O Slen R IERELINGY G2 A0, PR A 2P S g Al
Tungst en Combtaddss6, sddc SR imeed Jantmyy R&@Qﬁﬁ ﬁa)ﬂﬂdﬁ%y&medd’cebalhwﬁgvxm%h is
i ncor poratgd, by, el Snence et &b, 79628kt RUEPRSES: 28, 2007; 7,589,017,
issued September 15, 2009; 7,772,114, issued August 10, 2010; and U.S., Patent
15 Application Nos. 12/030,645, filed February 13, 2008, and 12/407,541, filed March
19, 2009, each of which is incorporated herein by reference in its entirety. These PNL
nucleation layer processes involve exposing a substrate to various sequences of
reducing agents and tungsten precursors to grow a nucleation layer of the desired
thickness. A combined PNL-CVD method of depositing a nucleation layer is
20  described in U.S. Patent No. 7,655,567, issued February 2, 2010, also incorporated in
its 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.5. Patent No. 7,772,114, issued August 18, 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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15l n various alternative enbodi ments, tungsten is deposited by a PVD
process. ny suitable PVD processes are avail abl e. i oni zed PVD
systens i %%W’ﬁ?‘g pl anar nmagnetron and a hol | ow ca?ﬁ@gg}a%ﬂéﬁé%on (HCI VI)
systens may be used to deposit tungsten or other netal layers in accordance
wi t h descrintiggle esrgesdiwigntsiltiplen poieds idf| eestinueui vad esiawpinequssiloh of syst em

| ncl udes an cgg{‘\sﬂrsp\égﬁe%%glr;?l%&sgfer%ﬁg‘%ées eE@QJ‘t‘hgws kygagten 1's sputter ed onto

t he substrate ma h OW cup-s tungsten target, which is disposed
above the subs , LS d dvel¥Ringsed M ikidd BCwagwWercisupply. An
i nert gas, suctr\l]%g&slga‘?%%gn Fozlta{‘ﬁﬁgg\i%é’ |§ntcl)l tm%e_prnocelslst cha%r arﬁsj is ionized
in a plas y&a@tW(@‘a}envqyoéi?tliSvéW Batugedet-emeiniph  EeFursapi nle 6Tt he target
with suyff !e&'bﬁ@ﬁae%etpgi{m endoftaREge UGS HED hah 9T BeonthighaPl RSB S typical ly
25 magnetically confined within the hollow target region and may be al so
magnet i calshah aoWFé. nbdcertaintardofimert e yeduping fgenhat brdrepan gos: stwelisi ng a
nunber of ogl%%aacﬁngddg%ﬁgﬁﬁ?bé)ﬁgeé ek SR RIS eESaRNaNRS hyakyiRk cal 1y,

and 1 et al |

neut r al onl zed as well as neutral and ionized gas will be

present i iNtthe dihose $B:Fhendtssrmang (Cefde) d dp BnY pobpdiptBHIPEASES t he

tungsten targel. fByqlnelude i .phbevrghenents (besides tungsten) when 30 the
goal is to deposit a tungsten alloy or a tungsten conmpound. O course,

coppergand COpRE&Lrgh LAYSihSHs, @Sn M@ @0 hQipstbd BolBELEbak) mean be
deposited by PVD as suj t abl e PVYD appar at us

wel | . Some  exanpl es of
are provi eampleyudsasplesatied mog$ PeisrtGwlikgonasTiagwndsy V3551088 Ned 28, 2008,
whi ch i's iREaERPRaL b7 h@icd Dethehk SENanibE All Tu8Bkdn ebdtadndnd or al |
purposes. In certain enbodinents, the netal |ayer |s bl anketl geposited to a
t hi ckness Lings.appRessiunatiangruast thivbrehds mepreonisd ghrefarnehecfed! or vias to
be pr oduC@gst)éS.subtracti ve patterning. In certain enbodinents, the
thickness"will be at |least as great as the height of the lines or vias. In
this negard, theatifisGkaassewibbdiaesouwnbgstarns fabsrddaly ar D yalcedy .

pl anari zation or other technique prior to tterning. i ous techni que
may be enplBysdtaRE §HRAEFEE YA q’ﬁ’éﬁb%e. A@‘g’%ﬁf GECH‘EE%‘{ 1}1%5 iKW Ves

deposi ti ngchifgMBilakr mayRirod Shdde Keloat davtlly m@gketbn (ICKK BRSSIs iRayg. , at | east
about 20 nm or at |east about gbg nn}ﬂl}qr at . | east, about, 50 n 4 or at | east
about 75 Bmusely tohdpRts ot A O CH ey By aRoHaFC LR dp%EPted wi t h

si gni fi caphbRKEESS IbKNESSHE oMl uiiden syswhi Glluls seHOVEEVDrior to
patterning or after dielectric deposi enbodi nents, as

descr PhedMetdewieEs rﬂ@%; ?llfln FHes W@gé’m&rt Gfﬁutbléticr)g%ﬁ%’rﬁ atstf?gg‘f§w'as or lines
produced kyip&ubidsRs tdrpte vaRntietipaagl dvbvathe bieasite abolitnegutingty blas@t | east about
10 tun. 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 typicaily
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 weil 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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Tungsten atons for exanple, are known to be relatively nobile even at
nodest te eratuges i ncluding roomtenperature For g Lﬁmyﬁapgsten
grains ar%’&&ﬁ@ﬁﬁg of undergoing transitions between al pha and beta
nmet ast abl e phases at room 20 tenperature. Tungsten nobility may be
partially resp&n&ibkamﬂ@wogmamhbg?ﬁﬂk@w&yﬂﬁh@fbmam%éiindﬂéﬂmkmtreases in

t hi ckness ec d r j.on, treatnments,
may be enﬁ@q; % |2%r%§%2 gﬁgﬁhgr%¥gﬁﬁfn¥gﬁggﬁﬁﬁ5 ?g%@ %gh h conti nued
grow h, coﬁ&e&eﬁn@emneu@mdEwaﬁmhesﬁ@f such techni ques include exposure to
pl asma, high or |ow tenperatures, and/or ultraviolet radiation. 25Steps may
al so be takenZMGEnadwcé0¢h@m$dtgﬁw@é#v@#Hﬂﬁ@*@b$@§ﬁﬁéd0ﬁdhﬁ§ﬁgh For

exanpl ¢, %@?Q}Wﬂ?ﬁb&% 0k a%(ﬁfnlz e¥g'hp&schﬂ%§ oPHENSRURILED HAVErRied rong rol e in
t he rolughness o he overall tungsten |ayer. For exanple, the nucleation

t enper at upstemang. bl cwiinr ohlicdinants, tredhiskneshaill baghiresisas gerdias itnal |y,

ni trogen Hagmbo? (R B A didsn Mﬁ{s REARE TS GRBnAURHNGcEYR foP ragolce the
roughness of tungsten bl anket layers. 30 Generally, PVD produces |ess rough
t ungst en Finwes! bamikngtization sfioghenisehniqup 8rigidA et LBRt Materi al s As

i ndi cated above, various enbodi nents described herein pertain to formng
vias and/or i nYasioapterkmguey Ffl’fﬁésbeferl’%i’rl’ﬁyleﬁﬁ‘@él’tcé‘-’ﬁse B HE t BE?JP%FIF’V from

tungstgn RaYkD%eh&hiill Neintial 1@{@% gf@tﬁe@gz&t tH‘ckﬁng})@gl 8Q8st dotthe si ze of
‘the vias or lines. This includes grains at |east as_| arge as one half

the via of0 e st FROURZEHOY |ah]§35f %houh?ﬁln%a‘?* 2t lé‘f‘“ B?O“F 7heP Wit he via or

line. Tunﬂ&tfﬁ'}mﬁ@%é/a{eiap!!z%ﬁhé;oyescjetpbﬁfea%zhrmgnﬂ@nea&mmdkﬂegb éhe discl osed
enbodi nment s. anpl es of Such alloys include Ti %%hc W Cu) and WRe).

Additio nap\royburcteﬁémaﬂsré resBeEd Bt? BEETRE PP %é%%%loﬁay be
enpl oyed 0B Qe Eimch@SastdhBEd LRERIEORNGE! tht @ Sucf gQﬁinzBQﬁ gwetal s such as

copper, alumnum 10 titanium_ tantalum ruthenium cob etc as well as
cor r epondksRy lesrsertieesby WOEECHTS RFGHINETAN) eaarRPoU] I 1 &* i’té&"@t sbeYf(Al), Cu(My),
Cu(Ti), apd,u(M)). Lowresistivity tungsten (LRW and processes for

deposi ting such are described in various patent applications including the

foll owi ng, eachn@fenvhibsh ﬁos k608, ROE Bh&Ch Elﬁlbelreldﬁ)%l)f efoblieBem &tn its
entirety: U S. Patent No. 589, 017, |ssu ? glfgq er 15, 2009; U. S

Pat ent ApIEP‘?CétatFIFlB’?’ia%S 1&%?@@3“"8@5?“‘?‘3“\“?8 FoFIS H5d U, S. Pat ent
Applicati @BatNOof xﬁlaérée"—lﬁg 25%itichs b@dea@spﬂgbﬁa aﬁd b&ﬁ Tktastablephmes enbedi ments, the
LRW process includes first formn nggfé%t ure PNL Huc eation I ayer
fol l o%@ad BPPEAHS] tlun%flﬁ“s‘@:’b(‘]r‘%a“tﬁflb%@ar&@@ SRS EdUCFHE SAQ8RE° ¥t ungst en
}Or ecgr ?Orl)lazlk@t\l/\/la@@ﬁ}n%ieb%b tiy Otngcﬁ&LmIﬂtheraﬁdme?ﬂaﬁphﬁumﬁg whiiah pScﬂi»I ovvls 2?% 36
WF several cycles at cl eat pul se

br 400" & depin RS B PN Ba Ry e B RO P

continued growth, coalescence, etc. Examples of such techniques include exposure to

plasma, high or low temperatures, and/or ultraviolet radiation.

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 roughnmess of tungsten blanket layers.

30 Generally, PVD produces less rough tungsten lines and via.
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In sonme enbodi nents, a lowresistivity tungsten | ayer includes a tungsten
rich layer having tungsten mxed with a | ow resistivi ] S conpound,
e.g., tun&’:@HMI%gicarbide or tungsten nitride, as a%%ég%MQ%?Eggposition of
tungsten nucl eation and/or bulk |ayers. According to various enbodi nents,
t hese tungsten, yi I [ e used as barrier and/or adhesion |ayers.
Depositio%ﬁ%?“q%%ggﬁﬁgé gﬁ}gﬁéﬁ ayers may invol ve exposing the substrate

to a hal ogen-f noet @l i, LREUESOL naish & hedMei Ng agent to
t her eby deposi%Egm%%%gstenig#éﬁﬁﬁgggggrgg%ﬁhfgaﬁigeﬁn t he tunggten- 30 rich

barrier fivianacdmpinicsmenast iinsstiianeagstivetnd PrEceahySeeiueaen dtitmgst en

carbi de angd, fhen,SxPagi 09 it BEnAHRANE AleQid Qf fhelWRGS 1S GRALAIMNG precur sor
to deposit one-or re tungsten layers on the tungsten-rich barrier film
The t urigsteemmsrat ishstbakardeers ohahafthy yia of Yipt wdth.ypcepeiperg ey ohi n | ayer on
the subst rliﬁ&rﬁﬁ T 26 Bl ne! ArufGidnahd vAHRO i 4B M SeordeRARIchipRged A8Kd UNGST €N

| ayer (s) on e tungsten-rich barrier fil'minvolves u3|qg a

hal ogen- cdntlaediempodiomist dnapplecefr wek alleys gooludarBW. s itkég) and
tungsten/ W'%gf t!?daitfbﬂglg’, g€ dtsA%eH siibtradtiveHaflernin® Wrdc8RtsShdyWetedhplobddn Wi t h
excel Il ent adhesion and a good base for 5subsequent tungsten plug or line

f or mat i on to produce viss apdiel ierceunect ines BRethentIStinwAt 85 oPHE: YVEEUBf the net al
grai ngo( cryshal bah&s), ﬂlm?tl&nyéo%, e RMvdiNG SAIBRLINE LordoubdigeBei ght of the

(
Vi as. ?he same is true of netal ?ralns in interconnect |lines. Typically,
the met al TgVanhBaNape aligys e Cagd). §uddek a7 enbeuMrdst as great as the via
or line width In sone enbodinments, the grain size is 10 sapstantially

greater than OFS-TRAREvIFhangiep SHRY) n@d PROFSSY (0T FROSIHAS SUCh fffe net al

grai ns ar g.gkioWnn WarusSiatdt fplkatR¥E aRASINNGe hibwah AMBRIES, whith Whi ch cases, a
single grain may occupg the entire via. I n varlggﬁ enbodj nents, the
grain si z@cpmorgied deridPy THREECE & 11H AMERAEr dge, Pt N dotabbuts Y nn, neasured
acr osgst hge:0nQAess, SN, PRiehf ApHIRuGHANAS] 1/943,699TEIE Tesmbet NG, 15 aver age

grain size is between about 10 and 50 ri a re ecjfic enbodi nent,
the grai n2¥7zéng §-Sdrirenralibsinn Yo Qﬁﬁséggﬁhgdfﬁggérﬁﬁﬁlsh&%mﬁay be

det er mi neg RyiianYs, St TRIW YraeGUmaluBesaishGainSER RS, Bynpela@ed iPBI, i cr oscopy
or x-ray diffraction usin the Rietveld nmethod. .It shoul d be borne

_ . €.3g.,. y
in nind tAwlcaon WﬁrcgiﬂOb’ngﬁ’m muliRsec BARUSInG 28N P s I PERE PHRT Of grai n
si zes, SOphRETh&ZESolRM JORRGy Releln, aldexaygt ageEicR@bwireans of the
distribution found in a layer, via, or line. I n various enbodi nents,

the vbg or |i neHsyodec@e by crldotr B0} iunckapat t erni ng has a width of not
greater than about 25 nanoneters, or not greater than about 15 nanoneters.
For many appl iBatsl oVes, dulie-pulsa(300 ok i40@ (haslsa tiweddhbrt efodgbtsamerivabout 10 and

20 run. It shoul rstood that devices having lines or vias nade by
25 subtra‘??%@gﬁgyﬁgﬁgsﬁg may have a range or distribution of via/line

wi dths ands or aspecl AHAR. « Bl LT eyl (65 RUG, AfaIRAD[Y devi ces may
have many or af fovias of the" same size and/or”aspect ratro. en tungsten
i's enpl oylegkrihavivg asgdarmixed witbk dayy resistiaty thiegptsn dompeungd . manedsisber node, it
pr ef eg%bl arbh%Sor%@%? 2 mitride, INA b%ge T déggﬁ{iom%gst:ég nadfehtin Gl PRuBOME cases at
most about®™% G B ﬁﬁ%

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 comprisés 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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Appar at us The nethods herein nmay be carried out in various types of
deposi tion apparatus avail able from various vendors. aapl eS8 suitable
appar at uswlor‘?%%@é%}sa Novel | us Concept-1 AltusTM a @%L?gpt é Affl7t usTM a
Concept-2 ALTUS-STm S5 Concept 3 AltusTm deposition system and Altus MaxTm
or any of tgiotHy Hetoyitedfas otthiedaycoenmie cilzsirhly sajate] dblata@\@nbpdtndts. PVD t ool s

Q(IS i e tgﬁ%krlf%ﬁ[f?c-ﬁr%awg £100k v QGest &/%lcﬂ,\slcpr i nt

such as the EnduraT
TungstenT “‘I%Oglgflgfﬂ%o%%egl l%}(éed teri n sone cases, a PNL D process can

be perf or hedgmronuiningpluegtappsiuioone. g+ VY Fonsliseguehtthegsiep/unggen e. g., U. S.
Pat ent No'c rgi’dg‘ ﬁ%gqgégaam&ﬁﬂkﬁm REQLRA L8 NAR&IA 2By A g(gcﬁ va&fer ence for all
pur poses. T'n"'so enbodi nent s, nucl eati1on layer is deposited, e.g., by a
pul sedsnustisatucwnugstorgies odincdorfigigit st ation that is one of two, five or
even nore deposition stations positioned within a single deposition
chamber. Thus, At dicptediue Boves erakpdsnaaite the e ©f His P EH -E8RY @Wﬁﬁaﬁ]&%as es are

al t er nat el yid aty QAUGRALR A8 1SHEfass: of tht DRsSem crndyelobs sbst rate, at

the first station, using an_individual gas supply systemthat 15creates a
| ocal i zed gainvosiphreoancst [neheTyitsdy.rth wetalgrpigeave ah averags sca 81g 25t at i on may

then be uged £0,GONPIARL ¢iaWChRALIION §RYGHe %B%h%ﬁt&ﬂh@%yaﬁr@ spend orm a
multi-pulse lowresistivity treatnent. In certain enbodinents, a single

pul se 1P owsubstentisly \iirgaier tragnaepf heaye 98 lipe MERndY soeh 6356 BfoPEest at i ons are
then used g{taﬁls REIEALMO VR 5.t B854k RAG &RAUEY, iTTWBRIcROuSEY a gm%z@ gt i ons may be
rfo

used to p rmCVD in a parallel processing. Alternatively a wafer may be
i ndexed t vehasary the c@WbVidper at i ons performed over two or nore stations
sequentially. -+  Figure 5 is a block di agr:i\m of a prri reg?i ng system
suitable for déﬁ@%f&’?ﬁﬁgomm@#ﬁ FHR EE B AnA LRTS 1noB 85t F1o*r ocesses.

The syst ef,R090mi Redsudescrdssdhe loh@Bsdigendmbiflig: 2000 hhemt cansfier nodul e 2003
provi des a cl ean, pressurized envi ro(r;SrCBe mnim zg the risk of

nt to
cont aff natyeEHEe TARHESE PEPEE BRothy Hd e%r’%‘e?)“ AT HhBYEr & dbet ween t he

various rgaclal s/ Bk@Sen MMouNtesd @8 nhheThd @ms st niid duldee20Rk3 tys a
mul ti-station reactor 2009 capabl e of performn P(I)\rllé)b%gp ition,
ﬁ%’ér

mul ti - pul @ witddy pemrety mefed speges Bnaleeas, ™Sy %l ude
mul tiple 30 $kathORSveRkethal0 1B shR@LBe baie it hiral cypay wegquential |y
perform these operatjions, For exanple, chanbertignggg?rg.oul d be configured

such t hat la¥¥ &pRtains 2 6410BEPIY S B QWoTT M5H BRI T35 Per f or s

mul ti spul §8ndahestiRehbribdid fehald Oager2Qd or Bid 2017 perform CVD. Each
.deposition station includes a heated wafer pedestal and a showerhead,

di spersi on pl ah @aris Bhb@im@AS tHeniair linAprogu@iph eutnfactivegpefxosing han st at i on
210 T CeRLGh o 0 A LMoL YR A B FURRL Qg shoverheac
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 u€) om (in some cases at most about 15 1 £ cm),

30
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5Al so mounted on the transfer nodul e 2003 may be one or nore single or

mul ti-station nodul es 2007 capabl e of perform ng pl Qr ] cal
(non- pl asH®)?*Br%PH eans. The nodul e may al so be use?%&@g&?@%@g ot her

treatnments, e.g., post liner tungsten nitride treatnments. The system 2000
al so incl é(rjpes%?ne or nore (in this case twd) wafer source nodul es 2001
wher e waf A stored before and after processi ng. 10 An atnospheric

robot (not shoywn) mie{%oaygergﬂlnp%y%gréagﬁgdr?&s{negamg% &2&%&&&& renmoves

wafers fromthe source nodul e 01 to | oadl ocks waf er transfer
devi ce (geperabs apaifebledbot varioms yeridpds. iHxamples of suiehle epnwydud 6cl2d0B noves t he

wafers u ggﬁilsO@&%%p%gz;m%haagdcmﬁgztQ@usm@dgl@&cgg;@nmq-L@[gmhe transfer

nodul e 20 h certain enbodi nents, a systemcontroller 2029 i s enpl oyed
t 0 confrolCondbt prdudy simsiidh sistms addAilng Mespbei ativer 2 VEHetyobathedl 1 er wil |

typically CE!)IHI%!?}%SBY Qx%ﬁiﬂﬁg ey %g/[?? BRAY 1ol R hGeS tﬁ@ﬁn@ﬂ?quVWO?_t% ocessors.
d or co

The processor may I nclude a C uter, analog and/or digital
i nput / out Pettuedh AFEt bons thesbuipp drngrstDr tebfiemdinpbed Netgridls In ¢aee  The

controll er, By, %{w%ﬁe@'&es@fcaﬁ he 8GEd¥Ed 108S mRftipld@efieRes | 4dtBRs apparat us.

20 The syg%er’n contr executes system control software including sets of
i nstructi ewgettioly.c8et b IU-hPatdneNei ol HedS2niviich i ingerrgrasd derebhnber
PreSSyp €, re%%&@%fr aﬁ?ﬁ[}?&reﬁtfﬂ%&me%ﬁ&ﬁm&ﬁﬂﬁ%ﬁ@l@dﬁ%ﬁ’iw@ﬁs PQWeILeal eyel s, wafer
chuck or pedestal position, and other parameters of a particular process.
Ot her conput enlspt ogleativs psecstsed adiistHsHOt (ralde Phe 85M9s EHTPateH ™A% h t he

control | eﬁep%?i 10!?&&11%9?[5(@%1%96& Bt Tein QRO BB L limber. Thus, iPRE@dgy there will
rnter

be a user ace assoclated wth the controller. The user_interface may
i ncl ude agdespidaly eeieenontjriap BrseRlre sirraply Btgdupd wylhe wrfaedrd thippar at us

and/ or prgcass condiddi A0Sy aRMEk YS65, LARM: HEVIEE SaSHERy 3iROIRt | g devi ces,
keyboards, touch screens, mcrophones, etc.
15 creates a localized atmosphere at the substrate surface.

A second station may then be used to complete nucleation layer deposition or
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 ot more stations may be used to perform CVD in a paralle] processing. Alternatively

a wafer may be indexed to have the CVD operations performed over two or more

stations sequentially.
Figure 5 is 2 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 dapable of performing PNL deposition,
multi-pulse treatment if desired, and CVD. Chamber 2009 may mclude muitiple
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 PNIL

deposition, station 2013 performs multi-pulse treatment, and stations 2015 and 2017
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The conputer program code for controlling the deposition and other

processes 30 |n a process sequence can be witten in nt i onal
conput er :grogranm' ng | anguage: for exanple, @é%’},\éﬁ S%anguage, C,
a, Pascal Fortran or others. Conpiled object code or script is executed
by the pr q;éﬁBI&DICVBJO Eacd ﬁd&ﬁﬂi}sﬁib@ stadek sndhdient i fideed wafet hedemalogrdam The

controller a rs re roce ondi ti ) exanpl e,
process gég }?f‘ﬁngs‘f PrER" Q% gkﬁprgaﬁ ﬁ?% Enper: euorsfe déB Smon Srt'aélgn pl asma
condi tiong180 sw@[hctacsmFREg@@&\ﬁhcihcﬁﬂ@W&FmaMpmhél 02cmvdfshmpnlma¢91(RF A requency,

cool ing gas pres tenperature. These paraneters are
provi ded tahf’)e'“£ rﬁaéayﬁ)ggfokr dadfnl‘ng?ng?ﬁ?ﬁ Waimriem pe, and may be entered utilizing

e oS by or RS Gromsd op i sPLER IRl ORTORLY BE WO of BE-PLREESD TRy be

provid by an‘é‘ conn ct.l ons o stem
cont r ol | emulfF Igteucsu iles 7ﬂ®7r capari¢ pbbdrfongmg m@qwﬂmeb@niaaién%ﬁdwyﬁht on the

anal og and d| %tnt afheOUtdBfétma C?n@%%%%%r %oﬁ%‘cﬁh&‘?&gﬂ&{q% %)gtai rg; us.

The syst e st esi gne configured i n ma erent ways.
For exanplhegstmanmmmmbeﬁ'h@@ﬁﬁmn@ﬁ@ alsoncbaied eresor grore Opthivtasobj ect s may

be written,tQ %g&&g'mg&&g&bbmh&éw&@% &@gg@%%res qu&aiopﬁoaassﬁgssary to

carry out RV eposi ti on processes rans or sections
of pragranm eftmmphdsncsromﬁp(uotp&igwn) ntthgdi@n%bﬁs‘mr@mfﬂpéhﬁmheoﬁpwgﬁ@bde, process

gas contr ol £o0g, rRIRSHE SoBONLEAlI0RRP 1o REALEL AON KluOlRand pl asma

control co rate positioning program may I nclude program
code for damg@gbﬁerdﬂg actobptbem wotpo terrasehaedele @00% ewvesoth @dt he substrate

onto a Peqastflads HBY e iloh LrEMIR! mbifARAR! Rt RPMBERD S Substrate

and ot her par er suc as a 20 gas Inlet and/or target. A
process gas c rf( f}mec'irﬁ)%ﬁl&ﬁaX s BGh uderardeobers capital td ReuBAS

conposi tion an ow rates and optionally for flow ng gas into the chanber
prior 1o owposicoiddivns dudredéaposibonst Akt penellerhwilhpaisslly BCivde pheochanber. A

pressure contyhorPh e@ﬁﬂdrgﬂl of fﬁﬁge%e&gﬂeTﬁQﬁro‘éé%EHr LRk kidgekit@upressure in

t he chanber by regul a @}dg hrottle valve in the exhaust system of
t he chanbercomhuRs ahded end/Q dmlﬁabmmﬁ@wph?ﬁnﬁwonmqem megdEoftBlecont rol | i ng
the currep} rdOeif heating unit that is used to heat the substrate.

Al ter natlval Y, the heater control program may control delivery of a heat

transfer gas spghofsiRekay kil tdeorad efivaRbEK 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 Typicalty 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 conirolling the deposition and other processes
30 in a process sequence can be written in amy conventional computer readable

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

20



Exanpl es of chanber sensors that nmay be nonitored during deposition include
mass flow control | ers, pressure sensors such as manopeledsy sk 30
thernocodgpéguwgggted i n pedestal or chuck. Appropriaté f %?ogranned
feedback and control algorithnms nmay be used with data fromthese sensors to

mai nt ai N desisr €dmpiledolies codnaiseiiwris excPhied bprtkgerpergsod ¢ perfasadhe

i npl enentatj o ERQ i %gs in a single or multi-chanber sem conduct or
processingm%H@?gkgganﬁﬁ%gg.n'general an interconnect via consists of a thin

liner and/or di"ﬁefétj)ﬁ{.ri?iﬂ:r BRLLLel e pkedsNBRditibhsl @6 W, e &apbleMary
conductor. For ‘exanple, "a Cu PiTled via may have a Ta/TaN | iner/barrier
whil e a \\pwiess rpay coranasition Fnd FloN faieelerpaierice rpressurt Riavianernitiers w i i ner .
There is | b hE AR BEhich SRS HBNESASSNGE ahepteWieh the
interfgcea%?%fﬁgzgg%f%%?%I%fhe via%ﬁwﬁgiaveagﬁnﬁ?atedg%hégfnfIuence of a
nunber of afddimbe walldereperaigre gERSARERF 4ROt R Are ERHEdatd® Beiusgrdt F8feied, on t he

via resis f . gﬁgly%g'hi%gamhggi _ The aspect ratio of the
Vi a (heigh@g%§?§f5$ﬁ)pg%%mt et%rbgsesegtioncgf the via (vertical sidewalls
versus taper ed;si.AeyahbslorRl ShR0MBS hbf b BRL RIS by MMI®S il digkat Or s i ncl ude

the bulk resistivity and thicknesses of t qﬁplugfilj material (Cu vs W and
the 15 | inpeirqopeactionsof thasysia porgellg o fBT e o OB P @EPHIBR e PRER g at t he

boundgéy Qﬁ[ﬂ%ﬁ%&tahﬁoﬁﬁr{d@éiw SR USTneEL B 6k thhigepbiin@r dbantub.er . W al so
considered the average grain size of the primary conductor since electrons

reflect at adjpgeepiedidfrboupdadtametbi chfiptret i Mahedidsrenovays] ar ge
increase in resistivity. Since the resistiyit¥ of the b%rriergliners are
gener al | yEdrUSAmElee ARH1S (AP (FQPPHRENG SR HERY PRAYYFOL SHEUE (6, "one woul d

like to nRkged heByA®] ohiMtidsS oPaRSieer Jd@nemXinsicz@sy theawobume in the via
avai l abl e for electrical conduction _and reduce§ he. seri es rﬁﬁjstance at
r

1
the bot t ofac fpRosifipi pigeessasy FEHEPIFY BRI ST STHRES YPAFosaps 1oy

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 compoéition 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, ¢.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 fo maintain desired
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The plot in Figure 7 conpares the calculated via resistance of a Cu and aWw
filled via usin representatlve Ta/ TaN liner/barrier S or

(total t h"OAREE: = 12 and 24inn), and nuch thi nlr’lée%r) %Fﬂ%r%?ge free w
(FFW Iiner/barrler for W(b =l and 2 rim. In this calculation, the aspect
ratio of tpheessi @ndisork. STlenidrep@n@dswried infphmdaheobgrabalinénein & equal to

the via w dt andlt{/(%gma%rémmco cfu%aﬁ'/\ﬂrg%eg g%s )gpul d be the case for a confornal

W deposi t i*8#.° °F S 1o V" vertical sidewalls but is
tapered at a realistic 200 which is representative of what is used in

i ndustry. 30The sinulation shows that conbination of |arge grains and thin
FFW cl ear |E¥: Jn? ds to a Wvia resistance that is conparable or |ess than
that of Cu"w t he advant age bei ng nore pronounced at smaller via

di ametgrs. Thep éé'h:yrglsan 19{ercgﬂwétbma'con1;@{slﬂir)a tRRdinW &dd/or d@ﬂﬁl}n argienearly the
sanme, but using a slightly thinner FFW] ayer | owers the Wyvia

resi st ancevhighgniben EHWt‘IV‘)‘}h HjreRy expducpre Foﬁf’ Fé%l“zﬁu Hishy a8 st ance has

not been gansidenRHbdrRertiiie aGahaUhAIH08 a TRUIN ulh@/baﬁﬁﬂ&rtfamﬁh@%éwow the
el ectrical resistance of a Wvja conpetes with Cu when g IrTIetrl c and
mat eri al s Y6iiagt dhare rabsods MIFTEICI2BPNtaE: FEF RSP AsH Eh thete At | e vari ous

enbodi Menys JAAYS of 8SGKd. Ded havk RRKSat@s Be lriuek@lor @REmbaFREFkictabdans,
pernut ati ons, and substitute eth val ents, which Eal | within hhe scope of
10t hi 0di sedmssiia &nd sope SHGTRETered Behh B aerstnst ot btk Ev 4pE WrlifisA al t er nat i ve

ways of ipplenmenting the nethods and apparatuses of the present invention.
The aspect ratio of the via (height-to-width) and the cross section of the via
{(vertical sidev‘valls versus tapered sidewalls) are geometric factors. Materials factors
include the bulk resistivity and thicknesses of the plugﬁli 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 clectrons 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 &8 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 is used in industry.

30 The simulation shows that combination of large grains and thin FFW clearly
leads to & 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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WO 2012/ 047913PCT/ US2011/ 054798 CLAI M5 What is clainmed is: 1. A nethod of
preparlngﬁ zaﬁm%ﬁﬁ a sem conductor device, the nethog-{AGeMRLL:SIsNT:

(a) for é a“bl'anket | ayer of netal over a partially fabricated

sem conduct or device, wherein the blanket |ayer has a thlckness that is at
| east abounnt)hed Mefbghtumfara isarlx/hasmeobiasips aphghdy thinner FEW 1 %) ®rovi ding a
pattern of. \yjA%0f, k8 Bk afiehd: ARIcaANth IR Ok TRIBNEAGS €BNS Of  he

bl anket Iayer to produce e vi as definéd by the pattern, wherein the vias
have gr ai nsiseficet e nnthcan consifiersh iyhi erdcubpion bt dhestgsults shoy Bpw e gr eat er

than one-Dal fiok Ngyhell Br Ofwl i oSERI G5 Chauidd ddmecpRULENRuclie ethod of

erern the nmetal is tungsten. . The nethod of claim 2,
vvherelﬁ tf*aetotaﬁmfg&stnénﬂﬂdn the vias has a reS| stivity of at nost about 30 42
cm 4. The nmethod of claim 1, wherein the netal is a tungsten all oy.
20

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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MG
5: The method of claim1, wherein the netal is copper or a coppe‘f’ﬁ’ﬁf“r‘oy
6. The nethod of claim1, further conpri-sing: ing the
regi on bet\WeBH¢HE vias with a dielectric material; 5E /]éj§zg¥1/0g4r¥lbgng a bl anket
| ayer of tungsten over the vias; and (I) patterning the blanket |ayer to
formtungsten interconnect |ines. -y W;4012/047913PCT/ US2011/ 054798
7. The nmethod of claim®6, further conprising repeating (a)-(f) at |east
Once | 8. The nmethod of claim1l1l, wherein the grains have an average
size of at 5 | east about 25 nm 9The nethod of claim 1, wherein the grains
have an avgfage,shggs.0f at |east about 5 nm 1010. The nethod claim 1,
further conprising rung the vias with a bather | ayer. 11. The rret hod

of claim 10, whereifnhRdRakfdaing Ayefor GBRIEASIAR debivgthngethsee material .
15

comprising:
(a) forming a blanket layer of metal over a partially fabricated semiconductor
device, wherein the blanket layer has a thickness that is at least about the height of the
vias to be prepared;
(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 fungsten,
15
3. The method of claim 2, wherein the tungsten in the vias has a
resistivity of at most about 30 p€2 cm.
4, The method of claim 1, wherein the metal is 2 tungsten alloy.
20
5. The method of claim 1, wherein the metai 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 (¢) forming a blanket layer of tungsten over the vias, and

(f) patterning the blanket layer to form fungsten interconnect lines.

24



12. The nethod of claim1, wherein the faulting a bl anket |ayéfl.of netal

conprises_perform ng a physical vapor deposition or §Qn. D i cal vapor
depositidwoﬁpupﬁgtﬁetal. 2013. The net hod of clain112% fé?@?ﬁp¥ie nmetal is

a tungsten alloy or a copper alloy. 14. The nethod of claim 1,
wher ei n the sem corftuctaroddd\iae hdstdi rempions reppaoi fed #yeat t echnol ogy
node beyond the 22 nanoneter technol ogy node. 25 15. The net hod of

claim1, WA%rein renoving the regions of the blanket |ayer conprises: (i)
ani sotropically etching the bl anket | ayer to produce oversized vias; and
(ii) trimm ng the oversized vias. WD 2012/047913PCT/ US2011/ 054798 16. A

met hod of prepari ngypi BBLERRNGED 1, VMRS: (RIgrAnSRRE GRAMIEI QAW Ce, the
met hod conpri sing: (a) formng a blanket |ayer of netal over a

parti abl ylesibbqut at @d- seni conduct or devi ce, wherein the bl anket |ayer has a
thickness that is at |east about the height of the 5interconnect lines to
be prepared; (b) providing a pattern of the interconnect |ines on

t he bl anket |ayer; and C) . renovi regions of the blanket |ayer to
produce the inter cgﬁﬁé’é’fhoﬁif’ﬁ@é‘”ai%f"f & gf%'gs Wﬁ"%?ﬁ?@ﬂ‘?ﬁé’?ﬁt t he

i nt er connegl: zhdun€gmhave grains of the netal, which grains have an average
size greater than one-half the width of the thinnest

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 iomized 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 fo produce oversized

vias; and (ii) trimming the oversized vias.



10i nterconnect line in the pattern. 17. The nethod of claim 16, wherein
renmovi ng the regions of the bl anket |ayer conprises. (i) anisotrgpicaFly

etching the bl anket |ayer to produce oversized interconnect |ines;

trinmm ngehhg.e¥efissi zed interconnect |ines. PCT/US2011/054798

16

16. A method of preparing interconnect lines for a semiconductor device,

the method comprising:

(a) forming a blanket layer of metal over a partially fabricated semiconductor
device, wherein the blanket layer has a thickness that is at least about the height of the
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

interconnect line in the pattern.

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

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

26

and (ii)




