WO 03/ 060976 PCT/ US02/ 41242 CONTAM NATI ON SUPPRESSI ON | N CHEM CAL FLUI D
DEPCSI TI ON  BACKGROUND 5 This invention relates to nethods for depositing
mat er i al swonBme@76ubstrate surface or into a porous soli ®CTitso4fat ns of
materials such as netals, sem conductors, or metal oxide insulators are of
great inportance in the mcroelectronics industry. Fabrication of
integrated circuits involves formation of high purity thin filnms, often
with multiple 10 | ayers, on patterned substrates. One of the npbst conmon

met hods for producing thin fil ' ' vapor deposi ti D). In

t hermal CVD, vQQNT3MIHMLQ&”§QI§PﬁWM§H£ ]&?ﬁieﬁw sure at
tenperatures below their thermal d [ tenperature and transported
by neans of a carrier gas into an m&iﬁ(ﬁﬂamer containing a
substrate. The substrate is heated to high tenperatures, and thernolysis 15
at or adjacent to the heated substrate results in the surface deposition of
the desired film For a gener alBAEK&GROQUNIbn CVD see: Hitchman et al .,
eds., Chem cal.Vapor ..De ition Principles.and Applications cadem c
Press,> London,T}%B?')emlofh'i%ﬁa%‘?Sl % rlﬁseﬂhog@ o eQSSIB%Wa%aL%O&&uaS F‘hﬁ’tré@per critical
fluids. FerfaeXanRtea pordlis §drd. et al . (U. S. Patent No. 4,737,384) describes a

physi cal deposition nethod in 20 which a netal or polyner is dissolved in
a sol vent undeFhis diyas ef mategials seghen metalsssearernsiciore ospstabaxide pbrought to

sub-criti. L1 . i pit a . an exposed
subst r at ogua Gk bl iR BT Th ol mBotdTonRS BikB RfiRics R B 50, PP
descr i besinggsitahe auits Gwiol vee tféradition ofihiigh puntyghimofiteisabftercwitbndtige ur sors are

delivered to a conventional CVD reactor by dissolving the precursors in a
25 suPer dAYSH O Paftered suRnirgisst Bn?ﬁgﬁ%?%ﬁ?m@né%fé dor Rrag‘pq%@eb a fine

precur sorgi,RE eﬁé?ﬁicamgsﬂﬂdép%sﬁiaﬁ @@vgﬁ ifthert e VEYR JiRAC hREuHd e St andard
de m on a substrate

CVvD conditions to posit a thin fi . Louchev et al. (J.
Cryst al Grapatibed uifsisr RA6cRigFessu@oB yengmsatnich bslowttheit thenwplatecompésiBorpr ecur sor

to a heated tra 70 i iti | fluid it d
50 Fhor miEGeratag a6 atshared by mial 4R ahs Bt a e oc Rt e o1 acee e
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substrate is high enou%h that the WO 03/ 060 CT/ US02/ 41242
15  at or adjacent to the heated substrate results in the surface deposition of the desired

film. For a general reference on CVD see: Hitchman et al., eds., Chemical Vapor

Deposition Principles and Applications (Academic Press, London, 1993).

Thin films have also been formed using supercritical fluids. For example,
Murthy et al. (U.S. Patent No. 4,737,384) describes a physical deposition method in
20  which a metal or polymer is dissolved in a solvent under supercritical conditions and
as the system is brought to sub-critical conditions the metal or polymer precipitates
onto an exposed substrate as a thin film. Sievers et al. GJ .S. Patent No. 4,970,093)
describes a standard CVD method in which organometallic CVD precursors are
delivered to a conventional CVD reactor by dissolving the precursors in a
25  supercritical fluid solvent. The solvent is expanded to produce a fine precursor
aerosol, which is injected into the CVD reactor under standard CVD conditions to
deposit a thin film on a substrate.
Louchev et al. (J. Crystal Growth, 155:276-285, 1995) describes the transport
of a precursor to a heated substrate (700 K) in a supercritical fluid where it undergoes
30 thermolysis to yield a thin metal (copper) film. Though the process takes place under

high pressure, the temperature in the vicinity of the substrate is high enough that the



density of the supercritical fluid approaches the density of a conventional
gas. The film produced by this nethod had an atom c copper concentration of
appr oxi mewelog/06®d86 (i . e., 20% i npurities). Bouquet et al. pCursvz4mad Coat .
Tech., 70:73-78, 1994) describe a nethod in which a netal oxide is
deposited froma supercritical mxture of 5 liquid and gas co-solvents at a
tenperature of at |east 240C. The thin filmforms as a result of
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surface or, into. a porpous soljd can be s r 20 through. t he appropriate
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reaction geRfnikAfidn O f& modifBRRINAI[cBiricaPEbMdREVIy, IMERE RfeSofthatRAdI ti onal

reagents. Certain precursors can dissociate (e.g., by thernal

di spr opor ef @hertfirasilonalldygers i ntegapedcicantdi Allopwgnalde pepslite tailor smpepndf

mat eri al Hlec bfﬁ iurt}szgcr%}lse Vet Lacertedl_gt\a?\élesr oii n O\Fe(l;lﬁe PLsfspanias §f 0]Z:ta ertain
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cont am naimeghbradedto, hydyo e ettdtrit@émerByandrte ticetas@thz Hattinesddrd dog@sibhon r eagent,

contam nation of the deposited material_ can be reduced/ suppressed. For

exampl®e, reflsapes effarierroatingsatVigd metad fidms aredypigalty praducedbypliysiedl agent can

be a suitable.. i : j ] jan, desired

mat or 2l s 058 g PRI EFRAER kpulRind PRLARS! A SPILATIRNARD C75. bt ter

than 95, 97, or even 99 weight percent). 30 The invention also features

nmet hods for depositing a materi al SITMVIARY thin film of a pure netal, a

m xed nmetal, or a netal alloy, or a‘layer, e.g., a discontinuous |ayer -2
The invention is based on the discovery that contamination, e.g., oxidation, of

material deposited onto a substrate surface or into a porous solid can be suppressed
20 through the appropriate selection of a material precursor, delivery agent (e.g.,
solvent), reaction conditions (e.g., temperature), and/or or presence of additional
reagents. Certain precursors can dissociate (e.g., by thermal disproportionation) under
suitable conditions to deposit a layer of material on the substrate surface. However, in
the presence of certain reaction reagents, e.g., an oxidizing agent, the deposit can be
25 contaminated, e.g., by oxidation. By providing a suitable reaction reagent,
contamination of the deposited material can be reduced/suppressed. For example,
where the contamination is due to oxidation, a reducing agent can be a suitable
reaction reagent. By suppressing contamination, desired materials can be deposited
onto a substrate at a high purity (e.g., better than 95, 97, or even 99 weight percent).
30 The invention also features methods for depositing a material, e.g., a thin film

of a pure metal, a mixed metal, or a metal alloy, or a layer, e.g., a discontinuous layer



WO 03/ 060976 PCT/ US02/ 41242 of discrete uniformy distributed clusters,
onto a substrate surface or into a porous solid substrate with reduced
cont am nawbad/o60bhese net hods are generally referred to hecarusoasizehen cal
fluid deposition (CFD). CFD invol ves dissolving a precursor of the
material to be deposited into a solvent under supercritical or
near-supercritical 5 conditions and exposing the substrate (or porous

sol i d) t oof diecrsteluniformnly distmbused clabtersy erfoaisybstiate/irface gr inkea peressir sor i s

initiated, e, her jral r inLro i n reaction.reagent. into the
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havi ng deep sub- mcron, hi ?h,- a‘i&ect rati o features such as trenches, are
used, CFD'e@alPTeaganimto the saluigpotheishy derpsitinggnaterial ontaihe sphstratem i | 1 ng of

the featuggs, ek@q@kﬂjﬂthe%%dsrg\gﬂhyes di ssolving a precursor of a material in

a solvent an exposi ng a substrate to the sol vent under supercritical or
near - super cr i t Usabf cmpdictitionlsolvehhwith nyitabismsanstdfeoprmenatisnr i s st abl e

under the exposure conditions d di ssoci ate on fter addition of a
Feact fbn FERGONEN PHICHS KBt BEF D ESves: meiner Bt sl oy Tkt pe

unst abl e yngigsrete Ih?gheﬁiﬂ@%ﬂfeﬁal ePRtdl bR clufied; at téthpdriRr@{RATHA Be IwgRer at ur e)
and can dissociate without the addition of a reaction reagent to the

sol uti on. thlBhsgeventienabf VI {gmpesatisesy dhepubstrpte spefacer daglindedeossictor mpreon a

substrate, surface. | n,.enhodi n wher.e e cursor, dissoci at,es w t hout
She” audi ¢ FSHSoPRig mial pEERREREED Whel el fimbd SRS RO nlrine) B> W1

reacti on hreageMigh-spe@diefatipey 888 as #bndhesitaddmiged] CPD cah ptdvidedeposi t ed
material. For exanple, sone organ,o- metallic precursors (e.g., Cu(l)
conpl &k es yniprmegonipraabeqvaragespd undpma fillmeitplsatisnat i on can  be oxi di zed

by the sol vent ol SerB ifhd)ots @¥oflift RO RARHH dr AUGLLAG AGRBRCH g |0 such

situations, providrhg a reduci ng age ution can reduce the
oxi di zed amiosinigal substtateetoahey sotvérit gatérsgperoritiealionadaranpaéritidae calelptimist ed fil m
30 Various aspects qf the inventjon %ﬂn IL now be su ri ze(g.. In . a first
aspect, t HemPARY/eASES Hif Areirsnr dsstablrupigdhg SrPoswg GeRHEORD ARGHSIPSASN of

only after addition of a reaction reagent to the solution. However, some precursors
20  can be unstable under the exposure conditions (e.g., at the exposure temperature) and
can dissociate without the addition of a reaction reagent to the solution. Dissociation
typically results in material depositing on a substrate surface.
In embodiments where the precursor dissociates without the addition of a
reaction reagent, it may be desirable to include a reaction reagent to reduce/suppress
25  contamination of the deposited material. For example, some organo-metallic
precursors (e.g., Cu(I) complexes) which dissociate by thermal disproportionation can
be oxidized by the solvent (or some other oxidizing agent) during deposition. In such
situations, providing a reducing agent in the solution can reduce the oxidized material,
thereby mitigating contamination of the deposited film.
30 Various aspects of the invention will now be summarized.
In a first aspect, the invention features a method for reducing contamination of

a layer of a material deposited onto a surface of a substrate, e.g., a patterned substrate,



a layer of a material deposited onto a surface of a substrate, e.g., a
patterned substrate, -3 WD 03/060976 PCT/US02/ 41242 by: (i) selecting a
pr ecur sorwofo3mbm7eleposit material and a sol vent, wherei n trlog/USpr/erur sor

di ssoci ates under conditions at which the solvent is a supercritical or
near- supercritical fluid; (ii) dissolving the precursor into the solvent
to forma supercritical or near-supercritical solution; and (iii) exposing
t he subst byt @) sedectihg a podcutsoonf hadeposd naemidltand asolveniywhihetein the precur sor

di ssoci at es _whi tainin rit.i,c near ercritical

condr ¢ 1 ondeetin e s fnd PrEtBE e B BlveRGR R ap SRR B ace of che
substr at esuﬁéfbﬁtl@hlrﬂduﬂ"e(ﬂ)@Y@blvhr[y?ﬂha ?ﬁb‘éuf%br Gt sEfvetEto Foiim P edigeedtitical t he
deposited material. Enbodinents of the nmethod nmay include one or nore of

the foll oommf@r supsrqrisigalsoduiona el Ghil) pxpasingdhe sbsiatede thessolKios A precur sor
can thermgl ]y, %ts%?&ﬁ gﬁlfrﬁr%%&%cgn&?%so&%émle% 31%%89[%)&@8{&@&8%8@“6

terrperature ot e nai ntarne

nmore  t hagupkrcditic2ndiZidhs, therdiefosmingahé lagmmhyma&daeduﬂedutfmmnm ure
between 0.8 and 2.0. The solvent can have a density of at |l east 0.1 g/cn8B.
The sol veshbstiais Wagrendheyerdneludss abdeag 93 weight peseent ﬁf thg dgposited criti cal
density. [he.splvent can have a critical tenperature of |ess than 150C
The | ayer can I nclude at | east 98 wei ght percent of the deposited material.
The nmaterial Embodiencatsmitisd methodmaylihcydd enegor, marepibére) foll@amgani nant s of
the layer .can in XI de of the netal (e.g., copper oxide). 20 The
met ho F?af‘ﬁﬁisk&%(ﬁot#d%}wea. gihsT #956%i on reagent that reduces contam nation

of the rrat er i alrhdyreb@86iidal $heMrlally discQMta (6. RaBY tHemAITiSPropistiomtieny. al or to
forma reaction product that is soluble in the solvent. The reaction

reagent che tseparatyre ofitiersybsitpenean b maintainedrab gery than ASe8hte. Brmedi rrent s, the
mat eri al }@Eq?gp%@dﬁgdcﬁ hfhe SO Cén't UL :fv% reau 8?‘ ;;t?esratu%ibettwgena(f@

copper ‘he SUI’ ace O he SU recur sor can

i ncl ude ap.00 Mha Relvemicah have £odmRIte»f ﬁtﬂezg;t 0. 1ag/@43( I Thes:samﬂnexarmava aCu(l1)
conpl ex). The Frecursor can include a |ligand, and upon dissociation of the
pr ecutSor density pf atderst prohind o its crieal @P@ﬁ#tYr d2§ éﬁ}("e’@f(ﬁap MaveaFuisabn t hat

reduces C%mﬂ%{egt%té%&goﬁlf ntB§cmterial  deposited on the surface of the

substrate n reagent can reduce oxidation
The layer can include at least 98 weight percent of the deposited material. The

material can be a metal or an alloy (e.g., copper). Contaminants of the layer can
include an oxide of the metal (e.g., copper oxide).
20 The method can include providing a reaction reagent that reduces
contamination of the material by reacting with a contaminant to form the material or
to form a reaction product that is soluble in the solvent. The reaction reagent can be a
reducing agent (e.g., hydrogen).
In some embodiments, the material is copper and the reaction reagent reduces
25 the amount of copper oxide formed on the surface of the substrate. The precursor can
include an organo-metallic complex (e.g., a Cu(I) complex or a Cu(II) complex). The
precursor can include a ligand, and upon dissociation of the precursor the ligand
provides a reaction reagent to the solution that reduces contamination of the material
deposited on the surface of the substrate. The reaction reagent can reduce oxidation
30  of the matenal deposited on the surface of the substrate.
In another aspect, the invention features a method for forming a layer of a

material deposited onto a surface of a substrate by: (i) selecting a precursor, e.g., a



30 of the material deposited on the surface of the substrate. In another
aspect, the invention features a nethod for formng a |layer of a materi al
deposi t edwonBoec®@7cur f ace of a substrate by: (i) sel ectingrPaTarserunsnr ,

e.g., a -4 W 03/060976 PCT/US02/ 41242 Cu(l) conplex, of the material and
a solvent, e.g., CO2, wherein the precursor dissociates under conditions
at which the solvent is a supercritical or near supercritical fluid; (ii)

di ssol vi n@u(ﬂ}@nml@gmfmmhuatid ande seblenentg. (D1, eheren thepesoursori cal  or
near - super.critical .sol ution; t he su{g%airate to the solution

under 5 cURMPCIASHLASE Caitions f‘tﬁﬁhlﬁ\)’ ghegggvgppglaggg%rf: ObR¥t he materi al

forms on diperceidcdIanfd;qli) disfdviay dgreé@smtbehmm@woﬁa aSHpecafiedli cal or
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reduci ng ¢rer§gemperqrmcel &Oﬂiéloslo(lul ¢>€msmﬁ/ﬂ@r wibsiratho the selotipmpndesagent reduces

conta nat i erij al n f th nventl i ncl ude one
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For exanpihe suﬁéﬁ@ter\eﬁw in@intdifag sifer@ital dxﬁiiuﬁﬁlpéﬁiﬂtﬁﬁll d@)ﬁﬁitﬁ)ﬂs ;ohdiv nateri al
by reducing an oxide of the material to formthe nmaterial. The deposited
material BEANHE RCHRN ERgNLE S nbEILHBATSEAMe IO thesoliionr vhereinitee a netal , the

oAkl On AR SANGIBCHSS GROATL R Rty °0UC NG oxi datton of the

nmetal 15 anot aspect I'nvention tTeatures a method for form ng an
i ntegrated mEmbbdlmmfscdfmlﬁh mgent(o!n)c_adnmuie\una@r aope efthe faliowdhga mat eri al

into a solvent tofo upercritic ar-su ercrltlcal sol ution;
(ii) &(poie?“ﬁ‘ﬁesamédé?f ‘f‘t&{eé OE BR'FH%SPSHF u??rofﬁ‘amd? the TEsHgPIFAEFEL S whi ch t he
precur sor g &SQntatiRsi oMb the Hﬁieﬁﬁﬁﬁﬂeﬁgclﬁg' BE b&idk o fRlm&Erial to form the
near-supercritical conditions, thereby depositing the material onto the

surface omatetiel. Zthesiepesitedmegterial dar( bé¢ & nepl o begrbatgmente whetssthe atateral
mat eri al rat ed..ci of the

e hod ol 3R e rbfeaoh FoigEpteag redis Sngiaifn bF tidusing CXEAER B fedh: Lr e

of other ggfpects. The material can be a netal (e.g., copper) or an all oy.
25 The nethod can include providing a reaction reagent that reduces
cont affi nat i on fanohsr asneels fhglinvantipn éeatures agsthof fonwrmaingsarigtearatethe react i on

reagent (91%@11@ ﬁlng%?ngo)i )dcﬁ‘gso%gog p}e%sgpgf%rﬂlﬁlanal into a solvent to form a

supercritical or near-supercritical solution; (ii) exposing a substrate to the solution
under conditions at which the precursor dissociates while maintaining supercritical or
near-supercritical conditions, thereby depositing the material onto the surface of the

20  substrate; and (iii) processing the substrate or material, or both, to create the
integrated circuit.

Embodiments of the method can include one or more of the following feature,
and/or features of other aspects.
The material can be a metal (e.g., copper) or an alloy.

25 The method can include providing a reaction reagent that reduces
contamination of the material on the surface of the substrate. The reaction reagent
can reduce oxidation of the material.

In a further aspect, the invention features an integrated circuit formed by one
of the above methods, or a substrate coated with a film deposited by of the above

30  methods.

As used herein, a "supercritical solution" (or solvent) is one in which the

temperature and pressure of the solution (or solvent) are greater than the respective



In a further aspect, the invention features an integrated circuit formed by
one of the above nethods, or a substrate coated with a fil mdeposited by
of the abwoa3dtoet hods. As used herein, a "supercritical pealusve/eres2 (or
solvent) is one in which the tenperature and pressure of the solution (or
solvent) are greater than the respective -5 WD 03/060976 PCT/ US02/ 41242
critical tenperature and pressure of the solution (or solvent). A

super cri t ¢rigidal ompdiatirerand pressurp af thesalutien §aisalvieon. Aotupswsritiedlt ) refers to a
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sol ut i on {eBwerabye oé Hhesofutiog (Qr sobvert) apsagied hKelyimyand fedused PresiiEed
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testing of the present .. invention. suitahle. ds_and terials are
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ot her ref rigaGesa AR uIOIRE o R heiré ddfeerit NEdViREd3bBeEntsby reference in their
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n
definfdions, wonlestefheruse definedcrl terhsvcal prbscientiicitemms uspdherserdavand
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Foatur oo Lotk bl finfRly bRy R Qi B D, 7 2
f ol | owi ngwhizhahd meetemdrelqngs.0Althaungh methodd diel matatials similar or equivalent

to those described herein can be used in the practice or testing of the present

invention, suitable methods and materials are described below. All publications,

20  patent applications, patents, and other references mentioned herein are incorporated
by réference in their entirety. In case of conflict, the present specification, including
definitions, will control. In addition, the materials, methods, and examples are
illustrative only and not intending to be limiting.

Other features and advantages of the invention will be apparent from the

25 following detailed description, and from the claims.

DESCRIPTION OF DRAWINGS
FIG. 1 is a schematic of a double flange, cold-wall reactor for use in certain of
the methods described herein.
FIG. 2 is an X-ray diffraction (XRD) pattern of films deposited from
30  (hfac)Cul(2-butyne)/CO; solutions: (A) Example 1, adding H, and (B) Example 2,
without H,.



DESCRI PTION OF DRAWNGS FIG 1 is a schematic of a double flange, cold-wall
reactor for use in certain of the nethods described herein. FIG2 is an
X-ray di fwpaswewmns (XRD) pattern of filns deposited from 3@CT/US02/41242

(hfac) Cul (2-butyne)/ CO2 solutions: (A Exanple 1, adding H2 and (B) Exanple
2, wthout H2. -6 WD 03/060976 PCT/US02/41242 FIG 3 is a secondary ion
mass spectronetry (SIMS) analysis of filmdeposited in Exanple 1 using
(hfac) Qul ( 2- bufnd)s O opddrytioomassrsdecitnaty (SBVISFp@Iysis of fnSlapssitadal ysi s of

thefllmd 05| h Cu buti.yne)/ CO2 sol ution
wi t hout H? '?SFBSI%%EI%E‘?‘QWMQ%@%?{“ %aﬁing%dé ted in Example 3
using (hf aC) Geit, $5D) 51008 aﬁ@l&l& 'opﬂle\ﬂlﬁﬂ'debﬁsneHhﬁEﬁamﬁle% pattern of

films deposited using (hfac) (L)/ Q02 solutions wthout hydrogen: (A)

Exanpl e 4(hfaghenlé2 butﬁ'n@fﬁ)z 6@)““8)(‘8(%‘1’16}@ where L = vinyl trinethysilane
VTNS 10 Fl f I i EXx le 4 i
ghf acg (CCD)/ 1sa H\ﬁlbdl\éﬁa ?ﬁ% ﬁrﬁ%p(% t@ﬂgﬁgaﬁ%k}%%ghgl ysiagpm? a :‘Jlsi 219

deposi ted(ﬂfat)wpm/@mmgmv(qhﬂﬁg) Cul (VTMB)/ Q02 solution with H2. FIG 9
is a SIMS analysis . of a filmdeposited in Exanple 5 usi
(P ac) Qul (VTVE Kich3s SORBE BAie SHEMS daposHef Go18 (REOH IS ol bions of £ 1 s

deposi ted ) t hexsn [ L A
Exanpl e 7WH§6LF%yﬁ@,%@l?é®E§éngeeﬁ§he%Ifhout 1—@%”@ %%rﬁ% ;?Igaqpatt(eral of
films deposndtiedlus (VINBj.ac) Cul (12-butyne) / C2F6 solution: (A Exanple 9
at 225C with le 10 at C wi.t hou . ,20. (C) Exanmple 11 at
250C W t hout %G& %ﬁ‘@\%gp QIHSIRREQE};P%SPWS‘? 1%1‘%’186;5‘8%’% Zad i nrrpExarrpI e 12
usi ng (h{@&)@ﬂ ééﬁ))@@}’é&ﬁhﬂnv@ﬁ%ﬁ?' ution at 225C without H2. FIG 13 is
an XRD pattern of filns deposited in Exanple 13 using (hfac)Cu' (12-butyne)

/ O sol uti onFi&t 829881y dinalysiEoOMfilm deposited in Example 5 using
(hfac)Cul(VTMS)/CO; solution with H,.
FIG. 9 is a SIMS analysis of a film deposited in Example 5 using
15 (hfac)Cul(VTMS)/CO; solution without H,.
FIG. 10 is an XRD pattern of films deposited using (hfac)Cul(1-methyl-2-
hexene-3-yne) / CO, solutions: (A) Example 7, with H,, (B) Example 8, without H,.
FIG. 11 is an XRD pattern of films deposited using (hfac)Cul(12-butyne) /
C,F¢ solution: (A) Example 9 at 225°C with Hj, (B) Example 10 at 225°C without Hy,
20 (C) Example 11 at 250°C without H,.

FIG 12 is an XRD pattern of films deposited in Example 12 using
(hfac)Cu'(12-butyne) / CF3H solution at 225°C without H,.

FIG 13 is an XRD pattern of films deposited in Example 13 using
(hfac)Cu'(12-butyne) / CO, solution at 225°C adding EtOH.

25 Like reference symbols in the various drawings indicate like elements.

DETAILED DESCRIPTION
The invention is based on the discovery that contamination, e.g., oxidation, of
material deposited onto a substrate surface or into a porous solid can be suppressed
through the appropriate selection of the material precursor, delivery agent, e.g.,
30  solvent, and/or reaction conditions, e.g., temperature or presence of additional

reagents. By using the new suppression methods, desired materials can be deposited



25 Li ke reference synbols in the various drawi ngs indicate |ike elenents.
DETAI LED DESCRI PTI ON The invention is based on the discovery that

cont am nawioa/o6®7¢. , oxi dation, of naterial deposited ontreTaIS®2bRYZ at e
surface or into a porous solid can be suppressed through the appropriate
selection of the material precursor, delivery agent, e.g., 30 solvent,
and/ or reaction conditions, e.g., tenperature or presence of additional

r eagent s. oy aubsirpte 4sa mghvpsatydegs Heiter thant Wo <, orkven P8Y) metadof al s can be

deposited_ -7 WD 03/ 060976 PCT/ USP2/ 41242 ~ont,0 g Su rate,as a high
purity _(er.n{:]‘!tl,coB’é;’f”t“f‘;q't n?ei? ﬁngg’m @rfiﬁ)grtﬁgv rﬁl(ﬁﬁ%lesr‘?g}tl%ﬂ fb;r% gl’r’ﬂfil3ti conponent
nmetal  m Xinidréns)fa @nlféhal Bbdtinkion™ tofolbgicallyesdinplbaburfde, dhd B8 bora 3 M crons),
a conformal coating on a topologically conplex surface, and as both a

cont i nuoueorRkPwsYang{os isseaet denpoi Mithig 2 MisToperARLTUPpOrtodbe suhsiseiecan The
substrat ®hé @ aSmthl a%éﬂidonglfcqgrt 8‘11 d %cgyﬁgmcgtg)ﬂ?ﬁ%{e%ed With 8 cBFp¥LEr . can be
a can e one or no

patterhed Wt "a conpl'éx surface, I'nc re previously

formed | aygfa8e,ind@aminchgiz.ont o€ moseprevionsly iferatedi hyorelot doatago e t he
precursor to the substrate surface where the reaction _takes place and
t r anspor t Wpercgisicd-Hud treapods dsRseirsor dhthssubritissualass Whewsihe actiddypst r at e

thereby r V, t i g FTMca o 10 : for
exanpl o, | Foruat R ERbGHs gan LRI apelfoh Mo EE LR | i um (Po)
filns ontsnbsirahtbMeboafemosirgrpotqnﬁakﬁipninmitiesubst rates. For example, CFD

can be used as process ep in integrated circuit nufacture (e.g., for
the dé&bositi oanPC(?B ﬁé‘?eci&gpcf’t’@@ﬁ » fograp ey me}-_a:l 6’@_@%@‘%@%?‘5{%_@9 of as |ow
as 80C capy maaﬁﬁﬂg@) filln$ bRORAWRRRIEST NiorBpOYindsibsfritbdn Fy#ri ty that can
be better than 15 99% CFD can al so be used for deposition of

mul t i conpexsemle,£THdgarf bd wred ae a grocessrstapkialintppratadraigenit Niahpfaptusd (eagys of

i ncreasin | 0 sitlon _spanni the.c osition .ran et we he two
el anent 5. e SSREEEH bl ErbeaF APt inat BRRER GrBinh e AL B B Conet 11 <
rati o of gdEbenise€ WithQhS néwi nfethvds € providiala APl that 04h bdbetfeh@anore, CFD
can be used to provide conplete conformal and uniform coverage of patterned

20 substr s panealsqa e Ardleppsitionoef mutipomaerans alieydikmg. f-8at ure si zes as
oL ;e o RS 55k RS TR el b vt
Exanpl es tangé betesetih themvaldnehad. i Tir compoaitionef ee-alloy és diotard biynhe
stoichiometric ratio of the precursors in supercritical CO; solution. Furthermore,
CFD can be used to provide complete conformal and uniform coverage of patterned
20 substrates such as patterned silicon (Si) wafers having feature sizes as small as, e.g.,
0.1 microns wide by 1.0 micron deep.
CFD can also be used to deposit materials into mesoporous or microporous
inorganic solids. Examples include the metallization of nanometer-size pores in
catalyst supports such as silicalites and amorphous mesoporous aluminosilicate
25 molecular sieves. Supercritical fluids have gas-like transport properties (e.g., low
viscosity and absence of surface tension) that ensure rapid penetration of the pores.
Uniform deposition throughout the pores is further facilitated by independent control
of the transport (via solution) and deposition (via reaction reagent) mechanisms in
CFD. In addition, CFD can be used to prepare metal or metal alloy membranes
30 formed within porous substrates such as alumina. In contrast, metallization of porous

substrates by CVD rather than CFD often results in choking of the pores by rapid

deposition at the pore mouth.



catal yst supports such as silicalites and anor phous nesoporous

al um nosilicate 25 nol ecul ar sieves. Supercritical fluids have gas-Iike
transpor twprisperré es (e.g., low viscosity and absence of peardsazeizsensi on)
that ensure rapid penetration of the pores. Uniform deposition throughout
the pores is further facilitated by independent control of the transport
(via solution) and deposition (via reaction reagent) nechanisns in CFD. In
addition, CFD can be used to prepare netal or netal alloy nenbranes 30
formed w b[cri n !ggr@ug substrates such as alumna. In contrast, netallization
of porous s by CVD rather than CFD often results in choking of

the pores by rAmagth Clapasi fhiaor@oaf-wmmereaameinmuéénhef&rld&@ng?g/ea&ﬁw76
PCT/ US02/ 41242 Ceneral Method A batch CFD run in a "col d-wal | r eact or

i nvol ves preecdugt-| owi ng gener al procedure. 5 Referring to FIG 1, a reactor

housi Is ma et%;rm tgthG esl%anft&g%usﬁlggs &%@Q(gfaa st&mle@u st@&dtoﬁgﬁr{l | nl ess

steel bottom f ange conne (not

shown) . Thi, bepa @tlﬁild@@bﬁe@lmo&ﬂoﬁn@mgeaﬂbcsmbed t(wtdprﬂmgeCé g;vngbshal 20, e.g.
a Buna rubber O-ring. The inside of the t%{) {1 e .11 a_and the surface of
t he bot t oot ¥h°él‘ﬁ@eT1?e fop anddopgmlangeiare fraled wit n&a seah 20, €892 TEFLON

l'iner, OBgﬁae%Bser@ﬂngt %Q@lee%ﬁﬁéggqran%%mamﬁtnéme%%?etn{@%ﬁl stage 15,

whi ch can eat ed y anc rom umresi stance heater
potted i nﬂmgehébsataalgnhr]rmtdrwnhtathnnglz;@rga,mTEFIsObIrlmngedreaw a:mnn:maﬂu s chanber

11 c¢c. The su st 4 t e coa ed er nocoupl e
13 i #at 1 fro B s ategr ab v B SEthe Bl g Biia ekl e 14, i s
connect edeHrBmfum ARistAIP BEAUIEHRRAALE kﬂeesfcagehﬁlﬂpﬁ&tlﬁ% BEmEtEes SHhlged
feed-through (wires not shown), and is used to nonitor and control the

t enper at uwdhipfthisigharsbdsslticat e. React or housing 10 also includes a line 17

(e.g., a high I|ne for t a,fi 1 8 for
rupture di sk, f E)Str%lertl ?)ec?%e 3385%{’%%‘?‘5%}%3‘%&#‘%‘% s‘glgé%ent etc.,

and a secpdsted potHe stdpef16y aﬂ&;ﬂ*efﬂf@lﬁb@kactih@@ldéssub@ﬂﬂitb @l sis cbllim:mac@upl es,
pressure neasurenent, etc. In 20 addrtron t he housing has a third port 21
for high smpsetie coriealer Hrogthighpicssirs fe d-thyepg (Wiras ot showpy #idise of the

stage 15, us%ﬁ% %ﬁlté%tgoﬁ{‘rgl the %Htﬁ'r% Jrite Sbh&%Re. RSactor housing 10 also

includes a line 17 (e.g., a high pressure line) for reactant feed, a first port 18 for
rupture disk, feeds, outlets, thermocouples, pressure measurement, etc., and a second
port 19 for rupture disk, feeds, outlets, thermocouples, pressure measurement, etc. In

20  addition, the housing has a third port 21 for high pressure feed-through (wires not
shown).

The temperature of the stage 15, and the substrate contacting the stage, is

controlled by regulating power delivered to the heater using a temperature controller
(e.g., PID controller). In a typical experiment, a single substrate 14 is placed onto

25  stage 15, and a known mass of precursor (which can include precursor materials for
multiple components) is placed into the reactor 10. The reactor is then heated to the
desired temperature, typically 40-80°C, purged with nitrogen and filled with one or
more solvents using a high-pressure manifold or a computer-controlled syringe pump,
and the contents are brought to a specified temperature and pressure at which the

30  solvent is a supercritical or near-supercritical solvent. The vessel is maintained at this
condition (at which the precursor is unreactive) for a period of time, e.g., up to one

hour or longer, sufficient to ensure that the precursor has completely dissolved. The



controlled by regulating power delivered to the heater using a tenperature
controller (e.g., PIDcontroller). In a typical experinent, a single
subst r at ewdd3ioeo9pé aced onto 25 stage 15, and a known nass pofi/ysopezasor
(which can include precursor materials for nultiple conponents) is placed
into the reactor 10. The reactor is then heated to the desired
tenperature, typically 40-80C, purged with nitrogen and filled with one or
nore sol vebsisate sy then heatddyio-ampesifia tempraatifeoty@tically 458 8AP1E en theotageol | ed

[ : b h - ifed d
ot et e b RRorii BRRR e ln g L ek Ral R Gor R G 1 11 ol

sol vent. hhguessel is maintained at this condition (at which the
precursor is unreactive) for a period of tinme, e.g., up to one hour or

| onger, suf fi cinssemetembadinends.tthaelevated tsppeiatge pf thesubsirat wittss adi ssol ved.
The - A . i 0 a specific
terrper52t %&%é@%&?éﬁ? @%@V@%é}%ﬁﬁ) (Sae' "tstg%@a?d{/ﬁfok’ﬁﬁl%sn Qﬁ%ﬁg}é t han t he

bul k t enpgodiidss ef thé chéiricalpadtivnitipically incluidethie/npateddl o8 an interxiddiate of | N sone
enbodi ments, the el evated tenperat ur&of the substrate initjates, a 5

cheni cal thezaisriah AHEBRUYHY TrRddiorelly dsractign gpagentypfraggferred througha

di spropor £,L Gk IcBfhecttl o Bie3dMGHon vRsel. hﬁ&@%oﬁ@éageﬁf&&'%rh aW&Fﬁal l'y include
the material or an internediate of the material.” AlternatTvely, or

addi t i onaliquid, a argasidiquad) or ealgkdissolwedtin anspazented] sdivanghha transer f ol d
connected to _the reaction vessel. .The re ion . reagent can.be a gas or a
a8 oSS MARGRG ot T Savedn BresTE AR Gerel LB ™85 vent |
The trans@eactdnTBdpchOkshstctredBhtoitRd REctdtvessePisAfaslin MoBX&Rsss Of that of
the reaction vessel. The nmass of reaction reagent transferred into the
react i on xetatiwelto the puepysiory in nol ar excess relative to the precursor. The

reaction is typjcally carri.ed out.for. at t I t he
reaction may Efée rg%?r%qnelf ex 1?aglyr?ug%wdloé%gortaL%%Sstgﬁgﬂﬁ%ﬁﬂg#ﬁoel{gg tﬁ@;f%"é{%ib % han 30,

20, 10, omapbetowbpleted in Huchiess €gm dnbaour] 8@,, 1ds3@hand), 20y 1(B0r Sednids. The
optimal length of reaction tinme can be determned enpirically. Wen the
react 8 herslessdbietBo, dAQ 69y ps3Q sacandss Thepptimgl lpgth of eacHen HRicpnda. Thi s

1oL SRR ) 185 LoD Ao eniiengted
seed | ayein besmanbliyrsd. Tiap asthogctanibe ehplyad as a singleastep deporitiah ohiahm of t he
same or dlinzs];gc{e%nshbsztgtecgrrz%(%stiv&}oi-s?gp ringthgg gé) gésgggedoa ogg,ewﬁe?g g%gtals}'%g Ss;[:gdat €
layer is first deposited on the substrate and a metal film of the same or different
20  composition is deposited on the seeded substrate.
Solubility of the precursor at the reaction conditions can be verified in a
variable volume view cell, which is well known in the art (e.g., McHugh et al,

Supercritical Fluid Extraction: Principles and Practice; Butterworths, Boston, 1986).

Known quantities of precursor and supercritical solvent are loaded into the view cell,
25  where they are heated and compressed to conditions at which a single phase is
detected e.g., optically. Pressure is then reduced isothermally in small increments
until phase separation (either liquid-vapor or solid-vapor) is induced.
The temperature and pressure of the process depend on the reactants and
choice of solvent. Generally, temperature is less than 350°C (e.g., 300, 275, 250,
30 225,200, 180, 160, 150, or 125°C) and can be less than 100°C, while the pressure is
typically between 50 and 500 bar (e.g., between 100 and 400, 100 to 150, or 150 to

250 bar). In embodiments where the precursor dissociates by thermal decomposition,

-10-



Solubility of the precursor at the reaction conditions can be verified in a
vari able volunme view cell, which is well known in the art (e.g., MHugh et
al, Supeworastobwaé Fl uid Extraction: Principles and Pract ipcajusBerit2ez wort hs,
Boston, 1986). Known quantities of precursor and supercritical solvent are
| oaded into the view cell, 25 where they are heated and conpressed to
conditions at which a single phase is detected e.qg., optically. Pressure
i's then rthdtenepbratsct shonkdeielsyffiorenslydiigh fonmuentha peecursat fol digloaigte. Separ at i on
(either 1jquid-vapor, or,solid-vappr) . is jnduced. The.te rature and
pressure tgg‘pfﬁéurﬁlg@éiéeé% bﬁ‘&'ﬁ@‘hﬁ"e@ﬁgit#ée ?'Eias@?‘ﬁf?flscaﬁﬁ 0 bg HB'dgté’ GG vent .

Gener al | yghehfiomgEBéti§. i s | ess than 350C (e.g., 300, 275, 250, 30 225, 200,
180, 160, 150, or 125°C) and can be | ess than 100C, while the pressure is
typi cal | y bet wAbermsdveamethsdousing a (hotgvall” meacisanvolgtha felloypgog 100 to 150, or

decompbs: TSR 18 ShEOPOR0s e s g o HR R Eh AT HEIE" 1l abe

suf fi ci enpreyurbdrghatéfals astseultiple cpfpoLEms)ard placidsia@atation vlssel @PEL at ure
gradi ent between the substrate and solution can also be used to enhance
cheni cal sanlksss steslpjpe).Avhieh isealpd nrEgstbwsh selveny, weighgst anghimmersgd i oy

i nvol ve t ] 1 i ss of
pr ecur soratng SShiRdhca BhRGSRIE Gun (EloBY KB AR B o A e e nents)
are pl acedkskel isther fititd osith\selvsat usfreg ghighpresstitrahessmsniéeld. ffihpe), which is

seal ed, purn?ed & h sol vent, . V\ﬁi ghed, and i.mreréeg%i.n a cjrculating
cont r 8] | eSS AT [FRSIOR A KER BPIBR Y VRESY PHYFTERE CORdifnsgre Piodehtd8dt or) . The
vessel i SgdofigfRdtdrhpeestud dnll pRRLYRNE WiiiiNge SolVéd ks PERRMHBalldraRaL er mani fol d.
The |1 o contents of the reactor are m xed using a vortex m xer and

condi t i onsuparcaitibalsalyient. tTheanass pé el e dransioped ateiths reastiopivessslise at whi ch

the solvent is supercritical o ear.- .supercritical .solvent., The mass of

sotvent - coerast BHPRFE pe SR oublBRE {Tbe WaR S PR e et T cal 1y

usi ng st afhegkadonditio Ay wikiess the PRecuYRS $Chnrbsctive) ot apses ettimé, .6, §oiadi tion (at

whi ch the precursor is unreactive) for a period of tinme, e.g., up to 15 one
S

hour & |eegour oslengere pufficiepigoensyre shat Hmprﬁ%sqsmé%m@wﬁtebg@ ©byadl et el y
?ieié,?! \éﬁdz}nedgtﬂg tbg?etactt[iﬂaevgsgeqqg fnﬁﬂex%ﬁ%%@%hbﬁu | nt her _rr?l | SqUi librium A
gent 1S en transferre rough a mani fold connected to the
reaction vesseh.readfien r€geiitiiotheheagsfeired diroligh Bmga@toldommecteduo the or a gas,
'Tquid, Orreacst?olnI vdessel. The reaction reagent can be a gas or a liquid, or a gas, liquid, or solid
dissolved in a supercritical solvent. The transfer manifold is maintained at a pressure
20 in excess of that of the reaction vessel. The mass of reaction reagent transferred into
the reaction vessel is usually in molar excess relative to the precursor. The reaction is
typically carried out for at least one hour, although the reaction may be completed in
much less than one hour, e.g., less than 30, 20, 10, or 5 minutes, or less than 180, 120,
60 or 30 seconds. The optimal length of reaction time can be determined empirically.
25  When the reactor has cooled, the substrate is removed and can be analyzed.
A continuous CFD process is similar to the above batch methods except that
known concentrations of the supercritical (or near-supercritical) solution (and reaction
reagent when required) are taken from separate reservoirs and continuously added to a
reaction vessel containing multiple substrates as supercritical solution containing
30  precursor decomposition products or unused reactants is continuously removed from

the reaction vessel. The flow rates into and out of the reaction vessel are made equal

so that the pressure within the reaction vessel remains substantially constant. The
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di ssolved in a supercritical solvent. The transfer manifold is maintained
at a pressure 20 in excess of that of the reaction vessel. The mass of
reacti on weagen97é¢ ransferred into the reaction vessel isPaIumbt/yi2en nol ar
excess relative to the precursor. The reaction is typically carried out
for at |east one hour, although the reaction may be conpleted in nuch |ess
than one hour, e.g., less than 30, 20, 10, or 5 mnutes, or |less than 180,
120, 60 averdbflgwcan dsoptifiizedgsicpiding toghgpértioflar agtidno Prior i can be

determ ned, enpi.rically. 25.\\hen the reagtor has cool ed, t substrate is
ooy S Sk Btimag sl (5 Bk aR s Rl HercldtinMIRR] %1 P
above batgHilRBWIA0ELIIRME (Wikdh is the e §OME eslvE@th etSpredurédiokuipgy cri ti cal
(or near-supercritical) solution (and reaction reagent when required) are

taken fr ofhsupgrentiabor eepesuRsreriticahpreswines andotirajeddagaperenticel of B#EL i on vessel
cont aini ng IR EnSURRI:A YRS RS YRSEEAdda! 6RlcaP St AP ORRIAA NG 30
8 IP at or use reacet ant's | y

precursor ecomnposli on produc S s cont1 nuousl

renmoved firomaifithided aatikipfstursessettainpesoldtion is atitdly adiled antle oeactiof t he
reaction vessel are nade equal so that the pressure within the reaction
vessel reff#fHls substantial l y constant. The -11 WD 03/060976 PCT/ US02/ 41242

overall flow rgtg,irdRLih&d &theARER iHLiRAHbAs ‘tvﬂ@rea%ﬁ}éa%am &&AGhHT on. Prior

to introducing precursor-containing solution into the reaction vessel, the
reacti on alksseich assopper,) iedotweadilyndepbsiswl onemgubtndie,cdspécsaltyeepammedas t he

solvent in_the precursor solution at supercriti or . near-s rcritical
pressif essuz?ﬁ?iatF’s“SH@aﬁoé‘Hentt‘(?n%@Fkgtf?t_fnd%es8F eYFé’atﬁ‘e @%i‘)dagt'hgﬁ ‘ii‘?sﬁlgt?e% o

tenper at Uf&sin. A% tiksé Gfildtibns, 8 URAHEH bdddAMer &g NERIInsIstBSE pephicdFong @Ndi ti ons
are maintained as the precursor-containing solutionis initially added to
t he reactineterial eucheds PdAPt woCyt whichwamaetivatathpeubsyelg and seive@dei ons where a

desired | ..or. . | | oy. i . i i
2 subst r DS Pgh Rodrebitelh S SRERT b e RhodBRRL LY SERE °°

pl ating taehnThRSmAtioredfaBed hgeriddvetibea ddesidn iphbihbe PEApglitatifiese
situations, a uniformseed |ayer, e.g., of clusters, is prepared froma
mat er 1%l , WIOK33%851Pd, Pt, or Cu, which can activate the substrate and serve

as a catalytig,sitSs %?th‘é@% Iglgthtb&.ﬁ gﬁﬁ%;lf é@ﬁ/ Hpﬁcfﬁ%) tll%rcog?{wgh affl h&ngﬁ’m be

deposited in the second on of seed layers is described in
det ai | i nrepttbts, fletde PTHepysitidncdtthoseed 1o/evby CEDBRAbYed Vanieadlidepssitadn t hese
et hods, l\)Af)i)t(l:lQr &:Q}?nli()]/ueis ri]nc 1? i1r1]g g\]/% gro ellg(;t}lowfel:sls ozrigl%ctrrlﬁglt-ic\:l\glla{ing; (i)
deposition of a seed layer using any technique including sputtering, CVD, electroless
20 plating, thermolysis, or other reactions at the substrate surface followed by CFD; and
(iii) deposition of both the seed layer and metal film by CFD; and sequential and/or

simultaneous combinations of methods.

Precursors

25 Precursors are chosen so that they yield the desired material on the substrate
surface following dissociation in the solvent under the reaction conditions A(e.g., at an
appropriate temperature and pressure). Materials can include metals (e.g., Cu, Pt, Pd,
and Ti), elemental semiconductors (e.g., Si, Ge, and C), compound semiconductors
(e.g., III-V semiconductors such as GaAs and InP, II-VI semiconductors such as CdS,

30  and IV-VI semiconductors such as PbS), oxides (e.g., SiO, and TiO;), or mixed metal
or mixed metal oxides (e.g., a superconducting mixture such as Y-Ba-Cu-O).

Organometallic compounds and metallo-organic complexes are an important source
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reactors, include (i) deposition of the seed | ayer by CFD fol |l owed by netal
deposition by other techni ques including CVD or el ectrol ess or

el ectrol ywpo3pb@ré ng; (ii) deposition of a seed | ayer usiPog/usny42¢zhni que
i ncluding sputtering, CVD, electroless 20 plating, thernolysis, or other
reactions at the substrate surface followed by CFD, and (iii) deposition
of both the seed |l ayer and netal filmby CFD, and sequential and/or
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Cu, Pt, Pd and Ti enental sem conductors ie.g Si, G, and O,

corrpound Cé‘dhfa@brﬂit?@(hfﬁ@z, whergjhfac isjan apbssigtin{audd drdS5Such as GaAs and I nP,

-V IHCS;(QM%S%C%E %‘t’o%%@%u%drﬁ I%Péjtnél}q 1¥|an§3ﬂegﬁggﬂﬁiror s such as Pb S)

oxi de® (e oxi des (e.qg.

a super qutdméthplge@naﬁédﬂdsr&tes und‘ylsé(s gY-Zigethyi),Qr.dimShgriyclosttadienes conpounds and
met al | o- or gani c(&ggﬁgﬂxes are an inportant sourge -12 WO 03/ 060976

PCT/ US02/platignm 91>L@Bﬂ§é¢ a.hﬁﬁa%é)fg%?rswémdalbfl)a 460e E%-ar |y useful as

pr ecur sor CED._ .So ex | e rs i ncl ude

net al | o- o(?%éﬁ 1\((,Jez)t:orrp?t[eqjoecsenc Srl @ﬁ&%(ﬁ) %ré 1 gzsngelsl&g? | i gands:

bet a- di kﬂidﬁﬁﬁﬁﬁﬁpc(t@ltgll precﬁ}dﬁﬂ@fsa@)f& &hniﬁ&(,M&@)ﬁndeﬁﬁﬂrﬁltﬂﬂﬁﬁtTﬂs an

abbrevi ation for 1,1,5,5,5 5 hexafl uoroacetyl acetonate), Cu(tmhd)2, where

t mhd 10s dﬁO@BbGéW apoRepesition, & A8Dhy| hept anedi onate, al kyls (e. g.
Zn(ethyl)2 or yd t s (e.

bi s(al i yl)zi ncﬂjor %é}ﬁ%m"ﬁ?’g% ?ng“‘ééhﬂe@ d(rgéﬂahie%%ﬁ%%ds é}la e (e-9
met al | oc esxhibif leigh vaporipfesgire @btdjp2radured\b€low 3h&btHeird]. deEmnp@sltllorst of
additional potential. pre sors. se f or. exanpl e, den-Sm th and
T.T. 1o Kedgerat ‘ﬁreﬁ#‘s\qu&lﬁts tE‘%B‘HEP?r OgHOteTtl?Sl RrAQ639ys- &Pg&ﬂk{g aE‘éI ion for
CVD is |idgvidgek her u%ﬂl@ﬂiec;f%lrédugso?QBTBQH@%dtrgtﬁﬁces@ﬁmtlbhtmlféh@é&sVapor

pressure at tenperatures bel'ow their thérmal deconposition tenperature.
Thi s 18 mi demandmgrraqisameant obpneem“sorablqbrléym goupgrcr®ivat fiedot her hand, CFD

ot 52 2 T B e L RS P @
super cri tjgpal) hhd'tddatively high fluid densities (e.g., greater than 0.1 to 0.2 g/cm’) in the
vicinity of the substrate are important features of CFD. If the substrate temperature is
too high, the density of the fluid in the vicinity of the substrate approaches the density
20  of a gas, and the benefits of the solution-based process are lost. In addition, a high
substrate temperature can promote deleterious fragmentation and other side-reactions
that lead to film contamination.
Chemical selectivity at the substrate can be enhanced by a temperature
gradient established between the substrate and the supercritical solution. For
25  example, a gradient of 40°C to 250°C or 80°C to 150°C can be beneficial. However,
to maintain the benefits of CFD, the temperature of the substrate measured in Kelvin
divided by the average temperature of the supercritical solution measured in Kelvin is
typically between 0.8 and 2.0, e.g., between 0.8 and 1.7, or between 0.8 and 1.5.
In preferred embodiments, metal precursors are selected which undergo
30 thermal disproportionation at conditions (e.g., temperature and pressure) under which
the solvent in which they are dissolved is super-critical or near-supercritical, thereby

depositing high-purity metal films (e.g., with minimal oxide contamination). For
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Low process tenperatures (e.g., less than 350, 300, 275, 250, 225, 200,
150, or 100C) and relatively high fluid densities (e.g., greater than 0.1
to 0.2 g/woBpHos0y7¢ he vicinity of the substrate are inportramtUusowatuz es of
CFD. If the substrate tenperature is too high, the density of the fluid in
the vicinity of the substrate approaches the density 20 of a gas, and the
benefits of the solution-based process are lost. In addition, a high

subst r at eexampe dgpesited didms pancheoat deagle? TweighbRascent sphal fe-a+ moke Biad 96+ her

si de-reacg+4 @Qs | ea f : i i Lcal tivity at

t he substérp)a? g’ %%%g%tgt %enrﬁanrtéfe O%é%q?g{r?%g}cg%ér“g@ regz}(H; |1e§r21?‘gea§tgllét§ i shed

bet ween tfresenubisitingpRcasst dikigosoieiation (é.galwhse tht kslhent hludds agxanpl e, a
gradi ent of 40C to 250C or 80C to 150C can bhe beneficial. However, to

mai nt ai n PHGZREREENY she deposited mpisl earRsesoRtaBated by Reidatesstoriafe aneasured in
Kel vi L\ . . . j 5 -.sol ution
rreasu;}’eddl#lﬁfaﬂe \(}Pﬁntl:egge 2 ?e;\ég%lgg%éf?ﬁ%&%&‘ﬁ&‘%‘%daehgﬁﬂ%%%é"“egg%m en 0.8 and
1.7, or hedenermpréviBedysachlprbeursars panedeposichligbminady metal flmswithimipmedur sors are
sel ected whi gh ,Hnder g]%, 30 thermal di sQro ortionatiaon aém_condi tions (e.g.,

t enper at URgtahpedp edaminafion, diers e tal {$,0PRET. GEHIPIEHOLITFERSYRey ar e

di ssol vedipifids EREN combbinfRlsu@ asBARIHRES)EHL IbaRbundshEREOY. is d8pARI i ng
hi gh-purity netal "filnms (e.g w th mniml oxide contam nation). For -13

VO 03/ 0600a6carandlusodkyneaaphosphinespblefingepolopetadicnd, land vinah be at | east 95
i ght t netal (e.q, 96, 97 98 i.gh t).
Foneyis Pt % fams T ot Gt st tpom Biudf SutipunPhal s ™

pr ecur sorjsdi 5 P5 IR hétaTRid-DB-peftafedioNdi®ad L@ndel2veiind, TOD,AEEMEN or

oxi di zi ng agent), the deposited netal can be contamninated by oxidation to
form a 5 4steshyldxhexsnemtymss Sg-cablefiralingdugiblstprecsirsoreeadradsoderysadteposi t i on.
Were a r(?(%%giit&gl agent is provided, such precursors can deposit

hi gh- puri netal filnmse with minimal netal oxide contam nation. Were the
nmetal is coppekh somesnbaidmaits, pheprecwssrpossesdstigandsithat)can ceqrousids such as
(13-di ket gnat e) CuL .conpounds where L is a |ligand t&lhat can ine%ude al kynes,
phospHi neldbergie gredpang agefs, siahagitenapongegompassiion of the prasirgsi Yedhie. o her

exapl s gh, Gyl L) BLBAUESES plASLURHATARAEk)y iSISdY2c 1S
1,1,1,5, 5‘% l-thﬂeJ g ﬁcgf)s(ﬁ%ﬂé, HH pen{%ne i ona o,o’ gnd Ytan be X but yne, COD,
VTMS, or amdinoricbydlatecbgiptsxnes Srckiae Cu0ECEH;),€H, 581 CHICIHHOME], €sepy€g.Ur Sors can
al so be used to deposit Cu.

Hsu et al., Chem. Vap. Deposition 2001, 7, No. 1, pp. 28-31).

In some cases, the supercritical fluid can participate favorably in the reaction.
20  In other words, the supercritical fluid can react with the precursor or a derivative of

the precursor to deposit the desired material on the substrate surface. For example, in

a supercritical solution including N>O as a solvent and metal precursors such as

organometallic compounds, N,O can serve as an oxidizing agent for the metal

precursors yielding metal oxides as the desired material. In many cases, however, the

25  solvent in the supercritical fluid is chemically inert.

Solvents
Solvents useful as supercritical fluids are well known in the art and are
sometimes referred to as dense gases (Sonntag et al., Introduction to

30 Thermodynamics, Classical and Statistical, 2nd ed., John Wiley & Sons, 1982, p. 40).

At temperatures and pressures above certain values for a particular substance (defined

as the critical temperature and critical pressure, respectively), saturated liquid and
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In sone enbodi nents, the precursor possesses |ligands that can serve as, or
15 | i berate, reducing agents, such as H2, upon deconposition of the

pr ecur sorwo3sl060976 educi ng precursors include, but are not POTMSOZ@2uD,
partially fluorinated 1 am noal cohol ate conpl exes such as

Cu[ OC( CF3) 2CH2NHCH2CH2OWe] 2 (see, e.g., Hsu et al., Chem Vap. Deposition
2001, 7, No. 1, pp. 28-3 1). In sone cases, the supercritical fluid can
parti ci pasaturhtzd orpdslsfatésare ientieal @nd dhe. substanciens reféread tnas dsupearpratical

supercritjpcal Jfluid n react wth, the ecursor or a derivatiyve of the
precur sor h‘tug' §8h’8§58ttﬁ$ﬁée wgfcpgﬁalgm@sr ?rgﬁes%ﬁw?%ué t@%rbléql?‘if%v%nﬁsf PRE For
exanpl e, {otwodr@#P6f maghited! [$ OFW iRNowRedcusityner the QRcriticadorent and net al
precursors such as organonetal lic conmpounds, N20 can serve as an oxi di zi ng

agent f or fachisatpsinprovadrtemapabirslajivetodiawd slyets) ok repgentde, ale desi red _
mat eri al é%%cpm%%or? Sﬁo%ggtls Q%‘Q’?,Vﬁégltﬁ@ﬁfé?eﬁﬁ .ff’ﬁrtﬁé?mtopee n?aﬂ??%a%%ht%' cal fluid

is che yrrner vent’s ven useful as supercri | uids are

wel | knowhai wotild ®e aséfubintthamecal sapoe idepasitionafreinselibler anlystiphdy gases
(Sonntag et al., Introduction to 30 Ther m)d%nam' gs, Cl assi cal and
Stati sti celublogyvasipus ligwidp agg gasgs andshyg canpgghe ussd iygfpndargCMId per at ur es and

Pr essur ooy, MECAAL RaBhyBRel Dt PRERLGHALIBYIRLANEGi(PT I ned_ as ¢ he

critical tenperature and~critical pressure, respe saturated |iquid
and -14 Wolo3¢t)ab&e6al BCT suisoditthPeitvens adriveatomtposerhoff a shglt eslvamteoriadent i cal

and the substance is referred to as g supercritical . flyid.. Solvents that
are sﬂfber’&]F’ft‘t"ieé’gls‘ﬂfv?rﬂf?’dgcelaﬁlé‘g1 % EXR E{ﬁgna[nﬁaéﬁo‘ﬁ?gﬁ?&“go)l’)v‘éfﬁt%olﬁy one to
two ordergqafl cFRENEAIUHER ad Mefdlafbl. t he | ow viscosity of the supercritical
solvent facilitates inproved transport (relative to liquid sol vents) of

reagent to, anHisimfwrienpibsl the cragprts drecuéicacnsly, sofubbrmnithesuperansicalnt il m

Fur t her nor ny, reagents that woul d.be useful Jp.,chem cal vapar

deposi ti o?‘lo(?%efng?q %g’(‘ﬁ %P%ge&go%sm%}lsg?l?Bﬂtthweagg?e)tf'u%?lgglllﬁ Var 186s %?%ui ds and
gases andsdlVes iscasally peopsstashal to tht daskay & f (éRupertioneil eslvelithddedne reagent s
often exhibit increased solubility in supercritical solvents. CGeperally, a

super ¢F i t panditions ferdplfD depludse pipssoisied setvent denpig @f  dgasehl 1P -28/9® i xture
o o034 bS5, UL M RERRBD P 2RO o ST L i 1 Pl o
suf fi ci entheyrisiodl werhperatord drel @itjeel messuredal
Table 1 below lists some examples of solvents along with their respective
critical properties. These solvents can be used by themselves or in conjunction with
20  other solvents to form the supercritical solvent in CFD. Table 1 lists the critical
temperature, critical pressure, critical volume, molecular weight, and critical density

for each of the solvents.
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solvent to all ow honogeneous transport of the reagents. Solubility in a
supercritical solvent is generally proportional to the density of the
supercri twoaB/emeent . | deal 15 conditions for CFD i ncl udeca/tsoperaziti cal
solvent density of at least 0.1 to 0.2 g/cnB or a density that is at |east
one third of the critical density (the density of the fluid at the
critical tenperature and critical pressure). Table 1 below |lists sone
exanpl es of solvents along with their respective critical properties.
These sol vents can be used by themsel*ggﬁ in conjunction with 20 other
solvents to formthe supercritical Ih cFD. Table 1 lists the
critiffar tenperature, critical _pressure, critjcal vol une, nol ecurar wej ght,
and cfitical density fogr'élﬁéhp'@ﬂ’ef% of SelestpdsSolvepds W 03/ 060976

PCT/ U'SOQ/%ZZ'Ti FABHE 3G Li—uo} Pr val I.; €S nf SelLC\.,LJCld SJIJ\_IMC"IDI{SiTV VC
Mol eclil ar PC Sol ventT4 K) (at P, (cr nDI)\Xéél ght (dbleo@yr OC2 304, 2 72. B
94.0 W14.01 0.47 (C2H6. 305.14 2148 3 H8. 369 8 41.9 203 4§. 10
0.22 | n- g0zl 2 dk)5 Js g’éﬂ’lz q 89 2 ﬁ@g@ 33| 3 336%™ 15 p. 24
CH3- Ol-CH3—400—53—6—178—46-10 —¢H3E .LGJ. 516263616 40.07 828 H20
647. 3] €CP,8 65.0 18. BV4Q. 33 CZE@ 292.8 3B.A 224 134001 0 61 TO.4¥escri pe
condi i(')nS_f('LL different qupercritidal solventg the terng "reduced

tenmpefatygre, " "reducrd prgssung,y’ and "reqgiced |[dengppy” are usegdo Reduged
tenpefature, withH respect [to a partifcul ar solvegnt, is tenperature (neapured

in Ke ?P % di vi dlsd %gﬁlhe cri4t1i9cal t enpggat ur e (mz@%red in K%I \éi n) of the
a )
a

partifg sol ven anal ogous |definitiong for presstire and densify.
te, at 383 K_and [150 _atm [the density of _COP 1 5|0. buogzi3tmf

For e

t her e BrleHini t h rlesg®et2 t d COB/->t he |r edugaY 58.12
n-CsH;, 469.6 333 304 72.15 0.24
CH;-O-CH; 400 53.0 178 46.07 0.26
CH;CH,0OH 516.2 63.0 167 46.07 0.28
H,0 647.3 12.8 65.0 18.02 0.33
C,Fs 292.8 30.4 22.4 138.01 0.61

To describe conditions for different supercritical solvents, the terms "reduced
5  temperature,” "reduced pressure,”" and "reduced density" are used. Reduced
temperature, with respect to a particular solvent, is temperature (measured in Kelvin)
divided by the critical temperature (measured in Kelvin) of the particular solvent, with
analogous definitions for pressure and density. For example, at 333 K and 150 atm,
the density of CO; is 0.60 g/cm3 ; therefore, with respect to CO,, the reduced
10  temperature is 1.09, the reduced pressure is 2.06, and the reduced density is 1.28.
Many of the properties of supercritical solvents are also exhibited by near-
supercritical solvents, which refers to solvents having a reduced temperature and a
reduced pressure both greater than 0.8, but not both greater than 1 (in which case the
solvent would be supercritical). One set of suitable conditions for CFD include a

15 reduced temperature of the supercritical or near-supercritical solvent of between 0.8
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10 tenperature is 1.09, the reduced pressure is 2.06, and the reduced
density is 1.28. Many of the properties of supercritical solvents are also
exhi bi t edwbysemre supercritical solvents, which refers te®cyaiSemm2g2 havi ng
a reduced tenperature and a reduced pressure both greater than 0.8, but
not both greater than 1 (in which case the solvent would be
supercritical). One set of suitable conditions for CFD include a 15 reduced
t enper at uarsl b anthe cotiged temperatgrgl ofdpe fleidrof desptranrlSPr€al sol vent of between

Uhe f1uid of T GABORARRCEA60D CATmR i Disond eBpe PutilgarBroy BP0 00g

choi ce of crst@lay Ripefdiire D1 ° G} iS clogé td drfibibnt tempahtelsiR] thdd allows the gsecl 0se to
anbi ent tenperature and thus allows the use of noderate process

t enper at upfamoderag@E)cess temperatires <UHY €ac itily elsqinigactystwilly @EsPsenuEsoss used in

CVD and is_gn '!Cgﬁjal diu or .runping reacti.on et ween gases sol ubl e
i qui ds o Segd]ill s%@??&f@é m&hﬁlg} °§|5'?r{‘“é rga%t%ﬂr\%/gg seepﬁgsfeg g, scflglirﬂgexarrpl e,
et hane orliqudoedosid sublirates Maihd? Suitabl€sdlvintidb RidE, TaneXankhlé, RtiG@E bai n

situations, e.g., when using precursors which can react with CO2, such as

conpl exespPropaney Which re#cle meteagable thandi (i WesrinGHEAANSCE 8o WIER YRS ng
| 1 gands (greguraorB @ﬁﬁﬁﬁéaﬁ%ééct wi ¢, §9«{Iﬁas%%§géxg§ ﬁw-ﬁﬁéﬁ’c%%eﬁa&a” be
on err respec ot

sel ect ed base I nertness”w e precursor and/or
subst r at econfdihidgRabny elbstronsddnddng Hgaris (Bg., prdsphines). t 0  advant ageousl y

participate in_the deposition reaction anp] es of such solvents are
described her efhsomesmERodiments spivents gampe g‘ii%‘iq‘%lnb*’iﬁie AR SHasReSt VER, e.g., by

oxi dat i onre@feck REhL ?Fécuébpihcpctr sabdife. | M&ﬁ%ﬁ? soly&§ Barfife QiaRite conmpounds,

can adversely affeCt many of the properties of the film For exanple,

cont am nasdvantagéoushppeticifaBein the idaposityonoxadtmni drawmales of guihfsobantslaye | ncr ease
the resis iVi'tta%i of the filnms. Such contamnation is often detrinental to
the 20 fufeERRH ¥ Phe film Contani nation can be suppressed by car ef ul

sel ection of the precursor, solvent, and reaction environment, e.g.,
tenperature.” Contam nation can also be suppressed by including additional
reageft s CantapenatibmSuppiesstoan | n the description that follows, the

suppr essi on of woxi dathandon O £l basmaby sSketal. i de Rt mghant sms i s

di scussed. It wT1°°B&"0H atron is’inte bnly as 25
an exanpl euchfas birdafilccpnipathdiatinoaiversl) dffeet mancefths ptipstles o€ chelftmei N can be

applied t Igor example, contamination of copper (Cu) films by oxidation can significantly

increase the resistivity of the films. Such contamination is often detrimental to the

20  function of the film. Contamination can be suppressed by careful selection of the
precursor, solvent, and reaction environment, e.g., temperature. Contamination can
also be suppressed by including additional reagents in the CFD process. In the
description that follows, the suppression of oxidation in Cu films by several different
mechanisms is discussed. It will be understood that Cu oxidation is intended only as

25  an example of film contamination, and the concepts disclosed herein can be applied to
mitigate contamination in many CFD systems. Moreover, in some embodiments, the
desired deposit material can be an oxide (e.g., copper oxide), in which case
contamination would include non-oxidized material (e.g., copper). In such
embodiments, one could include an oxidizing agent to promote oxidation and reduce

30 the amount of non-oxidized material.

Copper is used in technologically important applications, including

interconnect structures and for filling contact and via holes in microelectronic devices.
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mtigate contam nation in many CFD systens. Mreover, in some enbodi nents,
the desired deposit material can be an oxide (e.g., copper oxide), in

whi ch caswo ontadén nati on woul d i ncl ude non-oxi di zed mat ePiICalUPZ 41242
copper). In such enbodinents, one could include an oxidizing agent to
pronote oxidation and reduce 30 the anobunt of non-oxidized material .
Copper is used in technologically inportant applications, including

i nt er conrBut adyantagesinfesppandvemethdr Clotldwgmg oratereals, anch asi Aurhipluas incide

m croel e trom C. 03/.0 PCT/ 02/ 41 Th dvant ages
of copper OS’%FSISFYI%P IIEBWHﬁ%éeﬁtQOW élrolg g ST gcrg?iférﬁsﬁsrtn ("I%I’tl(g ude I ower

resi sti vigigss-indREMeSAd e@uh@ﬂhﬁétﬁbdmfdepsmﬁﬁ%m%@er 8iich asrtcVBaa&d resi stance
to stress-induced voi dage. Current nethods

EOSI ti ng COF? such as
CVD and pptieting have ndibeen shewvnde drovados i fHling pfwery marew Qmmng of very

narr oy (- %qeﬂwwa%ggétggt@ ge&hgshorasﬁgse%s | I%Eﬁl? Bﬁﬁé}% h?g néft' a

resul t, copper een racticed COME or t ese

appl i cat | practice@cbmepqgily mthe@mpﬁlmanmpmnhenapphwﬂtans mncnp}&d imdludeng boar ds.
Cu precursor i ncl ude but are not limted to, Cu(ll) beta di ketonates

S
such as %#\atgnz O@EFtShf ac) 2 hydrate,

bi (6, 6,7, 7, 8, f |
b1 (2. 2. 6. 6, -1t PEOERRE, IRIge o e o R e 1 b RS S pper (1)

acet yl aceCwuthédcy, Caftdagahydrate] bis(l6,H7 818a8-bebtBlamp 120 Himhahidt-2-5e onpl exes  such

Cu(ll ZCHZNH 2 | ud but t
i B0 1P ORMEIEBREILD, B L ST e BERLaTeg it ?%gﬁama? can
include @blepEs) ace ewnm%sandqia%ialwuo@mdee@&ﬁmoamolamnwl
trimethysilane (VIMS). &gl es Cu(l) precursors include Cu(hf ac) (L),

wher e hf asichgs @uﬂll)iOG(@F 3‘32(3 Hl.(&!IZQMe]d—- §<§ﬂﬁ ammsmatngluda,rmn Brecan be

2-b h he d d
ont'o 5 ey eSS CL cgibo0 ST HARE Gt ) R RRARE, TPT050c”

vari ous Oxk@fs, Héephites, c&lbﬂiﬁs@@ﬁl&%tﬂ@@e mdnﬂylttﬁnﬁaﬁ/sﬁmmvaMS)tl tani um
nitrides. 20 There are several potential sources of oxidati on t hat can

cause’Sconxammet ofdru(Dareqsars Ingkida Griao)dppWhess ifamis lehbés),o-oxi dati on of
e 11! MEANhgke,Phag R B L Kb SO CORPU-AS L pcagpen
oxi dat i orhexafne-Begmealadiimdyan bé &ememcbasntoﬁ vahetyfoif kubstviateb, cdecsitigosi ti on
metals, glasses, polyimides, various oxides such as silicon oxides, and nitrides such as
titanium nitrides.
20 There are several potential sources of oxidation that can cause contamination
of Cu films during CFD. In some cases, oxidation of the film can take place when the
film comes in contact with ambient oxygen, e.g., on exposure to air. Alternatively, or
additionally, oxidation can be caused by interaction of the film with decomposition
by-products that may contain oxygen. For example, at sufficiently high temperatures
25  and/or in the absence of certain reagents, e.g., hydrogen, the breaking of precursor
ligands can take place:
L2 51 +L,+L,...

originating species L;, Ly, L, ..., which can then react with Cu:

2 Cu+L, —2o 5, Cu,0+....

30 In some embodiments, chemical reactions with the solvent (or impurities in

the solvent) can contaminate the film. For example, it is possible that scCO; can
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by- products that may contai n oxygen. For exanple, at sufficiently high
tenperatures 25 and/or in the absence of certain reagents, e.g., hydrogen,
t he br eakwog3obodps ecur sor |igands can take place: L Hi ghPOr/uso24mus. . .
originating species LI, L2, L3, ..., which can then react with Cu: 2 Cu+L;
Oxi dation 4Cu20+.... 30 In sone enbodi ments, chem cal reactions wth the
solvent (or inpurities in the solvent) can contamnate the film For
exanpl e, oxidize copres uhder thearprepr@ERcandiiions,ese. i high BEPeREUrPGICU8S?2/ 41242

oxi di ze ¢ r _under e appropriate conditi , - €.9., at.hi enperature
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super cri t ¢mabadstel extbive ©RIMatiOREf CO aENER Rhpegat@®i dation of Cu at high

tenperature. In some cases, the films susceptibility to contam nation can
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smal ler, e.g., nanoneter, grains. Grain size depends on nurre{lou? factors.
For exanpBeMi¢iPRonlasgerarals ageisigveddn bedess shesaPiRlp e adetian than filgs f or med

at Ni gherwif heflBeL 8t Ui bfls JGrh' il RpaSEs diiinfifodsatlofs! Fep f or med.
under simlar conditions but~at [ower tenperatures. The Teaction mechani sm
can al so afafrpid, ghiih nizaoaplelend yn redetibmengrecduee dilms fomedatdighgenat i on and

di sproportionation reagti.ons of Cu(l cur sor result [.n a different
mor phl ogFMPEIGHHTFS YRICallY St iateer ﬁf?é‘?s)tg?rﬁﬁﬁ’ésrfrm&%iﬁ;fgé%?af F8?#1%?RSI 1)

pr ecur sor gyt ol RWBAGhHRRuFRNTht FQBEoL RISt &inf 86 affdefifb Bfopfidldyl ity of a
material to contam nation. Reaction tenperature, for exanple, can affect

mat eri al Eibns preiduead ynthe hadrogenationnad disbopertiogatigmresstions offude af f ect ed by
the reaction tenperaturne. di tionall he ree.of .oxi.datl may be

f fect ad BCu B b in s PRFeuROBEp iy R BER o e SRSHPIE. T Sre,
for exaﬁp&@ditﬁiﬁ@\ﬁoﬁugﬁggqﬁécﬁkdoﬁ,ITDI‘e 20 oxi dation when fornmed at higher
tenperatures, e.g., 250C, than filns fornmed at _ slighter | ower

t enpetaat ur es, Reagtion gomhitionsgag alsoskfesk thesuseentipility of agnateripl e suppr essed by

providi ngco?ltin%ﬂ‘«ft%ﬂ? 9RAQEDH temperature, for example, can affect material contamination.
As mentioned above, grain size can be affected by the reaction temperature.
Additionally, the degree of oxidation may be affected by temperature. Cu films
formed by CFD of (hfac)Cu(I)L, in C,Fs, for example, show substantially more

20  oxidation when formed at higher temperatures, e.g., 250°C, than films formed at
slighter lower temperatures, €.g., 225°C.

Oxidation of Cu films can often be suppressed by providing a reducing agent
during CFD. In some embodiments, an additional reducing reagent, e.g., provided as
areducing atmbsphere or in solution, can suppress oxidation of the Cu film.

25  Hydrogen, for example, is a strong reducing agent that is compatible with scCO,, and
is thus an ideal reducing agent for CFD. Ethanol or other alcohols can also serve as a
reducing agent. Usually, any reagent that can reduce copper oxides to metallic
copper, is inert with metallic copper at the reaction conditions, and is soluble in the
supercritical or near supercritical fluid solvent can be used.

30 In many cases, the reducing agent suppresses oxidation of the film by directly
reducing the precursor. The material, Cu, is deposited onto the substrate as a result of

reduction of the precursor:
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during CFD. In sonme enbodi nents, an additional reducing reagent, e.g.,
provided as a reducing atnosphere or in solution, can suppress oxidation
of the CuwbDioBmw092& Hydrogen, for exanple, is a strong red®eciTrgpoageat that
is compatible with scCO2, and is thus an ideal reducing agent for CFD.

Et hanol or other alcohols can also serve as a reducing agent. Usually, any
reagent that can reduce copper oxides to netallic copper, is inert with
netal | ic copper at the react@C@mcondl 885" a0d i 3Hial uble in the
supercritical or near supercritical fluid solvent can be used. 30 In nmany

cases, t hdereedudDhyiseafenill) sompleaswidsliganids,dt. i Bxanaitles ¢fesuth precwpordiarect | y

reduci ng t.he precunsor. .The terial, ] eposi ted_ont.o e substrate
as a resufYHIOVFe tSHaBHQX’rtg?aﬁ%“‘b‘Péc?H‘r%; P!?‘%-"%’ée\‘,%‘ﬁé/"ék%éé%f’gd/ US02/ 41242
Cu(11)L2 rediiiniRe desctib® Profuéilof the2prebursdie Again el thitkdal] Su,ds @efdsitdd conpl ex
with ligands, L. Exanples of suc% precursors are given above.

Al t er rfat | P (he supgratearrasult af redugitnss Butdhis tiapisdeationpfiadeaction by reduci ng
a reactio oﬁﬁcgd%ﬁ%ﬁ anthe precursor. Again, the material, Cu, is deposited
5 onto t subsirafe as a result of reduction, but this tinme reduction of a

reaction product, such as in The£ﬁgﬁﬁﬁmﬁu I )LL' disporportionation , Cu +
cu(l1)L2 + 2 L' OJ(II)L%CF(ID-IZLRETIEUCTT—ON‘?&@]FGUQDI—Hf e, a Cu(l) conplex

with neutral ligands L a 1 qi$Sogkatoe h ther mal
&ng %b |§ SOCHBES 9

di sproportionation to for per, a Cu(ll) conplex with ligands L, and a

further  fHoer 2agih CompleR Wi nehtral THRRASEWLY Lf fs58Rehi&GUbddubh GRERAEX 1S then

reduced by the hydrogen atnosphere’in a reduction reaction simlar to the
one descr disgrdpationaionltn forheoppes s€iH) odmplex ewihdigandgL .candiarforthent (e.g., a

C02 solution), the reaction praducts ter fhermal dj sproportionation can

i ncl utfe cERPEN H?‘?‘Eé:ialibé“c‘?‘? M?‘Oﬁ“ﬁ‘? %l(fliatfep g %ilﬁ’éﬁ‘?‘fuf‘g{lﬁpt ®H2) can al so

reduce th.ﬁ_iycﬁ@ ed&mﬁgihgfe hQ rﬁ@RﬁBﬁrea&ﬁ&?Eﬁﬂiﬁgtd fhe dnbHERHBM Ao¥e. Fp COPpPEr
or ex , odinent o

deposi t. anp one e deposition in a cold-wall or
hot - wal | thegedsence dfranloudbangehtirquirent agtd G5 sélubem)Ciheirgacppeprodsoss of t he

g?nir S:, ef:%/ffeg 61%6,(1’1%-6], g%rﬁ%?ﬁ%k%%o%c'ﬁh ’iﬁcll\ll\(/peecro%pé:'r oixslde(?l ﬁ&gign &ﬁﬁ%’re(ﬁlrégngn Is 1 or
agent (e.g., Hy) can also reduce the copper oxide to copper, resulting in a high purity
15  copper deposit.
For example, one embodiment of deposition in a cold-wall or hot-wall reactor
includes multiple reactions from Cu(I) precursors of the general type (p-
diketonate)CuL,, where L is a Lewis base, and nis 1 or 2. A precursor, or mixture of
precursors of this type, are dissolved in CO, as described above. The temperature of

20 the substrate is then increased to initiate a thermal disproportionation reaction that

yields a copper deposit according to the following reaction:
2(B-diketonate)Cu(I)L, > Cu® + Cu(II)(B-diketonate), + 2 L,

25 The addition of a reaction reagent then reduces the Cu(II)(B-diketonate),
resulting in the deposition of additional copper. These reactions can be conducted
sequentially or simultaneously.

In one embodiment, the precursor is Cu(I)(hexafluoroacetyl-acetonate)(2-
butyne) (Cu(hfac)(2-butyne)), and the deposition from Cu(hfac)(2-butyne) occurs via

30  atwo-step reaction. The first step is shown below and occurs via a disproportionation
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precursors of this type, are dissolved in CO2 as descri bed above. The
tenperature of 20 the substrate is then increased to initiate a thernal

di sproporwDeaatioon reacti on that yields a copper deposit paramsoding2to the
followi ng reaction: 2((3-diketonate)Cu(l)Ln - Cu(') +
Cu(l'l)((3-diketonate)2 + 2 L" 25 The addition of a reaction reagent then
reduces the Cu(ll)(3-diketonate)2 resulting in the deposition of

addi t i onateactoyprhis Eaetsm dagaobl wagirchydregencnd dyterdallsioaduesdt iAdl |y or

si mul t aneoysl.y...In one enbodi nent, .t he pr [SOr.is .

Qu( 1) ( nexheishbs g et Qedpicsion S RyRER (&, by dwPFloB SESHEST . and t he
deposi ti o bur@ReSwHRRE b BotReédeaeandosiedttics oY inat mafllR. tIMe- St ep reaction. The
first step is shown_ bel ow and occurs via a disproportionation -20 WO

03/ 06097 6disETPPeIgoRAtipRAgaCtionalgpesits i layrR PE CORPSE PR 8y sistase.iaeludiagui r e hydrogen
and is_ther i o e I igh tenperature, the reaction
i's noﬁ%elgg |vg¥“yngggg%%@%%#ﬁ%%%b%@§$%“%%9a|| surfaces, whether or not
seeded, and whether or not netallic. The disproportionation reaction
deposits a layer of copper on any surface, ipcluding 5 netals, netal

oxi des, nitridés, glassei, and pol ynmers. CF3\N/CF3 CF\ ngZO C Heat /C=0\
/IOCHCO ' IlLCeFPe + HaCQ\ Cdlea/CH2 + 2\ Cﬁf‘1\8:0>/&_C£Q' o=C CF L,
CF3 \CF3 3 esl6 10 dhellsecond st edW’s the'feduct j-dti-of _t he™tu(hf ac) 2
formed during tlee=odi spr§portionation reacti opS vthi ch o€cufs via a hydrogen
reduction. Thegfreaction coccurs preferentialfy on an active fretallic
surface such as nickel, palladium platinum alum num copper, etc., such
that the reduction of the Cu(hfac)2 can then occur on the 15 initial |ayer
deposited thermally.

CsHg

10
The second step is the reduction of the Cu(hfac), formed during the
disproportionation reaction, which occurs via a hydrogen reduction. The reaction
occurs preferentially on an active metallic surface such as nickel, palladium, platinum,
aluminum, copper, etc., such that the reduction of the Cu(hfac), can then occur on the

15  initial layer deposited thermally.

CF3 CF3

Metal
e+ Hy — Qo+ M
CF CF,

CF3 CF3

=O\ /O=

Cu,
c=0o" “o=—c¢

N\
VANV

To suppress contamination of the film, a preferred embodiment is to maintain
20 the temperature of the reactor and substrate at conditions that avoid thermal
degradation of the liberated ligands and ligand products. For example it is known in
the art that use of excessive reaction temperatures (greater than ~ 500K) for
deposition of Cu from Cu(II)(B-diketonate), compounds can lead to the formation of
carbon impurities by thermal decomposition of the ligand and ligand decomposition

25 intermediates.
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CF3\ G0 O-CCF3 OO H2CQuCH2 + H2 Metal 10 Qu' + \C=O0 O=C/ CF3 CF3 CF3
\CF3 To suppress contam nation of the film a preferred enbodinent is to
mai nt ai n wl@3wbh®7¢ enper at ure of the reactor and substrat e patr/usomdi2z ons
that avoid thermal degradation of the |iberated |igands and |igand
products. For exanple it is known in the art that use of excessive
reaction tenperatures (greater than - 500K) for deposition of Cu from
Cu(11) (0-di ket T'dhmrwm)rmmm sobveni @adlsosuppresses contaionation of tar bon

irrpuritie yt her ma deco t|o of e ligand, and. |iga corrp05|t|on
25 inter ][:%rs amf% q’l-%f?rt gﬁﬁsﬁg‘gwtm?ﬂ‘é 35%6 Edj%lFl %Ute choice
of sol Venéorﬁﬁﬁn@ﬁ&@b}%‘;ﬁ@étﬁﬁﬁQ§ol@@1ﬂttﬂdﬂ1§\§¥ddﬁﬁngfagéﬂlanfl lifigatEQichexanpl e, in
enbodi nents where the deposited material is susceptible to contam nation

by oxi dat ¢@tiamigaies. vamilluskative exampleefibis nsgthag@m disprepeitigattions uch

g ' t.h
o e L P ek B I i 1o
whi ch i efififs. aCdrapdratpretys thatheifnhdl mﬁpr@ﬁﬁm&ﬁén weattyon @ fach@u(mgd-

di sproportionation_reaction of (hfac)Cu (2- butyne) in scC02 yields
substantlhth)d&ﬁ%ﬁQeﬂelﬁﬁﬁﬁl%Stanﬂang’@éﬁte @ S-suppr ess cont ani nation in one

or more ways. Oqgng

non- oxi di zi ng s%P{/éveﬁ%&gg.&g?r?%gﬁd@%ﬁﬁgh})Sg?%%rggr ays t on? of afilm In
some enbodtidizivgssolveht egnl @) withenguotadizingsblyvest) pigr, €353 Hoxardauppress of t he
final film cl.ng formed dur] CED. . Alternatively, or

a0 ¢ fonaPHgRian A JRSEE R iy B BaL A Pos eRBEIRSF ch woul d

ot her wi se,GaMABMAE Sndl HBmiHy iudYs RIyAOMES fofkbd a@ﬁﬁ%mman depend on the
solubility of the reaction by-product in the solven The hi gher the

sol ubi lity of Altg@atyelprosddditionsily the selykntean eXtrm blyeag@dtmtﬁe@f R.he sol vent
0 SRR bR BT AR st B EbhBFLSE, 0. @
sol vent biheisBRbEAS bfhe rRti6Q bypirddikcyinGhe §dneed@.y TRé ﬁ@i@ﬂ the |s@lubllhey sfd vent .
15  by-product in the solvent, the less chance the solvent will be deposited with, and
thereby contaminate, the film. Selection of a polar solvent can enhance extraction
efficiency of by-products by the solvent by increasing the solubility of the by-product
in the solvent.
In some embodiments, the precursor ligand(s) can suppress contamination of
20  the deposition material. Oxidation of Cu, for example, can be suppressed by selecting
a precursor including an antioxidant and/or reducing ligand (e.g., a self-reducible
precursor). The ligands of such precursors can participate in the deposition reaction
(or reaction sequence) to prevent oxidation of the Cu and/or to reduce any CuO; that
may form. As described earlier herein, self-reducible precursors possess ligands that
25  can serve as, or liberate, reducing agents upon decomposition. Examples of a self-
reducing precursor are partially fluorinated B-aminoalcoholate complexes such as
Cu[OC(CF;),CH,NHCH,CH,OMe];.
In some embodiments, reagents can be included to mitigate contamination of
the reactor and/or to expedite reactor cleanup. This can provide an economic benefit
30 by reducing the degree of purification required for the supercritical or near-

supercritical solvent, e.g., solvents with trace quantities of water or oxygen could be
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In sone enbodi nents, the precursor |igand(s) can suppress contam nation of
20 the deposition material. Oxidation of Cu, for exanple, can be suppressed
by sel ectwogs/eops ecur sor i ncludi ng an anti oxi dant and/ or pcadisoz/m4t i gand
(e.g., a self-reducible precursor). The ligands of such precursors can
participate in the deposition reaction (or reaction sequence) to prevent
oxidation of the Cu and/or to reduce any Cu02 that may form As described
ear|ier hesedite depsiticontauhimsn Free firog uedtiong dovacdtime betivgamblatch rus, @Pycan serve

as, or liberate, .reducjng..agents upon deconposition. Exanpl.es ©0of,.a self-
Feduci ng PetatrediEnah SR RRIRN e EipERERET R haur BRI AR AR oxes
such as  Cu[ OC({udimssr2ddnfaiziehizdd\Rhde shppree® thesihianErol selecti6@gees can be
included to mtigate contam nation of the reactor and/or to expedite

react or chsawsey IFKplyent Angihs\parkion sordibensmile chbpdiments wlergiher educi ng t he
degr ee, of I £ i I i Iy uper-crid | ercritical
sol vent , %’%5‘5 I{s‘f)ﬂs(ﬁo?sbgl{r% gt}\% #%1{ ?l(rgg%% dﬁ%gﬁatowg{sl&g’f%%pq%rtﬂ(g%%%%&couI d be

- 22 WO 034ktbéddviemt Solld sl ekisiisd thatskelsdlvend espapercriticaltoantarasnpertrigenl f i | s,

reduci ng down tine between batch runs, ar b i ncreasjng.the length of tine
bet ween nifrdtrargsif demperaturssand Rrssehtodiet {he ArIRESOF Ais§oCigtes- sunmar y,

contam nation ?HQPIQ&éb%giﬁgﬁlfﬁegseiée{eW&H?@% %elgtpipiﬁsrﬁ%ﬁl%ri f the

precursor, the solvent, reacti1 on condi I'n enbodi ments where
t he 5 pr eBrafaablydireswsr atesnpdsitoungiroduves (otier thas phopetetinl) sbarildbe f or

le, t ecu. ._and so] vent ld b | ect ed that th | vent
5 oy chErBER NPT it RS o sBriem £SBEn i, G “Giers BohiBhe ur o5 and
pressur essidul Mt GEhct REIPOSIE o HRNimdhS $0E] Ble@8actibh PrfuRBEWheRA pidTerdbE be

selected to deposit the appropriate material. Preferably, precursor
deconposi b¢ smulpe duibeselvent).h¥rherstha matesiafistsupieniipledp gontammation by
substantially inert wth respect-+o0 other syste nent r. where not
i nert, sﬁ%ﬁ%ﬁ vr@? O?hgﬁg?m?%neggspoofsﬂilet Sygtgrr?t (ig'r%’ﬁ’zl%}f S e%gf.‘r’g&,’ Sxﬁ\{gh P fehae{:t ion

product s uhdptat erighlby phesestobuthlag water), ke rodursortchn b¥eleded toe materi al
is susceptible to contam nation by reacting with aother_conponents of the
syst ef§ ( eingludegideppmprsition Rreduct that mifigatesoRBMInAIRIYURBIPIHNELT i ght be

P A O R SRl aeD b SSLES A Lyl <
rever si ngthahiclideesiedabing apedics notigateoxidammplfeheodopphi. s is sel ecting a
1(._: ﬁgpg LPB ;(raf:ur Slq;efergbq?gtthé ch:llvgr%%ﬁoﬁd Ii)gge gcltgcpto %eir%rt Ev?thrﬂlé hgp%gﬁedOXI dation of
material. In some embodiments, a reactive solvent can be selected that mitigates
20  contamination, e.g., by reacting with contaminants or inhibiting the formation of
contaminants. An example of a solvent that reacts with contaminants is a solvent that
is a reducing agent, which reduces contaminating metal oxide to metal. Ease of use is
another important factor to consider in solvent selection. For example, CO; is widely
available, non-toxic, and forms a supercritical or near-supercritical fluid at practical
25  temperatures and pressures. Accordingly, despite its oxidizing nature, which can lead
to contamination of metal deposits, CO;’s ease of use makes it a desirable solvent for
many systems.
In addition to the precursor and solvent, one can select reaction reagents to
mitigate contamination of the deposit material. For example, where the material is

30  susceptible to contamination by oxidation, the addition of a reducing agent can

suppress contamination by reducing any oxidized material.
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Preferably, the solvent should be selected to be inert with the deposited
material. In some enbodi nents, a reactive solvent can be sel ected that

m t i gat eswoaB/06@1é am nation, e.g., by reacting wth cont armcrarsy41m?
inhibiting the formation of contam nants. An exanple of a solvent that
reacts with contamnants is a solvent that 1is a reducing agent, which
reduces contamnating netal oxide to netal. Ease of use is another

i nport ant factor to consider in sol VEXAMBLESti on. For exanple, CO2 is
widely a cbll e, non-toxic, and fornms a supercritical or

near - sup PER8al fluid at practical 25 tenperatures and pressures.

Accordingly, dea@) kexailhroaetfladdtdradBbiityae QMucy@u'@zalsuty@@)}i Cu(p contam nation
of netal deposits, CO2's ease of use makes It desirabl e solvent for nmany

systens. hexafueroasesylageionateel, ﬁrceeleﬁ%qheemuhf@e)%ﬁ@)bﬁe eyl sel ect reaction
F |
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addi tion st(}&xaﬂ@bmadegrlagmhtegt{a(hfa&mﬂNeMS)q@Mraabtmlaéal aombyelegdine] ng any
oxi di zed nmateri al 3 WD 03/060976 PCT/ US02/ 41242 EXANPLES Chem cal s
cu(l) hex@?‘@h’éﬁx@ﬂé@f’%e&ﬂé‘f%ﬁfe@@eﬁm VrieXepgrd3as $is ebtapmse ey AP ( 1)
nexal | uor RRCAMIRAFLANGLE ulePacRhiRaf hab Tl HERLANORoAnd u( 1) S
hexaf | uor oacet yl acet onate vi ny trimet | ane conmplex - Cu(ll)

Bi s( hexaf dhumdez(a@elleyiaacgeetde;m 9+% @bﬁe}c))lﬂ);p(amibﬁ)e]hame(% Wht%aipnaty)fandm Cel est

e A R R PRI e BB s S B R

purificat é&@cel&af 0ford fl (98+4:5a8 BB Fben ARBHRAIRAUBY dstr¥deived.
Hexaf | uor oet hane (99.95+ % purity) and 1o ultra high purity Hydrogen

(99.999+% were obtained from Merrian-Gave and used as received.
Fl uor of or g 1 a|d1ed fromf J -
1: Batch €t—deposi Hoft

hydr ogen ﬂ@ﬁg oh. 15 cmx 2.2 cmsilicon substrate with a 300 A Ti N barrier
| ayer was soni cated first in toluene and then in acetone and dried in a
convedtiive ofenls cmi 2.2upsHicaB subsate wisha 89 Sdlididhargerdayer 85

stainl essg 5§ aeld AR 1 OLERSHIGh&EPIcWBhE and dried in a convective oven. The

experiment was conducted using a ~ 85 ml stainless-steel high-pressure cold-wall

reactor previously described (J. M. Blackburn, D. P. Long, A. Cabanas, J. J. Watkins,
Science 294, 141 2001.) in batch mode. The cold wall reactor was a two-flanged

20 high-pressure vessel with an electrically heated stage. The test wafer was secured to
the heated stage. 0.2310 g of (hfac)Cu'(2-butyne) was loaded into the reactor inside a
globe box and the vessel was sealed and purged with N,. The temperature of the
walls and the stage were controlled independently. First, the reactor walls were
heated to 60 °C using cartridge heaters. CO, was then loaded from a high-pressure

25  syringe pump (ISCO Inc.), which was kept at the same temperature as the reactor
walls, at pressure of 124 bar. The amount of CO, transferred was approximately 39g
at these conditions resulting in 0.60 weight % concentration of (hfac)Cu'(2-butyne) in
CO,. The reactor was held at these conditions for approximately 30 minutes to
ensures (hfac)Cu'(2-butyne) was dissolved in CO,. Prior to the experiment, the

30  solubility of (hfac)Cu'(2-butyne) in CO, at the concentration and conditions used in
this experiment was confirmed using a view cell (M. A. McHugh and V. J. Krukonis,

Supercritical Fluid Extraction: Principles and Practice, Butterworths, Boston, 1986).
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reactor previously described (J. M Blackburn, D. P. Long, A Cabanas, J.
J. Watkins, Science 294, 141 2001.) in batch node. The cold wall reactor
was a twowbDloang®ds 20 hi gh- pressure vessel with an el ectri eafriysorertred
stage. The test wafer was secured to the heated stage. 0.23 10 g of
(hfac)Cu' (2-butyne) was | oaded into the reactor inside a globe box and the
vessel was seal ed and purged with N2. The tenperature of the walls and the
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to 60 C using cartridge heaters hen | gaded from a_hi gh-pressure
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conditions for. approximtely utes tp ensures (hf ac) (2-butyne) was
di ssolﬁ/edBFI?PSé@m Y Yes §egc %/hfé )(l?ff‘quaFFé‘r?P SUERO VR thegeReY ‘i‘%iﬁ (an‘

(hfac) Cui {2 hyiyingd ams@?orqt 1/% B@ur%oﬁ%f‘ﬂ{e%geﬁtl@rﬂ%&%ﬁb} \;vamw%ad in

this experiment was confirnmed using a view cell (M A MHugh and V. J.

Kr ukoni s, to cSub@wn antd theleffhient WasEventedldhiowgh aﬁ’tacthcaitqdl @sbaartedPr&et i ce,
Butterwor .Bost 8 - 24 06 /USO 124 The pedest al
was t hen ‘1!’1 QIEN {1 %ﬁ'lfgégbq% ?@pﬁﬁfﬁg%?g%’{l% EPBOT AR 7W§f%éf’va%oc When
the tenperat gffpy of the stage reached 225C, appr OXI mately 7 bar of H2 was

added to the reactor froma 70 mMl manifold via ressure-drop. Thi s
corretponds Tl depopip was cliprectertzed by forar Dfa¢tond; : FIGThbshavesdhe pressure

N the vegRe) qifAs81 4abah or MeRERBR! bR Bhul Mae. GRISELIYg o1 the heated

substrat e over or wal stage for 1 1/2
hours. Af§i@ktritbePekpas2®@ivalnes bhe I3ea@t6Y 3 ysttespdidrere (200) &@akogiown and the
effluent was vented through an activated carbon bed. The deposition

render ed @lamslcg”r& copper-colored film The wei ght gain of the wafer was

2.6 ng. T L (XRD). FIG 2A
shows the @g%ﬁg‘?’gémﬁnﬁpgﬁ gfttr}\lgo ggé{teé( Iii%;(aﬁ’n chalg% {a;'l ns peaks due
t o Curmndintiete Bedigdniahton Peakise adedr 2/&’: ue\shﬁéas’i@ a0 dicehtratsrisespond to
the (200) and (400 pl anes of Si. FIG 3 shows SIMs analysis of the film
deposi t edarEAes -2W1%.The data 15 indicate F contanination is on the
order of 2 wt % whereas C and O concentrations

Example 2: Batch Cu deposition of [(hfac)Cu'(2-butyne) / CO, solutions without

hydrogen
20 Example 2 is a similar to Example 1, except that in this case H, was not added

to the reactor. The size of the TiN(S1) substrate was 1.2 cm x 2 cm. The amount of
(hfac)Cu'(2-butyne) used in this experiment was 0.2354 g. The reactor was loaded
with CO; at 60°C to a pressure of 124 bar. The concentration of (hfac)CuI(Z-butyne)
in CO, was 0.69% by weight. During deposition, the temperature of the walls was

25  kept at 60°C whilst pedestal was heated for 1 1/2 hours at 225°C. Final pressure of
the vessel was 207 bar. Thermal disproportionation of the (hfac)Cu'(2-butyne)/CO,
solution on a TiN(Si) wafer at 225°C in absence of H; yielded a dark brown-black
film. XRD of the film obtained from a (hfac)Cu'(2-butyne)/CO, solution in absence
of H, is shown in FIG 2B. The analysis revealed the presence of a Cu;0 film. No Cu

30 reflections were observed. Si peaks were also observed. Similar results were also

obtained on bare Si substrates without a barrier layer. From FIG 2 is evident that pure
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are less than 0.5 wt % Exanple 2: Batch Cu deposition of

[ (hfac)Cu' (2-butyne) / CO2 solutions without hydrogen 20 Exanple 2 is a
simlar twoHs@cPle 1, except that in this case H2 was not paddsd2/4t242 t he
reactor. The size of the TiN(Si) substrate was 1.2 cmx 2 cm The anount of
(hfac)Cul (2-butyne) used in thi S experinment was 0.2354 g. The reactor was

| oaded with CO2 at 60Cto pressure of 124 bar. The concentration of

( hf ac) Cu' pgtaBigtGinean nqt he @mosm@ fromgbeshsymaleeagiion ab(hfaplgud@dwsme) Bn, t he
tenperatu | st pedestal was heat ed for
11/2 hou¢§ g{th%&fm@]ﬁwgsm%S% lgrggéed% t}?%sg e\ggissel was 207 bar. Ther mal

di sproport i oFi l4@hox0fSM$a1n(at}fsﬁQ>)f@,t ﬂlﬁrdnpbylml)lbm%mpm.usm agatysas Ti N( Si )
waf er at 225C i n absence. of H2 i el ded rk brown-black film  XRD of the
film obt alicheads # pERROXI¢gtR ot éﬂ?‘/ %Pfe&qqfrﬂzr k BEEHRRIONGE D s
shown é] & bGiwaen 6 g saw@d/oya@&h ?}ﬁﬁé‘ﬂ E%h&htﬁarpf af?lfed% iEhl @ No Cu
30 reflections were observe S wer e a served i'm | ar results
wer e al socontdmtiaativedofithe fidn és I&wmb&kst&&mﬁ 5tht%out a barrier | ayer. From FI G
2 is evident that pure -25 WO 03/060976 PCT/US02/41242 metallic Cu can
not be deposited fromthe thermal reaction of (hfac)Cu' (2-butyne) in CO2
at these E%%l&Bomt&%@aaﬁloh%fﬁmaukewe CUSdoBMonk Withthyahgeh SI M5

anal ysis of the fiTmdeposited in Exanple 2. SIM5 analysis reveals a
strong oxi dafAi2oincrofx 2.7 emfsiliqon dulpriratet with ﬁ0® AeTidblsarierdapdr w4g socated
contamn er than in film

oot kP saRenSarf g S AR dnL ottt g S ey B DL BB (20 1
0.5 wt %WE§<@iﬁHh&e§uS1B§U@htﬁhﬂem®$ highQfte@lre dtl @salliedt&dahd prddetiugol ut i ons

with hydrogen A2 1cmx 2.2 cmsilicon substrate with a 300 A Ti N barrier

| ayer wasdeserhastn &gampty . |0r7§t24|8r9ft(]éﬁa€|)€r\’e(% vireleaded igtodhe Fractepandiri ed in a
convecti vg Qe TV%_J] ﬁ?%ﬁggﬂ%{i Qg@gvc%%ﬂc%ggea‘é(ﬁesc lﬁ%resﬁéaa'té[?:lx‘?ss st eel

hi gh- pressure co rocedure ribed in

0.2424 g af°d3ﬁm)1@c£1@ﬁ@)esmcb9ade¢baued ﬁohﬂﬁhﬂ'gﬁ@@és@ﬂireayﬂngetﬂimp/essel was
seal ed and ed wwth N2. Then, the reactor walls were heated at 60C by

heat i i‘ﬁg cdp Qb ot S @rpl Hehar Mithadd & oldnPa Faggengeresionef syri nge punp 15

(nf ac) aur (B CORING0E e 0 iR 2o el S (BB TOREE MRS, T

di ssol ve in CO, within the reactor for approximately 30 minutes. Afterwards, the pedestal was

heated resistively to 225°C, while keeping the walls at 60°C. When the temperature
of the stage reached 225°C, =7 bar of H, were added to the reactor from a 70 ml
20 manifold via pressure-drop. This corresponds to a H; to precursor molar ration of
approximately 30:1. The final pressure in the vessel was 214 bar. By keeping the
walls at a temperature lower than the stage, selective deposition onto the heated
substrate was achieved. The stage was held at 225°C for 1 1/2 hours. After the
deposition experiments, the reactor was allowed to cool down and the effluent was
25  vented through an activated carbon bed. The deposition rendered a bright reddish
film. The weight gain of the wafer was of almost 4 mg.
FIG. 5 shows SIMS analysis of film deposited in Example 3 showing very low C
and F contamination of the film (0.2 and 0.1 wt % respectively) in the bulk of the
film. O content is around 1 wt %.

30
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in CO2 within the reactor for approximately 30 m nutes. Afterwards, the
pedestal was heated resistively to 225C, while keeping the walls at 60C
When t he wempes@vare of the stage reached 225C, & 7 bar @CTHS0wMere2 added
to the reactor froma 70 mM 20 manifold via pressure-drop. This corresponds
to a H2 to precursor nolar ration of approximately 30:1. The final
pressure in the vessel was 214 bar By keeping the walls at a terrperature
| ower t habbxant 4 2 ¢ppeitide faaRudeOD) hd adions

achi eved The stage was heI d at 2250 for 1 1/2 hours. After the deposition
experi rrerﬁysi—%gﬁe reactor was allowed to cool down and the effluent was 25
vent ed througkan?pteaq& !sﬁ/xﬂlai?da ERdnie 3 fsxdept The 16l €96dst HyRvdseddedded te bri ght
reddish film The weig gain of the wafer was of alnost 4 ng. FIG 5 shows

SI M5 anal thereactst. Ehc mzqebtt@ﬂﬂwl) Wb&%ﬁmae@ GRER G VBE YPUROE and F

contamg n bul k of
Che 1 1 AneEICBICORS usid M cspdfinPyss st B TREEUER S BN 4154,
Exanpl e %oﬁatmv@mdctezmﬁf withr 43 g ¢hEas. e &iricehtration GERhaE)CUl(COD Wi t hout
hydrogen Exanple 4 is simlar to Exanple 3, except that in this case H2 was

not addedint@O; whe0.6taxsight Yo. THae tsinperatyfre pﬁéﬂewail(saa)s kgulb%ﬁﬂ?ﬁ whilsisthe . 2 cm X 2
cm The amount. of 5 (hfac (CaDb e hi.s exper.i 1g.
The 1 oaciBrleHaLViBRated Gl 1 112 ot hedihe Mebnebrasieir M Vst var 280, The
concentr atH rOfhe Ex;gké}frﬁ’&)t (SHaEf P Dvery Mid Sk ﬂ@lshcgnggen@ﬁis%%en%lug hentenperature
of the s was kept at 60C whil'st the pedestal was heated for 1 1/2

hour s1cat Watebt gdihen fhinedse praedesaithanilimg.he vessel was 214 bar. The

el gt gai n KR 1 e Bt Belorth Il o ROV ARRER s A BN Re WFalnk e n

exanpl e 4refigctid}e\Wie tdClr) Gttt HHARIRE 0O tHe)SiWRBdtratd. €f | ections due to Cu20
apart fromthose of the Si substrate. FIG 7 shows SIMS data of film

deposi ted i nFiSdmppws SIMStdatuaf filip denesiied gn Faaryplei withant o shewingivart he
| d
S, g, I gD PN e, o

hexaf {suor pacetyoad Ot 104t lewt %, respectively.

~

Example 5: Batch Cu deposition of Cu(I) hexafluoroacetylacetonate

vinvyltrimethylsilane complex - Cu(Il) Bis(hexafluoroacetylacetonate)
[(hfac)Cu(VTMS)] / CO, solutions with hydrogen

20 A2 cmx 2.1 cm silicon substrate with a 300 A TiN barrier layer was sonicated

first in toluene and then in acetone and dried in a convective oven. The experiment
was conducted using the same stainless-steel high-pressure cold-wall reactor used in
Examples 1 through 4 and a similar procedure to that described in Examples 1 and 3
except for differences in the method of loading the precursor. (hfac)Cu(VIMS)is a

25  liquid at room temperature and was loaded to the reactor using 6-port HPLC sample
valve (Valco, Inc.) with a 0.10 ml sample loop (0.149 g). The sample loop was loaded
with the precursor in a glove box. In this case, before the precursor addition, the
reactor walls were heated at ca. 60°C by heating cartridges while purging the reactor
with N,. Then CO, was loaded from a high-pressure syringe pump (ISCO, Inc.) at

30  60°C and 114 bar. The liquid precursor was then added to the reactor by pumping
CO; at 60°C and 117 bar through the sample loop. The total amount of CO, added to
the reactor was =35 g. The concentration of (hfac)Cu](VTMS) in CO, was 0.43
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vinyltrinmethylsilane conplex - Cu Il) Bi s(hexafl uoroacetyl acetonate)
[(hfac) u(VIM5)1 / CO2 solutions with hydrogen 20 A 2 cmx 2.1 cmsilicon
substr at ewaioBloc@7@00 A Ti N barrier |ayer was sonicated fiPCTtuSon4t2et uene
and then in acetone and dried in a convective oven. The experinment was
conducted using the sane stainl ess-steel high-pressure cold-wall reactor
used in Exanples 1 through 4 and a simlar procedure to that described in
Exanpl es weighi?3(hfa)Cely TMS) whisfallowed tedissolve ind Qv b the reaciarifong t he
precursor. (hfac VIMS) is 25 liquid, at.roo epper at yr was | oaded
ot he r cimptaRmae i) Bl Mprcads i el S RARTBSSHRY fo 260, 30 m
sanpl e | : : : T he.l I A ecursor in a
gl ove bo>(z‘?3 Hlllélglta?]#dzmg éhee,llégcet?gggllsf te6@ S(?'e\gﬁr&géﬁ@%ﬁﬁa:{%%?f?ﬁ?&%eactor wal | s
wer e heat egactri 225°C,60Thyo AN Wded td the dgetor \ioinl £ 70 uflghai@foldreiar eact or

with N2. Then CO2 was | oaded from a high-pressure syringe punp (1SCO Inc.)
at 30 Borassurerdraphahis cpREspangs fa He &xpregporipelat 1atipn gfiggoxisatahe react or

by punpi ng,. 7 tBtggm Tage]! The t ot al
anount of&(:bg%;ﬁjﬁlé%l%? %S'ijtgﬁ%h}]ee‘éeg?%?}a g\ggglg% g. E@%gé}ﬁecé’evgl%?%ﬁ on of

( hf ac) Cu( fempbiajuré lowedRhatethe Stadd selReti Wi Aep34itiaH)Om6 tIRCHIt N oAIIBE?  wei ght %
(hfac)Cu' (VIMS) was allowed to di ssoolfye in CO2 V\%%‘hl{/éi t.he reactor for

appr oxi medBigye8olhs Hagewas heated oS, °f|11é?2p]é‘?}€§t e fie dEROSIUOR resi stivel y
to 225C, i ' I A\l I I erature
of the st% eh}rngréc’: g%%ﬁ%&” &élf%%ggﬁég &ﬁg%@éé@e&e&ﬁ@%&%?@ﬁg?%&%ﬂﬁ oma 70
m  mamnd f cdrdactivated cabes bed.e Tl daposifihn serdered eghimrtdight coppeiRolowdgilmcur sor

nol ar ratjion of. a roﬁbnate%lly 418: ]th The final pressure in the vessel was
228 bar . P REER S OhiC ReaEvaglesy thary

rature | ower than the stage,
sel ective depesikhéns SIS dhfa Tk RpEdtcs v ELaifle saFTVBYARlysEYT tid age was
heated at 225C for 1 1/2 hours. After the deposition  experinment, the
react or wakn dé¢osiistintezamplsi S showredamey loweC end F gerfamjpptiop @h thedilihlessagh 10 an
activated,carhon .hed, The 1tio e i p_bright pper col ored
film . ThbsEl gaﬁlflqgagl/"nre%ﬁecﬁﬁgei%fdéer Qﬁgq&‘eaggqfﬁg%%l%%f& B EARP e 2 Vs
data ¢ filmdeposited in Exanple 5. SIMS analysis of the filmdeposited
in exanple 5 showed very low C and F contanmi nation of the film (less than
Example 65 Batohi G, t &ul) hexafjuproagetvigcelgpitent close to 2.5 w

vinyltrimethylsilane complex - Cu(Il) Bis(hexafluoroacetylacetonate)

[(hfac)Cu(VTMS)] / CO, solutions without hydrogen

~hd

Example 6 is similar to example 5, with the difference that in this case H; was
20  not added to the reactor. The size of the TiN(S1) substrate was 2.15 cm x 2.2 cm. 0.10
ml of (hfac)Cu'(VIMS) (0.149 g) was loaded in the reactor with ~40 g of CO; at
60°C up to a final pressure of 124 bar following the procedure described in Example
5. The concentration of (hfac)Cu'(VTMS) in CO; was 0.37% weight. The
temperature of the walls was kept at 60°C whilst pedestal was heated for 1 1/2 hours
25  at 225°C. The final pressure in the vessel was 228 bar. The experiment produced a
very thin non-homogeneous yellow/green film. Weight gain in this case was less than
1 mg.
XRD of the film deposited in example 6 is shown in FIG 6B. Only weak peaks

due to Cu,0 apart from those of the Si substrate were observed.
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Exanpl e 6: Batch Cu deposition of Cu(l) hexafl uoroacetyl acetonate
vinyltrinethylsilane conplex - Cu(ll) Bis(hexafl uoroacetyl acetonate)

[ (hf ac) CiwoDbBs®d7¢ CO2 sol uti ons wit hout hydrogen Exanpl e PETItS0F#IHt ar to
exanple 5, with the difference that in this case H2 was 20 not added to
the reactor. The size of the TiN(Si) substrate was 2.15 cmx 2.2 cm 0.10
m of (hfac)Cul (VIM5) (0.149 g) was |oaded in the reactor with 40 g of CO2
at  60C up FdGad shaved SMSsbtardﬁdfn deppsiteat inf B¥amplg og iugen contenfundhelescri bed
in Exanpl e The concentrafi hf was:. 0..37%

wei ght . P??Seﬁp‘@f%lﬁﬁgg B2 h‘i Irlaé OS%(k?ép% IYS@O?‘PQN&@ BB o) vas
heat ed fotlhrdhgﬂxélatﬁ@ﬁl’rﬁr%es%ht 18%akan Jhevtfds idbothlcasssure in the vessel was 228
bar. The experinment produced a very thin non-honogeneous yell ow green

film Weight gain in this case was less than 1 rrg XRD of the film

deposi t ed |n ‘iX% . due to Cu20
apart ¥rom® ; ' O3 060976
PCT/ USOZ/&L&A;&S wEﬂhCﬁyda)g&homs SI M5 dat a of f| I m dep05| ted i n Exanpl e 6.

Oxygen content in_the sanples is very a‘/{ﬁelna to O ratiqg close to 3
to 1. F and &€léontsm ﬁﬁla‘fqnoﬁﬁ‘bStf%‘?UHBH&QP BY pamigy oy waeenipied ditsthan 0. 1 wt

% in bot i

(%f ac) Qu’ Fggﬁ%%mﬁ Férﬂie?lf()zlecgteozl -yne %Hgé&% h’%logﬁréoj\g\}let%mﬁy re?)tgvéerlls Al9x 2
cm si | i cocondudisd nshg thei shimeatadflEssAteRl Nghgredsere dobdrenll et omedciat ed first in
t ol uene d then in a one.and dried.in.a con ive.o e experi nent
i £ MR Rk AR R i G A WU el

react Or ul%efﬂgl nhéQerJéXﬁm%)%aiiqalhra@m é@é@mﬁ:@%&%@ﬁ@&&ﬂm& feadscribed in

Exampl e 5 fac)Cul (2= rmethyl-1-hexene- is aliquid at room
t enper at umm&mél—pﬂaéiﬂ’ldédmltdaméVale@\dtlcirWlﬂmB Dﬂé mal @nwdﬁ’koopiﬁl@%%)npl e val ve

(Vval co, e loo 0. 35 |n of the s I
| oop V\nthﬂ?%iléngp?tggwa?@?%e\ll%g %gl?n&ieé)aecg Pr | &Sfﬁgeg%’%‘&l‘@ OV%% ore thearrp ©
precur sorgagel the 9fbcu1tsbfeadcﬁﬁ&i Phic fe@dtbﬁww&emé&te@ td &pReifatelyngicei ny 60C by
15 heating cartridges while purging the reactor with N2. Then COZ was

| oadeth f rlgating caniriggep mhdls purging/the mepstopovtih 1. SN COcwys lwpdgDidmEad 114 bar.

Then the Jigutd. BLECUSOr WS BIARY & Bol5ud FAGL TR RUTRLA0 OR at 60C

precursor was added to the reactor by pumping CO; at 60°C and 117 bar through the
sample loop. The total amount of CO; added to the reactor was ~ 40 g. The
concentration of (hfac)Cu'(2-methyl-1-hexene-3-yne) in CO, was 0.87 weight %.

20 (hfac)Cu'(2-methyl-1-hexene-3-yne) was allowed to dissolve in CO, within the
reactor for approximately 30minutes. Afterwards, the pedestal was heated resistively
to 225°C, while maintaining the walls at 60°C. When the temperature of the stage
reached 225°C, approximately 17 bar of H, was added to the reactor from a 70 ml
manifold via pressure-drop. This corresponds to a Hj to precursor molar ration of =

25  50. The final pressure in the vessel was 193 bar. By keeping the walls at a
temperature lower than the stage, selective deposition onto the heated area was
achieved. The stage was held at 225°C for 1 1/2 hours. After the deposition
experiments, the reactor was allowed to cool down and the effluent was vented
through an activated carbon bed. The deposition yielded a thin non-homogeneous

30  copper-colored film. The weight gain of the wafer was ~1.5 mg.

XRD of sample deposited in Example 7 in shown in FIG. 10. XRD shows only
peaks corresponding to Cu apart from those of Si.
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sanpl e | oop. The total anmount of CO2 added to the reactor was 40 g. The
concentration of (hfac)Cul (2-nethyl-I-hexene-3-yne) in CO2 was 0.87 wei ght
% 20 (hfwo)Gws(2e6 et hyl - | - hexene-3-yne) was all owed to dipegaiSez4izm CO2
within the reactor for approxi mtely 30m nutes. Afterwards, the pedestal
was heated resistively to 225C, while nmaintaining the walls at 60C. Wen
the tenperature of the stage reached 225C, approximately 17 bar of H2 was
added to the reactor froma 70 m rmanifold via pressure-drop. This
corresponds to a. to-precursor ol ar- iatian of . 25 50 edg,hal pressure
in the ves8&R B et PR RS pT - the ata—tef 2ure | ower

t han the glla@shs vwitloREhyEeeheposi tion onto the heated area was achi eved.
The stage was held at 225C for 1 1/2 hours. After the deposition

exper i nent s, Ex#aple84e sighlajtosexperigwat’ othcde diffiseuscdint in Has et Hadves was
vented. thro Lvat il L bi I thin
non- hgsm) ggélteag ggd %(I} hgg%%t\é?- @gel %?%%qg F ?%g(sPh%E\S/\tga?gﬁtﬁé %él%gn %12 Gﬂt ‘%Z%V\gsf er was -
1.5 nmg. XmDoo6thfseCpl(BnobepddiKexend-B-ynxp(OH 50 gf was leddedvin the rédcorMith XRD shows
only peaks corresponding to Cu apart fromthose of Si. -29 WO 03/060976
PCT/ US02/ 39 84 COzehppi(eursto afinal prassurg @ kT bardplleying the procedure

(hfac) Cul(2- VAN I - - th ( i | en

Exanpl e 8&%50%%({;1%@8#1 gg(’gggfé%&r{r@%ﬁl}mgv(\an%tahé@@ (%?Qéweﬁg%éﬁjﬁgtyﬁ{eg his case
H2 was  5Cogtwasdmds tv@ighherﬂaaﬁl?eﬂaturabetheiwlswasuchpt aticESiwhilstubst r at e was
2.1 cmx 2.2 cm 0.25 m of (htfac)Cu' (2-nethyl-I|-hexene-3-yne) 30.350 9)
was | ¢tadepedestat Was hestasttfor 1 W2 hpurget 2238C g Thé ficdpressu@OT thepveses] avas il Bl
pressure pof 7 bar.foll ow t he .procedure described in Ex le 7. The
oncent r abior T ERCTAY et et RSB ERaSSs ke e S B finto oo,

wei ght . TixeidHe o rig&mgeasgﬁvagh@smhl1smg/,as kept at 60C whilst 1o pedestal was
heated for 1 1/2 hours at 225C. The final pressure in the vessel was 183

bar. The exp&Rhehthe fila|dgeesitgd ieEyample§ insierorddentiE grbetgakaierlsw col or ed
filmns. i ght i Nl i . XRD of the film
deposi teﬁ?%&%@p#ghgr #Q{h?ﬁ%%tﬂle?éfﬂéﬁ?é@g? 9&%%&ak peaks due to Cu20
apart1§romthose of the Si substrate were observed. 15 Exanple 9: Batch Cu

deposition of (hfac)Cu' (2-butyne)2 / C F6 solutions wth
P Exampl(e 9: ﬁatch (Cu depgsiggn of (hfac)CuSQ-ane)g /_C,F¢_solutions with

W

hydrogen

A 2.1 cm x 1 cm bare silicon substrate was sonicated first in toluene and then in
acetone and dried in a convective oven. No attempt to remove the native SiO, layer
20 was made. The experiment was conducted using the same stainless-steel high-
pressure cold-wall reactor used in Examples 1 through 8. The test wafer was secured
to the heated stage. 0.1195 g of (hfac)Cu'(2-butyne) was loaded into the reactor inside
a globe box and the vessel was sealed and purged with N,. C,Fs was then loaded
inside the reactor directly from the high-pressure cylinder (pressure~31 bar at room
25 temperature). During the filling process, the temperature of the reactor was 22°C.
The reactor was then heated to 60°C using heating cartridges and allowed to
equilibrate. At this temperature, the pressure inside the reactor increased to 45 bar.
The density of C,F¢ at these conditions calculated using the Peng-Robinson (PR)
equation of state (EOS) (Peng and Robinson, Chem. Ind. Eng. Chem. Fundam., 15,
30 59, 1976) and the critical parameters from Reid et al. (The Properties of Gases and

Liquids, McGrawHill, Boston MA, 1987) is 0.35 g.cm™. This value is slightly lower
than that employed in the scCO; experiments (Examples 1 through 8). The amount of
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hydrogen A 2.1 cmx 1 cmbare silicon substrate was sonicated first in

tol uene and then in acetone and dried in a convective oven. No attenpt to
renove thworawsoses Si 2 | ayer 20 was nmade. The experi nent paagisopmurt ed

usi ng the sane stainless-steel high pressure cold-wall reactor used in
Exanples 1 through 8. The test wafer was secured to the heated stage.
0.1195 g of (hfac)Cu' (2-butyne) was |oaded into the reactor inside a globe
box and t @Felearded|in hesvesssh ves apmoximateled0 @i {The Roncearadonelis(hfdsitin (2oaded

i nside the react dire fr h I gh- | i pdey. ressure, & 31
bar at r o@% ‘Fgﬁﬁ%‘%& @%Q%m%ﬁ%k@ﬁg)@éﬁ? T%@%E%?%@%%es&ot 1Ses'gﬁ'grﬁ:?)er ature of
t he react QiFMaside Blereacldtdor §pedamate®s3( Meiutdse athed, the ped¥stallviap gedi@ht | ng
cartridges and allowed to equilibrate. At this tenperature, the pressure

i nsi de t heesistiuely &0 223765 while shaimaindigiihe wallypied0den Yisp the tappmesatate ofhese
conditions cal cul ate ing the Peng:Robi nson (P equati on of state (ECS
(Peng %ndéﬁégﬂgﬁ&ﬂ‘f, e‘&%ﬁ\t’ %?Pﬂ‘.’m gebg M%ﬁ%@@edﬁ&leéﬁa&ﬁ%%) an((:I cha
critical pRLANBISHOR Vib BRsReb-drdt Oﬁié% cc}reglrang%dare@mz% pRlufsesaBIAMionLi qui ds,

MG awH ||, Boston MA, "1987) is O. This value is slightly |ower
t han t hat oewpBdy diheifmat pressieeOBRhe xgseeliwasi2dat. ER s kperasg thetwallswgh 8) . The

anmount of, -30 WD .03/060976 PCT/USQ2/ 41242 . C2F6 | oaded. in th essel was
appr oxi na{e@%?rﬁﬁedc.’w &Earb%lﬁé ﬁ?’rsgfélcéﬁe elpoflﬂf”ég?t&}i]? gga?%%?r%@ﬁﬁl \ﬁ/e C2F6 was
0. 40 wei ghdhidfed( Thashgdvhehbikdaelsw@mpral I/pnedst afdi geaepssiiish C2F6 insi de
the reactor for approximately 30 m nutes. Then, the pedestal was heated

r esi s19 vefxperigentss the rogetqravaseillawad i erpl dpwnapd the edfluad @as weegd t he
tenperatu : i . e H2 was
added o e {e0Fap) BBk GBETRD aesiqoriaRi oA LBABIckofpaRoiRla

cor r esponfient @Thawdight gaipio€ dierveafer wad lass thad i erg. of 53: 1. The final pressure

in the vessel was 72 bar. By keepi t he ls a t ratyure | ower than
the stage, sefBRlWAs! PHONAS (E)‘hg)gxf‘l%di@@%@Q@)'Cgﬁglgéﬁo‘é{%hi eved.
The Stageth‘é@?R]EQi@fﬁ%@t'éH Atenfof RE sampit AefMES in BdnSlc HREoWRRGRAL! AR 10
experinments, the rea(I:t oFr) was al | g’)wel?zl1 tgﬁ%ool mdom%d t%eﬁ%?’fgl uent was

vent et ttrCughd 8n activated carbon bed. The deposition rendered a bright
copper-colored film The weight gain of the wafer was |l ess than 1 ny.
Sanpl e was identification as Cu by X-ray Diffraction (XRD). FI G 11A shows

thekXRg dikirhaet1ioo Bakdt ¢ @ a&hoitioh e (1sEOE2 BaRs), Y €IFi sblicHIRitholt Showi ng
peaks due

Hydrogen at 225°C

Example 10 is similar to Example 9, with the difference that in this case H, was

20  not added to the reactor. The size of the Si substrate was 2.0 cm x 2.0 cm. 0.1622 g of
(hfac)Cu'(2-butyne) was loaded in the reactor into the reactor inside a globe box and
the vessel was sealed and purged with N,. In this example, C,F, was loaded to the
reactor via pressure drop from a 30 ml manifold in two successive loads. The amount
of C,Fs loaded was determined from the mass difference of the manifold after each

25 transfer and was approximately 44 g. The reactor walls were then heated at 60°C
using heating cartridges and the pressure inside the reactor increased to 52 bar. The
density of C;Fg at 60°C and 52 bar calculated using the PR EOS (Peng and Robinson,
Chem. Ind. Eng. Chem. Fundam., 15, 59, 1976) and the critical parameters from Reid
et al. (The Properties of Gases and Liquids, McGrawHill, Boston MA, 1987) is 0.45

30  g/cc. Under these conditions, the C,F¢ loading density 1s very close to the CO,
loading density used in Examples 1 through 8 (density of CO, 60°C and 117 and 124
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15 to Cu and Si. Exanple 10: Batch Cu deposition of (hfac)Cul (2-butyne)2 /
CF6 solutions without Hydrogen at 225C Exanple 10 is simlar to Exanple 9,
wi th the wofiBeswnce that in this case H2 was 20 not addes#Craspheizaract or.
The size of the Si substrate was 2.0 cmx 2.0 cm 0.1622 g of

(hfac)Cu' (2-butyne) was | oaded in the reactor into the reactor inside a

gl obe box and the vessel wag sealed and purged with N2. In this exanple,
C2F2 was Haosusdl4 i3eendiPed65 merut cespectively SosuNB T). dkhefoopperdragionof manifol d in

s di 1 (HecE USRS REAFr B R b B AR Wi Mg o7 o e

appr oxi medigdoyvedit (YF WitRinl tR@fdabior Y6l approwghely NBmieadse d'hah, tﬁeﬁedds&n ng
heating cartridges and the pressure i nside the reactor increased to 52 bar.

The denswayheafed@esigivaly ©0CSHndvike mamtaelan&mea’wb a6y Theefimk ECS (Peng

d Rabi th
2p| ti %a: n%%%&%@ﬁ%vﬁsfgrwaﬁgﬂg’ar Cﬁy g%ep"( 186@4 Eefné’gr% re%‘gggg%{hdeu qui ds,
MG awHi | the sﬁ§§tseﬁcd% dep88tidn bﬁtthélﬁeat&DargJ Whs addnied. Thesegewndi tions, the

C2F6 | oading density is very close to the CO2 | oadi ng denS|ty used in
Exanpl es Heatedrap dgH CBlot ddfshquys. ohftenthe deroshion exparimgms, thereactgn we 03/ 060976

PCT/ USD2/ 44247 1 BB S0y o P O 403 8 6y S RRE LBl LG N ST ).

The concen ion of

(hf ac) Cu' T dpoyitien retdsred al daviebrotva-reddisis ﬁd)nﬁﬁomﬁge(ﬁﬂﬁﬁ; fitlind. e \tvélghf eact or for
approximately 30 m nutes. Then, the pedestal was heated resistively to
225C, 1%|83énﬁﬁﬁhﬁt“éﬁf‘?f"h%flﬁsﬁéh%afllén%t 60C. The final 5 pressure in the

vessel was 98,y wBY alfeRl MGin fRad 3%}(&2@)2})%&@1‘1&3%140%% e kR@n the
stage, selective deposition on eated area was achieved. The stage
was heatdaﬂ:rmloﬁ%t@rﬁof the smld\d@pomedAﬁE&ampheiOcthpwmgtmt@nsepqaks dments, the

t I t h
et vat edo B denoergs tun B RRob LRt S Rk e S sty

h f h 1 :
The 111 aas An ‘*yf?? A R o L b I T A

di ffrect i phaspatfeeencedf t he sanpl e deposited in Exanple 10 showi ng intense
peaks due to Cu and weak reflections due to Cu20 (200) and (400) Si peaks
were also identified. A shoulder of the Cu (111) peak at 20 X44.5 may

correspongy ngh18h 1! BaichiGepbMASh of (hfac)Cu'(2-butyne), / C,Fs solutions without
Hydrogen at 250°C

Example 11 is similar to Example 10, conducted without adding H into the

20  reactor but at a slightly higher reaction temperature. The size of the Si substrate was
2.1 cm x 1.0 cm. 0.0903 g of (hfac)Cu'(2-butyne) was loaded in the reactor into the
reactor inside a globe box and the vessel was sealed and purged with N,. C;F¢ was
then loaded inside the reactor directly from the high-pressure cylinder (pressure =31
bar at room temperature). During the filling process, the temperature of the reactor

25  was 22°C. The reactor was then heated to 60°C using heating cartridges and allowed
to equilibrate. At this temperature, the pressure inside the reactor was 43 bar. The
density of C,Fg at these conditions calculated using the PR EOS (Peng and Robinson,
Chem. Ind. Eng. Chem. Fundam., 15, 59, 1976) and the critical parameters from Reid
et al. (The Properties of Gases and Liquids, McGrawHill, Boston MA, 1987) is 0.35

30 g.cm™. This value is slightly lower than that employed in the scCO; experiments
(Examples 1 through 8). The amount of C,F¢ loaded in the vessel was approximately
29 g. The concentration of (hfac)Cul(2-butyne) in C,F¢ was 0.31 weight %.
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15 phase (reference). Exanple 11: Batch Cu deposition of (hfac
Cul(2-butyne)2 / C, F6 solutions without Hydrogen at 250C Exanple 11 is
simlar twomsaspre 10, conducted w thout adding H2 into treTAGoz/er281 Or but
at a slightly higher reaction tenperature. The size of the Si substrate was
2.1 cmx 1.0 cm 0.0903 g of (hfac)Cul (2-butyne) was | oaded in the reactor
into the reactor inside a globe box and the vessel was seal ed and purged
with N2. @FRCwesbutyherwdscdidedd tndisstdve incCafe stdtthor theireastorifgr from t he

hi gh- .cyli ) 31 .b t t.er t . i th
o Broseite Gl S pLesiic 0L e oL e Uil B g the
then heat I%Qinia‘?niﬁgg}[eﬁgél%gﬂ Beat | figke ﬁﬂﬂtep'ié[sﬁtg'@“f‘n el cdel RULEY bi0 BAUl librate. At

this tenperature, ressure I nsi reactor was 43 bar.” The density
of C2F6 akeepingdbe waligattal temperanire lovead dithnuithe stggd, heledtRedepodifrengntatie Robi nson,

Chem Ind. Eng. Chem Fundam, 15, 59, 1976 d the critic ranmeters
from Rei dhéaée?i ¢ WEsTHeBIoppG p bRe F1age RS gféétéagﬁfpa&ﬁ&l}owélﬁeﬁﬁﬂ, Bost on
MA, 1987)deﬁasi‘am%éx;?@mgm&ml%;reé@%ﬁyy@dmveuso 86d19BivhYank AYesmb AR hat

enpl oyed in the SCCO2 experinents (Exanples 1 through 8). The anmount of
C2F6 | oademhtédrthtdugh e sstelatedasirtpdredx iTinatdepasitiongenderathethemtightnt r at i on of

(hfac)Cu' (2-butyne)..in F6.was 0.31, weight % -32 03/ 060976
PCT/ Usozléxff’l rX‘(gﬁffHE‘) &CH%(W%@HE‘?&%W WA IGE ﬁﬂ&ﬂﬁ&% ve in C2F6 within
the reactor KRD ofdhrd Meds@howsth FIGMUL €S ApdR&idm thSi peslespeiks wastoheat ed

resistively at 250C, while maintaini n‘% the walls at. 60C. The final
presstfr e bath Cheand&ggQ(phages veoe ersily iggptikied pCagpamenwealh EIGd 18 of enper at ur e

| t hap_t i LL .
e eved Db b fdRuied et fle fealRPARkE L0 BRUR 14 I XRONEFELARE? Ve
deposi t i othe@upant ¢fENL,O, in thcsafrpde inofeavrissoaevbarwlith degmsiondemperatuee. t he

effluent was vented through an activated carbon bed. The deposition
render ed 4 strApgpsakgh2OLF %\fgﬁw%@ﬁ@éhff presgncq pbanparigating amaueofttieSiwaf er was
|l ess than 1 ng. XRD of Exanple 11 is shown in FIG 11 C. Apart fromthe Si
peaks, peaks due to 10 both Cu and Cu20 phases were easily identified.
Conpais soBxatplb 15 BatthBuodepofivanpl Ehid) et @)t GBH §dietidmtwitidut y of t he
Cu20 peaks in the XRD and therefore the anmobunt of Cu20 in the sanple

i ncr easedh¥59gSBhat with deposition tenperature. A strong peak at 20 44.5

suggests th EAR £k R Bm%@il-ic'aﬁ rsﬁﬁ'ﬁlia@wmﬂﬁtateﬁfﬁrg'lﬁ Rluene and then in

acetone and dried in a convective oven. No attempt to remove the native S10; layer

was made. The experiment was conducted using the same stainless-steel high-

20  pressure cold-wall reactor used in Examples 1 through 11. The test wafer was secured
to the heated stage. 0.0982 g of (hfac)Cu'(2-butyne) was loaded into the reactor inside
a globe box and the vessel was sealed and purged with N,. CF3H was then loaded
inside the reactor via pressure drop from a 30 ml manifold in two successive loads.
The amount of CF3;H loaded was determined from the weigh difference of the

25  manifold after each load and was ~43 g. The reactor walls were then heated at 60 °C
by heating cartriges and the pressure inside the reactor increased up to 83 bar. The
density of CF;H at 60°C and 83 bar calculated using the PR EOS (Peng and
Robinson, Chem. Ind. Eng. Chem. Fundam., 15, 59, 1976) and the critical parameters
from Reid et al. (The Properties of Gases and Liquids, McGrawHill, Boston MA,

30  1987)is 0.40 g/cc. Under these conditions, the CF;H loading density is slightly lower

than the CO, loading density used in Examples 1 through 8 (density of CO, 60°C and
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15 Exanpl e 12: Batch Cu deposition of ((hfac)Cu' (2-butyne)/ CF3H sol utions
w thout hydrogen A 2.2 cmx 1 cmbare silicon substrate was soni cated
first in wolwawe®7and then in acetone and dried in a convectoivsez/enen. No
attenpt to renove the native Si 02 | ayer was nade. The experinment was
conducted using the sanme stainless-steel high 20 pressure cold-wall reactor
used in Exanples 1 through 11. The test wafer was secured to the heated
stage. 0. DBdgl 28fbatshis Achl Band 0-4661yome], respsctivsiddiW. hemntdneM-Qact or i nsi de

a gl obe b and the v el .y seal ed d rge i 2. CFE s then
odtod” i MR RBT LG I ne M Per PR B P B Rt SyMens TRNISATS | e T o
successi VEhéRR#§ WebBosk MBI tafarCR3Hdréea drehbassNa@ber 49, mad Ky om t he wei gh
difference of the 25 nmanifold after each | oad and was 43 g. The reactor

wal | s wer kinstiem and Y.6oMatlardpJuly 2891, iNstionaldnetiuteof Gtandaidd aithe pressure

i nside th tor~i.ncrea u bar., The . d ityof CF3H at 60C and
83 bar’ ca ecclﬁ}ﬁg]t%éé (Ejasltlrﬁ%rgsg %Z&BR&}:@ @&8-2’3’68%%‘”"‘&%%&2%?%1% I nd. Eng.
Chem Fungaentration of thfad)@h§)-bange) MECEH Wheal3 paighres. ¢htic)u'@m Rei d et al .

(The Properties of Gases and Liquids, McGawH ||, Boston MA, 30 1987) is
0.40 g/ ccoutypRarasafiewed tagfisrolvedREF:Hrasids-the reasser fagarpsermeiely 20 s| i ght |y

of "ace o TR GPRRHLBET R et i s R e EE P 270 s
and 0. 465;1%0e0) Fhe fiR8RRE6dshnéGh Ynd Vosi¥ wa8 B Bar. MykeepMelthedans and D. G Fri end
"Ther nophysi cal Properties of Fluid Systens” in NIST Chem stry WebBook,

NI ST 8t andmpdranat dovesrdkanhe slogs sclRpiitredepegitiorEgnto the Peated Jubstratowaand W G

Mal | ard, Jul 0 ti |, i f a n hnol ogy,

Gai t her sb?#léé('ﬁé, Qéﬁggge ?g{%ﬁ?e ;5 \?tég%%%%rgiléﬁ%gg) Aﬁgst%e@ﬁéos}igoglncent ration of
(hfac) Qu' &drebittieyiiiheirétctdr ks wlswed @3cont g afid thichdfilegnCwag Rentbdit yne) was
allowed to dissolve in CF3H inside the reactor for approxinmatel

. ! 30
mi nut es. theeugh anastiperbearbon Reds %ﬂeéwl?@ﬁ%@?r@éFi)‘io%lier‘i%@,lm\ﬁhgﬁté’ keepi ng
t he wal | Sdﬁfcerﬁﬂ%bthweeﬁlfrﬂs}%d&é g@tlﬁrﬁ%i n the vessel was 138 bar. By keeping
t enpe

the walls at a rdature Tower than the stage, selective deposition
ont o the heaFKd 13 shevs tht XRiadiffractiinepatidn diitbe sinagle demsitbdat odngtle 225C for 1

1/2 hours, After the deposition experinents, the reactor was allowed to
cool downlZnfhe Helwsssievesliinicase Resks dee torl arhPi- Ashoddenal @i~ 88 P BAY bed. The

deposi ti og, £ &BIET BhnInGRBRELD fifisLi | m S!i ght 1y

Example 13: Batch Cu deposition of [(hfac)Cu'(2-butyne)/CO, solutions with ethanol

20 A 0.9 cm x 1.9 cm silicon substrate with a 300 A TiN barrier layer was sonicated
first in toluene and then in acetone and dried in a convective oven. The experiment
was conducted using the same stainless-steel high-pressure cold-wall reactor used in
Examples 1 through 12 and a similar procedure to that described in Examples 2 but
adding EtOH to the reactor. 0.1965 g of (hfac)Cu'(2-butyne) was loaded into the

25  reactor in the glove box and the vessel was sealed and purged with N,. Then, the
reactor walls were heated at 60°C by heating cartriges and CO; was loaded from a
high-pressure syringe pump (ISCO, Inc.) at 60°C and 110 bar with = 27 g of CO,
(hfac)Cu'(2-butyne) was allowed to dissolve in CO, inside the reactor for around 30-
45 minutes. Then 2 ml of EtOH were loaded to the reactor using 6-port HPLC sample

30  valve (Valco, Inc.) with a 2 ml sample loop (1.58 g). EtOH was then added to the
reactor by pumping CO; at 60°C and 117 bar through the sample loop. The total

amount of CO, added to the reactor was ~ 32 g. The concentration of (hfac)Cu'(2-

-34 -



darker than those filns produced with H2. 15 FIG 12 shows the XRD
diffraction pattern of the sanple deposited in Exanple 12. The anal ysis
reveal s iwbenpedpeaks due to Cu and Si. A shoulder at 20 &CIAISH2/mery2
correspond to an incipient Cu20 phase. Exanple 13: Batch Cu deposition of
[ (hfac)Cu' (2-butyne)/ C02 solutions with ethanol 20 A 0.9 cmx 1.9 cm
silicon substrate with a 300 A TiN barrier |ayer was sonicated first in

t ol uene amdynd)emCiCn was &t Dneeighidod The dongentattamidis OH/m ©Vewas The experi ment

Feact or  AROT ARy AR UOE TR BIGT S35 Apede Al B PR SR AT

descri bedy)pcExaP keI tﬂb‘?vall@gfjﬁmg} BtitiaPprlebiird BaRE QésseIszisng@ tr. of

(hfac) Cu' (2 butyne) was |oaded into the 25 reactor in the glove box and the
vessel vvaBykeqjlmltharv@llplat gEthperatireNGwerthanthetstage, sekeativodepaaition ontsr e heat ed

Sy ngb. POl HELesi he sticydane afad FronBar ik Gt e Poeg’ AR ©
(hfac) Cul (2 dewsymﬁ]) exwﬁmaxlltls QH@EEaEtQ)r ia§ S6WE foltob o sndiBe lehRuchewrad or for

around 30- 45 mnutes. Then of EtOH were | oaded to the reactor using

6- port HPrebteshihpsiugh 30 agtivalesl c(avmncbﬁd (The dppesiticn randered a sepnsr-eolosdp (1.58 g).

Et OH was # g bar

t hr ough tﬁgn g?ﬁf)vﬁ%g‘fr}égﬁh% ﬁ?%lg aFﬁosgtrgr%ﬁéerk—Q E&)%%h ‘39&&? ﬁeﬁl}%actor was
32 g. Thedgpbieaninmxample . rﬂefml)yas réZats3fteM¥d 123k OHRAGEC PG 3iS02/ 41242
butyne) in CO2 was 0.71 weig % The. concentration of EtOH in CO2 was
appr o¥d matndicpting thahihe additign péﬁt@ﬂ otiectight suparesssd (heradatign weheat ed

reS|st|ve? odtion225C, while keeping the walls at 60C. The final pressure in
the vessel was 188 bar . By keeping the walls at a tenperature |ower than
the stage, selective deposition onto 5 the hot area could be achieved. The

stage was heated at 225C for r t he deposition
experinments, the reactor msogf%@%m&?&m and the effluent was
vented thr OUQhIt%utfkﬁthd/cfﬂttﬁQ w8 iR ftion e HePasichbaNin @nfRcash a

copper-colored filmthat was darker than the filnms deposited using H2. FIG
13 shtivs WRID thef deftallemdespem@gn thedeafnthefermging descrifthien isnafepdédsioribustratles i nt ense

peaks due a i.ndi ca t.hat the addition of EtOH effectively
suppr essef ?i’ﬂ B@F P (?Pec’ﬁﬁ f}fenaé’pe%g%& on. OTHER EMBODI MENTS
Other aspects, advantages, and modifications are within the scope of the

following claims.
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It is understood that while the invention has been described in conjunction
15 with the detail ed description thereof, the foregoing description is
i nt ended wo m3lobaggé rate and not limt the scope of the appemdsd/eizat ns.
O her aspects, advantages, and nodifications are within the scope of the
followng clainms. -35 WO 03/060976 PCT/US02/41242 WHAT IS CLAIMED IS: 1. A
nmet hod for reducing contam nation of a |ayer of a material deposited onto a
surface oWRATUBGLAIMED e net hod conprising: 5 i) selecting a precursor
of the deposit material and a solvent, wherein the precursor dissociates
under conditions at which the solvent is a supercritical or near-
supercritjcal AlidtRod for redlbm$RoMiafBndtide dFaeSHE P4 matdrR] B&Rsiel naplk to form
a supercritical or near- supercritical solution; and 10 iii) exposing the
subst r at esurface pea subisirateothe methad @dMdistigons at whi ch the precursor
di ssocj at es whi| i ntaini ercritical. nean - 1.t cal
condi fél ons, t'ﬁ ?8‘%@1&&1 rrﬁ%uﬁ‘g&toﬁgp (Eaei)g%& 81?%%9 ﬁf;z{nr% s(fja(l)rl\llea ’R@i]e?{lhtéﬁesurface of
t he substprat@sordigbeiates hderlcayditionDarwhidethe 3blvemds b s@ieraviticghér marcent  of
the deposited material. 15 2. The nmethod of claim1, wherein the precursor
t her mal | ySugFrssgesldfliid 3. The nethod of claim 2, wherein the precursor
thermal |y di ssggi: i ar &' BRAL #or dd¥g. et hod of
claim1l, V\herelf?fr:ldlt gﬁ?%ﬁn%??%{hﬁgrﬁgmé&%%u{)st rat esl ébr%%?cr?t 31; ned at nore
t han 150Gupbrcrifiba sobtiboghndf cl aim 1, wherein the solvent has a reduced
tenperature 25 between 0.8 and 2.0. 6.. The nethod of claim.1, wherein the
sol veth has a 1 s¥Rasipedhe %lﬁ’sfr%tﬁé? ths, Si’?L@‘/oBr’r‘Efier C’f’.ng}f*ﬂ@? Ae¥ ek th claimi,
\Cﬂifher _elt Nt Ao \BRbcilRS whild eshthdif supbrchifids lor A8R-sipércAticad Qofitibhss critical
ensity.

thereby forming the layer of the material on the surface of the substrate,

wherein the layer comprises at least 95 weight percent of the deposited

material.
15
2. The method of claim 1, wherein the precursor thermally dissociates.
3. The method of claim 2, wherein the precursor thermally dissociates by thermal
disproportionation.
20
4. The method of claim 1, wherein the temperature of the substrate is maintained

at more than 150°C.

5. The method of claim 1, wherein the solvent has a reduced temperature

25  between 0.8 and 2.0.

6. The method of claim 1, wherein the solvent has a density of at least 0.1 g/cm’.

7. The method of claim 1, wherein the solvent has a density of at least one third

30  ofits critical density.

-36-



-36 WD 03/060976 PCT/ US02/ 41242 8. The nethod of claim 1, wherein the
solvent has a critical tenperature of less than 150C. 9. The nethod of
claiml, wohasese7¢ he | ayer conprises at | east 98 wei ght peczarsn2/4B4nf the
deposited material. 10. The nethod of claim1l, wherein the material is a
metal or an alloy. 11. The method of claim 10, wherein the netal is
copper. 10 12. The nmethod of claim 10, wherein contam nants of the |ayer

i ncl ude a® oxi fee method o€ clagn 4} whaiBin thisolnentthesia ofiticdl émpetatufanttlessr
conprisinﬁﬁﬁﬁg &fing a reaction reagent that 15 reduces contam nation of

t he mat er g "'eacting with a contaminant to formthe material or to
forma reaction product that is soluble in the solvent. 14. The nethod of
claim 13, wherein the reaction reagent is a reducing agent. 20 15. The

net hod of 9cl ai Fhamethaf of elaim d hwhersHuibe fycaeemrrised apleass 88 wejght pgisant  16. The
met hod, of i rein the material is copper and the reaction

reageﬂ% r%dhgggk%ﬁ31§@%ﬂ§¥ of copper oxide fornmed on the surface of the
substrate. 25 17. The method of claim 1, wherein the precursor conprises an
organo-netallic conplex. 18. The pethod of claim 17, wherein the

or gano- net@l | i Ehewsihed of elgimpd; wasrem thegratonal sametal ofranalloy(1 1) conpl ex. 30
-37 WO 03/060976 PCT/US02/ 41242 19. The nethod of claim1, wherein the
precursor conprises a ligand, and upon dissociation of the precursor the

| i gand pr dli deThamethad bf olaim dgehtreinach¢ etad ol aoppemn t hat  reduces

contam nation of the material deposited on the surface of the substrate. 5
20. THe nethod of claim 19, wherein the reaction reagent reduces oxidation
of the g erighe feMBa ol 8RIRN0! WRersh doBtathifdntd b¥ahe RSt mdhule ark bxidthe met hod
of claim1l, wherein the substrate is a patterned substrate. 10 22. A nethod
for formi eigthanetaler of a material deposited onto a surface of a

13.  The method of claim 1, further comprising providing a reaction reagent that
15 reduces contamination of the material by reacting with a contaminant to form the

material or to form a reaction product that is soluble in the solvent.

14.  The method of claim 13, wherein the reaction reagent is a reducing agent.
20 15.  The method of claim 13, wherein the reducing agent comprises hydrogen.
16. The method of claim 13, wherein the material is copper and the reaction

reagent reduces the amount of copper oxide formed on the surface of the substrate.

25 17.  The method of claim 1, wherein the precursor comprises an organo-metallic
complex.
18.  The method of claim 17, wherein the organo-metallic complex comprises a

Cu(I) complex or a Cu(Il) complex.

30
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substrate, the nethod conprising: i) selecting a precursor of the materi al
and a sol vent, wherein the precursor dissociates under conditions at which
t he sol vewD i3me@7cupercritical or near- supercritical fl uipdT/ush2iiz)2

di ssolving the precursor into the solvent to forma supercritical or near-
supercritical solution; iii) exposing the substrate to the solution under
conditions at which the precursor dissociates and the material fornms on
the surfat® of Thhmethobsf claine 1 ywhérein theprecaisor egnmispea bgartd, exd upm
near-supercriti.cal .conditions; .and,20 i m xing a reaction.reagent into
The sol urfistpciaRRPEfHR Prirurspedic e Proaidhe oo g SR rMRRdRor [he
mat eri al . reddees EBRtaMBNBH 0P theGhAbMA1 2posifae LRitH: SUMRCHELHY sHRrates @ Cu(l)
conpl ex. 25 24. The met hod of cIa|n152, wherein the reaction reagent is a
reduci ng agent. 25. The nethod of claim 22, wherein the reaction reagent

reduces contamipation f. the,mat er. by reducin n_oxi de..of mat eri al
to forh t%(g nnmlr@? gy .Odggd%r.l ?’Qf’hvéﬁer%ltrﬁ%%r%?uoc rglg engﬁe,%u\clx%sé)rx é‘?‘ﬁlg? ﬁiéﬁlgeposi ted
mat eri al mStefial®ipasited onIfe W3O ERIGBstRHtl/ USO2/ 41242 27. The net hod of

claim 26, wherein the reaction reagent reduces contam nation by reducing
oxi dation of the netal 28. The nethod of claim 22, wherein the sol vent

conpri ses . i ;i i | vent conpri ses
a reducin%ﬂggeg?ém%%BqEgaﬁg?Egﬁﬂ?%§”?%%ﬁghgéé%w?%%gggg%ggnggrcuit, t he
nmet hod conprising: i) dissolving a precursor of a material into a sol vent

to forma_supercritical or  |o near-supercritical, solutign; i.i) exposing a
subst 1%t 6240t AdvbId{or GimingRiaver A malsHal dapoRiania ﬁé“rgaﬁéeﬁﬁ‘sor PoSIS

di ssoci at g,ihik] 16 FRIHMRbRIpRGinguUPer critical or near-supercritical
conditions, thereby depositing the material onto the surface of the

substrate; andi)istlegtingrapressin@ftiremsietisk andtagobrentraherdimthe poecutrorh, to
ﬁ;? 2? ie a][ h&igéog%aﬁ%{ugﬁlgrg néﬁioﬁ% %tg\g;uf_litch tl%els'olv-lc;pl? isr;rlestu}r)]grgri 1<];a1 %lr fn 30, wherein the
supercritical fluid;
15 i1) dissolving the precursor into the solvent to form a supercritical or near-
supercritical solution;
iii) exposing the substrate to the solution under conditions at which the
precursor dissociates and the material forms on the surface of the substrate while
maintaining supercritical or near-supercritical conditions; and

20 iv) mixing a reaction reagent into the solution, wherein the reaction reagent

reduces contamination of the material.

23.  The method of claim 22, wherein the precursor is a Cu(I) complex.
25 24,  The method of claim 22, wherein the reaction reagent is a reducing agent.
25.  The method of claim 22, wherein the reaction reagent reduces contamination

of the material by reducing an oxide of the material to form the material.

30 26.  The method of claim 22, wherein the deposited material is a metal.
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32. The nethod of claim 30, further conprising providing a reaction reagent
that 20 reduces contam nation of the material on the surface of the
subst r at ew033/060bhe€ net hod of claim 32, wherein the reacti ®cTresageny2 r educes
oxidation of the material. 25 34. An integrated circuit fornmed by the
met hod of claim30. 35. A substrate coated with a fil mdeposited by the
met hod of claim1. -39

27.  The method of claim 26, wherein the reaction reagent reduces contamination

by reducing oxidation of the metal

28. The method of claim 22, wherein the solvent comprises CO,.

29.  The method of claim 22, wherein the solvent comprises a reducing agent.

30. A method for forming an integrated circuit, the method comprising:
1) dissolving a precursor of a material into a solvent to form a supercritical or
10  near-supercritical solution;
i) exposing a substrate to the solution under conditions at which the precursor
dissociates while maintaining supercritical or near-supercritical conditions, thereby
depositing the material onto the surface of the substrate; and

iii) processing the substrate or material, or both, to create the integrated

15  circuit.
31.  The method of claim 30, wherein the material is a metal or an alloy.
32.  The method of claim 30, further comprising providing a reaction reagent that

20 reduces contamination of the material on the surface of the substrate.

33.  The method of claim 32, wherein the reaction reagent reduces oxidation of the

material.

25 34.  Anintegrated circuit formed by the method of claim 30.

35. A substrate coated with a film deposited by the method of claim 1.
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