WO 01/ 32951 PCT/ USOQ 30264 CHEM CAL FLUI D DEPCSI TI ON FOR THE FORMATI ON OF
METAL AND METAL ALLOY FILM5 ON PATTERNED AND UNPATTERNED SUBSTRATES

CROSS- REFEXENE29%) RELATED APPLI CATIONS 5 Thi s appl i cati onPET/HP®REMSdnef i t

of priority fromU.S. Provisional Patent Application Serial No.

601163, 163, filed on Novenber 2, 1999, and from U. S. Provisional Patent
Application No. 60/223,839, filed on August 8, 2000, both of which are

i ncorporated herein by reference in their entirety. 10 FIELD OF THE

| NVENTI ON The invention relates to nethods for depositing materials onto
substrate surfaces or into porous solids. BACKGROUND OF THE | NVENTI ON 15
Thin filnms of materials such as netals, sem conductors, or netal oxide
insulators are of great inportance in the mcroelectronics industry.
Fabrication of integrated circuits involves formation of high purity thin
films, often GM-IEMIME Fpum D&?&SﬂIONlFORafTHHaF@EMASHW ORMETAOWNDSF t he
nost conmon 10 .o5|t|on
(CVD). In tH . 5 ot-S:l% e Aoek 20 g 2duced
pressure at terrper atur es beI ow thel r ther mal decorrp05| tion terrper ature and
transported by neans of a carrier gas into an evacuated chanber contai ning
a substrate. The SLKBRQSSH&EFEREM&'&I&&EIJA@EH Aﬂﬂblﬁnﬂ‘d&f\ls and thernolysis

at or acent e heated rate result ace deposition
of Che deei red T abPRBCEHGEeIFNof bref s B Sty Sed Pl hmn ot ol
eds., ChenpggllcalaR SEridPNRO B0 59 N6 HlieCdriSfentRA2, 219990 fedth iLpgs (Academ ¢
Press, London, 1993). Thin filns have al so been forned usi ng supercritical

f1ui ds. oFrowmgl Ba‘fﬁwlﬁmfi?atm@tN‘alﬁoﬁ@bg@ frbest ampugust 8.420P87b@3B4) whisBcr i bes a

physi cal ) 01/32951 PCT/ USQQ 39264
metal or po?? ﬂe‘gﬁésg‘l%\y rafereﬁme i tgﬁlreenn%é&gnder supercritical conditions

and as the
10 FIELD OF THE INVENTION

The invention relates to methods for depositing materials onto substrate surfaces

or into porous solids.

~ BACKGROUND OF THE INVENTION

15 Thin films of materials such as metals, semiconductors, or metal oxide insulators
are of great importance in the microelectronics industry. Fabrication of integrated
circuits involves formation of high purity thin films, often with multiple layers, on
patterned substrates. One of the most common methods for producing thin films is
chemical vapor deposition (CVD). In thermal CVD, volatile precursors are vaporized

20 under reduced pressure at temperatures below their thermal decomposition temperature
and transported by means of a carrier gas into an evacuated chamber containing a
substrate. The substrate is heated to high temperatures, and thermolysis at or adjacent to
the heated substrate results in the surface deposition of the desired film. For 2 general

reference on CVD see: Hitchman et al., eds., Chemical Vapor Deposition Prineiples and

25 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 which a
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systemis brought to sub-critical conditions the netal or polyner

preci pi t ame3onsesr an  exposed substrate as a thin film Simvigisoeeisat .

(U.S. Patent No. 4,970,093) describes a standard CVD nethod in which
organonetal lic CVD precursors are delivered to a 5 conventional CVD reactor
by dissolving the precursors in a supercritical fluid solvent. The solvent
is expanded to produce a fine precursor aerosol which is injected into the
CVD reactor under standard CVD conditions, i.e., pressures |less than or
equal to 1 atnosphere, to deposit a thin filmon a substrate. Louchev et
al. (J. Cystal Gowh, 155:276-285, 1995) describes the transport of a 10
precursor to a heated substrate (700 K) in a supercritical fluid where it
undergoes thernolysis to yield a thin metal (copper) film Though the

process t ghet  of EQI i h@ﬁgsol@dgﬂag{)ﬁéﬁ%@er sHE@rcﬂ@JEP%r@hWn@ ahdlad@e vicinity

of the su enoug nsity of the supercritical
fluid appsmhesbmbghtdensb~t:yn@ﬂ cendirdoms elnt metalbdr mphsuer Preeidifatanonipranduced by

this method ha at om c, copper..concentratj an of. ap iJmatel y. 80% (i .

15 20% | rrﬁi’:ﬂ?qsf"? é‘%ﬁtfaﬁﬁ&dé’t“ R gie efss‘iﬂ (G Petgt N 093 gesodbosg 1994)
descri bes s@ndrBidvad mahmn%@ B@B%m&mz@@w deRas hedielivar & a
supercritical mxture of |iqui gas co- soI vents at a tenperature of at

| east 2340cpnvEntonahiGVPir¢agicr é’b’ #@SQXS’H?G thepigbursass in 2 fiperepHgdifidtolensubst rat e
heated to t.. 2 aqn . of al f e netal
ﬁgﬁ%lv?r?% ig )?poa§8e‘ él urﬂe”% ;1 cur ? geégssol \Aﬁl??a%ééc'té?i ﬁto%'er

conponent ure ne onents is also

of intereswp fbaﬂlo@hﬁ@h@t&nﬂ@zﬂl@VD&pﬁdxh@@d,i@npremebsdmtm ofr&b)did @ation for the
formation of films exhibiting ., gigantic nagnetore5|stance(GVR)
i ncr eas edaimaspiergfedlepesics it f@h{’@ﬁéﬂbséfﬁfeand for modification

el ectri cal CO”ﬂUﬁéﬂe‘é'& i (ﬁrﬂﬁysftglr G;IoW‘r‘h f135 385 He8. Qs &e@ bJs‘«JﬂeC&AnQ&gl of BYErs

inintegrated <circuit ‘att§o0 used to or rate an
sel ect @i p;ecfmnr meahﬁ:axadrwbstm (7@0@0naedpe2&1tmat ﬁthx;isems:e it npdepgeest he

oo oL ance o ekl BRIDRRE o Bl SR (AR L LSIE R0 oy et oaoe
T o o bt Bogagi e s < 1o
nsity of the supercritical fluid approaches the density of a conventional gas. The film
produced by this method had an atomic copper concentration of approximately 80% (i.e.,
15 20% impurities). Bouquet et al. (Surf and Coat. Tech., 70:73-78, 1994} describes a
method in which a metal oxide is deposited from a supereritical mixture of liquid and gas
co-solvents at a temperature of at least 240°C. The thin film forms as a result of
thermolysis at a substrate heated to at least 290°C.
The formation of alloys from multiple pure metal components and films
20 containing multiple pure metal components is also of interest in microelectronic
applications and device fabrication for the formation of films exhibiting, e.g., gigantic
magneto resistance (GMR), increased resistance to electromigration and for modification
of electrical conductivity, and for the formation of other functional layers in integrated
circuits. Alloying is also used to tailor rate and selectivity for reactions over supported
25 catalysts, improve the resistance of metal membranes to hydrogen embrittlement and to

increase the hardness and corrosion resistance of barrier coatings. Mixed metal films are

typically produced by physical deposition methods such as ion sputtering, which is a line-
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of -sight technique. In principle, CVD can al so be used to produce all oy
filnms uspw@3siconbi nati on of netal precursors. Such depeghiso@ivreronever,
would be limted by the relative volatilities of the precursors making
preci se control of nulti-conponent feed streans across the conposition
range difficult to achi eve. Mreover, attainnent of a 5 desired conposition
woul d al so depend on the relative rates of deconposition. Thin filns of

pal | adium (Pd) and its alloys are used in technol ogically inportant
applications such as catalysis, gas sensors, and H2 pernsel ective nmenbranes
for use in gas separation and in integrated reaction/separation schemnes.
Moreover, Pd is a cormon noble nmetal in mcroelectronics, where it is used
as a contact material in integrated 10 circuits and as a seed |l ayer for the
el ect r QJrRssht dRRAFLL. | Rpridkiph, TXD kaH A5£BOERAN0 PRIdALS all i Ints dsrsfgh£ an be
prepared by vacuum sputtering and el ectroplating. However, suc t echni ques
are gersemdhnagionjofimetad presurspran ducks derosidien, hawayer.iwayld helimitgdbyiteabi ity to
appl i cations. in.:ad Gr ' ripki i ' [.pns require
FFi ci aHptls po R G Ml R bR B o R Bh IR IEE™ £ g
purity sidambacrofs thesommpusition rdegeatifficatt tbuckidiz. Mdbregver; gainpant efdi um
conpqunds, cont ai nj ng varjaus classes of ancillary, |igands as precursors.
Howey erdesiFes Cm%t“zﬂ‘ﬁ”%‘ggm Q‘Eﬂeég g8 rre fplagivg "H%Sp‘?f;s/qef’? ROYHs, tenperatures
usual |y exc =Ya\y kS i ; t
linted, the %@%@??%%*@?‘?ﬁ‘s@g’r %‘Qgﬁﬁﬂg’?éd tgébrg{eﬁgﬁlg%l??ﬁ‘m&%fﬁg eby
limtirappBédtions eurh ascatalysis) das sepsarsd And Heperimseleeti veomembrages fofr us®inconpl ex

surfaces. Consequentl al | adi um,CVD has not yef, been nrer ci al i zed.
Copper 48 sSHALg 2N 1t HeebRseh Ry ieh et Mo A R B oot ng
| Nt er CGRRCH el nUbickeRBtrbiicsivheeh ACise@ s § coaudtGRferidlun (rt¢dratg@t hods of
depositing copper, such as CVD and sputtering, have not been shown to

pr oudesingnits anchasta sepd lagerdpr theelegtralesy drpogitieB of AR intErFerNSst mafalh Pdspect
o010, ISR Bl A UMb BRI BB Bl et ced
pri nt edectiniquey atecgenerally limite@rOplada 3bfades;TirnRng/tBeip applicability to
applications in microelectronics where shrinking device dimensions require efficient
filling of deep sub-micron, high-aspect ratio features.
15 High purity Pd thin films can be deposited by CVD using organopalladium
compounds containing various classes of ancillary ligands as precursors. However, to
maintain acceptable purity and deposition rates, temperatures usually exceed 200°C.
Moreover, because CVD is often mass-transport limited, the deposited films are expected
to be non-uniform, thereby limiting efficient pore-filling and/or conformal coverage of
20 complex surfaces. Consequently, palladium CVD has not yet been commercialized.
Copper is also used in technologically important applications, including
interconnect structures in microelectronic devices. Current methods of depositing
copper, such as CVD and _sputtering, have not been shown to provide uniform filling of
very narrow (~150 nm and less), high aspect ratio trenches or vias. As a resuit, copper

25 CVD has not been practiced commercially for these applications. Other applications for

copper include printed wiring boards.



SUMMARY CF THE | NVENTI ON The invention features new nmethods for depositing
a materialwoetigg29sia thin filmof a pure netal, a m xed neperusouzoassret al
alloy, or a laver, e.g., a discontinuous |ayer of discrete uniformy
distributed clusters, onto a substrate surface or into a porous solid 5
substrate. The nethods are generally referred to herein as chemcal fluid .
deposition (CFD). CFD involves dissolving a precursor of the material to
be deposited into a solvent under supercritical or near-supercritical
conditions and exposing the substrate (or porous solid) to the solution. A
reaction reagent is then mxed into the solution and the reaction reagent
initiates a chem cal reaction involving the precursor, thereby depositing
10 the material onto the substrate surface (or within the porous solid).
Use of a supercritical sol senNMARSOF U0t QVENTIONG eaction reagent
produces high purity thin filns, e.g., netal or netal alloy filns, or

| ayers of di scr@hdamh{?@ﬂtpfp@ﬁﬁutaﬁ newtragthests fﬁE@WDSi‘ang a)yzatﬁrza}smr,grhzathim ofa
tenperatures that can_ b r.th n onven i onal ture The
subotr at o e reeE B mefhBhe SRET AFSRSrR 98D Bes TARPEIRRES HHE S f er ned.
When patt edig@ete LnifoHhBidiatiBoed E RiskBECHato Q. sgbsua&amtfa@ diemp a%iébsu@k&rx@n

hi gh-aspect ratio_features such as trenches, CFD can praovide uniform
confor mel  wbsEatagdhamethads peraenerally referrest tohpisin asehemicakfluid depqsiigEnt | on al so

features agc%ﬁgg %ﬁ?u%%@%?ss&?ﬁ% 4 ;{?gch!r%?%f&u%)ntxattgﬁl f&e&oa% Eéxﬁ%& u%a

catal ytic | ayer I num - or by CFD,

fol | owed soled} uﬂ:ﬁbrphp&rcnmg:ai e: ny:ax-swqiemttrcal metmons zeidexpo@ﬂxg/me sutpsk:atﬁl(ng or
addi ti onal CFD, nor. e net al anot taI or alloy. The
seed | ayerp%wq(ﬂ*e}i t%téeée*m%uéaempn Fageqtinthen Bixe |‘%‘9é Vdpiqgen

clusters %aa%%aéteaﬂxmtm Memiiiteak1ién insOlvRzakk ﬁé&@&d{rt m&esﬁa@bcﬁimt ers

shoul d be distributed uniformy in any patterns, g trenches or
i nvagi nid nbnmaterral ph@ the sittisiate sutfacer{er wub@tthtawoumq ds (Wgef @ suparcrivical

el or ot 1 et LiePigrsRofl SRR R ke YolgBf i B i P DR e o el
| ocation odr rhétel argdilimyarlagepeditcrett highnatibehethl@mBdigiRipy ORERSE, ata S eed
ayer and tterrr];pgra];ér!asnt]hlats ca%rbeéa}ctrsgr t?xlmnyclntvggt?o%gls &{//D térﬁperamres. The substrate

surface can include one or more layers, which may be patterned. When patterned

15 substrates are used, e.g., having deep sub-micron, high-aspect ratic features such as
trenches, CFD can provide uniform conformal coverage and uniform filling of the
features.

The invention also features a two-step process that involves (1) the deposition of a
catalytic seed layer, e.g., of palladium, platinum, or copper, by CFD, followed by (2)

20 plating, e.g., electroless or electrolytic plating, or additional CFD, of more of the same
metal or another metal or alloy. The seed layer need not be continuous, i.e., the seed
layer can be made of clusters of deposited material, but the isolated catalytic seed clusters
should be distributed uniformly in any patterns, eg., trenches or invaginations, in the
surface of the substrate. The surface can be functionalized prior to deposition using

25 coupling agents, e.g., chlorotrimethoxysilane, or example, to control the concentration

and location of the seed layer deposit.

In another two-step process, a seed layer and thin film is created simultaneously
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WO 01/ 32951 PCT/ USOQQO 30264 by a first thermal disproportionation step
usi ng av@oesassor such as copper (e.g., Cu(l)), foll owedthoedrspddi tion
of a reaction reagent such as H2 to reduce the products of the

di sproportionation reaction in a CFD nethod to obtain high yield deposition
of the precursor onto a substrate. 5 In general, in one aspect, the

I nvention features a nethod for depositing a filmof a material, e.g., a
nmetal, mxture of nmetals, netal alloy, nmetal oxide, metal sulfide,

i nsul ator, or sem conductor, onto the surface of a substrate, e.g., a
silicon wafer, by i) dissolving a precursor of the material into a

sol vent, e.g., carbon dioxide, under supercritical or near-supercritical
conditions to forma supercritical or near-supercritical 10 solution; ii)
exposi bgatfira therhml diaprepértohdimnstdpuisinga preckesorcsuobias capper &tg.whud)), t he

precursqQr is stable.in the solution; apd {ji) m xi a reactjon reagent,
e.g., F@WZW th? ﬁ‘é‘gn%‘b‘?flli‘tr%‘ﬁ‘onﬁﬁﬁéf‘t %HG?H%%éedPﬁ%{]‘%im‘i"{qcéﬁ‘g%e cheni cal
reacti ' ' g ; j ' hON, or
ydr of JoPiRPRIORaGh e CRAE CFESmeuoailo obfin FigH ¥4 bostoh LT, Pt ace of

t he supsru@beontofishbstiatel nt ai ni ng supercritical or near-supercritical

condjitions. .15 For, .exanpl e,. the net.hod can be conducted so that the
o LU o M erefh 1 SBE Bt e oRkiPR feaf By Teig e PSR e 6555, 250,
275, Ok maféial, d.§1€a fretay eRiktfe st MetaBiithetd allég HRaalaixide; nieedl ¥eigide0. 8 and 2.0,
e.g., 1.0, 1.2, 1.4, 1.6, or 1.8, the solvent has a_densit of at | east

0.1 g/ énsslatas, g sermiconductor) ontg theysurfase opa subspratss 488 2 stlif@ndAfSe Y Dhas a
densi t y: ' [ i Li i J: o that the
S von ity 2 prectilor 8P fhe il Buo'elsBvERE blet Tartdiibide, Bfie0 (1AL LhE
met hod suysencrivicabarr ieae shiperetitisal cohditiohh® foempeuptrerigcal for nkar-superbgticat e
measured i.n lvin.is |l ess than tw fe. the critical te %g]%ure of the

sol ¥&ngolutignsdi)e¥posing e pehsiate dp thesofytion under sandinians ahy ¢ PECSSt r at e
neasur goridle KEthY slutisk; \shd 8 rﬁxix{gguerea&ﬁfm éne,raf,rl 1%17(1%§n,0a‘m5 fuseper cri ti cal

solution neasured in Kelvin is_ between 0.8 an he nethod can al so be
conductedersonditipngthat inisia\acthgguicab seacbom byvalving thefprequesos, g r &ri t i cal

oL b0y S SEIAG Sy MRt g 1 o0

conpr i sexfacewif thepdubstyate cuhils onainthiming supercriticalpdreeariupercritieslrdonditions.e, t he

mat ?g 'l Ca%op gxa%lple, the method can be conducted so that the temperature of the substrate
is maintained at no more than 200, 225, 250, 275, or 300°C, the solvent has a reduced
temperature between 0.8 and 2.0, e.g., 1.0, 1.2, 1.4, 1.6, or 1.8, the solvent has a density
of at least 0.1 g/cm?, e.g., 0.125, 0.15. 0.175, or 0.2 g/em’, the solvent has a density of at
least one third of its critical density, or so that the solvent has a critical temperature of

20 less than 150°C. In addition, the method can be carried out so that the temperature of the
substrate measured in Kelvin is less than twice the critical temperature of the solvent
measured in Kelvin, or so that the temperature of the substrate measured in Kelvin
divided by the average temperature of the supercritical solution measured in Kelvin is
between 0.8 and 1.7. The method can also be conducted such that the average

25 temperature of the supercritical solution is different from the temperature of the substrate.

In some embodiments, the material comprises multiple metals and the precursor

comprises multiple precursors for the multiple metals. Furthermore, the material can be a
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-5 WD 01/ 32951 PCT/ USOQ 30263 honogeneous or i nhonobgeneous m xture of

mul tipl e mMrigadigaodior exanple, the material can be a pl atipefSiopissds

m xture or alloy. or a copper mxture or alloy. Mreover, gradients of
varyi ng concentrations of individual netals nmay be created throughout a
thin film 5 The substrate can be a patterned substrate, such as one used
in the mcroelectronics industry. The patterned substrate can have

submi cron features, which nay have an aspect ratio greater than about 2,
greater than about 3, or greater than about 10. The material can be
deposited to conformally cover the features. In one enbodinent, the
substrate is a patterned silicon wafer and the material is palladiumor a
10 palladiumalloy that conformally covers the patterned features. In

anot her enbodi I8BLys or iR NUELSIR I tufe @m@tigw@ﬂs%ﬂléxsxaazewﬁfe%azam the

material is copper or a copper alloy that conformally covers or fills the
patterned dapdtelar matininnizkeltrhisturaspabty, ot heopperveixtiroor flkwat Mersowar, i nt egr at ed
circuit includin a atterned .substrat aviﬂ sugm' cron features and a
(i1 m i ncl GEPHGT SR T 4TGRO B Ot FRT el Gpes4lS Ry BE SRR HyoPshour ELbhir e
The aspectfimati o of the patterned features can be greater than about 2.
greater than about 3, or greater than about 10. The invention also features
a method for depossbbivge pet berd pattempedisubsteptarbuch@p oroissd inhenanopor ous sol i d

substrate Ry SSAd: i Rup! PRHLARM S ubiEdTBA SEIAL il S RaROLY Gy Under
supercritical OfF near-supercritical conditions toforma supercritical or
near 20 supegy havel dncpecs cdtistgrenter thar) abexpd Jireger e abohtiddosgrester tizg abeutt he
sol uti on under. conditi ongegt whi ch t?e ecursor s stable in the

p
sol ut i on; Hhal e PReFEbEARBe Aepashed fogoniRraLN £y 6 HoRESS. JBI%BEI on under
condi t i onsechbiaimbil te3seie0E Phéthed BRES Ol MehehBGrANE pRIAGHE 3P5

e
t hereby depositing the material wthin the solid substrate,

mai nt ai W nepllediver giaytthaabnfoomalijecovesupe patamead dedtures Nidianotbasembatimextanypl e,
L Tt T SR AR UGl B SARASTRSRE Sl A B
190C. conformally covers or fills the patterned features.
In another aspect, the invention features an integrated circuit including a patterned
substrate having submicron features and a film including palladium or copper
15 conformally covering the features. The aspect ratio of the patterned features can be
greater than about 2, greater than about 3, or greater than about 10.
The invention also features a method for depositing material within a microporous
or nanoporous solid substrate by dissolving a precursor of the material into a solvent
under supercritical or near-supercritical conditions to form a supercritical or near-
20 supercritical solution; it) exposing the solid substrate to the solution under conditions at
which the precursor is stable in the solution; and iii) mixing a reaction reagent into the
solution under conditions that initiate a chemical reaction involving the precursor,
thereby depositing the material within the solid siibstrate, while maintaining supercritical
or near-supercritical conditions. For example, this method can be conducted such that the
25 ternperature of the solid substrate is maintained at no more than 300, 275, 250, 225, 210,
200, or 190°C.

In another aspect, the invention features 2 film of a material, e.g., 2 metal, metal
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I n anot her aspect, the invention features a filmof a material, e.g., a
met al , webab2osr 6 WO 01/ 32951 PCT/ USOQ 30264 mi xture. ”?E‘?}Usﬁé/i(ﬁh or

sem conductor, on a substrate, the coated substrate itself, and

m croporous or nanoporous solid substrates having such naterlals deposi ted
on and wthin them One enbodinent is a netal or netal alloy nmenbrane
formed within a porous solid substrate. These new substrates nmay or my
not be prepared by the new 5 nethods. In a further aspect, the invention
features an integrated circuit including the new substrates, which may be
prepared by the new nethod. In other enbodinents, the invention features a
nmet hod of depositing a seed layer of a material onto a substrate by i)

di ssolving a precursor of the material into a solvent to forma

super Chjithc@Imd4l dﬂ%ﬁrcr%aa%ﬁalh&ércah aS0bsitate 'Ehe doated @4PREtd kel hgndubst rate to
the 10 sol ution under conditions at which the precursor is stable in the
sol ut i omgrogawpus of )lampmwg selid st@amtes)hﬁvngwhtmmm%s deposised on ansh under

condi ti Qops hat eagt Y/ recursor,

wher ei V! eq? % gmolg??;{ee éjégxée%ésieaﬂelg aeh{e})\r{é)rlonto ?%&ﬁtslﬁlr ace of the

substr @bﬁ:u\sﬁaelru wlﬁtraebsrhésetreuesmds&diés hepof nan nbﬁ&gﬁa;barai by the reont act with
the solution, while maintaining supercritical or near-supercrjtical

cond$t imskodsTikea futhes aspest, QQSH“YQNIPHé‘FaWTﬁEP%HEe%{a@@ gigewt ingugE e ng a et al
filmo "m ntion al so i ncludes a net hod
of dep%gﬂkﬁ%&&i&ﬁ%@éﬁ a?ﬁ%rgpﬁy%%sfrngﬁng&wl) depositing a seed | ayer
ont o t he sulisbthet enbodijnedissthe inventgomfgaturesia mthodfofdhmsnmga seatl laynt o a

sol vent .to form a supercri near - supercritical out|

oxpos! g oBras e by Slierdlvigics P URRE S TRt (itasSEMPL | ons a
whi ch e, RE&SaIErRRA] bSnchi-Meferitital fdRuthi; K bridsRIg; theubsirat: téthei Ng a reaction
reagent into the solution under conditions that initiate a _chem cal

r eadi onlmunwmﬁrrcgnqhnenmte»dmls@p preguEsosiisstetie imide selutipniiapd ddph@éxiega ont o
the seed C rate and the
I S s M
superc l’m\tdlmag tlquraansorswberemht matelriat srddpositedss a s@ésd layeramiathesnrfagec| udes a

met hod %ftheds% (s)éaltg | rﬁgn gle sugsei\xtaltea almd ;[3 gea%txcs)rllj trjesatgcg.n a?e 1lr)1ycon23ct with the

solution, while maintaining supercritical or near-supercritical conditions. The method

15 can further include a step of depositing a metal film on the seed layer, e.g., by CFD.

The invention also includes a method of depositing a material onto a substrate by

i) depositing a seed layer onto the substrate; ii) dissolving a precursor of the material into
a solvent to forma supercriticg}l or near-supercritical solution; iii) exposing the substrate
and seed layer to the solution under conditions at which the precursor is stable in the

20 solution; and iv) mixing a reaction reagent into the solution under conditions that initiate
a chemical reaction involving the precursor, wherein the material is deposited onto the
seed layer on the surface of the substrate when the substrate and the reaction reagent are
in contact with the solution, while maintaining supercritical or near-supercritical
conditions.

25 A variation includes a method of depositing a material onto a substrate by i)
dissolving a precursor of the material into a solvent to form a supercritical or near-

supercritical solution; ii) depositing a seed layer from the precursor by reduction of the
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di ssolving a precursor of the material into a solvent to forma
supercritiwaoidosiear - supercritical solution; ii) depositptguscesees | ayer
fromthe precursor by reduction of the -7 WO 01/32951 PCT/ USOQ 30263
precursor; and iii) mxing a reaction reagent into the solution under
conditions that initiate a chemcal reaction involving the precursor or
reducti on or deconposition products of the precursor, wherein the materi al
is deposited onto the seed |l ayer on the surface of the substrate when the
substrate and the reaction reagent are in contact with the . 5 solution,
whi | e mai ntai ning supercritical or near-supercritical conditions. In

anot her enbodi nent, the invention features a nethod of depositing a
material onto a substrate by i) dissolving a precursor of the materi al
into a sol r@mrscgroaﬁcpirxmxnngﬁl?@afc%ﬁ telagdth iRE tH}%LiﬁHHﬁe‘FEbﬁdtG@As gl ution; and
ii) depositing the materiaf by sinuftaneous thernmal reduction (e.g.,

di spropor tingizet & oenmicaltrbastion inyelving tamgreceraeltarcwdumommtdq:cmpeﬂmn on reagent
in the solution u condi ti,ons chemi cal

vl vi ng B BEGE SEaaR Pt g HarabisBhtd S B EER R e
precur sor, s \\aes Bf the shiberattBlifhnithd subSrAe Bk ehcfidh ehRnbate imesntad wWiltethe
substrate when the substrate and the reaction reagent are in contact wth
the sol Ut i siutionhishde mmmainmsnrgpre'myéi@rrﬂem-wrcmxca%e@ndtmyuper critical
conditions. 15 The nven d a rret

materi Al ont o areBLR Srecgfed 1 rRRiH Rt iRt S e bERoN drHRa

pr ecur sor Sorfeé a shisstamt 181 i) aissdmhg a@rm}swemthé ﬁxafeﬂéﬁh@ a soleat @ fotth@al or
near-supercritical solution; and ii) adding a reaction reagent in the

sol ution (AYEEETiEEH @ NESrYPERRECa polufion andiibdrpasiiag the @ari2bRY i nvol vi ng t he
precursor s‘? térf‘egué?meﬁﬂalgéd\gg&&{?? E;Jr frﬂé&%gksﬁ%&l YRh& tétc 8& wher ei n

the materia eposi t ace 0 e substrate en t he
subst r dte xamlatétenme&ragcmm theagienon amck:r conditotsalcat inmidtéa chemsel regdtmn, whil e

R ¥R e TR NS S
tenper at urige afagkrial %ﬁﬁ?éﬁte@ﬁm iesupfabd b1 tROsLRfrate Whe@ e suBii@tdiiaher than the
respective critical tenperature and pressure of the solution (or solvent).
A super cr iTeaatioh reagsul are drheontact with the solution, while maintaining supercritical or near-
supercritical conditions.
15 The invention also includes a method of depositing a material onto a substrate by
i) dissolving a precursor or mixture of precursors of the material into a solvent to form a
supercritical or near-supercritical solution; and ii) adding a reaction reagent in the
solution under conditions that initiate a chemical reaction involving the precursor or
reduction or decomposition products of the precursor, wherein the material is deposited
20 on the surface of the substrate when the substrate and the reaction reagent are in contact
with the solution, while maintaining supercritical or near-supercritical conditions.
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
critical temperature and pressure of the solution (or solvent). A supercritical condition
25 for a particular solution (or solvent) refers to a condition in which the temperature and
pressure are both respectively greater than the critical temperature and critical pressure of

the particular solution {(or solvent).
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25 for a particular solution (or solvent) refers to a condition in which
the teweoaszse and pressure are both respectively greacerushhsnes he
critical tenperature and critical pressure of the particular solution (or
solvent). -8 WO 01/32951 PCT/ US00/ 30264 A "near-supercritical solution”
(or solvent) is one in which the reduced tenperature (actual tenperature
nmeasured in Kelvin divided by the critical tenperature of the solution (or
sol vent) mneasured in Kelvin) and reduced pressure (actual pressure divided
by critical pressure of the solution (or solvent)) of the solution (or
solvent) are 5 both greater than 0.8 but the solution (or solvent) is not a
supercritical solution. A near- supercritical condition for a particular
solution (or solvent) refers to a condition in which the reduced
tenperat ure yand, - u&ﬁﬁcafs%ﬁﬁ%e(@rrs‘sl\ie%m &f‘esa%mlwmexewc%at er than 0.8 but
t he condltlon I'S not supercritical. Under anbient conditions, the solvent
can be temgeagure r(actualqcmﬂerafmerrtees\mctml Kedvin dvgded bytheeamicak temperetumcief a

m xture of two or sol vents. The "aspect ratio

o SiagpiioR (sl ahasure ik hap LA i prdBure S ol no0F " 1.2
feat ur giaad th:%wefaldﬁrbssai‘-e dfitRe EQatioH @x soivb@pofehd i cie(od edlivereyareal |

technical and scientific terns used herein have the sane neaning as
connﬁnﬂvythlgnmfrrshmﬁis iyt thesobtiop (el sedvept)dk oY a superchBiclrsolytigonyirgart hi s 15

I nvention b t alent to
those. GBREHsa RaionfOLY BiplEhe 88 a0t SBIEH) Fird B FebRin SN 7

pr esenthd radeRd itediperdtife andrredwetd gressire hﬂd&)tﬁ rslpeaivelyi @h&eﬁﬂhm déslmt i bed
bel ow. All publications, patent . appl.icati g‘& pat e ot her
B °B§f

r ef er efkeONAKIAR i DA FUPRIFEFAl o UndprAmbiprhcq tli“‘e? Y%‘rﬁ&%“ g‘? hEE

entir et gl The: ﬁlmv&l@mehg&ﬁmaﬁth@ iRRR Y ThixBRe oF bW 8t ke diffefehtidi ng
deflnltlons 20 control ddition, the materials, nmethods, and
exanpl emdmdmahsbllvastsr ative onl y and not intended to be limting. The

I nvention igclydes ny, advan . e e ocess
t enper at ur egﬁ? h%?Pe%{ at mgff'fl ﬁegv\ée % ?lg%t?eg%eﬁivsélh f%%%tgg\'ﬂ%% OHﬁe o Iﬂh%s A
r educt iy ¥ehtdre and the width of the feature.

Unless otherwise defined, all technical and scientific terms used herein have the

same meaning as commonly understood by one of ordinary skill in the art to which this

15 invention belongs. Although methods and materials similar or equivalent to those
described herein can be used in the practice or testing of the present invention, the
preferred methods and materials are described below. All publications, patent
applications, patents, and other references mentioned herein are incorporated by reference
in their entirety. In case of conflict, the present specification, including definitions, will

20 control. In addition, the materials, methods, and examples are illustrative only and not
intended to be limiting.

The invention includes a number of advantages, including the use of process
temperatures that are much lower than conventional CVD temperatures. A reduction in
process temperature is advantageous in several respects: it aids in the control of

25 depositions, minimizes residual stress generated by thermal cycling in multi-step device
fabrication that can lead to thermal-mechanical failure, minimizes diffusion and reaction

of the incipient film with the substrate and/or adjacent layers, renders the deposition
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process tenperature i s advantageous in several respects: it aids in the
control of vbodepaisi ti ons, mnimzes residual stress generatedstiysshéer mal
cycling in multi-step device fabrication that can lead to

t hermal - nechani cal failure, mnimzes diffusion and reaction of the
incipient filmwth the substrate and/or adjacent |ayers, renders the
deposition -9 WO 01/ 32951 PCT/ USOQ 30264 process conpatible with thermally
| abi | e substrates such as polynmers, and suppresses thermally-activated

si de-reactions such as thernmal fragnentation of precursor |igands that can
|l ead to fil mcontam nation. Thus, the filnms produced by the process are
substantially free of inpurities, e.g., ligand-derived inpurities. 5 An
addi ti onal advantage of the invention is that it obviates the CVD

requi r emerroce8$ cath BRbISWIth vy labije sibfiftesishar RIPP0R5Ss, Ia8d Besrevseed i n
solution. Thus, the process can be conducted at fluid phase precursor
concent r attheymaliraeinesed side-egaetions sodastthanasl sagmenistien pf pigeyrsemHgqnds that
conventio e ' i .

T g at i ond 1A% RASEBRARERE> Thus e M blo AR Bl AR BR ol s
is 10 per ffegerof dmpmdtdas, sgpbpard-derived ingguritiedar - supercritical conditions, the
diffusivity of precursors dissolyed in solution is incr ed relative to
l'i qui d Sol uti orfa? a&ﬂ‘é‘?’@ﬁﬁ“@ﬁﬁ%{ﬂé‘%ﬁgmﬂ%bgﬁ it 8?"’%‘!"'@:3\?@@5 TEHYFEMERL L i on

[ eagent t Gur ol AECARRAY ishic thelt QUL DerfbiRY if Sdillorl Nl 16E PicRRls Gl m The
supercritic lurd 1s also a good sofvent for |1gand- derived

deconposi thecongwaatiastfkiid pirede preawrsdraontentratians betmveaw &0 agd 1o8®kAmeabr fil m
impurities 15,and j,ncreases the rate at which .nmaterial forms t he

SUbst r at o Moe GG AR EPEeR ot fad e toret o R R ritertes S i of

precur sor |HgeeeRoshd promoRs@dtifethal colerdghdiFurhitmote, Bfite tHeQrodegalst ants are
di ssol ved into solution, precise control of stoichionetry is possible. This
| att er 18orpstfaenpes psisr pierartisalar pear-sypergriticabenpditionyibe diffugivity 8F | oys, because
transport j 1,):] : Vi L1yl

mul ti conp ﬁ%ﬁ?ﬁ ?ﬁe@ﬁ%%gggh gghh%béﬁé%%%%ﬁ} 39%)&%“2%%1&(%‘??%3 %; g%propri ate

or ganonet &nhareirporgmepordst prandsdrlaed eangaseigeotntopdndtdeeompddiioprpdimant fil m

gﬁgs te)ep?gg%g lgxlro%g 6&&:‘%&%‘3{‘% ﬁgﬁs '_?'It'xéj éu%mc%g?a rﬂlux% isagfsg gtggg go vén? fortIE]g%nfd-l ui d

derived decomposition products, and thus facilitates removal of potential film impurities

15 and increases the rate at which material forms on the substrate in cases where this rate is
limited by the desorption of precursor decomposition products. In addition, since the
reactants are dissolved into solution, precise contro! of stoichiometry is possible.

This latter consideration permits mixed metal depositions, .g., alloys, because
transport is based on solubility rather than volatility. Thus, multicomponent films can be

20 prepared by co-reduction of appropriate organometallic compounds, and the composition
of the multicomponent film can be controlled directly by stoichiometric adjustments to
the fluid phase precursor concentrations.

Another advantage of the invention is that the supercritical solution is usually
miscible with gas phase reaction reagents such as hydrogen. As a result, gas/liquid mass

25 transfer limitations common to reactions in liquid solvents are eliminated, and so excess
quantities of the reaction reagent can easily be used in the reaction forming the material.

Thus, the techniques produce high quality metal and metal alloy deposits of precisely
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Anot her advantage of the invention is that the supercritical solution is
usual | wo #/526410l € with gas phase reaction reagents suchpggysagden. As a
result, gas/liquid mass 25 transfer limtations conmon to reactions in
liquid solvents are elimnated, and so excess quantities of the reaction
reagent can easily be used in the reaction formng the material. Thus, the
techni ques produce high quality netal and netal alloy deposits of precisely
10 WD 01/ 32951 PCT/ US00/ 30264 tailored conposition in the formof thin
films, conformal coatings on topologically conplex surfaces, uniform
deposits within high aspect ratio features, and both continuous and

di screet deposits within mcroporous supports. Mreover, the absence of
surface tension inherent to supercritical solutions ensures conplete

wet ti ng;efed @iipesision 3 tHee A of thih filasldohfophal doatingd érmiopalograllpf t he
volatility requirement renoves constraints on, precursors, and, enabl es the
use of coroplek swiadenainifprm depositsoyiship Righ aspret gatie featiies, andrRoth sANtRULRSHi gn

| i gands. h LI . f i i 1 appar ent
from's i SedtEke deBRi AR MRINARS 3afDre! MdleoJePURE RS sutits SPRRT BT
DESCRI Rhkioh! if¥erebitito HpRWNES! faliiont ensures caipdetatwetting ofaodearsiserfideange,

| d-wal | | r eact fo ' t.al f. th t hod i bed h in. FIG
oA i3 Teodialy nrhmenin ouhe SRt P ae PO B PRt ra (75 0 fake:

15 of f L aRElE)s Hd ehaBledtid W dfinbMINBARSED Bic@iRoR thitldba@ Waf er using CFD.
Resultg are shown after sputter cleaning with Ar+ ions to renove

at nos pheevirannepeallyrhientgniligands1 G 2B is an XPS survey spectra (75 take-off

| i | I.adi um fi | ited on.a Sili i CFD. Resul t
279 Shown B BT bd WNagRRESt i Bl b B o B0 O
cont amgflphviRg detd il ddseRpriors aad fivxP@sslafis.of the C 15 20 region of the

spectra. FIGs. 3A and 3B are SEM m crographs of copper filnms grown on
pal 18di um

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a schematic of a double flange, cold-wall reactor for use in certain of the
methods described herein.

FIG. 2A is an X-ray photoelectron spectroscopy (XPS) survey spectra (75° take-

15 off angle) of a platinum film deposited on a silicon wafer using CFD. Results are shown
after sputter cleaning with Ar” ions to remove atmospheric contamination.

FIG. 2B is an XPS survey spectra (75° take-off angle) of a palladium film
deposited on a silicon wafer using CFD. Results are shown after sputter cleaning.with
Ar" ions to remove atmospheric contamination. The inset is an expansion of the Cis

20 region of the spectra.

FIGs. 3A and 3B are SEM micrographs of copper films grown on palladium
seeded, patterned silicon wafers using bis(2,2,6,6-tetramethyl 3,5-heptanedionato)
copper(Il) (Cu(TMHD),) in a hot-wall reactor. All features are approximately 1 pm
deep.

25 FIG. 3C is X-ray diffraction data for thin films of Ni/Pt alloys. The inset is a plot
of the alloy composition determined from the x-ray data versus the feed composition for

the metal precursors.
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seeded, patterned silicon wafers using bis(2,2,6,6-tetranethyl

3, 5-hept anexip omaabsy) copper(l1) (CQu(TMHD)2) in a hot-wal |l ppagkedizezdy !
features are approximately I m deep. 25 FIG 3Cis X-ray diffraction data
for thin films of Ni/Pt alloys. The inset is a plot of the alloy
conposition determned fromthe x-ray data versus the feed conposition for
the nmetal precursors. -11 WO 01/32951 PCT/ U500/ 30264 FIGs. 4A-4D are SEM
m crographs of palladiumfilnms grown on patterned Si wafers using a 0.26
w. %solution of CpPd(?t3-C.,H7) in CO) at 138 bar and 60C. Al features
are approximately 1 mdeep with the widths of the etched features as
follows: (4A and B) 0.12 m (4C 0.7 .tmand (4D) 0.3 p.m (neasured at 1/2
the trench height). 5 FIGs. SA-5D are additional SEM m crographs of

conformal trenchydd l5a. 08 RVsE seegﬁggééfteﬂt gﬁd g&gh@\g{{%&%%&& gphs show

ni ckel filns dep05|ted onto P y hydrogen
reducti on ofafdes sdiny s DABant Udiobiph ofi CoReltr’-CNEONR L0t XPbarmnd&0tGenll( 5A) a
bat ch reactor at 140 bar and 60C, or (5B-5D) a continuous-flow reactor at
60C and 18(Fabues arREPPICKIAERNA dithdgeptiththe widshiaf theetreddpngessiasfollawe t hi ck

ori or o b gt §) OB R B i) SRR Bty oL B P el i uim

clustersson a sSFiGEGA- SM@fﬂddztEhﬁsmrd:&‘o@raﬁ@%ﬂﬂoﬁfdﬂﬂéﬁ%cﬁ%ﬁn%%;ﬂse up
view of the micrograph in Flg showi ng several palladiumclusters

within a t C&REHn@artculba.gha ke icropsaphs eaow mipked fidmy geposisedsemp Rdseesisdaphs

wde by 11000k SERERHH Aol eRuct T RAS RBp e AUBILIALE AR BCRE® T
deep ( 7 B) bighet (5 Apa bitelprepciocasigl bansidGOPOpHrdf BEE) asiohtimpusiflow fédctosaed

| ayer using CFD fol | owed el ectr | ess deposition. FIG 8A is a SEM
mi crogr aphg%%c and by MR %ﬁ‘a eHeEng @aw\ﬂi Cézﬁ?mlétemﬁntdfl %t&gféf ipya hag)

\% ?2??‘3?(‘: UQLIORAGH RGH U\ BbGrk LM N AR D) RREOpRodif ahAgiiym seeded silicon
FIG. 6A is a SEM micrograph of a seed layer of palladium clusters on a silicon
wafer.
FIG. 6B is a SEM micrograph of a close-up view of the micrograph in Fig. 6A,
showing several palladium clusters within a trench only 140 nm wide.
15 FIGs. 7A and 7B are SEM micrographs showing copper deposition within
trenches on a substrate that are 165 nm wide by 1100 nm deep (7A) within a trench that is
235 nm wide by 600 nm deep (7B) by a two step process consisting of deposition of a Pd
seed layer using CFD followed by electroless deposition.
FIG. 8A is a SEM micrograph of a copper film deposited via reduction of copper
20 (II) bishexafluoroacetylacetonate (Cuhfac);) onto a palladium seeded silicon wafer.
FIG. 8B is an XPS survey spectrum of the copper film of FIG. 8A. Results are
shown after sputter cleaning with Ar” ions to remove atmospheric contamination.
FIG. SA is a SEM micrograph of a coppex: film deposited via reduction of copper
(D) (hexafluouroacetylacetonate)(2-butyne) (Cu(hfac)(2-butyne)) onto a palladium seeded
25 silicon wafer.
FIG. 9B is an XPS survey spectrum of the copper film of FIG. 9A. Results are

shown after sputter cleaning with Ar” ions to remove atmospheric contamination.
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FIG 8B is an XPS survey spectrumof the copper filmof FIG 8A Results
are shqQodbgr sputter cleaning with Ar+ ions to renovecaSmeNg! i C
contam nation. FIG 9A is a SEM m crograph of a copper film deposited via
reduction of copper (1) (hexafl uouroacetyl acetonate)(2-butyne)
(Cu(hfac)(2-butyne)) onto a palladiumseeded 25 silicon wafer. FIG 9B is
an XPS survey spectrum of the copper filmof FIG 9A Results are shown
after sputter cleaning with Ar' ions to renpove atnospheric contam nation.
-12 WD 01/ 32951 PCT/ USOQQO 30264 FIGs. | OAto | OD are SEM m crographs of
Ni filnms deposited onto etched Si wafers using a batch reactor at 140 bar
and 60C (I OA and B) or a continuous-flow reactor at 60C and 180 bar (10C
and D). 5 DETAI LED DESCRI PTI ON Chem cal Fluid Deposition (CFD) is a process

by which na i | s q r 0 tal oxides,
or sem condgg(g%ﬁbé téﬁg%a%rﬁggwgldap F%Eglsgéf@?u%ﬁe#cu?ﬁ?él?{égﬁmooré{&edr§

near - sypfh€hdihs GeardOlebdtoon Modat heh600al (10aaat B)or atomiluobs-8opr ecur sor s.
Desired materials can be deposited on a substrate as a high-purity (e.g.,
bet t er reabtanaoé)°Comnd lﬁ@hﬂr(gﬁéﬁ@@% or mul ti conponent netal mixture or
alloy thin film(e.g., less than 10, 8, 5, or 3 mcrons), a confornal
coating on a topologically conplex surface, and as both a continuous
and/ @r discreet deposit W DETAH.ED®ESCRIREIONpport. The substrate can be,
e.g., a netal, a sem_conductor, or a polyner, can be ?t erned with a
conpl ex sur Chemical Ehud Dgpositien bhe P&i‘ceﬁ%‘PYewg‘FE\??aéﬂgi i/éef%r‘ﬂ%‘ﬁlssi ayers or
coatin red 1 -y d : r to the
cubst  A1ie! BRRERER o i it o Bl B o

| i gand segeréritied] cesarpopsrtritival gulodlercyis chemigalf reantionted selublstprequesorher eby
renoving pofential film,npurities. I call. th re | reactive
by it sd&fepir a’&““#é&&&’rﬂ&ﬁp 5‘868%3885%&’, asd 'P‘é%r&‘éﬁ‘ﬁ’g(gér %(g)ll)’%flﬁ-gil"aznl é:?g'éz’gent) is
M Xgf IoPbfenl g4 SotRGIEbIbERnt meell Wik@re sralioRithih M (k188 1¢se deini 1008, Sphi ch
forms the desired materials. The entire process 20 takes place in solution
under suparcrons), 8 &pnfoomal ¢aating on FRepairgically copplRK WEaceh rghapbath ay

continuous and/or discreet deposit within a microporous support. The substrate can be,

e.g., a metal, a semiconductor, or a polymer, can be patterned with a complex surface,
and can include one or more previously formed layers or coatings. The supercritical fluid
15 transports the precursor to the substrate surface where the reaction takes place and
transports ligand-derived decomposition products away from the substrate thereby
removing potential film impurities. Typically, the precursor is unreactive by itself and a
reaction reagent (e.g., a reducing or oxidizing agent) is mixed into the supercritical
solution to initiate the reaction, which forms the desired materials. The entire process
20 takes place in solution under supercritical conditions. The process provides high-purity
films at various process temperatures under about 300°C (e.g., below 275, 250, 225, 210,
200, 175, 150, 125, 100, 80, 60, or even 40°C), depending on the precursors, solvents,
and process pressure used. )
CFD can be used, for example, to deposit platinum (Pt) and palladium (Pd) films
25 onto silicon wafers or fluoropolymer substrates. In these examples, process temperatures
of as low as 80°C provide a film purity that can be better than 99%. CFD can also be

used for deposition of multicomponent alloy films, e.g., nickel/platinum (Ni/Pt) alloys of
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films at various process tenperatures under about 300C (e.g., below 275,
250, 225, wo(31/32¢90, 175, 150, 125, 100, 80, 60, or even 48&rusespgadi ng on
the precursors, solvents, and process pressure used. CFD can be used, for
exanple, to deposit platinum (Pt) and palladium (Pd) filns 25 onto silicon
waf ers or fluoropolynmer substrates. In these exanples, process tenperatures
of as low as 80C provide a filmpurity that can be better than 99% CFD can
al so be wused for deposition of nulticonponent alloy filns, e.qg.,

ni ckel /platinum (Ni/Pt) alloys of -13 WD 01/32951 PCT/ US00130263

i ncreasing NI conposition spanning the conposition range between the two

el ements. The conposition of the alloy is dictated by the stoichionetric
ratio of the precursors in supercritical CO2 solution. Furthernore, CFD
can be us I I

patter nedqgﬁ%g?lgél%g&gﬁ&ﬁm sgéﬁu%ggg%é@ﬁg@ﬁk?&é{c}ﬁn%ﬁ&%&m{g?g‘% @%gl\??(%g feature
si zes as shw donaosition@f theQlldy mdmma&by\m&estdag/hldmétnmrmmof tlepmcudorsconpl et e

description of su |l es_and ot he are | ven CFA can al so be
used to deMBEicritingd %Sgﬂg‘opnf qf‘?é@%‘ﬁo{:ggscaﬁ H?Q?rtBQB?Vd{i\FI‘SCO‘?HB‘Fgam c solids.
Exanpl es '%E&%x Wuﬂ%'cbb&?ée‘d?@a@ém%@%&tgsu@h 5@;}5%%% sillcondspl yst

supports such as silicalites and anorphous nesoporous al um nosilicate

nol ecul & wifexsdgving(fedupsizes aStsrr@éllas,fEI g1 Od nuaroos yads by ke micwngigep.t A
properties QW..VI scosi sence of face tensi on) that
ensur e rapcl(’g“pﬂ%ﬁélﬁcélp ’%rho SIH’%"E’ Q %ﬁfs'f?ff:ﬁ%v&[é B9%ion throughout the
pores is furthecFbaeh hllsé@é@éédlﬁydé;ﬂﬁieﬂﬁfﬁdﬁm1n1©&ﬁﬁsb§daroﬁ§ of MR régorggport (via
solution) and deposition (via reaction reag entg mechani sms in CFD. In

addi ti on, icmEBanicsalide Rxamgles inchide phn wetaBizationye! nepemetersize Poies ib¢ad#EY f or ned
hi f
W thin por % ﬁ%?ﬁ%%é‘%@%ﬂ% aﬁ&'8&0@%9@.48&{%o%r%;?é%uﬁrﬁﬁés?ﬁ%eempOEEHE} %E@e%' on o

por ous subs tes tenre res by rapid
deposi thOorSquerdrheamnds e pis-liGarsasmdrt Mepdrdids @fg. LUswngscasxt-joaanéncReﬁct or A
batch CFD run in a "hot

pr ocedur e.SUKaeq W@F‘%”)S‘S‘Hﬂmglﬁ% @Pﬁﬁgéf?%wb%?%e%f ‘H%Ol | ?8?‘8?&? gLaLan
include  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 formed within porous substrates
15 such as alumina. By contrast, metallization of porous substrates by CVD often results in

choking of the pores by rapid deposition at the pore mouth.

General Method of Using a Hot-Wall Reactor

A batch CFD run in a "hot-wall" reactor involves the following general
20 procedure. A single substrate and a known mass of precursor (which can include
precursor materials for multiple components) are placed in a reaction vessel (e.g., 2
stainless steel pipe), which is sealed, purged with solvent, weighed, and immersed in a
circulating controlled temperature bath (thereby heating the walls of the reactor). The
vessel is then filled with solvent using a high-pressure transfer manifold. The contents of
25 the reactor are mixed using a vortex mixer and conditions are brought to a specified
temperature and pressure at which the solvent is a supercritical or near-supercritical

solvent. The mass of solvent transferred into the reaction vessel is determined

-14 .



precursor materials for multiple conponents) are placed in a reaction
vessel we.03/32973 stainless steel pipe), which is seal ed,pdiidfdfSop4 t h

sol vent, weighed, and inmersed in a circulating controlled tenperature
bath (thereby heating the walls of the reactor). The vessel is then filled
w th sol vent using a high-pressure transfer manifold. The contents of 25
the reactor are mxed using a vortex m xer and conditions are brought to a
specified tenperature and pressure at which the solvent is a supercritical
or near-supercritical solvent. The nmass of solvent transferred into the
reaction vessel is determned -14 WO 01/32951 PCT/ USOQ 30264
gravinetrically using standard techni ques. The vessel is nmaintained at this
condition (at which the precursor is unreactive) for a period of tineg,

e.g., thaJiﬁxe&&%up%rnggianhwaqeéhniqtuwf Thel&Bel i§ Mafakddt Eﬂiﬁéqrfdhﬁ)rﬂraﬁcrr sor

has conpl etely di ssol'ved and that the reaction vessel is in therm

equi | i byhielnthePprecureerds nareactivg) fonr pegod pEHmer aigs R forang holr erughgea, mani f ol d
connect to e | Th cl.i reagent..can he a gas or a

[ qur asagcihtad s B R brkBRF hao cRATEERGBNS RERRLIE ARG Sovan:
The tr agsdetis imahérhmil dquilibfimunt ai ned at a pressure in excess of that of the

reacti on vessel. The nmass of reaction reagent transferred into the
reacPi on vesd&faction ieagsnt iy they tiapsigrrediths 3 ppgifld gonnsctedto heecur sor. The

reacti I3 oY PR} dadsi b , -jough the
reacti gﬂa&rrlgilljvgse comﬁ:)t?leta e%l&?% éﬁﬂg eegsggst(ﬁtaar%iqggghﬁgg%’ h@“g o,r%})felgs t han 30,
20, 10 dissplvednm aisupsreritical salsentt The tragder mhafifold (s maintaBed etz pressure ithe opt i nal

| ength of reaction, time can be term ned enpirically. \We t he reactor
s codneess o izt O i PRgHom veSSeL n AASE TeARTOD B TR P ot | o of
t he batgdtiiehVeaesis ually BSmbRréices: redive WMt hadelrsby THeaeddhidnid on a 15
resi stance heater within the high-pressure vessel. These experinents are

condlctierically eamied autdfonat leass anghousoilthouah the reacsion oray s campletadiad in furt her

q | - i P M h hod
e)e(f:ae“p t !ﬁé&q\é\ésktﬁ‘%rmg% gﬁggﬁ.g? %?B%%Q%ﬁg§°§§p%Aﬁés Btole%SQ?%x? MY?ZS),aéOC et ho

supercritr.ca
near - swp80Ge¢dndsalThe sptimtl lengtaod reaction time can badetetmincdeerhpikieallyf rWhes epar at e

reservoj rs and, conti ndJ usly added to a, reaction vessel
the reactor has cooled, the substrate 1s removed and can be analyzed.

A variation of the batch process involves heating the substrate by placing it on a
15 resistance heater within the high-pressure vessel. These experiments are conducted
within a dual flange “cold-wall” reactor as described in further detail below.

A continuous CFD process is similar to the above batch method except that
known concentrations of the supercritical (or near-supercritical) solution and reaction
reagent are taken from separate reservoirs and continuously added to a reaction vessel

20 containing multiple substrates as supercritical solution containing 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 overall flow rate
is optimized according to the particular reaction. Prior to introducing precursor-

25 containing solution into the reaction vessel, the reaction vessel is filled with neat solvent
(which is the same as the solvent in the precursor solution) at supercritical or near-

supercritical pressures and is heated to supercritical or near-supercritical temperatures.
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20 containing nultiple substrates as supercritical solution containing
precursor weaeapssi tion products or unused reactants i S CoOpgt/pLRLBaIM
renmoved fromthe reaction vessel. The flow rates into and out of the
reaction vessel are nade equal so that the pressure within the reaction
vessel remmins substantially constant. The overall flowrate 1is optimzed
according to the particular reaction. Prior to introducing precursor 25
containing solution into the reaction vessel, the reaction vessel is filled
with neat solvent (which is the sane as the solvent in the precursor
solution) at supercritical or near- supercritical pressures and is heated
to supercritical or near-supercritical tenperatures. -15 WO 01/ 32951

PCT/ USOQ' 30264 As a result, supercritical or near-supercritical conditions
are maint aj - z Al 0g:.: [ 1,5 ) Ok fi ded to
t he react %ﬂE%{g@@g}nQ@@ﬁ?ﬁg?{&%sr,g%f&?iﬁlxgéip@f; g%ﬁ‘?@%&é‘?ﬁ rt1 glelri géa%%e%géﬁxgsggdi tions
can be verdchia@dng solatiaasiiabally added tortke xeiaetercedssgl. whi ch is well known in the

oL 5L ol S SRS S R S R R LSR5 2

Practice; Butt
super Cri tieglms GeWadall, #hRh IOl EEhdwlif td B (éi.giﬁm‘éﬁhhh eﬁ_"zﬁ?ﬁ%e?d?@éa@’l@idheat ed
and conpressed to conditions at which a single phase is observed optically.

Pressur é iExtragtiem i ee;, Buttéryvoiths,deaskdn, il igd)e keowa quartitiesplhase

. @ D L ey
SN PIES @RNE & TR

separation_(either Ii ui d- vapor . or, solid-vapor) is, induced. 1 h

t enper at urpéécé‘ﬁ??r 6?%§L§%FC§’%8?1 sgﬁgntﬁeolgacg IB@ptggH‘e%ceﬁlh& Bet ;quaar{f 86%?{‘5 choi ce
of  sol venid cbRpaitald B cohdRBRAWHICR aishglesitsé RabsaNeCoftteally., Pénre #50, 225,
210, 200, 180, @160, 150, or 125 C) and often less than 100C, while the
pressure itBenppreedlisgthasmallewired inciprged onilabageseparatipa {sihenliquid vaprt 400,
100 to 15 . . ar). A tenperature gradient between the
substrat e%éﬁgﬁ%%%pgﬂgﬁg@g%&?al so be used to enhance chem cal 15 selectivity.
CGener al10Two- St éfheVahpeardiue dndprashiap ofbt postessadepead os g reactaitd amslfdhoits ofhere a
desired netal or_ netal allo sych as copper, is not [ i.Ly. deposited on
a substr atSQR’ Cpls M%ﬂ%y‘eﬁlpﬁét“f"eﬁsxﬁﬁ tf?ﬂ@@ﬁr(gt(&g" 275, %G 25561%1%) 20%’ bso,

160, 150, or 125°C) and often 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). A temperature

gradient between the substrate and solution can also be used to enhance chemical

15 selectivity.

General Two-Step Method

A two-step method can be used in situations where a desired metal or metal alloy,
such as copper, is not readily deposited on a substrate, especially a patterned substrate,

20 using conventional plating techniques or even the new CFD methods described herein. In
these situations, a uniform seed layer, e.g., of clusters, is prepared from a material, such
as Pd, Pt, or Cu, which can activate the substrate and serve as a catalytic site on which the
desired metal or metal alioy can be deposited in the second step.

The first step of the method can be similar to the general method described above

25 with respect to the hot-wall reactor. The first step can also be achieved by a variety of
other methods described in further detail below with respect to use in a "cold-wall"

reactor.
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20 using conventional plating techniques or even the new CFD net hods

descri BrsloDsgegi N In these situations, a uniform seed ., of
clusters, ?s prepared froma material, such as Pd, Pt,hiyﬁ%){sﬁ%/\ﬁ‘%i ch can

activate the substrate and serve as a catalytic site on which the desired
metal or netal alloy can be deposited in the second step. The first step of
the nmethod can be simlar to the general nethod described above 25 wth
respect to the hot-wall reactor. The first step can al so be achi eved by a
variety of other methods described in further detail below with respect to
use in a "cold-wail" reactor. -16 WO 01/32951 PCT/ USOQ 30264 As shown in
t he exanpl es described herein. reactive depositions of precursors from
supercritical fluids can yield a seed |ayer of small Pd clusters that is an

active catal f et osition of
anot her net gls?é%sﬁ%ﬁr{ gltgQ&ﬁ‘is&%ﬂgﬁ%ﬁhggﬁﬁgf’gﬁaﬁ%&lﬂeﬁées?&#%K-Er}g%lgg ratio
f eat ur @sm stipercaiaed tluagsaranciddhseediyydrio shall B chisetsepatiieetlane be

conti nuous, but the isolated catal ytic seed. cluysters nmust be distributed
uni f or $ARIy$t{ox te seeond sieps e §p e ?5%"(‘%59‘?5?1@%P°§lﬁ‘l9§t°?3?‘§{‘e’i“?eé‘.‘l; SY6 é"sg‘ed | ayer

must UQ}II 1%:%3’03’1 50TRY Rhidd, Bﬁvh\l@bécﬁ rifo RMYires" §RE BRR layEPBrefled BV WeShirst at her than

athin are obtained by controlling the corcentration of the netal
pr ecur gep need ridde saptamuous,thut e ifdlated caalybobaedslusterFopstdeakystieutedi scret e

clusters.are obtai.ned usikn recursor .concentratjons of less than 0.1 10
ber centBig Sotme VS Bt £ HRIFTEG TESEG LF o retied oy Hom iy SRBr gy
concentdat tRNGalkfofing &lefEhes! RO cRistérsDRk IR tHan 2aRTh il hadbiaindi b, 0.3, 0.5
percent, or greater. Seed |layers conprisin clusters rather than a

. : ng € 2
cont i neanieolling the 6pn¢eatratiomefl Bie aei pessusPedhe aipergsdical fiid pt sqleenthe  second
| ayer, €. Q. fil | : 1100 . 9.,
conduct TVT afy“,"%’gﬁ% P%tﬁré[ugtg%gﬁ{ g?/té{?l@%g%ﬂ? R%egg?gfédnaéﬁﬁﬁ? 'E]gfa&ﬂdg%itﬁ%ndo'? uncti on.
Ther®f pereentibly mass ovhereasbinefilinsi azd fokmed asing precuzer ¢oneerarations ofcdregierecur sor

TN SR R o N A NN M N
area. MakkeAlh®esthah aldBatMids GG Jf Mdiarhe aWUHeh Preferred?dedaubiSit @théi ze with
specit Iseccz:ogcri] ?a?er(i%!g., a film of copper, that has the desired function(s), e.g., conductivity,
and the seed layer can interfere with the desired function. Therefore, it is often beneficial
15 to minimize the amount of precursor material used to deposit the seed layer, and
uniformly distributed clusters have less mass than a continuous film covering the same
surface area.
Variations of the process include control of Pd cluster size with specific chemical
functional groups introduced onto the surface of the substrate via coupling agents, such as
20 silane coupling agents. A wide variety of coupling agents is available commercially, e.g.,
from Gelest, Inc., Tullytown, PA. In addition, functional groups can be bound to
substrate surfaces using a variety of other approaches. For example, functional groups
can be bound to surfaces using plasma surface modification, e.g., as described in U.S.
Patents Nos. 4,900,618 and 4,910,072 to Monsanto, or by using polymers with specific
25 functional groups, e.g., as described in U.S. Patent No. 4,869,930 issued to IBM. The
role of the functional group is to bind to the Pd precursor during its introduction, and the

coupling agents, and thus the functional groups, can be selectively bound to the surface in
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functional groups introduced onto the surface of the substrate via coupling
agents, sugdofsesP0 silane coupling agents. A wide variety ?»@H@siﬂt ng
agents is available cormercially, e.g., fromGCelest, Inc., Tullytown, PA
In addition, functional groups can be bound to substrate surfaces using a
vari ety of other approaches. For exanple, functional groups can be bound
to surfaces using plasma surface nodification, e.g., as described in U S
Pat ents Nos. 4,900,618 and 4,910,072 to Monsanto, or by using polyners with
specific 25 functional groups, e.g., as described in U S. Patent No.
4,869,930 issued to IBM The role of the functional group is to bind to
the Pd precursor during its introduction, and the coupling agents, and

t hus the functional groups, can be selectively bound to the surface in -:17
WO 01/ 32951 [ 30 ' t ' : i,ng or

sel ecti ve%éIS (%%ngr]gfgé{eé’heh‘% o e?ggk%%&ﬁg}ﬁ%tg&q%@ggﬁéﬁce%gyﬁ'(t:)?( h%? bound in
only cert atgansaghidiese.of, bolnel is vhtdeatia regisnsolihesybenitk )is sutadmneadyi n t he
supercritical solvent or, after renoyal of the supercr,i_tica{ sol vent. By

al | owi ng f%ﬁﬁf@éﬁ? SEReTGrGCRiSAYCRIPTRHET TeRIRVEl fifBE SUpRTHSal SPIVERL tBY r educt i on,
one can 5 Qb [ t I ; t he

| ocati on ggg\%ﬁgq#o%rﬁg&géréghlrnggﬁé f\%\ﬁl‘% all %Slfqﬁse#&? S{jﬁggﬁm\({)ﬁ)ée % ter any
unbound3 peaefullyepnirs! the srevefithé clostetshe vetiles thalbeationnf tlacmunt preazddbt,i on, Cu

d | Q. he .f f 1 be d ited h
”educt | on Bletva en el s SaRyY BRI "RV Es For et STFTTES. o

precur sor surfack0 i nclude, but are not limted to, Cu(ll) beta diketonates
such as Cu(hfac)2, Cu(hfac)2 hydrate, .

bi s(6, 6,7, 7, 8, 81 Sidept &hserst lavers, 2-gi inghenfprn of glusterse eambediepasited)badhper (11)
bis(2,2,6 - ket AR ' el (d. ): ro(1n)
acetyl ac ef e((;a Hgtﬁo:n' 5%}3%'}3%%%038&2&8%@?5&%}@?E%g?p%gcg %éairdedl%s’()tﬁpgrﬁ‘lggg%g‘t o,

(1i - di ket aiedide) K larecnotpionited 3o, gl ebdta diketoRates gahds CuthifaggCi(hfatyyde al kynes,

phosphi ne}s_l},f ol efins [ eng;ze%nd Vi n%I?/_ 15 trimethysil %ne. The Cu

|
seed | ayefYHaR *Efé(sf%?’ﬁrégp’%qggﬁ YoEo- medud -ry-csianerdenatg)smgthi t h a

L g e e e
el ect r ol eSs(Ipprecursors, include, but are not limited to, {B-diketonate)Cul. compounds where L
is a ligand that can include alkynes, phosphines, olefins, cyclooctadiene, and viny!
15 trimethysilane. The Cu seed layer can be formed from the precursor by either mixing
with a reaction reagent, by thermal disproportionation, or by other reduction pathways.
The second step of the two-step method can be a standard electroless or
electrolytic plating step, or subsequent CFD as described herein. One embodiment is the
use of commercial plating baths such as the M-Copper 85 plating system from
20 MacDermid Incorporated or other plating systems from other sources. Such plating

methods are described, e.g., in Dubin, et al., J. Electrochem. Soc., 144:898-098 (1997).

General Method of Using a Cold-Wall Reactor
A variation of the batch process described above involves a dual flange, “cold-

25 wall” reactor in which the substrate is placed on top of a resistively heated stage. As
shown in FIG. 1, the reactor housing is made of a stainless steel top flange 11a,and a

stainless steel bottom flange 11b connected to top flange, e.g., via bolts (not shown). The
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el ectrolytic plating step, or subsequent CFD as described herein. One

enbodi g o1yR941he use of commercial plating baths such P@q,ﬁgag,sb\%gopper 85
pl ati ng system from 20 MacDernmi d I ncorporated or other plating systens from
ot her sources. Such plating mnethods are described, e.g., in Dubin, et al.,
J. Electrochem Soc., 144:898-098 (1997). General Method of Using a

Col d-Wal | Reactor A variation of the batch process described above invol ves
a dual flange, "cold- 25 wall"™ reactor in which the substrate is placed on
top of a resistively heated stage. As shown in FIG 1, the reactor housing
I's made of a stainless steel top flange 1 la, and a stainless steel bottom
flange 1 | b connected to top flange, e.g., via bolts (not shown). The -18
WO 01/ 32951 PCT/ US00/ 30264 top and bottom flanges are sealed with an
Oring T, (@A 50T, RS f.he t fl ange
11 a ar%%'??]%’fieg%hor ggrégecs) rﬁgﬁeg&i ?%ﬁn{?%r{ﬁgsgglzolgg”grggﬁ%g?oﬁgf iomle 'V\nﬂt&h a
TEFLON ihsideof the tdpflangedtl e and thersusfaceadf thdbotiver flddged.l b Archizath dded witthtar at e

stage 15, _which can be heated, e:.qg., by a njckel-chrom um  resistance

heat er W& Lioh figer | Eoocrfarﬁ%a%i“éﬂéal\)ﬁhg‘i‘?bﬁr l>ijt tAin]i‘F@‘egéHéﬂfa,te ?tégeaisﬁ Y wi t hin
this chagieheddd C.g ThFa SieRAlchARiukfirebittaRe: ARt $6 pbitedinRF@E s@Be $hik0e 15. A

t hernocoupl e 13 1 ocat'ed on the stage 15, and preferably contacting the
subsBr glottifglcement, i amangee wvithin thit chambentler e control I er through high

Control -t e terenit 1 RS ol s BUEA g sl iy W R B Bes ™ et waes

a hi gh chGhpERES Vs andréferably/ cbatartihg the sibsthter 14; Bavhretted @demperhturét port 18
for rupture drsk, feeds, out]lets, thernocouples, pressure neasurenent,
etc., aseatrallerabrongh pightprassuredeed-thsughd wires pot shewalyand ﬁu{Sngt%f,nomtor

t her noc I ﬁﬁz’?& I hdh LIRH; i ng has a
third paglg'?: og Olftgrrr: [ g?}ﬁﬁﬁg% e g%at%-g 2£r;:(t)ourg u%lg\??%g@ﬁg%cm;&%gaﬁ;@i The

t eny@Or giressareqt.gt,Hél &) e 11 Sor reavtant freedsaifisst part ¢8 faymuptote digk, femlsst age, is 15
controlled b regul at i n}%g’r pover delivered to.the heat r19%n»§i ng a te%perature
cont r ol LS, %"@‘.”ﬁ.c,“ ef) REHEICIRFasHiemen, eic-Apf 2 285ond P8, O HRhIPe &Ky | e

subst r gk&dsl durlets, MherfRoudless prgeurd Measuddifiend, dt¢1Olraddiion, thé hpugsghaod (whi ch

can include precursor materials for.nultiple
third port 21 for high pressure feed-through (wires not shown).

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

15 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 on stage 15,
and a known mass of precursor (which can include precursor materials for muitiple
components) is placed in the reactor 10. The reactor is then heated to the desired
temperature, typically 40-80°C and filled with solvent using a high-pressure manifold or

20 a computer controlled syringe pump, and the contents are brought to a specified
temperature and pressure at which the 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 substrate is then heated to a specific temperature,

25 typically 150-250°C on the stage, which is higher than the bulk temperature of the

supercritical solvent/precursor mixture.
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conponents) is placed in the reactor 10. The reactor is then heated to the
desired t®ipaEyaeure, typically 40-80C and filled w th sol yertusosbsorg: a

hi gh-pressure manifold or 20 a conputer controlled syringe punp, and the
contents are brought to a specified tenperature and pressure at which the
solvent is a supercritical or near-supercritical solvent. The vessel is
mai ntai ned at this condition (at which the precursor is unreactive) for a
period of tinme, e.g., up to one hour or |longer; sufficient to ensure that
the precursor has conpletely dissolved. The substrate is then heated to a
specific tenperature, 25 typically 150-250C on the stage, which is higher
than the bul k tenperature of the supercritical solvent/precursor mxture.
-19 WO 01/ 32951 PCT/ USOCQO 30264 In one enbodi nent, a reaction reagent is

then transferregd ohbéﬁug&xn@nﬁameacgb@réaga{te%e@umfém tﬁ@%ﬁﬁb@rﬂhn\lﬁﬁﬁe| The
reaction reagent can be a gas or_a liquid, or a quid, or solid

di ssol ved qonn@t@ijpéh%wemtimembl Vwacmereaaeatr@ﬂgﬁ argaﬁpt@hamﬁsormam ai ned

eact on 1eiet R EERen b dSersep R B BB TR RO Nt o o

excess I elafreyardia ekds amawfasé reactidiEves &AC ThdMadsofrdtRtibadagetar ri ed out
for at | east one hour, although the reaction my be conpleted in nmuch |ess

than oné Hewsterred gito thegeaction ypssgls usiplly 1 molar excess Fiativs o Hie nr%%lssor han 180,
120, CQ

det er i ned eSS Pical el hilRer 2303t Sheoul SAAMCAUE ARG B |
renoved arndmpamccbm ramzbl lysmahan die hblot, . greledsabanc3n) 2061 0poph mxmniesmr tess than
single-ste 0Ty on an seeded ,subst at e or.as a, two-step nethod as
descri bed ! %906@ %b\ﬁ’é%@ SECo04E-a ?Rf”ggé?f‘gﬂé?/ Fa‘it’gnf‘i"?‘fs‘iand’éﬁé?i”f‘g’ﬁgon t he
substrat e Qi@ FetAhenithd fabtbr hileod RIEHE sutirh{eql RMovE@ AR S beldhalySed.

deposited on the'seeded substrate. Variations of this method, which apply
i n bot HOt hhiswedhodaat bmﬂplhmdm Jingl&-stepaepasition anwlusnd@d(fd )suwexpmsnrm an of

the seed l %Ee brXchi:F cP s (Pe J:r?o\’\% Ibg te‘raeloef glat?ﬁ%f ﬁegé) ﬂzl}{ 1yxs {L?st)dfe:aoe é)tg hnlh%ues

|nclud|ng FEss 6 t6n of a
seed | ayel’sublﬁta&.@hrﬂmymételcﬂﬂm 6fixhe smé Uﬂdixf@re&pwrﬁ;ﬁfslti@g is d2f0sit@l @cihe @ééﬂ&ﬁ

plating, substrate.
Variations of this method, which apply in both the cold-wall and hot-wall

15 reactors, include (i) deposition of the seed layer by CFD followed by metal deposition by
other techniques including CVD or electroless or electrolytic plating; (ii) deposition of a
seed layer using any technique including sputtering, CVD, electroless plating,
thermolysis, or other reactions at the substrate surface followed by CFD; and (ii1)
deposition of both the seed layer and metal film by CFD; and sequential and/or

20 simultaneous combinations of methods.

One embodiment of deposition in a cold-wall or hot-wall reactor includes
multiple reactions from one precursor or a precursor and its reaction products. For
example, Cu films can be deposited onto a variety of substrates, e.g., silicon, metals,
glasses, polyimides, various oxides such as silicon oxides, and nitrides such as titanium

25 nitrides, from Cu(l) precursors of the general type (B-diketonate}Cul,,, where L isa
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 the substrate is then increased
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thernolysis, or other reactions at the substrate surface foll owed by CFD;
and (iiwpoidegasition of both the seed |layer and netal 5&%%@55; and
sequential and/or 20 sinultaneous conbi nati ons of nmethods. One enbodi nent
of deposition in a cold-wall or hot-wall reactor includes nmultiple
reactions fromone precursor or a precursor and its reaction products. For
exanple, Cu filnms can be deposited onto a variety of substrates, e.g.,
silicon, nmetals, glasses, polyimdes, various oxides such as silicon

oxi des, and nitrides such as titanium 25 nitrides, from Cu(1) precursors of
the general type (f -diketonate)CulL,,, where L is a Lewis base, and it is
| or 2. A precursor, or mxture of precursors of this type, are dissolved
in CO2 as descri bed above. The tenperature of the substrate is then

i ncr eas@chiriAl 2\ bl ddBrobofriohaddaPehcddA Gttt yietisl aopb@t R pdsit AGMRhe to

di sproportionation reaction that yields a copper deposit according to the
f ol | owtheyfollestdng wacuan: P- di ket onat €) Cu0' Ln - Cu" + Cui 1') ((3-diketonate)2 +
2 L, 5 The addition of a reaction reagent then reduces the

Cu() (P-di ketonate)2 resulting in the deposition of additional copper.
These reacti ong(g:a;kema@mq,qt-gdjlﬁ’éqt@qu[];adikéfo,%e)zsigr]}rl‘l taneously. In one
enbodi nent the precursor is copper (1) (hexafluoroacetyl-acetonate)(2- 10
but yhe) (Cu(hfac)(2-butyne)), and the deposition from Cu(hfac)(2-butyne)
occur s Theadditionwd astatios teagentelmmiredutes TeeCu'Psdikstbryie), sesahingrinbied ow and
occurs via. a di sa{)({qgtporfi onatign reaction. This reaction_does not require
hydr og&RPasHPY &f 9pa} FapPein diiesireastions ant bs eqndheted seaughtialr®er at ure, the
reacti Qpuhganeoig¢! ective, i.e., deposition occurs on all surfaces, whether
or not seeded, and whether or not netallic. The disproportionation 15
reacti on depgosne smyodigent thapescursbr isspppsr (D thexaflusroadesd ecetonate@i ng net al s,

et fﬂ) %)ﬁly%gf(Cu(maEf(E%% 'neﬁ,l ke dep%gl ioR ?}%%E@fac%-b%tﬁleg&gﬁs via -a
two step-step reaction. The first step is shown below and occurs via a disproportionation
reaction. This reaction does not require hydrogen and is thermally induced. At
sufficiently high temperature, the reaction is nonselective, i.e., deposition occurs on all
surfaces, whether or not seeded, and whether or not metallic. The disproportionation

15 reaction deposits a seed layer of copper on any surface, including metals, metal oxides,

nitrides, glasses, and polymers.

cF, c Ch CF3
N c=o0._ ‘|: Heat >c=-o\ /o=c<
H2C< c ] —— Cu o+ e O +  GH
c=0"" (': c:F/(:——O (o] C\CF
CF, c 3 3
20 The second step is the reduction of the Cuchfac), 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,



/C=0 "IUIl Heat GCOOC CH2 H2C CO , ~ Cup + HZQ \Cu/ / + C3H6 C=0" 'C
/[ C=0"" O=CwoGhB28#3 CF3 20 The second step is the reducti eprafsed/H%6s
Cu(hfac)2 formed during the disproportionation reaction, which occurs via
a hydrogen reduction. The reaction occurs preferentially on an active
metal lic surface such as nickel, palladium platinum -21 Wc) 01/32951
PCT/ USOQO 30264 al um num copper, etc.. such that the reduction of the
Cu(hfac)2 can then occur on the seed |ayer deposited thermally. CFs CF3
c~c-=0~ /,0-c c~ Metal Ho C 2\ Qu/ 2 + H2 Cuo + f/Co o' --CQ CF3 \/kCF3
CF3 CF3 5 There are several advantages to this variation, which include
elimnation of a separate step for deposition of the seed | ayer and

hydr ogen reduction of the thermal disproprotionation products that also
al | ows  oralfndlcafyes, & O 1k eGb@Elen L01te THRNMAC bired BRYE oh i t he

di sproportionation reaction alone, which results in an efficiency of at
best 50% seed laxed depasits thaymellpr ocess i ncl ude conducting the

di sproportionation and reduction reactions sinultaneously or sequentially,
and the use of m'xtures of precursors including mxtures of

(P-di ket onat &fCu"' L,, and Cut)a‘;F(S di ketonate)2. 15 To prormtefllmpurlty,
a preferred enb d:l::nre\t |/30:t=(:)c mai ntai n the ter‘{Perature of
\ eta
"N L M
c==0" Co== CF CF
CFS// \ . 3 3
5

There are several advantages to this variation, which include elimination of a
separate step for deposition of the seed layer and hydrogen reduction of the thermal
disproprotionation products that also allows for much higher atomic efficiency

10 (approaching 100%) than the disproportionation reaction alone, which results inan
efficiency of at best 50%. Variations of this process include conducting the
disproportionation and reduction reactions simultaneously or sequentially, and the use of
mixtures of precursors including mixtures of (B-diketonate)Cu®L, and Cu™(B-
diketonate),.

5 To promote film purity, a preferred embodiment is to maintain 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'™(f-
diketonate); compounds can lead to the formation of carbon impurities by thermal

20 decomposition of the ligand and ligand decomposition intermediates (see, e.g., Girolami
etal., J Am. Chem. Soc., 115:1015-1024, 1993). .

Solvents
Solvents useful as supercritical fluids are well known in the art and are sometimes

25 referred to as dense gases (Sonntag et al., Introduction to Thermodynamics, Classical and
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the reactor and substrate at conditions that avoid thermal degradation of

the |iRppaiM/shsy! i gands and |igand products. For exanpl ePbﬁ‘/lﬁﬁWﬁﬁ%’ in the
art that use of excessive reaction tenperatures (greater than - 500K) for

deposition of Cu fromCu4tt)(f3- di ketonate)2 conpounds can |ead to the
formation of carbon inpurities by thermal 20 deconposition of the |igand
and |igand deconposition internedi ates (see, e.g., Grolam et al., ]..
Am Chem Soc., 115:1015-1024, 1993). Solvents Solvents useful as
supercritical fluids are well known in the art and are sonetimes 25
referred to as dense gases (Sonntag et al., Introduction to Ther nodynam cs.
Cl assical and -22 WD 01/32951 PCT/USOQ 30264 Statistical, 2nd ed.. John
Wley & Sons, 1982, p. 40). At tenperatures and pressures above certain

val ues p u odef L erature and
criti %@@%%}é%%&rbe@&e\gp%%%g ls?gtﬁtpr gtgfeid;‘lfS k@%ﬁ‘ and sa rﬁrsgggéd vapor
st at es ahoee et valaks foaaqi:arttiae;lasr»titr:suaa\creddeil'uat:drat:v»ftbar crétebat ergerausapdrcriti cal

fluid. Solvents that are ercrl i.cal 5, fl ui are less viscaous than
[ qui d SRS ISy FoRE OB GG Aot el SRRt IEERL o

Vi SCOSIghy stEFanéé’Q%Eﬁhb& Eaa s%?éruﬁmal flafd. | 9ol dnesthhiBE QRecriticanspor t
(relative to i qu sol vent s) reagent to, and deconposition products

away 5 ffhuids arhéess wmcpussnhan flﬂ'lnﬁhsolvﬂm bh@mfh'@rté'o ‘ondary of magrifds. IMEFDwoul d be

usef ul n chem c Wti.on tly soluble
5 var BRI PRy ST meBROE Pt BeRiasS BB E e SR GRANEIR X ST
However utmgaleaﬁg dfeeqent s, &fdtd%Boxﬂ[Xd?.lthntprbdlmtﬂmderﬁi thBiidipignti film.

supercri t| cal solvents. Generally, a supercritical | vent can be conposed
of a sifiwgihermers) MARY reggents Hﬁakwavlé phsedy) loéhf@wal Yﬂ?Pﬁ FRASIUOGAre xanpl e a

smal | E%H‘llun(% e ()an ygﬁght(i? sdlibldin ViRl luHx&HJérgl %dge%dvtﬁﬁkt cﬁﬂm%em hanol . It

i's iInpo reagents are sufficiently soluble in the
supelOc rstanidasd CYD. Vidowevet3he sansd deagvnbmﬁegenbxbﬂsmtrcaﬁné p@inbllmj it he reagents.
FARIRRE TR R T O T
super Créolvetibr $RIiMard ofdoRehisyinblhdiag fdrexaip alsrhdll &ndurg/(€3melr%pofiensi ty
that | Spolar liquid co-solvent such as methanol.
It is important that the reagents are sufficiently soluble in the supercritical solvent
15 to allow homogeneous transport of the reagents. Solubility in a supercritical solvent is
generally proportional to the density of the supercritical solvent. Ideal conditions for
CFD include a supercritical solvent density of at least 0.1 to 0.2 g/em’ or a density that is
at least one third of the critical density (the density of the fluid at the critical temperature
and critical pressure).
20 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 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.

25
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at |east one third of the critical density (the density of the fluid at the
critical t re and critical pressure). 20 Table 1 b I Sts sonme
exanpl es 6§B@§F%%ﬁts along with their respective critical Sbﬁ&%@VW%@s.
These sol vents can be used by thensel ves or in conjunction wi th other
solvents to formthe supercritical solvent in CFD. Table 1 lists the
critical tenperature, critical pressure, critical volunme, nolecular

wei ght, and critical density for each of the solvents. 25 -23 WD 01/ 32951
PCT/ USOQ' 30263 TABLE 1 Critical Properties of Selected Solvents Tc PC Vr
Mol ecul ar PC Sol vent (K) (atm (cmnol) Weight (g/cnB) CO2 304.2 72.8
94.0 44.01 0.47 (C2H6 305.4 48.2 148 30.07 0.20 C3H8 369.8 41.9 203 44.10
0.22 n-C4H10 425.2 37.5 255 58.12 0.23 n-C5H12 469.6 33.3 304 72.15 0.24
CH3- O CH3 400 53.0 178 46.07 0. 26 C¥§ OH 516.2 63.0 167 46.07 0.28 H20
647.3 12.8 65.0 18.02 0.33 C2F6 292. 'k 224 138.01 0.61 To descri be

condi tijgrs=for—drtferent superciitical Sofvents, the terns 1educed &
d

tenperdture,” "reduced preSkigical Propedies ofHelected Selysptsy” are used. Reduc

t enper gttt h—+-espect—t-o—a—parii-cuar—solyent—i-s—t-grperat-ti-e—|
(measurjed in Kelvin) diW dedq by Phe critvcal tenpkloddculae (reasgyured in
Kel vin)i of the partficul ar sqlvent, w th apal ogous definitijons for presgure
and densPPYerFor exanpf®) at| 336UR and(ammpoll m | Reigknsity ég/em)

CO, 304.2 72.8 94.0 4401 0.47

CHs 305.4 48.2 148 30.07 0.20

CiHs 369.8 41.9 203 44.10 0.22

n-CsHyp 425.2 37.5 255 58.12 0.23

n-CsHy, 469.6 333 304 72.15 0.24

CH;-0-CH3 400 53.0 178 46.07 0.26

CH;CH,OH 516.2 63.0 167 46.07 0.28

Hy0 647.3 12.8 65.0 18.02 0.33

CoFs 292.8 30.4 22.4 138.01 0.61

To describe conditions for different supercritical solvents, the terms "reduced

" 1

temperature,” "reduced pressure,” and "reduced density” are used. Reduced temperature,
5 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
C0O, 15 0.60 g/cm3 ; therefore, with respect to CO,, the reduced temperature is 1.09, the
reduced pressure is 2.06, and the reduced density is 1.28. Many of the properties of
10 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
-24 .



CX2 is 0.60 g/cnB; therefore, with respect to C02, the reduced tenperature
is 1.09wa ég32931educed pressure is 2.06, and the reduced 8&do)s 563 1.28.
Many of the properties of 10 supercritical solvents are also exﬁl ited by
near -supercritical solvents, which refers to solvents having a reduced
tenperature and a reduced pressure both greater than 0.8, but -24 WO

01/ 32951 PCT/ US00/ 30264 not both greater than | (in which case the sol vent
woul d be supercritical). One set of suitable conditions for CFD include a
reduced tenperature of the supercritical or near- supercritical solvent of
between 0.8 and 1.6 and a critical tenperature of the fluid of less than
150C. 5 Carbon dioxide (C02) is a particularly good choice of solvent for
CFD. Its critical tenperature (3 1.1 C) is close to anbient tenperature

and t hyst Bbth@#atérltRariiB @in &fhichdadethalselveitoeass bé SlfRedraldale VrfeseBOC) . It s
al so unreactive with npst precursors used in CVD and is_an ideal nedia for

r unni nguitelie eprsitonsdoneER ipgudes mruceddemperaturg efihe sursrcritical phnestbst r at es.
el Stbdcailical SALURYF BedoE) H4Gmd"| Y ol ATRIE) tefiipBANEe Y R ARAIR1cy N CN 10
abl'e than ons, e.dg., en

may be re sul in certain situatl usi ng
precur shars!S@fCch  can react with G2, such as conpl exes of |ow val ent

nmetal.s contajnjng, stro el.ectron- donating.ligands (e.d...phosphines).
Prectrsors %L%QerﬁdSEEWdﬁaﬁ%%Iqs gp?%@lﬂ*%? ssog/pgt &ﬁ%‘spé?r 8% that t hey
yield g Aashb&dnBEa1-8) iQfoddts alﬁﬁs&%& fefRr tﬁt@raﬁa%sfﬂiol(“g%@gserogcu on

wi th the reactPon reagent.” Materials can include netals . g , Pt, Pd,
and Ti )moderaeprcess teepiremrd(st86f €). (I iscplso Wirgactive wathdnayt, prexungoes ised

sem cond rs,(e.q., ,l1l:-\. sem conductors such as Ga d.InP, 11-V
Som CoteeShiShad tsgipdueal megiador SBR e BLR VB TUERE Tl SAUNE HoUEE S | oxi des
(e. 9., ssli@dutnttdied] Oher s@fab?eosdmemdnaaaé}lfo%xamgesemaﬁé ot F%h&?%ﬁ&- g., a

super conducting m xture such as Y-Ba-Cu- anonetal | i c conpounds and
met 401 anax brampre suBalle haaL Quria cariain siieatioante. g owheneusieg presussprsodhehni ni ng

reagent g, ald: {if G5y Mcﬁhé% @&Jn?‘lﬁgésg%f}’l{)w%lem %%&ﬁé&’n?%&?xrg sHoh e{e@:ronc-ont rast,

nmost i norgani ¢ netaf-contain S are ronic an l'at1vel'y 1 nsol ubl e,
even i rlonating ligands (e.g., phosphines).

Precursors and Reaction Mechanisms

15 Precursors are chosen so that they yield the desired material on the substrate
surface following reaction with the reaction reagent. Materials can include metals (e.g.,
Cu, Pt, Pd, and Ti), elemental semiconductors (e.g., Si, Ge, and C), compound
semiconductors (e.g., [II-V semiconductors such as GaAs and InP, II-VI semiconductors
such as CdS, and IV-VI semiconductors such as PbS), oxides (e.g., SiO; and Ti0,), or

20 mixed metal or mixed metal oxides (e.g., a superconducting mixture such as Y-Ba-Cu-
0). Organometallic compounds and metallo-organic complexes are an important source
of metal-containing reagents and are particularly useful as precursors for CFD. In
contrast, most inorganic metal-containing salts aré ionic and relatively insoluble, even in
supercritical fluids that include polar modifiers such as methanol.

25 Some examples of useful precursors for CFD include metallo-organic complexes
containing the following classes of ligands: beta-diketonates (e.g., Cu(hfac); or

Pd(hfac),, where hfac is an abbreviation for 1,1,1,5,5,5-hexafluoroacetylacetonate),
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supercritical fluids that include polar nodifiers such as nethanol. 25 Sone
exanpl es owoumehes: precursors for CFD include netall o-orgaprggsEebaxes
containing the follow ng classes of |igands: beta-di ketonates (e.g.,
Cu(hfac)2 or Pd(hfac)2, where hfac is an abbreviation for 1, 1,

1,5, 5, 5-hexaf | uoroacetyl acetonate), -25 WD 01/32951 PCT/ USQOQO 30264 al kyl s
(e.g., Zn(ethyl)2 or dinethylcyclooctadi ene platinum (CODPt Me2)), allyls
(e.g. bis(allyl)zinc or Wr14-allyl)4), dienes (e.g., CODPtMe2), or
nmetal | ocenes (e.g., Ti(n'- C5H5)2 or Ni(rj'-CHs)2). For a list of

addi tional potential precursors see, for exanple, MJ. Hanpden-Sm th and
T.T. Kodas, Chem Vap. Deposition, 1:8 (1995). 5 Precursor selection for
CVWDis |limted to stable organonetallic conpounds that exhibit high vapor

pressure bk ature.
Fris 11 m LB RS, SR oot T FRLERRIBE M D AR
r equi rerrerbis(aifyl):zimwom MQAI)&). dienty(ecandCOBPIMER DT ntetal\hotdfnea(ermpﬁ(rh CIS

demandi ng _ requi renent of precursor solubility in a supercritical fluid. 10
Any react iCohskiog Nt ol tide) 68 af 3 ofvpdditions petﬁwﬁi PFREULSPIS 8¢ &yrexaahlebe used

i n CFD. ) r ( S 300, 275, 250,
200, 150, %’W%gépang& ?at I've r%w ?’?&%"%‘é‘?{gm %th?g)ng greater than
0.1to 8.2 g/ cmécdrfnrtséﬂecmmﬁoﬂtv\}') eflintited to suablstor@hemauamclcnmpommuha‘teat ures

of CFD. If the sybstrate tenperature is density of the fluid
in the vi @F‘Hgtt @1 Vo8 PESHUE PHERPEHBRFSRE Wﬁgh"d’é‘ﬁg‘feﬁ?m&?s“é?“gas and the

15 benef i &énrsefratw Pk MR mOARAC: B AGERMI Bictuls0s! CEDbRMMsthON, a hi gh

substrate tenperature can pronote d eterfous fragnentation and ot her
si de- r eactéquirsmehbef precutsarorofatifity andoep!lages navitlha muth &sedonandigr eact i on

reagent, rather t i vation edin CFDto initiate the

reaction lrwremeg{]ggpr{aﬂgs%ég\ugﬁgy Waat%’rpf“‘ﬂmﬁ!gﬁr\ "he precursor. For exanpl e,
the reagtion camy zamicv;@;éi@ﬂg@ﬁd db@lr&fmhdéﬁammlﬂfe%ﬁéc&ﬂ)r%b&)ée&lﬁi OHDHZ 20
or H2S as _a reducing agent), oxidation of the precursor ng 02

or N20 as Hemveves |1wz>r9fg8-°afg@mrﬁmr@r(e4syd¢55rcl}a@|3§0027>s R0, aﬂ%déﬁsqsrm@.
addi ng H2 P; @ﬁ:&éﬁﬁ’@,ﬁ&& de@x@%»eggz' gaé&&{& 52641902 PerH R 8 v chxﬂtmgf 02

(the reac on rea rrconium
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 of a gas, and the
15 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. Therefore a reaction reagent, rather than thermal activation, is used in
CFD to initiate the reaction that yields the desired material from the precursor.
For example, the reaction can involve reduction of the precursor {e.g., by using H;
20 or H,S as a reducing agent), oxidation of the precursor (e.g., by using Oz or N2O as an
oxidizing agent), or hydrolysis of the precursor (i.e., adding H;0). An example of an
oxidation reaction in CFD is the use of O, (the reaction reagent) to oxidize a zirconium
beta-diketonate (the precursor) to produce a metal thin film of ZrO,. Anexample of a
hydrolysis reaction in CFD is water (the reaction reagent) reacting with a metal alkoxide
25 (the precursor), such as titanium tetraisopropoxide (TTIP), to produce a metal oxide thin
film, such as TiO,. The reaction can also be initiated by optical radiation (e.g., photolysis
by ultraviolet light). In this case, photons from the optical radiation are the reaction
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bet a- di ketonate (the precursor) to produce a netal thin filmof Zr02. An

exanpl y@by/oshydrol ysis reaction in CFD is water (the pepgkindeagent)
reacting with a netal al koxide 25 (the precursor), such as titanium

tetrai sopropoxide (TTIP), to produce a netal oxide thin film such as

Ti 02. The reaction can also be initiated by optical radiation (e.g.,
photolysis by ultraviolet light). In this case, photons fromthe optical
radi ation are the reaction -26 WO 01/32951 PCT/ USOQ 30264 reagent.

Chem cal selectivity at the substrate can be enhanced by a tenperature
gradi ent established between the substrate and the supercritical solution.
For exanple, a gradient of 40C to 250C or 80C to 150C can be beneficial.
However, to maintain the benefits 5 of CFD, the tenperature of the
substrat 8 JEasur ed in Kelvin divided by the average tenperature of the
super oY ®al solution neasured in Kelvin is typically between 0.8 and
1.7. | n sonTleases selehiwitg apihe cubstiateadan fble ehblancad bp artemperpatregiadiehhe

reaction. For exanple, jn a s rcritical, soluti i ncl udi 0
e BAATER e SHERE Sl T e RS TAMR: 250, o
Z erve ag 4% whsice &_@ko&quﬁsé% carl e BREALIaP 'IEEWERR] méﬁh@hﬁh@f%eﬁ?&ﬂ' oxi des

s the desifed material. In nost cases, however, the solvent in
supes crof OFEx Ithef tennperaiuse ofthersakastrate measured in Kelvie dividedshyethe presegsss, t he

Gl e, dempacabien oGfBr SpprritFA oL BB seresh bes t hoeeall Rifese CaarE, 1s

serves (@ a catalyst for netallization. This second step can be el ectrol ess
or electrolytic deposition or  a second CFD step. Electroless plating baths
cont ai n met dh seme £ases, [theywipercritied] fluidh eancRpstitinats e hed8agtioRnAPH eXARRICor

T S LA, Bl g P e SRR ORI S,
i ncljpdergmpprtaliititdniionnds, dhOnadetyed s adlaxidizingageat farghaetal precansdrs20
S AT LRIRY L MR v O
al so cQupBE&ii@ MMicaY ShdnfBAIR inert.
In the two-step process, the precursors and reaction mechanisms are as described
above. In the second step, a metal layer or film is deposited onto the seed layer, which
15 serves as a catalyst for metallization. This second step can be electroless or electrolytic
deposition or a second CFD step. Electroless plating baths contain metal salts, liquid
reducing agents such as formaldehyde or hydrogen cyanide, stabilizers, and other
componeﬁts. For example, components of copper plating baths are commercially
available and often include copper sulfate, formaldehyde, NaOH, chelating agents, and
20 proprietary additives. An example is the M-Copper 85 plating system available from
MacDermid Incorporated. Electrolytic plating solutions are also commercially available

and often contain copper sulfate as the metal salt, and various additives including sulfuric

acid and hydrochloric acid.

25 EXAMPLES
The invention is further described in the following examples, which do not limit

the scope of the invention described in the claims.
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and often contain copper sulfate as the nmetal salt, and various additives

i ncludi ng swodws2egr aci d and hydrochl oric acid. 25 EXAMPLEScT/UR6u/4039ENt 1 ON
is further described in the follow ng exanples, which do not Iimt the
scope of the invention described in the clainms. -27 WD 01132951

PCT/ USOCQ' 30264 1. PlatinumFilmon a Silicon Wafer A platinumnetal film
was deposited onto a silicon wafer by reduction of dinethylcycl ooctadi ene
platinun(ll) (CODPtMe2) with hydrogen gas in a supercritical CO2 solution.
Polished silicon test wafers (orientation: <100> Boron doped type P. 450 5
m crons thick), carbon dioxide (99.99%, and hydrogen gas (pre-purified
grade) were comercially obtained and used w thout nodification. CODPt Me2
is useful because of its high platinumcontent (58.5 wt. %, lowtoxicity

of the |i ganslswnaheiREM 2RAicoRMMIl ity, Wwhich is a good indicator of

sol ubi |'i ty“"“l““CrbZn . Prior to CFD, solubility measurenments of CODPtMe2 in
CO2 were pref orApthtinnmametabfiine vhé depReisad argo & sifcaaweldr bhatiudtiee ofol ubi l ity of
10 the pregurso s greater .thap, 19 i,ght, .at, 40C and 100 bar and that
no dogr aadiPEISaFoRrataRs Bt e aRAC R e Jein Berptg B0 ashpeiihy s up
to 80C. CkPp) dMrainpspdlish&PiiNesh eftumfst Relepfakibh.Cal00S0B0rah dGRE ek, Ush bar to
produce a 0.6% by wei ght precursor solution. The reaction vessel

cont ai niSngnickmsphigkl eardpn gesixide) (B 99%@hdind ibiriresen gas(rie-piaScdBraeRlevere o
equilibrate f ; : - he dition
o' appr oxi arays 2 gHteRed NG YL W ARSIRLOBPHAET dnniteclilte BEL
deposi t i onistfigic platinmu @ostent @Bl5eet. P eloRt okicltyrsf ha liphels sdndihe pranesalelility,
Scanni ng el ectron m'_cr_oscope/ EM .anal ysi.s of_the lel mreveal ed

vel | - def i rredcisB-28RpdindicHPene ility i5,60a) Eriortq CHIP. SoiRlR MeasHicmegts of

appr oxi mateh¥pdhys, iﬁi@ézo&éretd%fﬁt g Ui 9%121 @%sbxitgﬁfdﬁ:%@ %@'tt@éofﬁﬁh’hﬂﬂﬁ' ysis

of fracture cross-sections o e conposi ray photoel ectro
spect r dfc ahy priexRSyr warigreateetiat het byt e ghti at AD V@ and Hdebap ind thagandbgdeaiioed
cont am natoif%pécm)'(sgrsw\g?gbé%%gdoorvrer?g ralrjirsgé theglpg ateu%ésrt?pnt%tﬁt’c.e npl oying My
CODPtMe; was dissolved into supercritical CO; at 80°C and 155 bar to produce a
0.6% by weight precursor solution. The reaction vessel containing the precursor solution
and silicon wafer was allowed to equilibrate for 2 hours. The precursor was then reduced
15 by the addition of approximately 15x molar excess of H; gas. Reduction resulted in the
deposition of continuous, reflective Pt films on the silicon wafers. Scanning electron
microscopy (SEM) analysis of the film revealed well-defined 80-100 nm platinum
crystals. The platinum film was approximately 1.3 microns thick and uniform as
determined by SEM analysis of fracture cross-sections of the composite.
20 X-ray photoelectron spectroscopy (XPS) indicated that the film was free of
ligand-derived contamination. XPS was performed using a spectrometer employing Mg
Ko excitation (400 W 15.0 kV). FIG. 2A shows an XPS survey spectrum taken after
sputter cleaning with Ar” ions to remove atmospheric contaminates. The spectrum gives
the normalized number of electrons (in arbitrary units) ejected from a site in the film as a
25 function of the binding energy of that site. The small C,, carbon peak (284 eV) observed
in the spectrum of the sputtered deposit is at the detection limit of the instrument and

could not be meanmngfully quantified by multiplex analysis. The continuity of the film
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Ka excitation (400 W15.0 kV). FIG 2A shows an XPS survey spectrum taken
after wpuwuBgssicleaning with A r' ions to renove atnosphgfingsoes8edsgm nat es.
The spectrum gives the normalized nunber of electrons (in arbitrary units)
ejected froma site in the filmas a 25 function of the binding energy of
that site. The small Cs carbon peak (284 eV) observed in the spectrum of
the sputtered deposit is at the detection limt of the instrunent and
could not be nmeaningfully quantified by multiplex analysis. The continuity
of the film -28 WD 01/32951 PCT/ US00/ 30264 was confirnmed by the absence
of Sits peaks at 153 eV (Size peaks at 102 and 103 eV would be obscured by
the Pt55 photoelectron line). Pt photoelectron |ines are observed at the
foll owi ng energies: 4f712 = 73 eV, 4f,2 = 76 eV, 4d5 = 316 eV, 4d3 = 333

eV, 4pFascontitthe® Yy tiftRibsence $PSHMpeaRS ﬂﬁﬁ/égﬁ féks ROT0PaddefBreance on XPS
see Christmann, 5 Introduction to Surface Ph & cal Chem stry;

Spr i ngepulddelobsrumedibyybe Rts¢ Rgeglectdine) 4Pt plz)toﬁoaltomdmw ATel ghseryed at
FI | t g PLat -met de |
of 0. SRR IRIing HaRRisR S0k s S B b Vo dan PR O B AV L on oF

CODPt Mef) oV tdp, HE 102Y, aﬁds4sgerles aVvl ¥or i@eféﬁaedf oD HESisbe Ehﬁaqa{am;L A 1.2% by

wei ght solutlon of CCDPtIVbZlnCOZ eqU|I|br ted th the PTFE sanpl e at
airpdustioato Surface Noyiies ChERISIE PERETT v B NPTk S RSISCCIAP. e
addltlon of a 15x nol ar excess of H2 gas. Fol |l ow ng dep03|t|on the sanple

exhibited a bright reflective coating. An SEMinage of the surface of the

sanpl e2) Plauimom Fedoh nglgom lyaeer Shibsteteat i vel y | arge pl ati num crystal s.

Pl ati num cl yst.ers rre also 15,0bs dinthe b of .t.he sanpl.e by

r ansm ssi of/SHRUE EHAGH CPORD o1 & Fesy examseirpta oL b i tUPE SRREBES oo o
the sagg A}t@trﬁ’@&&b&ﬁﬂex@’(m?ﬁﬁPéd%cﬁé&épcngtl\ﬁ) wﬁhaizlgayrastg@aaauyed W t hi n
Por ous um num Oxi de Anopor eTM al um num oxi de (A120 z: menbr anes having 200

nm Kt r dgsgtibedoipExempleol . wa 1 2% by aveieiy selubian oh €O MepinERatasnal Lt d.
(Mai dst ong, ER ﬁﬂﬂ% p¥ Oiﬂ'ﬁﬁfg £ 809C aRP1 4'Bar¥Bl 4 ﬂow?rgb%thE ?}&Hrszpa,agor es are

or| ent e‘ﬁl erpen I'cu surface, are approximte exagonal |y
pack edthen feiueadbyothe aadmani obhavl fromelariexeesd iof Hy ighsit Fallowing deposmon the

sample exhibited a bright reflective coating. An SEM image of the surface of the sample
indicated the presence of relatively large platinum crystals. Platinum clusters were also
15 observed in the bulk of the sample by transmission electron microscopy (TEM) analysis

of interior sections of the sample obtained by cryogenic microtomy.

3) Platinum Deposited Within Porous Aluminum Oxide

AnoporeTM aluminum oxide (Al;03) membranes having 200 nm straight pores
20 were obtained from Whatman International Ltd. (Maidstone, England) and used as a
porous solid substrate. The pores are oriented perpendicular to the surface, are
approximately hexagonally packed, and exhibit a narrow pore size distribution.
An 11.3 mg sample of an Al;03 membrané was exposed to a 0.74 wt.% solution
of CODPtMe; in CO; at 80°C and 155 bar for two hours in a small (ca. 3 ml) reaction
25 vessel. CODPtMe; was then reduced by the addition of H; gas, resulting in the
deposition of platinum, as was done in Examples 1 and 2. After deposition, the surface

of the membrane was metallic-gray in color. A sample of the metallized membrane was
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An 11.3 ng sanple of an A1203 nmenbrane was exposed to a 0.74 w. % sol ution
of CODPt MeO A/EO8! at 80C and 155 bar for two hours in a swethyse®ssess n)
reaction 25 vessel. CODPt Me2 was then reduced by the addition of H2 gas,
resulting in the deposition of platinum as was done in Exanples 1 and 2.
After deposition, the surface of the nenbrane was netallic-gray in color.
A sanple of the netallized nmenbrane was -29 WO 01/32951 PCT/ US00130263
cast in epoxy and cross-sectioned by cryom crotony. TEM anal ysis of the
sections indicated the presence of small Pt clusters distributed

t hroughout the pores. Pt deposition wthin a second nenbrane at simlar
conditions (0.68 wt. % CODPt Me2, 80C, 155 bar, 2 hours, followed by
reduction with H2) yielded simlar results. Analysis of the second 5

menbr ane bysSEMpbey 8@l adsss&ah&neatbyccwl%ﬁmw SFE‘M*&H&!?QS bhh@HaJﬁ@Hi the
pores. 4) PalladiumFilmon a Silicon Wafer Palladiummetal filns were
deposi t ed ipglicated thmne@gemf yraalkPigriusters digibuied hrpyghout the pores. Pt deposmon
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the precursor, ng/&hfac )2, the procedure was similar to the one used in

Exanpl e 31. mpamgranaay SEM reveded &@@HWﬁHS‘@FS disgingadyihmuplot theqwrast i on of
Pd(hfac)2 in CO2 was equilibrated at 80C and 155 bar for 2 hours. The
precursor was then reduced by the addition of a 15x nol ar excess of H2 gas.
The proces@lPaﬂSdig___H&neda&Sibcrdeafmnd reflective Pd film FIG 2B shows an

XPS survey spec taken er tter i h Ar+ renpve
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3d5 = 337 eV, 3d3
solution of Pd(hfac); in CO; was equilibrated at 80°C and 155 bar for 2 hours. The

precursor was then reduced by the addition of a 15x molar excess of H; gas. The process

15 produced a bright and reflective Pd film.

FIG. 2B shows an XPS survey spectrum taken after sputter cleaning with Ar" ions
to remove atmospheric contaminates. There were no peaks detected in the C s carbon
region (280-290 eV) of the sputtered deposit. The inset in Fig. 2B is an expansion of the
XPS spectra in the 280 eV to 300 eV region, which contains the C;; region. Fluorine

20 photoelectron lines (F15 = 686 eV) were not observed indicating no contamination by the
ligand or ligand-derived decomposition products. Pd photoelectron lines are observed at
the following binding energies (Mg source): 4p; =54 eV, 4s =88 eV, 3d;s =337 eV, 3d;
=342 eV, 3p3; =534 eV, 3p; = 561 eV, and 4s = 673 eV. Auger lines are observed at 928
eV and 979 eV. Additional experiments at similar conditions {e.g., 0.59 wt% Pd{hfac),,

25 80°C, 156 bar, 2 hours) yielded similar results.
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= 342 eV, 3p3 = 534 eV, 3p' = 561 eV, and 4s = 673 eV. Auger lines are
observewoai1/39¢8 eV and 979 eV. Additional experinents %Cﬁhﬁﬂosﬁf&t
conditions (e.g., 0.59 wt% Pd(hfac)2, 25 80C, 156 bar, ours) vyiel ded
simlar results. -30 WO 01/32951 PCT/ US00/ 30264 5) Pal | adi um Thin Fi | m
from Supercritical Ethane A palladiumthin filmis deposited onto a silicon
waf er by reduction of palladiun(ll) bis(2,2,7-trimnmethyl-3,5-octanedi onate)
(Pd(tod)2) with H2 in supercritical ethane solvent. Wth the exception of
the precursor, Pd(tod)2, and the solvent, ethane. the 5 procedure is
simlar to the one in Exanple 1. Tenperature is set between 32C and 100C
pressure is set between 75 and 500 bar, and the supercritical Pd(tod)2
sol ution concentratl on is set bet ween 0.01% and 1.0% by weight. 6) Copper
% Vo g e thin filmwas deposited onto a

silicon f ) ess | / atter ned Si . waf er was cl eaned
by soni cati (54;1 T%{ff‘dé‘g@?%ﬂ\gﬂg S‘r%é’g‘r'i?iﬁ%‘vo&rf icgp;veader; By rgductighwéct i on oven. A
pal | adigamdead) Byer, Msméhas, %@ﬁﬁbalﬁﬂatm(tB@ﬁ) with L5iRStberirintaf €r by

hydr ogen reduction of a 0.1 wt% sol uti
7t - 2- methepe splvent( CYih Swaxsgmoemﬂtbe prpesirserd Pditgd)s, jand theGobveat, e6fage.ahel 138 bar

usin hatds i bed in.15 d 2. A
confgrﬁ’tl‘l%ﬁ&%ql“.Jg ﬁ?%%vﬁ‘gs % gl H‘ngﬁnget’%%etE‘gngﬁ% éﬁ%‘?rate by the
hydr OgaIGOF@Cbteisufbﬂs oft b&t»@eeﬁ wta%isob W, qad @e fAbercAtidal PdbolipisbmiBh hyl 3, 5-
hept anedi onat o)copperegE é@ TMHD) 2) CO2 solution at 120C and 276 bar.
FI Gs. CORCeAHAtRIs setcbotwain angl. Q%blfd\@sg@ectl on of the fractured wafer
after deposition of the film It is evident that the deposited filmis
conformal to the wafer surface. Analysis 20 of the filmby x-ray

di ffradi er SﬂaicbmWafexi c reflections for the (111) and (200)
cry b pl anes of 01/32951 PCT/ USOQ 30264 7) Metal Sulfide Thin
Fii ﬁn on a Si‘t FWERRT g as eposited onto a silicon wafer using a two-step process. A

patterned Si wafer was cleaned by sonication in acetone and methanol and dried in a
convection oven. A palladium seed layer was then deposited onto the patterned Si wafer
by hydrogen reduction of a 0.1 wt% solution of n-2-methylallyl(cyclopentadienyl)
palladium(lI) in CO; at 60°C and 138 bar using a procedure similar to that described in
15 Examples 1 and 2. A conformal copper film was then deposited onto the seeded
substrate by the hydrogen reduction of a 0.6 wt% solution of bis(2,2,6,6-tetramethyl 3,5-
heptanedionato)copper(Il) (Cu(TMHD),) in CO, solution at 120°C and 276 bar. FIGs.
3A and 3B are SEM images of a cross-section of the fractured wafer after deposition of
the film. It is evident that the deposited film is conformal to the wafer surface. Analysis
20 of the film by x-ray diffraction revealed characteristic reflections for the (111) and (200)

crystal planes of Cu.
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A netal sulfide (e.g., CdS, PbS, and ZnS) filmis deposited onto a silicon
waf er by woeowsmasition of the reaction reagent H2S with a f,gm@m,@z@y kyl,
allyl, or beta-ketonate netal conplex, for exanple reduction of
bis(allyl)zinc wwth H2S to yield ZnS. The 5 procedure is simlar to the one
performed in Exanple | with the exception of the precursor,
bis(allyl)zinc, and the reaction reagent, H2S. The tenperature is set
between 32C and 100C, the pressure is set between 75 and 500 bar, and the
supercritical bis(allyl)zinc solution concentration is set between 0.01
and 1.0 percent by weight. 10 8. Mxed Metal Thin Filmof Y-Ba-Cu A m xed
metal filmof Y-Ba-Cu is deposited onto a silicon wafer by dissolving
net al beta-di ketonates of Y, Ba, and Cu, such as Y(thd)3, Ba(thd)3, and

Cu(thd) 3, 7}%%1 §M53§ﬂﬂntlfrﬁﬁ%n§t5h%ﬁ ngorm a solution with a
st oi chi on® is used as a reducing agent to

decompose the P Sl fe 00 CASOPRNLAL 2l 10805 SRR AL BpUr face.

The procedure is sim t hie~“one per orrre
exception lgrthdréai:eqs:enﬁthprmummagn( H;® with astiadbldoeky; dlﬂr&trcbaatmonmd a
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SUperC“St'rﬁ@éed%&' 1E'Ein9[hr@@ﬁfé%'ﬂlé %@&%y ‘?&Eﬁaﬁﬁ;ﬂgl%thttﬁ@exééh M&ﬁp& metals is

set between 0.01 and 1.0 percent wel ght Subsequent to formng the
m xed net giredurson Hs(allfxing, laed thexasttmmtaagerit,r Ha% dam tdmpermmeds zasbetvgdeng

tandard t

Super conduer LrESOURPRCY Y AR isClrsemn /5 ae qoB ba e SyBriisdl oy s
Pat ent  No. b1sd(§i!ﬂ72@nc0§>ﬁ)tzon2§ngenzr-£ﬁbdhsEbt'H@tvM%ﬁ@'OI/é'nh Q)Cﬁpe@éen?bﬁtde@ﬂm and Ni ckel
CFD was used to deposit thin filns of /Pt alloys of increasing Ni

conposition 32 WD 01/32951 PCT/ US00/ 30264 spanning the conposition range
between the two el ements. Bis(cyclopentadienyl)nickel (Cp2N) and

di met hyjlg( oy thagll CODPt Me2) were used as the netal
precursors M%%‘&I\?Qh bl d: L(tlons of these conmpounds at 60C and 140

bar A mxxed metal film of Y-Ba-Cu is deposited onto a silicon wafer by dissolving
metal beta-diketonates of Y, Ba, and Cu, such as Y(thd);, Ba(thd)s, and Cu(thd);, into

supercritical ethane to form a solution with a stoichiometric ratic of 1Y:2Ba:3Cu. Hs gas
is used as a reducing agent to decompose the precursors into elemental metal on the

15 substrate surface. The procedure is similar to the one performed in Example 1 with the
exception of different precursors' (1.e., metal beta-diketonates) and a different
supercritical solvent (i.e., ethane). Temperature is set between 32°C and 100°C, pressure
is set between 75 and 500 bar, and the supercritical solution concentration for each of the
different metals is set between 0.01 and 1.0 percent by weight.

20 Subsequent to forming the mixed metal film by CFD, the mixed metal film can be
oxidized using standard techniques, for example by an oxygen plasma, to give a
superconducting thin film of YBa,Cu301.,, (e.g., See Sievers et al U.S. Patent No.
4,970,093). |

25 9. Thin Filn Metal Alloys of Platinum and Nickel
CFD was used to deposit thin films of Ni/Pt alloys of increasing Ni composition
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yielded the Ni/Pt alloys. The conposition of the alloy was dictated by the
st oi chiyayBi/fbgy S rati o of the precursors in supercritic tion.
X-ray diff/action (XRD) was used to determne the a||o3b3§§%%§?§#on in the
films. FIG 3C shows the x-ray data for each of the filnms. In each case,
the X-ray data displays a single diffraction peak between the x- ray
diffraction angle 29 = 40 (corresponding to pure Pt (111)) and the x-ray
diffraction angle 29 = 45 (corresponding to pure Ni (111)), corresponding
to the formation of a 10 honbgeneous m xture with no evidence of pure
regions of either parent netal. Furthernore, the regular shift in the 29
val ues of the peaks signifies the formation of a continuous series of
alloys. The inset in FIG 3C shows alloy conposition determined fromthe
X- I ay, Salm HEESHSosith 2886 b&MEBP HieltiveRIdn®ntd. IBis(péiopertidienyinikel and reveal s
a near 11 correspondence between alloy conposition and fluid phase
conp¢€paNipand digetyl(crdpswadieny piatizun {CORPIMa ) yrare sqdasts medl Si waf ers.

Pol yi mi de, a - Al uni | gl Dyrl ' ko [ posited onto
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>C’:-O<'£l| lyr&:ldtﬂ_thWNt/PEal[cgdughé @ﬂmpﬁsitim gﬁuhelarzld()))lr wds digtavetpoth admidhrinmcjzigr cr ijt |88 ?;l
2 solution using a batch_pr ss at. te ature t ween an

and prtiosef iheRrepEBYs A sqpew%ﬁﬁéaeolsa?n- ¥z4gY gityaction WESUSERI0 £ | g

pr %ﬁ?gﬂﬂ@%@i&@?@%ﬁ%? freQiin. ERE!IC Mo the R4 ki s Adhep! ond /

0.37 Kapton Bright neta film fair adhesion
Pd( hftigectiims6 On 2% dase, 8haXpap daBrdispleys asingld diffractiompedkabetwaethdeixon Pd( hf ach
80 138 0.29 Kapton _Metallic filn. fluid gh nugl eat i on;..poar adhesi on -33
VO 0avdiffertierangle éa°“qﬁa?m‘5%5°zp"669&§j?8.a§é‘{13‘? X0 GfaeRRn A o fi 1 m

oor “HBReRran (hrremh bR Nt DhsaRe Hndiph 7Bl kel IR X i ant
mapalhbinogérieos mixture with no evidence of pure regions of either parent metal.
Furthermore, the regular shift in the 28 values of the peaks signifies the formation of a
continuous series of alloys. The inset in FIG. 3C shows alloy composition determined
from the x-ray data versus the feed composition for the metal precursors and reveals a
near 1:1 correspondence between alloy composition and fluid phase composition.
15

10. Conformal Films of Palladium on Patterned Si Wafers. Polyimide, and y-Alumina

High purity palladium films were deposited onto patterned and unpatterned Si
wafers, polyimide (Kapton®; DuPont), and y-alumina by the reduction of
organopalladium compounds in supercritical CO; solution using a batch process at

20 temperatures between 40 and 80°C and pressures between 100 and 140 bar. Table 2

below lists the films produced.

TABLE 2

Complex T(°C) P(bar) OMwt %" Substrate Adhesion® / Comments

P | o | 0 | o | e | Sog el Gim tradheson |
Pd(hfac), 60 124 0.28 Kapton Bright metallic film; fair adhesion
Pd(hfach 80 138 0.29 Kapton Metallic film; fluid phase nucleation; poor adhesion
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(at'-C3Hs)Pd(aeac) 60 103 0.24 Kapton Bright netallic film good adhesion
(r."-C3Hs)®e(amaehd 40 138 0.18 Kapton Metallic film gOOdP?ﬂhgﬁh@ﬂu
(tr3-C3H4Pd(acac) 't 40 138 , 0.18 r-Alumna Dull gray netallic film good
adhesion (z'-C3Hs)Pd(acac)d 40 138 0.36 Kapton Dark gray netallic
(tt'-C31lls)Pd(aeac)a 40 138 0.36 y-Alum na Dark gray netallic CpPd(3r'
60 103 0.41 Kapton Bright netallic film poor adhesion: fluid phase
nucl eati on CpPd(a3-ClH,) 60 103 0.21 Kapton Metallic film CpPd(a'-C4H,) 60
138 0.21 Kapton Bright netallic film fluid phase nucl eation

CpPd(rt3-C4H7) 60 138 0.24 Kapton Bright netallic film fluid phase

nucl eation CPPd(sr'-C4H,) 60 138 0.26 patterned Bright netallic film
Silicon In Table 2, superscript "a" denotes weight percent calculated by
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In Table 2, superscript "a" denotes weight percent calculated by weight of

organometallic (OM) divided by weight of CO, added. Superscript "b" indicates that an
5 explanation of adhesion is described below. Superscript "c" denotes that the Si wafer

was sputtered with ~ 7 nm of 88% Ti/12% W. Superscript "d" denotes that the
depositions were performed thermally without hydrogen addition. The precursor
synthesis and deposition are described in greater detail below.

Allylpalladium chloride dimer, palladium (If} chloride, and

10 cyclopentadienylthallium (99% sublimed) were purchased from Strem Chemicals.

Sodium acetylacetonate monohydrate, 3-chloro-2-methylpropene (2-methylallyl
chloride), and palladium(Il) hexafluoroacetylacetonate, Pd(hfac),, were purchased from
Aldrich Chemical Co. Each was used as received. Precursor synthesis was carried out

under inert atmospheres of purified argon using standard Schlenk techniques. Transfer of
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reactions were dried over sodium and benzophenone ketyl, then distilled
under o byabsosphere of purified argon. n-allyl pal |l adi ggy@asaihacet onat e,
(n3- C3H5) Pd(acac), was synthesized using standard procedures i medi ately
prior to use. See, e.g., S. Ilmanmura et al. in J. Bulletin of the Chem cal
Soci ety of Japan (42:805-808, 1968). (n3-C3H5)Pd(acac) was found to be pure
by proton NMR. ' H NVR 200 WMHz in CDC13, 2.01 ppm (s, 6H, CH3 acac), 2.90
10 ppm (d, JH H=11.9 Hz, 2H, anti-H of CH2), 3.88 ppm(d, JH H = 6.8 Hz,
2H, syn-H of CH2), 5.39 ppm (s, | H C-H acac), 5 57 ppm (triplet of
triplets, | H CHallyl). 2- Methylallyl palladiumchloride dinmer was
prepared according to standard literature procedures and stored cold under
argon. See, e.g., M Sakakibara et al. in Y. Chem cal Comunications
(1969'&QE&Sit&QG%Cn{(%gdgﬁngéﬂﬁh&K‘dddZ?Mg ﬁbhigﬂ-p';'ﬁsm rgactien byssels otithn 15 NVR.
"H NVR. 200 MHz in 3, 2.15 ppm (s, 3H, , .2.89 s,..2H, anti-H of
cHz), pRlBdiugpprecursossyasSoRdustest ‘WE?.gl%em%géﬁaﬁ?F%P‘ﬁE%a f?fn?o

cycl Opx?lfl%ig%l Wit bred trhfgaprg{rg - GOlvent@Ssed O 41881 R6@uré EBRilve n3- CAH7) PAC1] 2

and cyc nt adl en allru In a standard preparation, 2.63 g (6.676

mol )  @hctions Svedd BEydPo@r js@diandand/henecphiencredtetyd, then 66tijed asledn mol ) of 20
cycl opent ac&i{ﬂt;ng{.]hal I um were seal ed together in a Schlenk flask under an
at mo’s pHBYOEPRETE OLpY} 8%Fhe flask was then transferred to a Schlenk line

where its nﬁ%[l?%ﬁﬂa&&ﬂ%@@%c&onﬁ@%np-@?ﬁgﬂg cib)t WaPsynidsed asiggn. The flask

was cooled to =78C and 70"m of tetrahydrofuran, previously dried from
sodi unstamtirdprozeguiresimmeedietely prioxds useo rftens g4S. loaneura kealy imaty Snullerin 4 t h

F erper e §emidetiete Ve 2 e o P B8P farae) Pt PHEERS Ut on and
an ?‘;L%%ib&%r&BSNMFLE‘{-[g\IMﬂ?QO_@%HE LPODERS 2101 gpRi RA6HNAEE agacsigeam of ar gon

e Inso thalliumchloride. Thé clear red filtrate was
r edUk eppri fd Malarmd 1 9ritie RH, aotdtiof CH3E 3.830pon(d3 296 £ FEHz by adPel until a

(60C abras3ousm [ T Eaaod § SZBP TR Ipm e aattety e MR Y Seg ™
needl emMetHyl4N3Pgaitatti €A dR)oride dimer was prepared according to standard literature
procedures and stored cold under argon. See, e.g., M. Sakakibara et al. in Y. Chemical
Communications (1969-1970, 1969). [(n3-C4H7)PdC1]z was found to be pure by proton
15 NMR. 'H NMR: 200 MHz in CDCl;, 2.15 ppm (s, 3H, CH3), 2.89 ppm (s, 2H, anti-H of
CHa), 3.87 ppm (s, 2H, syn-H of CH3).
2-Methylallylpailadium cyclopentadienylide, Cde(ﬂ:3 -C4H>5), was synthesized
from [(n’-C4H7)PdCl]; and cyclopentadienythallium. In a standard preparation, 2.63 g
(6.676 mmol) of [(n3-C4H7)PdCl]2 and two equivalents (3.60 g, 13.35 mmol) of
20 cyclopentadienythallium were sealed together in a Schlenk flask under an atmosphere of
nitrogen. The flask was then transferred to a Schlenk line where its nitrogen atmosphere
was replaced with purified argon. The flask was cooled to ~78°C and 70 mi of
tetrahydrofuran, previously dried from sodium an;i benzophenone ketyl, was condensed
onto the reagents. With constant stirring, the reaction was warmed overnight to room
25 temperature whereupon the mixture consisted of a dark red THF solution and an off-
white precipitate. The solution was filtered under a stream of argon to remove the

insoluble thallium chloride. The clear red filtrate was reduced in volume under vacuum
-35 -



Yield 2.12 g, 70 % The product was sublinmed again prior to each deposition
reaction wooesid to be pure by proton NVR. 'H NVR 200 WHEnisto/30264

d6- benzene, 1.69 ppm (s, 5 3H, CH3), 2.12 ppm (s, 2H, anti-H of CH2), 3.39
ppm (s, 2H, syn-H of CH2), 5.86 ppm (s, 5H C5H5). Boron-doped, P-type
silicon test wafers with a <l 00> orientation were obtained from

I nternational Wafer Service. Etched Si test wafers were obtained from

Novel lus Systems. Al wafers were cleaned by inmersion in boiling

dei oni zed water, followed by 10 rinsing and sonication in acetone or nethyl
al cohol for 20 mnutes. The wafers were then dried overnight in air at
100C. Sheets of Kapton(r) polyimde (Dupont) of 50 m thickness were

cl eaned using a simlar procedure. y-alum na substrates were prepared from
por ous a- alutifii Hdarllirsk srypaiine rackrinyretiamed o This emsériah was easilglsublimed (6(0et in a
mechani cal press foll owed by heating at 1200C for a period of ,30 hours. The
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20 substragg’béﬂgi by 4 cm sanples of silicon wafer or --1 by 7 cm sanpl es
I m de

Kapt on poly and a known anount (10.40 ng) of precursor were added to
t he vessel . Pd( ioam)-@opedsP-tipeadisdn st watbisevith xeHPtarenmtion verpobteined or

(1L3- C3H5) Rd c) .dec ses_slo Q. air t roomte ratyure.and was
Uherefor e FOTEHTHIGH TAGE SERIHEof arlSh s vty st SRR FREUOIERe box.
CpPd( n3- CABYdtems. Aliabdfers ke SRR bPahine@fonah bbiliiE dbidnize@ waldfDBRBRESby 25 but
was |l oaded In the dry box as a precaution. The vessels were sealed wth a

pl ug at 18n&nsiagand rnicatinn ihaqsions sumethybdlephe! {a1120 enigutes.nEheo waters wilgdheressel s

Cenper at or S8 Pl e RS M BEREE SO o Rl B ST B0 3026
equi | i br at gyitigebd e @ Rah@uS N PEMAUSBeedeR! BOMuinaXliBRraNRSwdrb rpadded to

t he desired
from porous c-alumina disks prepared by the compression of a-alumina powder ina

mechanical press followed by heating at 1200°C for a period of 30 hours. The resulting

15 pressed disks were then coated with a thin layer of y-alumina by the sol-gel process using
a 1-M boehmite sol doped with polyvinyl alcohol. Carbon dioxide (Coleman grade) and
hydrogen (High Purity grade) were obtained from Merriam-Graves and used as received.

All depositions from CO, were conducted in high-pressufe stainless steel reactors

(High Pressure Equipment Company) with an approximate volume of 17 ml. A single

20 substrate {~1 by 4 cm samples of silicon wafer or ~1 by 7 cm samples Kapton polyimide)
and a known amount {10-40 mg) of precursor were added to the vessel. Pd(hfac), was
loaded at ambient conditions. The precursor (n’-C3Hs)Pd(acac) decomposes slowly in air
at room temperature and was therefore loaded unéer a stream of argon or inside a
nitrogen glove box. CpPd(n*-C4Hy) is stable for short periods of time in the atmosphere,

25 but was loaded in the dry box as a precaution. The vessels were sealed with a plug at one
end and a high-pressure needle valve at the other. The vessels were purged with COs,

weighed, and placed in a circulating constant temperature bath (40-80 °C) and allowed to
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pressure via a high-pressure manifold or a high-pressure syringe punp
(I'sco, woeysddsdel 260D) that was maintained at the sampcApEsAEHre as the
constant tenperature bath. The vessels were mixed with a vortex m xer or
by cyclic inversion and weighed to 5 determ ne the nass of CO2 added. The
vessels were then returned to the constant tenperature bath for 1 hour to
ensure conpl ete dissolution of the precursor. Filmdeposition was initiated
by reduction of the precursor either thermally or wupon reaction with

hydr ogen using the CFD nethods. For hydrogenolysis, a 60-100 fold nolar
excess of H2 was transferred to the reaction vessel via a small pressurized
mani fold 10 (3.6 m ), consisting of a section of high pressure tubing
capped at both ends with high pressure needle valves and equipped with a

pressurd eg%b&g t%me egﬂ’%"lte ra?ljre h&q{b%g?lgpx@éj% lth't?r(li ac!lc#h% Eh@e ﬁxéesds el was
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nol s pey Af t.er gen addition, the reactions were allowed to

t
st and fépgéqg%%‘ﬁér‘?%ﬂmw #t g’eﬁé‘F}F EMPATAHES ASIH %F%’élaf‘b‘e@?ﬁ@W?@ﬁf‘s i ndi cate
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t he deposition conditions was verifi ed%‘b@%yl cal | usi ng a vari abl e vol une

vi ew céipon rsectign wWHotyslErasasieg thpeEPim Roxp rogm&vseﬁoﬁé&cw&cfolﬂsu ng a
Per ki n ggé’fg@%v %aﬁr%tfér%a'tg?h ?(9 onRRSLel 9 sﬁ{allvgréﬂuh%ld A&Efo%(m tation

(400 0’ ensur e -representa Ve ana I'ng area of 25
4x 10 ntho6malb, enslsdygdf a Séutiohiof hEghV}ﬁéSSuﬁ:lt&biﬂgdaﬂp,edAt both phdst with Right 0 r enpve
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M cr 0s Gamittéd-fatoY) veders was Sdiciéled by IeOprbsdifel 1dpPi¥aded th the manifold.

The rate of hydrogen addition was regulated using a needle valve at approximately 200
pumols per minute. After hydrogen addition, the reactions were allowed to stand for a

15 period of 1-2 hours, although kinetic experiments indicate the reaction is complete in less
than 2 minutes for CpPd(n’-C4H;). View cell experiments suggested a similar reaction
period for Pd(hfac),. The vessels were then depressurized and the effluent directed
through an activated charcoal bed. In some cases, the reaction by-products contained in
the CO, mixture were first collected for analysis by venting the vessel through an

20 appropriate solvent.

Solubility of the precursors in CO, at the deposition conditions was verified
optically using a variable volume view cell. X-ray photoelectron spectroscopy (XPS)
was conducted using a Perkin-Elmer Physical Electronics 5100 spectrometer with Mg
Ka excitation (400 W 15.0 kV). To ensure representative analysis, a sampling area of

25 4x10 mm was employed. The films were cleaned by Ar+ sputtering to remove
atmospheric contaminants until the measured atomic concentrations in consecutive
analyses were invariant. Field emission scanning electron microscopy (FE-SEM) was
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performed using a JEOL 6400 FXV SEM and an accel erating voltage of 5-10 kV.
Anal ysi s oky@hpsessections of Pd filns on polyimde was con ﬁ"x‘ﬁ}sﬁﬂstﬁﬂ er
enbedding in epoxy and subsequent cryo-m crotony. Wde-angle

diffraction (WAXD) was perforned on a Phillips X Pert PW 3040 W|th Cu Kg
radiation. 5 As indicated in Table 2, palladiumwas deposited onto the
substrates by hydrogenolysis of the precursor or by thermal deconposition
for sone of the (7t3- C3H5)Pd(acac) precursors at 40-80C. Pressures were
bet ween 100 and 140 bar and precursor concentrations in CO2 ranged from
0.2 to 0.6 wt.% A 60 -100 fold nolar excess of H2 was used for each

hydr ogenation. The resulting filnms were analyzed by x 10 ray photoel ectron
spectroscopy (XPS), scanning el ectron m'croscopy (SEM and wi de- angle
X-ray dlffractlon e XPS survey of t alladiumfil s indicated
(el Subsetfent nsineggoAHALChAORG X‘éﬁ%%wdaéW§iiﬁ@Bn&V%‘éﬁsﬁaﬁ?ﬂth\é W ih any
car bon
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filns depospds)qohrﬁrsuhseade(dnf:azo)rmcmﬁomwg%é&-an‘ge k-hat d:Eﬁaganni(W@rXD)sﬂas
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di aneter. lﬁydrsgﬂmaysnwfdmp:afurmgﬂb)t thdenaliec@apssition for sinte aﬂthe(n?su ng
CpPd(it3-C4H7). 20 as precursor relative to filns deposited from
Pd( hf ac) 2 @a@s?giﬁce%i|prwﬁﬁe¥safﬁ%§%c dBpsEITes weredshrcenil8hand SE\baIdRysi s of

the pol yme H@Qrs% t&%%nﬁﬁgfqz%eﬁ?%?b%q?@%“ms A[‘Pé -} %4 fgthyW thin

t he substr ycryst ine nature o e neta mwas verified
by WAXD, whikaehks oéﬁewheﬁedmryatmdb:rgnamd?d mrﬁsmcg ﬁlarsdﬂeﬁeﬁnaiyeafekiéa@rtn -0Ns in

I ti tent with th SEM
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anal ysis of filmecross-sections by SEM The ini | oadi ng of the
precursor &ilseaeatAf | sphtterinearRmesd atmosphere conteminantygwith any car! Thon

impurities being below the detection limits of the instrument. Fluorine contamination
(60¢ eV and 688 eV) was not observed in any of the films deposited from Pd(hfac);

15 suggesting that ligand-derived contamination does not occur.
The morphology of palladium films grown on polyimide was studied using SEM.

The film deposited from Pd(hfac), contains grains of approximately 10 nm in size. The
film deposited from Cde(n:3 -C4Hy) consists of well-defined palladium grains of ~30~70
nm in diameter. This near order of magnitude increase in grain size using CpPd(r*-C4Hy)

20 as the precursor relative to films deposited from Pd(hfac), was typical under these
deposition conditions. SEM analysis of the polymer/Pd film cross-sections revealed Pd
was not deposited within the substrate. The polycrystalline nature of the metal film was
verified by WAXD, which revealed only the broa:d Pd 111, 200, and 220 reflections in
locations consistent with the small primary grain sizes observed by SEM. Films

25 deposited onto polyimide from Pd(hfac); and CpPd(r-CqHy) were ~ 100 nm to 200 nm
thick, as calculated by mass gain and confirmed by analysis of film cross-sections by

SEM. The initial loading of the precursor dictates film thickness in these batch
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WO 01/ 32951 PCTI USQQO 30264 experinments. Thicker filns can be grown by
sequentwaloiBaésth deposition cycles. Wile the sol ubili tperAisohSibs
precursors readily exceeds 1 w. %at 60C and 138 bar, operation at
concentrations above | wt.% may | ead to gas phase nucl eati on and deposition
of Pd particulates. Gas phase nucl eati on was al so observed upon rapid
addition of excess H2 at 5 all precursor concentrations and was mtigated
by limting the rate of H2 addition to less than 200 nols/mn using a
needl e val ve. (7t3-C3H5)Pd(acac) deconposes relatively slowy at room
tenperature (for the purposes of these nethods) and was chosen as a

candi date precursor for |low tenperature thermal deconpositions from CO2
solution. Thernolysis of (713-C3H5)Pd(acac) in neat 10 CO2 at 40C, yiel ded

dark, Fészgééiaaeﬁ@f ITREdke filnhd dafifbe o¥5ivh B 8eqlihital 6RMA h&ﬁ&ﬂioﬁ%gaey fileCar bon
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net hodspartifafated) abiasSptase Bedtidf wabalsbidbs&velL@nirhfid allditibNbfe RS adr e free
of oxygen contam nation and carbon contamination is |less than 5% Reduction

of déepllmsecussgrconesmsrapnsdayasnitigpiey by himitipg:the rate pEHp adttitomiot lasn a
vari abl g v. me view cell praceeded i nmedi ately upon addition of H2 as
evi dené%’d1 %&“?H%‘@%’%&gﬁ%@g”s‘gﬂgf all color in the cell and the formation

of a netal | ig®40,Hg)PAlack)iedOmBRE telatiV Wivly™ B R f fgE (for ligsonance
spectroscopy( (NIQ/R vvggc Jl??ed tgé%nal a;/zeen'yd?he yg%ﬂoducteg{%f Cp d(rn3- CAHT)

hydr og@umages ef thasegagthodyi epd svas ghosehes a candidasepreewsrdosiowvempembtrai ned by
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confirmed by the observation of a 25 singlet at 1.5 ppmand a doubl et at
0. 87 psarbescoaapintiangd~Bovtihk TEMtasalysis fevealpd inhomegenrous fitmg withnet hy|

0y OU2S sk g 0 AR Gt SRRSO s P T8, O
regions containing particles with a broad size distribution. Carbon contamination was
reduced by the addition of hydrogen using the CFD methods. XPS analysis revealed

15 films deposited in this manner are free of oxygen contamination and carbon
contamination is less than 5%.

Reduction of deep red solutions of CpPd(n>-C4Hy) in supercritical CO, within a
variable volume view cell proceeded immediately upon addition of H; as evidenced by
the immediate loss of all color in the cell and the formation of a metallic film on the

20 quartz window. Nuclear magnetic resonance spectroscopy (NMR) was used to analyze
the products of Cde(nJ-C4H7) hydrogenolysis in CO,. Samples of the reaction products
were obtained by passing the effluent gases from f:ompleted depositions in a standard
reaction vessel through either deuterated acetone or chloroform (3-4 grams). Complete
reduction of all ligands under these conditions was confirmed by the observation of a

25 singlet at 1.5 ppm and a doublet at 0.87 ppm corresponding to the protons in
cyclopentane and the methyl groups in isobutane (2-methylpropane), respectively. The

remaining proton of isobutane {(CHj3);-C-H] overlapped with a signal attributed to the
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-39 WO 01/ 32951 PCT/ USOQQO 30264 solvent. An additional signal, appearing as
a singlet, wge/isadsserved at 2.86 ppmand is attributed to g&psRhiRsss
hydrogen. This was confirmed by analysis of H2 - saturated d- acetone
solutions. No additional proton signals were observed, confirm ng conplete
reduction of all double bonds of the cyclopentadienyl and allyl ligands to
their al kane 5 analogs. '"H NVR was al so used to confirmthat the reduction
of CpPd(7r3-C4H7) in CO2 wupon H2 addition is rapid at the conditions used
in these depositions. Hydrogenation was nonitored by renoving snal
aliquots of the reaction nedia at regular time intervals follow ng
introduction of H2 to the solution of CO2 and CpPd(nc3-C4H2). NMR anal ysi s
10 of the effluent indicated that the precursor was conpletely consuned
within thesoﬁx'ehﬁtAﬁ‘é&tim@ﬂamb'fgﬁﬁ zﬁfpeé_rll% arsﬁ%ﬁigi&nwaﬁéﬂsefv%mﬂsﬁﬁm&%& igned to
CpPd(r3-CAH7) are absent and aced by the signals from cycl opent ane,

i sobut ane, atiptitedde Aisseimes faﬁrqgetxr %b’é wessorfirneddty analysie af Fp rsaturaiesdt ur at ed
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after H2 a Iron, 1 ndi cat rogenati on’ tra

unsat ur at a@dmmﬂu@hﬁdoﬂ&@b@dﬂbbﬂ:he&pdopédxaaﬁam@wﬂm hgindqw@nﬁxrtaa&@a after 42
mnutes, revealed the peaks are invariant with additional reaction tine.
These r&sAB¥Shere consistent with observations in the view cel | that

suggest an i ndu pl % roducts
fromthe hydr oggn% ?fgg%? 8?30 %ﬁg@a&?&tfwﬁ@ ﬁﬁe@%{ E)HEO 0 and
t her nol ysi @oﬁlﬂzéhaﬂinan@h thPid dpehie coRdidon wed anthleyezdaposivbss. uﬂﬁlragenan&it@appm and
1.51 ppmare the predicted groton resonances characteristic of propane,

resul ting rmramr%%‘év RPN FEAH [aligyals off the FRactenmgdiaial {peulgF HIS, INRRath appear
as the ex I i d et of
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(Schenme 2). A third, unidentified m nor product was observed between 1.6

and 1.9 pphinutespsthe seactien; ?féfeﬁ‘l*f@nﬁfﬁla§51%ﬁj‘a‘ﬁé3pﬁ’ﬁiﬁﬂLE«H%%@P%"@&Ia‘%h

replaced by the signals from cyclopentane, isobutane, hydrogen, and only trace amounts
of unidentified, unsaturated species. Analysis of a second aliquot, taken from the
reaction 22 minutes after H, addition, indicated complete hydrogenation of the trace,

15 unsaturated products. The third, and all subsequent aliquots taken after 42 minutes,
revealed the peaks are invariant with additional reaction time. These results were
consistent with observations in the view cell that suggest an induction period for the
reaction is not present.

The products from the hydrogenolysis of (*-C3Hs)Pd(acac) at 40°C and 103 bar

20 and thermolysis at 40°C and 103 bar were also analyzed. Visible at 0.810 ppm and 1.51
ppm are the predicted proton resonances characteristic of propane, resulting from the
hydrogenolysis of the bound allyl group, which appear as the expected triplet and
multiplet respectively. An additional set of resonances was also observed at 1.05 ppm
(d), 1.94 ppm (mult.}, 2.95 ppm (br. 5), and 4.06 {mult.) and matches those of 2,4-

25 pentanediol (CsH20;) (Scheme 2). A third, unidentified minor product was observed
between 1.6 and 1.9 ppm. This species is the only ligand product observed when
deposition was performed thermally, in particular, the proton resonances corresponding
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deposition was perforned thermally, in particular, the proton resonances
corr espRodiingesi0 WO 01/ 32951 PCT/ US00/ 30264 to propanep@qﬂlsgoﬁmggnt anedi ol
evi dent upon the hydrogenol ysis of (n3-C3H5)Pd(acac) were not served
when this precursor was deconposed thernmally. The |igand product is
presuned to be the result of deconposition via reductive elimnation prior
to the introduction of H2. Finally, unreacted (713-C3H5)Pd(acac) or the
presence of 2,4 5 pentanedi one (C5H302) was not detected in either nethod
of pall adi um deposition. Conformal deposition of continuous, pure
palladiumfilnms onto silicon test wafers wth features as small as 0.1 .tm
wide by 1 mhigh was observed using the precursor CpPd(7r3-C4H7) via batch
CFD at 138 bar and 60C. Cross-sections of the films were prepared for SEM

anal ysi ring 10
car ef ultﬁfp%paiﬁ éf%?élseglo ‘?ggﬁél éﬁ?‘ at dFOg? s?s éfh@ gf ﬁ?)%v\ﬁa '%} Fl GS.
4A-D. FRléme noﬂ&bseﬁ\&d vﬂBnltthslpsédu&Toe \\Iaheecﬁ)ﬁ’f&iokﬁisﬁlexﬂ‘fall&he'ﬁ@ lib@ad progsctvié t h
di mensi ons between 100-120 run in . width | pm deep. FIGs. 4C and 4D

i | | ust reseimedytg e theorepylt @ dwmoaf%ﬁ@.r&%n&@ elemrpatm piierdo ) and 0.3 m
wi de Hﬂ')m‘?‘y AP EEP Fi [Fﬂki Lﬂgaég%‘ﬂ?pgfk 'ng]ac&’:}%ri ltf)n%ﬁl;l 0 he 4conformal to

all surtace eaturés exactly matched the

15 t Spagntapbyiond ((tJmOéNvesfnotldatﬂcudumgnlsdienestlwdrtﬂ‘rpallaﬁuﬁxhlepdmﬁéxpm of etched
features. Conf or rral cover age was mai ntained in _the high aspect ratio

features (0.40%RImp!depeytiqn ofsogmwus; purgmrladivm Slmpenie .smgonégsewfqys

pal | adi i { feat The smal | space
o i G R &AL Bh{\dR by Vi bR 0SSR it B Paelie" 0 ot
film froppd(he CHNLisbatéRCEDMHL N5 8 Bam@idedn €l @ebsdlstetionk bhibe ﬂlh@ wedé ger
features the thickness of the filmis g roximately 1 00 run and is

)

uni f or rarepasedfar SEM perlysia by sensing she re@?fS@ e taganend then Emeutieg bui | dup of
oo AR B R U e i S IO, L SRl 1ot o
subseqandt4 Boidiustratel eecmal lestrod tipase Iﬁgande:pwah dimensions betoead 1 00+0DG nfl iaw 25
react Orwxdth by | um deep. FIGs. 4C and 4D illustrate larger features with dimensions of 0.7
pm wide (4c) and 0.3 pm wide (4d) by 1 um deep. Palladium deposition was found to be
conformal to all surface features forming a thin layer of metal that exactly matched the
15 topography of the wafer, including the corners at the bottom of etched features.
Conformal coverage was maintained in the high aspect ratio features (0.1 um wide by 1
um deep) in which the opposing layers of palléc_iium metal on either side of the feature
nearly join.
The small space in FIG. 4B at the bottom of the feature is due to lifting of the
20 metal film from the SiO, surface during wafer fracture. Within the larger features, the
thickness of the film is approximately 100 nm and is uniform along the sides and bottom
of each trench. No excess buildup of palladium was observed on the top of the features,
which suggests that any seams in the nearly filled narrow trenches could be filled
completely by subsequent batch depositions or by deposition in a continuous flow
25 reactor.

FIGs. 5A to 5D show additional SEM micrographs of conformal trench filling by

CFD. The deposition of conformal thin palladium films, which are evenly distributed
-41 -



FI Gs. 5A to 5D show additional SEM m crographs of conformal trench filling
by CFD. TWeadespesition of conformal thin palladiumfil s, pofiugsheysane evenly
di stributed -41 WO 01/32951 PCT/USOQ 30264 over all areas of the
topol ogi cally conpl ex surface, could also serve as a seed | ayer for
subsequent el ectrolytic deposition of other netals. 11. Two-Step Process of
Appl ying a Pal | adi um Seed Laver and Copper Plating 5 One two-step process
involves a first CFD step to deposit a palladiumseed layer on a silicon
waf er, followed by an el ectrol ess copper bath to plate the seeded
substrate. Silicon Wafer Preparation: Patterned silicon wafers neasuring
roughly 1 cmx 1.5cmwere cleaned as follows: 1) R nse under flow ng
tetrahydrofuran; 2) Rinse under flow ng Reverse Gsnpsis (R O) H20; 3)
Boi | - 1 hgudrali '?s:eﬂ%f !ﬂgtopo‘ﬂag:&i’l'yh:om 1e3< ﬂﬂ%es cbild akl sépvEas sddd 1@3@ fot)

Soni cate in warm THE for 30 m nut es. I'i con substrates were then
transferredihsmtanc@mmbﬂlcmpmn@ﬁotmwtﬂar roughly one hour prior to
transfer to a N2 atnosphere gl ovebox. Pall adi um Seed Layer Deposition:
Under a N2 atnosphere, wafers were loaded into a 20 ml high pressure
reactor al engTwbdie3Pratesd ofBbblyir d BaIBIRNSRATReH A8 Yopber Madinadi um (11)
[sublimed < 48 hours prior) and the vessel was seal ed before renpoval from
the iner® at nosPReFE-SiYpErocessdRBHVeAainsr GER stepze denosit 2gabiadium sgpd Byeon at
60C and s aa
pressure d?’g%gﬁrcér?n %gﬂ%@%ﬁ‘ge%@ﬁ%gb@fe ggﬁpkﬂ#ﬂﬁ tggse%g%?géw%#’f ol d
over roughly ' 3Sicorubeer P}Fépmrama?atma&d sticbnwafkrs memahg taghhnl addd ti onal

60 m nutes_ prior to, de ri on through an 20, actjva char coal
filter. bgFfPaWeé%c‘\i%ﬂea ?‘2 erb?ﬂﬂsaﬂﬂéert Pripg Eﬁ’i’iaf‘l"é @%?g&%g@& to a
prepar ed Nﬁ&@ﬁ{ ReReft CRPREE (1@@ ﬁ{?@ti)céd%ﬁ»s I%QH‘E@?‘?@H@{ Moﬁm“ﬂom@ ifi g

6A, pall adium cI usters forned he "'substrate. shows a cl ose- up
Vi ew, |H)V\RuQH{ﬂqen@é)e%bmam;memmﬂéFrﬁme‘ﬁbtmnmﬁ ﬁmlwoasubsetm;:hvm?\enm urn

H et v of ooustsiieds patnveBion Rl o 205 i vangR PrgfoB Priof i R B a N s e

was atmosphere glovebox.

Palladium Seed Layer Deposition: Under a N, atmosphere, wafers were loaded
into a 20 ml high pressure reactor along with 8 mg p-methylallylcyclo-pentadieny!

15 Palladium (II) {sublimed < 48 hours prior] and the vessel was sealed before removal from
the inert atmosphere. The reactor was pressurized to 2000 psi with CO; at 60°C and
soaked for 20 minutes. H; was injected into the reactor via a pressure drop from 3000 to
2600 psi on a 3.8 mi high-pressure manifold over roughly 3 minutes. The vessel was
allowed to soak for an additional 60 minutes prior to depressurization through an

20 activated charcoal filter. Substrates were transferred directly from the reactor vessel to a
prepared MacDermid M-Copper 85 Electroless copper bath.

As shown in Fig. 6A, palladium clusters formed on the substrate. Fig, 6B showsa
close-up view, in which the seed clusters are preseént within a trench only 140 nm wide.
The clusters are between about 17.0 and 24 nm in diameter.

25 Electroless Copper Bath Preparation and Copper Deposition: The bath used was
a MacDermid, Inc., M-Copper 85 Electroless Copper Bath (Product Code Number:
12440). The electroless copper bath was prepared on a 200 m! total bath volume scale
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a MacDermd, Inc., M Copper 85 El ectrol ess Copper Bath (Product Code
Nunber yo dp$d8) . The el ectrol ess copper bath was prepargéregonsezéd0 Nl total
bat h vol une scale -42 WO 01/ 32951 PCT/ USOQ 30264 according to

manuf acturer's instructions and as follows. 165 mM of R O H20O was added
to a 250 m Pyrex recrystallizing dish. The water was stirred wwth a .
magnetic TEFLON(r) stir bar and continuously sparged with N2 through a 1M
pore size fritted glass filter. The water was heated to 45C - 0.5Cwith a
heating mantle prior to addition of other 5 bath constituents. Bath
conponents were added in the follow ng sequence with rapid agitation and
N2 spargi ng: Bath Conponent Volunme 10 Solution B - EDTA Conplex 20 mi
Solution A - CuS™(aq) [300g/L] 8.0 mM Solution D (provided by

manuf a%kﬁ{dg{egt %Qnmcméﬁsﬁg{ru&ts&@a@ﬁpfowwgie%m BERW 3HOWEE dddda2 N 37%
For mal 8 Pal I adi um seeded Si substrates were transferred

di recttoy 35IOCITﬂ Pyxexmtgrstqihassdrsta Tbews@r wepstirresl witle e magnettesTEBRGN® t h a

t ot al aIm)s r|c exposur e m_nut e. rates were

| mor <86 Do R T IRO MRGTER T rouEh M B e B RBES, O © e
subst r'?ﬁee%at a5 RERVER 459C SLADSE Rith AFLGEmBhRL pritd 16 QUditibPBf oteshed under
flowing 2 O H20 and directly transferred to a vacuum dessi cator. All

filrfs lstitls pbrasyiteents: i Beth compdmients weee addeddn efplowinglsequenee withaapidt oxi di ze in
t he vacuum des ator. As shown in FIGs. 7A and 7B copper deposition
pr oceefdt aP%%EI‘i"ﬂ}]cﬁPat'ﬁ‘l“ﬁ and fills high aspect ratio trenches in, the
etched Si wafers. FIG 7A shows Cu deposition within trenches that are 165

nmw de by 1100 gy, égﬁgonﬁ,(i 7B shows Cu deppgiupieon Wi thin a trench that

is 235 30 nmw deep.
10 Solution B — EDTA Complex 20 ml
Solution A - CuSO4(aq) [300g/L] 8.0 mi
Solution D (provided by manufacturer) 3.0ml
° Solution G (provided by manufacturer) 0.2 ml
37% Formaldehyde 0.5 ml
20

Palladium seeded Si substrates were transferred directly from the high-pressure
vessel to the electroless bath with a total atmospheric exposure of less than one minute.
Substrates were immersed in the plating solution for 7, 10, and 20 minutes. Each of the
substrates was removed in sequence from the plating solution, washed under flowing

25 R.O. H,0 and directly transferred to a vacuum dessicator. All films display a bright,
shiny metallic copper film that did not oxidize in the vacuum dessicator. As shown in
FIGs. 7A and 7B copper deposition proceeds read_ily within, and fills high aspect ratio
trenches in, the etched Si wafers. FIG. 7A shows Cu deposition within trenches that are
165 nm wide by 1100 nm deep. FIG. 7B shows Cu deposition within a trench that is 235

30 nm wide by 600 nm deep.
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-43 WO 01/ 32951 PCT/ USOQQ 30264 12. Two-Step Process of Applying a Platinum
Seed Laverwandiztiapper Pl ati ng Anot her two-step process i nvety¥gsommobds St CFD
step to deposit a palladiumseed |ayer on a silicon wafer, followed by an
el ectrol ess copper bath to plate the seeded substrate. 5 Silicon Wafer
Preparation: Patterned silicon wafers neasuring roughly 1 cmx 1.5cm are

cl eaned as described in Exanple 11. Silicon substrates are then transferred
to a convection oven at 325F for roughly 1 hour. The clean and dry silicon
wafers are transferred to a hot nitric acid bath (I SO m concentrated
nitric acid/ SO M R Q H20). The substrates are soaked in the acid bath
for - 4 hours, rinsed wwth flowng RO H20O 10 and then transferred to a
boiling RO H20 bath for an additional 2 hours. Substrates are

i mredi at eljp, .anStes Predssafomolfige wlteinubeldad Lavdread CobRpePldtbie storage in a
vacuum dessicator. until use. Silicon Wafer Functionalization: Silicon
substrates oxi diRPgher Reo-siepprasess| ipvoluesn fisheEDAles 1@ dsrasi@ Ritlediumaaethl y 20

of a wet i addi tion
of 100 i3 B ERBEDY RRn gl B MERSaol S Rbblict Oy S pRICRESERERY 0T
capped w tshbsaaterri num foil and test tube vial screw caps. Transfer of wet

t ol uene_and soé ’p rforned epsureto anbi ent ¢ d|t|ons After
O hadr e of iR Fend e Pateia o TR TR g foGab &M bei | ubos
are transf @chﬁﬂe Eféaﬁed'\g dRbcimEd hﬁE)@azﬁ;M@‘ﬁb@cho§%b%¥rﬁﬁ§ 82 tRéfrddspnehes red to

clean, dry 20 m screw cap test tubes where 15.0 ml of distilled, dry
tol uene i scammdon Feene SRS Tt romghly, 1 13urs5The cledn and df}’ silicon wafers are

4-12-(tri h ros yI i rodu g | The
sanme volu %e gtl%)%wéllpér%tﬂ(g @8 °8H‘g":t5‘f“‘g%°r%"“{7§%b‘}‘i n 'abée?ﬂt is used
for vari oThe sSistrare acaupkddng trgrit Bath'fcbk&— $pburgBinsedivith flemdng RAH,) tines
are highly depende t upon  the caupling a?ent react|V|t|es The coupling

agent s 1@ aAngd tep frgasierne ‘Pralt??é‘frl*&)&@ FH0:batk fosep pRqitipgal 2 fopes. Substrates are
3 3,3 L1 {nHQuSRYY oﬁeaﬂs%ewea woa{ @R iA0SatPro QAR ARId-AdRNRANE, | ane: and

4-(3-triethoxysi propyl) ydrol m dazol e chl orotri met hoxysil ane.
dessicator untxl use.

Silicon Wafer Functionalization: Silicon substrates oxidized as previously
mentioned are covered with roughly 20 mli of a wet toluene solution. The toluene
15 solution is prepared by addition of 1.00 ml R.O. H,0 to a 500 m! of stock toluene. The
test tubes are capped with aluminum foil and test tube vial screw caps. Transfer of wet
tofuene and soaking is performed with exposure to ambient conditions.
After ~ 24 hours of soaking in the wet toluene solution, the Si sample test tubes
are transferred to a N atmosphere glovebox. Substrates are transferred to clean, dry 20
20 ml screw cap test tubes where 15.0 ml of distilled, dry toluene is added. To each test
tube, 3.75 ml of 4-[2-(trichlorosilyl)ethyl]pyridine is added to produce a solution. The
same volumetric ratio of 4 parts dry toluene:1 part coupling agent is used for various
silane coupling agents. The optimal ratio and reaction times are highly dependent upon
the coupling agent reactivities. The coupling agents can include: 2-[trimethoxy-
25 silylethyl] pyridine; 3,3,3-trifluoropropyltrichlorosilane; 3-iodopropyltrimethoxysilane;
and 4-(3-triethoxysilylpropyl)-4,5-dihydroimidazole chlorotrimethoxysilane.



-44 WO 01/ 32951 - -- PCTIUS00130264 Reaction test tubes are capped with

al um wowifapd1 and test tube.-screw caps. A - - soaki ng gadedssbet ween 24
and 72 hours is permtted for the reaction of the-coupling agent with the
substrate. After this tinme and still under an inert atnosphere, the
substrates are renoved fromthe coupling agent solution and washed -with
two 20 m 5 volunmes of stock toluene. Sanples are then renoved fromthe

gl ove box under-a stock toluene solution in capped test tubes and are

washed withtwo 20 m volunes of -- - anhydrous nethanol. The function
alized wafers are then i medi ately-transferred to a -- - vacuum dessi cat or
where they were stored until- use. -- The purpose of these functional

groups introduced-by silanation chemstry is to 10 bind to the

or ganonet aRédctiomeqomheslamrchppsedtmhﬂdmﬁmhﬁfmlaund tés0 nibERtew c4rnty ol of
cluster - - size gurln %IOI’] either in the presence of the

super ¥@akingpgriod pf peiwsen 3{?? Q?Wéﬁtﬂeﬁﬂltﬁﬁg’r&%ﬁ’é%‘m pEthecowpling at i num Seed

Layera@ﬁp&w%@ghb@m&e Baliepfid fe ax&&ﬂﬂﬁrm@eﬂ% ﬁgggﬁl%%hgre fers - are | oaded
into a 20 I gh pressure reactor along wt yl cycl o- oct adi ene
15 Pl substrates {relrgmaved frore tlwecsmelmg sgeseaallmdmtaaﬁmeehecbwnhaWOf?D@m the inert -
at npspher e. eac surized 0 t 40C and
reg' ﬁélur@%ggﬁo?l%tpi mgWHP%§ re then reﬁ’ﬂ‘ée%té‘?rﬁzge ﬁgﬂe‘i h‘é" P F(?Fo re then

ext r aghRde $bluflof th Eappkd Rkt s MY QFe washed Fithwa20@nllVoliimesb€ bet ween 0. 30
and 0.80 m/mnute, H2 is injected into-the reactor via a pressure drop

f r om @tdrous nesigmopsThefunetignalized wifprgareshen imynediatehi- transéerreddo ar oughly 1.5
m nut I el are allowed to soak for-an

addi t‘?%}lm dg S‘%%ﬁ‘?ﬁ%é@ﬁ?‘”{” Qto{c'fg%rrﬁeég'z%rl zation through an activated

char coal fTh¢ purpoSuifshesatfersctiona groups sriteydoesd ti silagation chendistgnistibe  r eact or
vesse|. to a vacuum dqﬁfs)l cator for storage until, use. Electrol ess Copper

Bath Prd puthsorgmomes uynd paeT 10 ieduction and toimmgaoniel of duster n Exanpl e

11 'Ss&bsmlrfgﬁx’e@uctfmeextﬁkﬁﬁttﬁé)ﬂn%%c&B‘IptﬁgEuHE?ctrfixchlsﬂLBH%Paﬁgrdex‘?t%c@o #00 m - - -
25 total vol une scal e accordi ngto the manutfacturer's 1 nstructions and

as f otrdodepresgmizagopd of R O, H20 is added to a 250 m-Pyrex recrystallizing
di sh. The %tnﬁﬂmls%ed Layer Deposition and Extraction: Under a N; atmosphere, wafers
are loaded into a 20 ml high pressure reactor along with 7 mg Dimethylcyclo-octadiene
15 Platinum (IT) and the vessel is sealed before removal from the inert atmosphere. The
reactor is pressurized to 2000 psi with CO, at 40°C and remains closed for 60 minutes.
The wafers in the reactor are then extracted with 60.0 ml of CO, over ~ 2 hours-at a flow
rate between 0.30 and 0.80 ml/minute. H; is injected into the reactor via a pressure drop
from 3000 to 2600 psi on a 3.8 mil high-pressure manifold over roughly 1.5 minutes.

20 Substrates in the vessel are allowed to soak for-an additional 60 minutes prior-te
depressurization through an activated charcoal filter. Substrates are transferred directly —
from the reactor vessel to a vacuum dessicator for storage until use.

Electroless Copper Bath Preparation and Copper Deposition: The same bath as
used in Example 11 is used here. The electroless copper bath is prepared ona 400 ml -

25 total bath volume scale aiccording to the manufacturer’s instructions and as follows.

325.5 ml of R.O. H,O is added to a 250 ml Pyrex recrystallizing dish. The water is
stirred with a magnetic TEFLON® stir bar and continuously sparged with N through a1~ .
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stirred with a magnetic TEFLON(r) stir bar and continuously sparged with N2
t hrough a- wio-41/3295145 WO 01/ 32951 PCT/ USO0/ 30263 uM pore m;gmﬁgubfgazgﬂ gl ass
filter. The water is heated to 35C - 2.0Cwith a heating nmantle prior to
addition of other bath constituents. Bath conponents are added in the

foll owi ng sequence with rapid agitation and N2 sparging: 5 Bat/i Conponent
Vol ume Sol ution B - EDTA Conplex 40 ml  Solution A - CuSO4(aq) [-3 )00g/L]
16 M 10 Solution D (provided by manufacturer) 12 m Solution U (provided
by manufacturer) 0.8 mM 15 37% Formal dehyde 2.0 ml Pl ati num seeded
substrates functionalized wwth 3,3,3-trifluoropropyl trichlorosilane and
4-[2-(trichlorosilyl)ethyl]pyridine or other silane coupling agents in the
manner outlined above can be exam ned using a JEOL 6320 field em ssion SEM
at 20 5kV pcshk shatiing dsiRCe. THAwaePRIRAeDePDSTE 0N (D LAthe ﬂ%ahh@dl um
Seeded Silicon Wafer A thin copper filmwas deposited onto a palladium
seeded si | inentie madrep afditian obotiier hosh tonsdtuenisr Bathi qognponénts yre added in the

bi shexaf | ugr.oacet yl acet onat heal _substrate 25 tenperatures of
200C. The %Ll %e BHES V‘Sﬁ’t%p‘goé %}01’\,\%1%&1258 8D as described above;
however, any known standard techni ques of applylng a seed |l ayer, such as
sputterl ng, can be used. First, the Cu(hfac)2 precursor was dissolved into
supercritical Coe atBathCemponents par. The concent¥@#8n of the precursor
was 0.6 % by weight. The reaction vessel 30 was allowed to equilibrate for
1 hour at 60C and 123olpten BFeDTAMSimpite was then Héatkd to the desired
tenperature, 200C. The final pressure was 193 bar. Hydrogen (93 fold -46

Solution A — CuSQO4(aq) {300g/L} 16 ml
° Solution D (provided by manufacturer) 12 ml
Solution G (provided by manufacturer) 0.8 ml
15 37% Formaldehyde 2.0mi

Platinum seeded substrates functionalized with 3,3,3-trifluoropropyl-
trichlorosilane and 4-[2-{trichlorosilyl)ethyl]pyridine or other silane coupling agents in
the manner outlined above can be examined using a JEOL 6320 field emission SEM at

20 5kV accelerating voltage.

13. Copper Deposition Onto a Palladium Seeded Silicon Wafer
A thin copper film was deposited onto a palladium seeded silicon wafer in a cold
wall reactor using Cu(Il) bishexafluoroacetylacetonate (Cu(hfac);) at substrate
25 temperatures of 200°C. The Pd was seeded onto the Si wafer by CFD as described
above; however, any known standard techniques of applying a seed layer, such as
sputtering, can be used. )
First, the Cu(hfac), precursor was dissolved into supercritical CO; at 60°C and
124 bar. The concentration of the precursor was 0.6 % by weight. The reaction vessel
30 was allowed to equilibrate for 1 hour at 60°C and 124 bar. The substrate was then heated

to the desired temperature, 200°C. The final pressure was 193 bar. Hydrogen (93 fold
- 46 -



WO 01/ 32951 PCT/ US00/ 30264 nol ar excess) was then added to the m xture.
After twoeestasurs, the vessel was cleaned via a CO2 expegaisvesnid renove
by- products, drained, and the substrate renoved. The resulting filmwas a
highly reflective copper colored film An SEM of the cross-section of the
filmdeposited is showmn in FIG 8A. The 5 SEM shows conformal coverage and
uniformfilling of deep trenches. An XPS survey spectrumof the filmis
shown in FIG 8B. The spectrum shows binding energies characteristic of
copper. The copper is substantially free of carbon as evidenced by the
carbon Is binding energy at about 284 eV. The density of the CO2 near the
substrate surface at 200C and 193 bar is known to be about 0.25 g/m . The
bul k tenperature of 10 the fluid is |lower such that the bulk density of the
flui d waslanpgress)iwattiednyadded i thé mixtutea efter aire¢ heurs,the vedselGals ¢leadiding of t he
vessel . Under identical condjtions, no .deposition took place gn an unseeded
si || corvia a&iQerextraruon toﬁﬁmﬁé“p%}”toa‘dﬁsﬂ%{%e‘gF‘%‘té‘eisHbﬁtWée Rvsde IBE hydr ogen.
|n_addi dbfiing fil Was A hicHMR G RAoBHerlBded M. ON! ¥ by-products of the
reacti on were 2, 4- hexat |'uour opent - 15 dione and trace residual

precursor. 14n SEdpptthe Peysosedtionf Gretfdmadepasitedds shoveeiadd(B. 8AL ihen Wafer A

hi fil i ted a Pd d. Si . waf ' | d

wat 1 P e Sp B ed] By Srabe i B S R rneS) Ro XN S o

subst r ajpcthRNBE tHRL AIFES s%@ﬂmeBlﬁ@sﬁé&&uM@wsB&diﬁ%ﬁﬁﬁﬁ%e 13, the Pd
e p

was seeded onto the wafer by CFD as described above. Tl recursor was
di ssol vehgracieristip ef eapper. cEhie aopperas subsiantially fegel of watbon@s exiggnedddryahe for 1
hour be i 0 mol ar
xcoss) G nIRHESER) 8 SRR AR ol or b SORARR kbl TP ool sor
was 0. GuifabyatZ2D0MEiagd193 Bards knoved tofrecsboutr (2 f/milhdhe btk tsaiperan@raefor vessel

110 Ahe B iBfovHiou babte bull shrot e frid s speruflgniet G4LBaN oa Thi o
SEM shoyied SfHeGhRial €OL 1dadinglof BRI Vet r€nches with copper -47
Under identical conditions, no deposition took place on an unseeded silicon
wafer. Also, no deposition took place in the absence of hydrogen. In addition, flourine
NMR revealed that the only by-products of the reaction were 2,4-hexafluouropentane-

15 dione and trace residual precursor.

14. Copper Deposition Onto a Palladium Seeded Silicon Wafer

A thin copper film was deposited onto a Pd seeded Si wafer wafer in a cold wall

reactor using Cu(I) (hexafluouroacetylacetonate)(2-butyne) at substrate temperatures
20 between 175°C and 200°C. As in Example 13, the Pd was seeded onto the wafer by CFD
as described above.

The precursor was dissolved in supercritical CO; at 60°C and allowed to
equilibrate for 1 hour before the substrate was heated to 200°C. Hydrogen (33 fold molar
excess) was then added to the mixture. The concentration of the precursor was 0.6 % by

25 weight. The final pressure of the cold wall reactor vessel was 200 bar. The result of the
deposition was a highly reflective copper film. An SEM of the cross-section of the film

is shown in FIG. 9A. This SEM shows complete filling of narrow trenches with copper
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WD 01/32951 PCT/US0013026 t netal. FIG 9B shows an XPS survey spectrum of
t he copperwiidimesihe spectrum shows the binding energies gpharRglRkhdsstic of
copper. The copper is substantially free of carbon as evidenced by the
carbon 1 s binding energy at about 284 eV. The density of the carbon

di oxi de near the substrate surface at 200C and 200 bar is known to be 0.26
g/m. The 5 bulk tenperature of the fluid is |lower such that the bulk
density of the fluid was approximately 0.47 g/rnl. Under these conditions,
little to no deposition took place on an unseeded silicon wafer. In the
absence of hydrogen, |ight deposition took place on seeded or netallic
surfaces. However, the addition of hydrogen greatly increased the anount of
deposited 10 copper netal on the substrate. This is inportant because it

i ndi cat es @e.hi 9iey, 9ni Bbds h KPR RPREuREIMEe @lﬁ:%@ﬁﬂﬁx?drhéébg&ﬁﬁﬁ smst hat
reduction of the Cu(H) reaction product has occurred. 15. per

Deposi t i orth©hinding doergieidurasidrisgoel opapesr The coppen nsrﬁubsiplpmiivffreb of oabon

depost o0 Sl ) LAl AR AT SRR LR TR Pl el

di ssol ved dipxigs Redrahé &m&hze@aﬁ&%z gla)om e 200 bﬁﬂ@kﬁ@ﬁn@d booRslgins). quui | i brate
for I hour before the substrate was heated to 225C. drogen (49 fold

excess) W\/d%ﬂlﬁﬁéfipem&ftﬂ@ﬁ fluidds lepver shch that the tdindensity af § rﬂuéﬁ‘wﬂshe precur sor
was 0.48 ¢ 0 hydrogen/precursor ratio was 48.82. The final
pressure o 9{‘1«’,‘2&%\%‘}%2‘}5%?; 512204 bar. The result of the deposition was a

hi ghly refl ectiWsdes disecodditions, [Tile talandégoyitioh ubqu:lmrd@m unséedid siicarear t he

substrate suyface, at, 225C 200 b r was, .0.23 ul k errperature
of the fI UFCE Qnithsghseasha ﬁaqge% Hig bﬁ!ﬂpfzma@h&awlw OPﬁ%edFB ar ge

appr oxi matolHees0 Pﬂveg/emthe £RidSn rETRREEL @ﬁ"y #ﬂ@k%d%ﬁ’@gno@ﬁ of a‘epg%‘n?éapl e 14,

no deposition took place on unseeded”surfaces. However, at a terrperature
of 225C0 deppwi mcteirprothcunbﬂmmrﬂ" had is 1m§¢.uafnab€ap5681eedm1;€sarm§sdﬁdtd aftheal | i c,

or pol ynerc%pgéj eing depo? Ite(%in g&goeﬁmg%amr cExbtic-)I;xh(I)fs the Cﬁﬁl) reaction product has

occurred.

15. Copper Deposition Onto a Unseeded Silicon Wafer

15 A thin copper film was deposited using Cu(l} (hexafluorcacetylacetonate)(2-
butyne) at substrate temperatures above 225°C in a cold-wall reactor. The precursor was
dissolved in supercritical carbon dioxide at 60°C and allowed to equilibrate for 1 hour
before the substrate was heated to 225°C. Hydrogen (49 fold excess) was then added to
the mixture. The concentration of the precursor was 0.48 % by weight. The

20 hydrogen/precursor ratio was 48.82. The final pressure of the vessel was 200 bar. The
result of the deposition was a highly reflective copper film. The density of the carbon
dioxide near the substrate surface at 225°C and 200 bar was 0.23 g/ml. The bulk
temperature of the fluid is lower such that the bulk density of the fluid was approximately
0.47 g/ml.

25 At temperatures below 200°C, as in Example 14, no deposition took place on
unseeded surfaces. However, at a temperature of 225°C, deposition occurred on all

surfaces, seeded, unseeded, metallic, or polymers such as Kapton® polyimide. This
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WO 01/ 32951 PCT/ USOQQO 30264 indicates that at a tenperature between about
200C app ¢ihos; and certainly at or above 225C, the depQsiigRBoRgCcoNes
non-sel ective and a seed laver is no longer required. In the absence of
hydrogen, |ight deposition of copper occurred. However, the addition of
hydrogen greatly increased the amount of netal deposited, which indicates
an 5 increase in efficiency as described above. 16. Ni ckel Deposition Onto
d ass and Silicon Substrates NI was deposited from CO2 sol uti on using

bi s(cycl opent adi enyl ) ni ckel (N Cp2) as the netal precursor. In the absence
of a catalytic surface, NCp2 is relatively stable in 10 CO2 sol ution at
200 bar and 60C upon the addition of hydrogen, but the reduction proceeds
readily at the same conditions over Ni, Pd, or Pt filnms. Over nickel, the

" eaCti Qicales Blafl3 4 MR LGB aRi SUGIORRNIAE, ARG AAMIFGINALEN O N
WSEER s 4 heor p

nmet al , orated into, and expands, the incipient netal
deposi125°P|, dieidegositivnimemed minyselactive and asess layer is mslopgtyneavisedias

lish di he deppsiti o ing two 15 strategies,. |
o ment . B etk oy diggerky Babtdrn g g S Adhret Sscbiisie G A E e L1 o um
COMPOURELiGHELY Haroge i Bleaiy Mlcledbcdane hRBam cTih@dl\deposilet 2ethictilihdiated &pPd( CAHT7) |

were prepared i'n storchionetric ratios ranging fromO0.005:1 to 0.1:1

( Pd:5Ni Increasy ingkfagigricy as flescrbedboreco- deposited froma CO2 sol ution of N Cp2
(0.2 wt.% at 60C and 140 bar and CpPd(C4H7) (0.02 wt.% onto glass. XPS
analysis revealed N 20 peaks at their appropriate binding energies and

i nsi gnj4.i Nakel Deposition Tnte Glagoand SidiodbmBubsatatesn. | n co-reductions with Ni Cp2,
rapi d hydrogenol ysi s, of CoPd( CAH7) vyields catal yti.c | ust ers .t hat serve as
nucl eation 54 Wé%gﬁwlt%q@mgélé?m_nd‘ﬁ“ﬂi QYCH‘KH%@d’FI%ﬁ?Wg?@GPZ)ﬁ@t al
Surfacgel %élogfég%gsor.gfxﬂ% bsehice dta dalftid $BrREQIACYS iseREVELY stablt & was

confirnmne conposition anal ysis using x-ray photoel ectron spectroscopy

(XPR) GepsblupendtA00gr arfi®°€ apon thesadditimafihydfogen) bus thexedustioni on of t he
Ut 8, B L5, SPRESLAL 0 AL e ! 48F ke Al st
yields two equivalents of cyclopentane and one equivalent of Ni metal, which is
incorporated into, and expands, the incipient metal deposit. Plating on non-catalytic
surfaces such as polymers was accomplished by seeding the deposition using two
15 strategies. In one embodiment, co-solutions of NiCp; and an easily reduced
organopalladium compound such as 2-methylallyl(cyclopentadienyl)palladium(II)
[CpPd(C4H7)] were prepared in stoichiometric ratios ranging from 0.005:1 to 0.1:1
(Pd:Ni). For example, films were co-deposited from a CO; solution of NiCp; (0.2 wt.%)
at 60°C and 140 bar and CpPd(C4H5) (0.02 wt.%) onto glass. XPS analysis revealed Ni
20 peaks at their appropriate binding energies and insignificant levels of carbon
contamination.

In co-reductions with NiCp,, rapid hydrogenolysi§ of CpPd(C4H>) yields catalytic
clusters that serve as nucleation sites for the reduction of NiCp,. Once the incipient metal
surface is formed, growth of the Ni film proceeds readily. This was confirmed by

25 composition analysis using x-ray photoelectron spectroscopy (XPS) depth profiling.
The second embodiment involves activation of the substrate by the deposition of

an initial seed layer of palladium clusters using CFD. This approach confines the

-49.



WO 01/ 32951 PCT/ USOQQO 30264 subsequent deposition of pure nickel to the
Pd- act i vat B &wa2p3ices only, and thus affords opportunitiegctasosmbactive
filmgrowh through control of the spatial distribution of the seed |ayer.
Ni filnms prepared by hydrogen reduction of 0.2%solutions of NiCp2 in CO2
at 140 bar and 60C The netal coatings are reflective, continuous, and free
of 5 contam nation as determ ned by XPS. Deposition of NI onto patterned Si
wafers reveal s that the high reagent concentrations and favorable

fl ui d- phase transport properties inherent to CFD facilitate confornal
deposition. FIGs. | OAto D show SEM m crographs of filns deposited wthin
trenches of etched silicon wafers from solutions of Nl Cp2 using either a
batch or a 10 conti nuous-feed deposition process. A batch process was used
to conpl etsabyeqhbxhtldepbﬁnosheﬁpurasickairwdw Fabadiiated mrﬁctehoragmdthwsamms of
greater than 10 The u | 1in of th at.ures |rrpI|es
excel | ent RPBRFBRIH g’cr)?elﬁ?“‘fer{é! %’ﬂb qug é?m\r/ﬁlf’ﬁm’? 5?"1“?@%&‘53@’ wHon e BRches.

Fai thful repy &%&Cwmngfpr&&@ea(@; O@!dr%%mi&%@m M, sB!uhHi.‘st&szCBKI!ntdO nd

cohesion are evident 1n FI'G ] shows a 100 nmthick m t hat
has 15 deIeaﬁﬂ&&amdaﬁﬁﬂcséihamédoaumtdreﬂwwh@anﬁmwwﬁsdlfrat:ef cont ai ni ng

m cron renches ri acturi ng process enpl oyed for sanple
pr epar a\rlglI gt af’H“’i“f?é’ %{’g%mbx%g ?gﬁ% Fl Gs. QA and B), filmthickness is
dictated by thq}éﬁb‘sitioﬁ'ofmroﬁ%a‘i@ﬁ;ehSﬁdrhﬂ:%1@0&3?5 that +h@ higll h@ugelaposi ted fil ms
can be growmn to virtually any thickness using a flow reactor in which the

react ant s capeensigHens sl igygrabls dluidyphase tramspas peopettics inhereantoceF 1A frgilitare
by- product g, wﬁ&% ¥t1%8a'i}lég flbgﬁ@b s%to ik ggm}pp%mﬁﬂ ?sﬂecfﬁgtgkf“

2.5 m cron- osited n a co I NUO ow reac and
180 bar caraakkdself\tdhed Isﬂmgn daternfromisdtibieefMNi€s,; uging Heheba baaiera FIG | CD
shows a_Ni fllm%ro n the flow reactor on a substrate c%ef&l?inin 75 nun

trencha¥. PRLURYAUS- éltmvwcssfs hbatgh pResse wasused W Gempelehy! FERRFRt el v
during fabkiGabiveR 88fnm Heh ua%és E‘Pérge{ter thﬁayo Mt m)urm WiFoRkiNRY as 45

nm (far right), which are fi nfp deposition. -
of the features implies excellent co ormahty of the Pd seed layer thhm these deep
trenches. Faithful reproduction of the wafer topology and Ni film continuity and
cohesion are evident in FIG. 10B, which shows a 100 nm thick Ni film that has
15 delaminated and separated from the etched Si substrate containing micron-wide trenches
during the fracturing process employed for sample preparation.

In the batch process (FIGs. 10A and B), film thickness is dictated by the initial
precursor loading (0.2 wt.%). The deposited films can be grown to virtually any
thickness using a flow reactor in which the reactants are continuously fed to the

20 deposition chamber and the by-products removed via an effluent stream. FIG. 10C
shows a seamless, 2.5 micron- thick film deposited in a continuous-flow reactor at 60°C
and 180 bar completely filling 450 nm-wide trenches in the Si wafer. FIG. 10D shows a
Ni film grown in the flow reactor on a substrate containing 75 nm trenches. In this
example, two of the trenches were not etched completely during fabrication of the test
25 wafer, leaving features as narrow as 45 nm (far right), which are filled upon Ni

deposition.
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WO 01/ 32951 PCT/ USOQ 30264 OTHER EMBODI MENTS It is to be understood that
whi | e tweoia2ent i on has been described in conjunction \wcirlissohsoxdet ai | ed
description thereof, the foregoing description is intended to illustrate
and not limt the scope of the invention, which is defined by the scope of
t he appended 5 clains. Qther aspects, advantages, and nodifications are
within the scope of the following clains. -51 WO 01/ 32951 PCT/ USOQ 3024
frorrri~titf~tr ~ 1111 1 f11i What is clainmed is: 1. A nmethod for
depositing a filmof a nmaterial onto the surface of a patterned 2
substrate, the nethod conprising: i) dissolving a precursor of the material
into a solvent to forma supercritical 4 or near-supercritical solution; 5
i1) exposing the patterned substrate to the solution under conditions at
which 6 the precursor is sHOFHER EMBODIMENTSON; and 7 iii) mxing a
reaction reagent into the solution under conditions that initiate a 8
chemi cal redtisitohe ppdessioad gat whilsthe inveation haplkgenjdgsaribed imeaniungtions

deposi substrate
andt o th BB PrahB LA iRt Wi SR AR LR I BhsblE, T
mai nt aiand ngt lsmpehe:sqopt cithe arveméan, vahigieisdefined by theanebet dfahsappetidéd A net hod
of Clal%&l wherein the tenperature of the substrate is 2 maintained at no
mor et FA™B00C. 1 3. A nethod of claim 1, wherein the solvent has a reduced
t enper at ur eOtgerbd%bwad%&g@é‘gn@nQ)dlﬂcaﬁonﬁaWIH{?ﬁ' tiRfscbpeBdfthd . wherein the
sol vent has a den5|ty of at least O.
following claims.
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15 Anethod of claim1, wherein the solvent has a density of at |east one
third 2 oboigis2enitical density. 1 6. A nethod of claim lzgcmbogbizst he
solvent has a critical tenperature of less 2 than 150C. -52 WO 01/32951
PCT/USCO 30264 | 1Lt treere rreer vt et *cLMs 17, Anethod
of claim1, wherein the tenperature of the substrate nmeasured in 2 Kelvin
is less than twice the critical tenperature of the solvent neasured in
Kelvin. 1 8. A nethod of claiml1l, wherein the tenperature of the substrate
measured in 2 Kelvin divided by the average tenperature of the
supercritical solution neasured in 3 Kel vi nim‘mm’mw mﬁwnd 1.7. 1 9. A
met hod of claim11, wherein the chem cal rea ion reaction.

| 10. A method of claim9, wherein the reacti‘on re‘agé“nt is hydrogen 1 11.
A met hophafis elagheéd i, wherein the chemical reaction is an oxidation or 2
hydrolysis reaction. 1 12. A method of claim1, wherein the material
conprises a netal. 1 13. A nethod of claim 1, V\/nereln the materi al
conprises a se 0, : mat eri al
compti ses an' i piscl Aeon tr depdsifl o AAREF Dadkeol GhiBlofcbof b pplrhil? T
conpei sabstmmhdmetéodf:ompnahg 1 16. A rret hod of claim 1 V\,her ein the

mat er,i al conp qe {ametal oXi d(—‘% or ls ? V\gﬁ) 01/ 32951
PCT/ 85500/ 30264‘)| I§SPiVing 4 precyrsonq mel’ﬂ‘ﬁ"i‘ ”|‘_‘°|615§ "f“‘f? O %%{Pﬁ%‘ claiml,
wher gi n, tBg. s%B@x%hh@éi%oﬁﬁGR{' ses silicon or a

5 i1) exposing the patterned substrate to the solution under conditions at which

the precursor is stable in the solution; and

6
7 iii) mixing a reaction reagent into the solution under conditions that initiate a
8 chemical reaction involving the precursor, wherein the material is deposited onto the

9

surface of the patterned substrate when the substrate and the reaction reagent are in

10 contact with the solution, while maintaining supercritical or near-supercritical conditions.

1 2. A method of claim 1, wherein the temperature of the substrate is

2  maintained at no more than 300°C.

! 3. A method of claim I, wherein the solvent has a reduced temperature

2 between 0.8 and 2.0.

1 4. A method of claim 1, wherein the solvent has a density of at least 0.1
2 g/cm3 .
1 5. A method of claim 1, wherein the solvent has a density of at least one third

2 of its critical density.

1 ‘ 6. A method of claim 1, wherein the solvent has a critical temperature of less

than 150°C.

]
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2 fluoropolymer. 1 18. A nethod of claim1, wherein the solvent conprises
carbon womiiszksr 1 19. A nethod of claim 1, wherein the gqa@sbRePerature
of the supercritical 2 solution is different fromthe tenperature of the
substrate. 1 20. A conposition conprising a filmof a material deposited on
a patterned 2 substrate by a nethod of claim1. 1 21. The nethod of .claim
1, wherein the patterned substrate has submcron 2 features. 1 22. The
met hod of claim 21, wherein the features have tio greater 2
than 2. 1 2 23. The nethod of claim?21, wherizﬂﬂlﬁﬂi‘rmﬁﬁ l have an
aspect ratio greater 3 than 10. 1 24. The ne ¢ OT wherein the
material is deposited to conformally 2 cover the features. 1 25. The
met hod of claim1, wherein the substrate is a silicon wafer and the 2
material is palladiumor a palladiumalloy. 1 26. A film produced by the
thod of claimi1., 1 _.-54 1/ 32951 PCT/ US00/ 30264 1111111111111 [I111!
m TN |7? A mgthod of Cg?!‘\{\gh’gFfﬁtfb‘g‘Féﬁ%Fféﬁurﬂf{ ‘ge SHsPRiEdNGAgUEEHdn f i | m of
Cl2ai Re1¢h: is lesd $hanAWideth il miplerattte o f SRR Vedt BRaGirRPinlIEA0RI Substrate
havi ng submi cron 2 features and a thin filmconprising palladium
pl ati num nickel, copper, or their alloys 3 conformally covering the
L ooy o A pRmol b cfirh 3, bherdln e liberdure GHThE LbstAAE GRIMASR ©F P
2 Kelvin divided by the average temperature of the supercritical solution measured in

3 Kelvinis between 0.8 and 1.7.
1 9. A method of claim 1, wherein the chemical reaction is a reduction reaction.
1 10. A method of claim 9, wherein the reaction reagent is hydrogen.

1 11. A method of claim !, wherein the chemical reaction is an oxidation or

2 hydrolysis reaction.

1 12. A method of claim 1, wherein the material comprises a metal.

1 13. A method of claim 1, wherein the material comprises a semiconductor.

1 14. A method of claim 1, wherein the material comprises an insulator.

1 15. A method of claim 1, wherein the material comprises a mixture of metals.
1 16. A method of claim 1, wherein the material comprises a metal oxide or a

2 metal sulfide.
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6 i nclude trenches, vias, or other high aspect ratio features that are

uni formy MWOossi7 1 30. The nethod of claim1, wherein pbeussi/snsal
conprises nultiple netals 2 and the precursor conprises nmultiple
precursors for the nultiple nmetals. 1 31. The nethod of claim30, wherein
the material is a honogeneous m xture 2 of the nultiple netals. 1 32. The
met hod of claim 31, wherein the material is a platinunnickel alloy. 1 33.

A film produced by the nethod of i ] n integrated circuit
conprising the filmof claim33. ﬁmumﬁﬂlmmmnﬁ for depositing an all oy
wi thin a mcroporous or nanoporous* 4csdlid sbtbstrate, the nethod
conprising: 5 i) dissolving a precursor of the alloy into a sol vent under
supercritical or near- 6 supercritical conditions to forma supercritical
Or near-supercritiAghetbsd-eftdlgifi |, whietein expobHAE@ coh@risse siitonwpat rate to the
solution under conditions at which the 8 precursor is stable in the

sol ut Rorftuceape!ynBs. W c) 01/32951 PCTI USOQ 34264 | INIII1 111110 111y II1i;1
If 1111 CL M9 iii) mxing a reaction reagent into the solution under
conditions that initiate a 10 chem cal reaction involving the precursor,

t her ey deposi t 1$1gA tnieshad dfofaini 1,wherdihthesolverd compfiseschsbn adioxidanhi | e

mai nt ai ni ng supercritical or near-supercritical conditions. 1 36. A nethod
of claim 35, wherein the tenperature of the solid substrate is 2

mai nt i ned at ngy NRKeHARY FHRG, v@x%remﬁh’é@b&ﬁ@&%ﬁé&ﬁtu?é ofBORRFQHRaSO! i d
substrate having an all oy deposited wthin it, wherein the alloy is
depos?t eqlubynusngfmnhﬁ@rndhe temyieratigs of the 3gbstratenet hod of depositing a seed

| ayer of a material onto a substrate, the nethod 2 conprising

! 20. A composition comprising a film of a material deposited on a patterned

2 substrate by a method of claim 1.

1 21. The method of claim 1, wherein the patterned substrate has submicron

2 features.

22. The method of claim 21, wherein the features have an aspect ratio greater

2 than 2.

1

2 23. The method of claim 21, wherein the features have an aspect ratio greater
than 10.

1 24. The method of claim 21, wherein the material is deposited to conformally

2 cover the features.

1 25. The method of claim 1, wherein the substrate is a stlicon wafer and the

2 material is palladium or a palladium alloy.

1 26. A film produced by the method of claim 1.
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3 i) dissolving a precursor of the material into a solvent to forma
super cxwg o@absior 4 near-supercritical solution; 5 ii) e¢RAKINSHENE
substrate to the solution under conditions at which the precursor 6 is
stable in the solution; and 7 iii) mxing a reaction reagent into the
solution under conditions that initiate a 8 chem cal reaction involving the
precursor, wherein the material is deposited as seed layer 9 onto the

a
surface of the substrate when the substrate anH uﬁ ﬂ”llm, agent are in
contact 10 with the solution, while nmaintaini el"for

near-supercritical conditions. 1 39. The net hod of® cl'ai th 38, Wherein the
seed |l ayer is discontinuous. | 40. The nethod of claim 38, wherein the seed
| ayer conprises clusters of 2 platinum palladium or copper. 1 41. The
mpt hod of Ciﬁ'/g% Rfteorhtdd ER&T §ix%ﬂh9 flRTIding. & metal filmon the 2
seed | ayer. - V\DgO1/32951P [US00/ 30264 (LTI tEreer rerer rreer
[111 4 42. The nethod of claim4l, wherein the netal filmis deposited onto

t he seed | ayetr by el.ectr.oless.or electro i.C at.ing., 43. The method of
claima1, lerSF PeaeErtyiPrR e AT Rl bifab bl Soridony e, b))

03 S fQbutés Whdeh BILHIN SerhpMding Palladind] platiduth,idiék@l,opsdryértheit alldy@r m a
supercritical or near-supercritical solution; i1) exposing the substrate
ahdcenfeanallyycovering thedeatwtesit | on under conditions at which the precursor is
sfable in the solution; and iii) mxing a reaction reagent into the

solution under conditions that initiate a chem cal reaction involving the
ps ecur sor, 28heFhm gircuitef okaim28f whereinsthel fganees efthe patterhérbsisfaeel | ayer on t he

surface of the substrate en the substrate and the reagtion reagent are in
C it TEnERr HES.A5 OHT BHED Aapct ExtipcientEes s vt e " or

near-supercritical conditions, wherein

1 30. The method of claim 1, wherein the material comprises multiple metals

2 and the precursor comprises multiple precursors for the multiple metals.

p—

31. The method of claim 30, wherein the material is a homogeneous mixture

2 of the multiple metals.

1 32. The method of claim 31, wherein the material is a platinum/nickel alloy.
1 33. A film produced by the method of claim 30.

1 34...An integrated circuit comprising the film of claim 33.

2

3 35. A method for depositing an alloy within a microporous or nanoporous

4 solid substrate, the method comprising:

5 i) dissolving a precursor of the alloy into a solvent under supercritical or near-
6 supercritical conditions to form a supercritical or near-supercritical solution;

7 ii) exposing the solid substrate to the solution under conditions at which the
8 precursor is stable in the solution; and
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the netal filmand the seed | ayer are of the sanme or a different material.
44. A net hwo oafz2gdepositing a material onto a substrate, thecrmesdand2es
conprising. i) depositing a seed |ayer onto the substrate; ii) dissolving
a precursor of the material into a solvent to forma supercritical or
near-supercritical solution; iii) exposing the substrate and seed | ayer to
t he sol ution under conditions at ﬁtﬂﬁﬂﬂgﬁﬁm"mﬂm{sor is stable in the
solution; and iv) mxing a reacti i he sol uti on under
conditions that initiate a chenical rteaction®involvi ng the precursor,
wherein the material is deposited onto the seed |ayer on the surface of
the substrate when the substrate and the reaction reagent are in contact

wi th ghe sol ut I;m;mix\%é ?eae@éd%@%éﬁk i€ S BALESH ddePboritidiR W SMBALG | ti cal
conditions. 45. The thod of claim 44, wherein the seed | ayer is deposited
by all echsoticameactiemitvobiing the preFhesorntherabe deposgingithe alpy witkinahasalide seed

| ayey, i s,deposi t.ed ol Q5140 .ON,.;07. 51 PCT/ US00/ 30264 |
Bl is?iﬁh“’*l“f‘i T?‘%ﬂ‘%ﬁ%%pﬁ’{‘ﬁc%ﬂ ﬂr{]/l%éf'sg?eﬁ?’h“ec n%‘%thdé)‘é%%‘r cl ai m 44, wherein
the seed layer and the material conprise the sane substance. 48. The

met hod of cl aim44, wherein the_seed |ayer and the matcgri al conprise

di ff ek ent substgnée@ethad of plaim 8 houhessin thejeaparatits of hasiidi SUPSEE &
substy aﬁ@intéiﬁ'@dﬂ& e GRERohetNng i) dissolving a precursor of the material

into a solvent to forma supercritical or near-supercritical solution; ii)
depositing a seed layer fromthe precursor by reduction of the precursor;
and iii) mxi r}g % reaction reagent into, the soLut.i on ul?deé canc(li' tions that
initiate a . A microporous or naffoporous solid substrate naving an alloy deposite

within it, wherein the alloy is deposited by the method of claim 35.

1 38. A method of depositing a seed layer of a material onto a substrate, the method
2  comprising

3 i) dissolving a precursor of the material into a solvent to form a supercritical or

4  near-supercritical solution;

ii) exposing the substrate to the solution under conditions at which the precursor
is stable in the solution; and
iii) mixing a reaction reagent into the solution under conditions that initiate a

chemical reaction involving the precursor, wherein the material is deposited as a seed layer

N 0 3 N W

onto the surface of the substrate when the substrate and the reaction reagent are in contact

10  with the solution, while maintaining supercritical or near-supercritical conditions.

I 39. The method of claim 38, wherein the seed layer is discontinuous.

1 40. The method of claim 38, wherein the seed layer comprises clusters of

2 platinum, palladium, or copper.

1 41. The method of claim 38, further comprising depositing a metal film on the

2 seed layer.
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chem cal reaction involving the precursor or reduction or deconposition
pr oductw® @f32bf1ie precursor, wherein the material is depperigeh/angso the seed
| ayer on the surface of the supstrate when the substrate and the reaction

reagent are in contact with tiﬂll“ﬂltl"l“ ullm lle mai nt ai ni ng supercritical
or near-supercritical conditi e 80! A od of claim49, wherein the
seed |l ayer is deposited by thermal disproportionation of the precursor.

51. The nethod of claim49, wherein the seed |ayer is deposited by
Ihernolysis of the precursor. 52. The nethod of claim49, wherein the seed

| is d I.ted i dati f .t . 53, T t hod of cl ai
15 “wher ef ri niheTnetn Sbpia 43 viereir BE MSHA Bl Seherotiied SRIF HERERY ol i m a0
%’gefa%{‘o}él@ctﬂﬂé‘&l!g%&%trb@ﬁap(m a-di ketonate) CuL", wherein L is a Lewis

se, and n | or 5. "The nmethod of claim 53, wherein the Cu(l)
deconposi tion products conprise -58 WD 01/32951 PCT/ USQQO 30264 ~lil 1~

FEPiT 221220, Tqid L~ b~ . I o : of claim
53, wherei n‘g%' hiéhecﬂf'{hfd gﬁlé"ngéglw%‘gﬂ’gﬁ gg{%ﬁg Irgéér:r%e}?)glete—w%n}?ﬁ{kggd
(betayedbket onate) 2. 57. The method of claim49, wherein the deposition
reaction is_a, reduction of ogJﬁélél d ﬁfrrpositigln pr&ducts. 58. . The net hod of
clai m 49, wh&iseolyngaPrEasqrolhe SE?E m Jfo gFowgnt 1@ JQrT A SYRFECTHICAL i m 49,
whet ej 1 ; jtibpn of the seed layer and the introduction of the
reaéﬁrgﬁbﬁgggﬂ?g! s1 performed sinmultaneously. 60. The method of claim 49,

wher ei n t heii)eqposing ithersubstrath end saed layey éx thasolutipe undesceeditiens aswhigh t he
rimed sequentially. 61. A nethod of depositing a

r eag{qi on r eagent'g(1 | S eerf e cﬁE
et S8 EPCUSTRTSS HaRlgpR e spliton G b 1og conpri si ng
iii) mixing a reaction reagent into the solution under conditions that initiate a
chemical reaction involving the precursor, wherein the metal film is deposited onto the seed
layer on the surface of the substrate when the substrate and the reaction reagent are in contact
with the solution, while maintaining supercritical or near-supercritical conditions, wherein

the metal film and the seed layer are of the same or a different material.

44. A method of depositing a material onto a substrate, the method comprising.
i) depositing a seed layer onto the substrate;
ii) dissolving a precursor of the material into a solvent to form a supercritical or

near-supercritical solution;

iii) exposing the substrate and seed layer to the solution under conditions at which
the precursor is stable in the solution; and

iv) mixing a reaction reagent into the solution under conditions that initiate a
chemical reaction involving the precursor, wherein the material is deposited onto the seed
layer on the surface of the substrate when the substrate and the reaction reagent are in contact

with the solution, while maintaining supercritical or near-supercritical conditions.

45. The method of claim 44, wherein the seed layer is deposited by a reduction

reaction.

46. The method of claim 44, wherein the seed layer is deposited by

disproportionation
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i) dissolving a precursor of the material into a solvent to forma
supercriti w8 01#2951Inear - supercritical solution; and ii) deppsi/usmgotdie

mat eri al by sinmultaneous thermal reduction and reaction with a reaction
reagent in the solution under conditions that initiate a chem cal reaction

involving the precursor or r ' osition products of the -
precursor, wherein the materia %mﬁmﬁgﬂﬂmm{rﬁn the surface of the
substrate when the substrate am e reacsti on reagent are in contact with
the solution, while maintaining supercritical or near-supercritical
conditions. 62. _The nethod of .claim 61, wherein the mat eri_a‘ deposited is
copper. 63. THd- idemsahasiof ¢laim dft orhergin dicserd taper anddha matsrial compress(thy
conmpoung . .64n.hn et hod of depositing a material onto a substrate, the

met hod conprising i) dissolving a precursor or mxture of precursors of
the material into a solvent to forma supercritical or near-supercritical

solution; and -39 _\Wc) 0O 51 PCT/ USOQ) 30264 . .
111111111111111‘.‘%1?%%1‘%1’10]9@% s, %@?’@%ﬁﬁéﬁ’ﬁ 54 themgisHe! SHPREE sol ution
under cQpgieht Qhbat initiate a chemcal reaction involving the precursor

or reduction or deconposition products of the precursor, wherein the
material is deposited on the surface of the substrate when the substrate

and the reacti r.eagen re i.n contact.with the soluti while.

i nt ai i g suder ¢ Peraaeriseotfing f Ml b fistaiao ki Phefing e et hoo
of claim64, whpdidovib§e pfeBiresr FthedfROSAItiGD al sBIVERID €6rm a Gfperdtiealet hod of
claim®64, wherein the precursor is a Cu(l) conmpound. 67. The nethod of

cl ai m ewar-gpereitical sdutidnecur sors are a mixture of Cu(l) conpounds. 68. The
met hod of cl ai g r.el I j X nd
Gu(11) compoandg epesHliGiaHeR kit PR isoRhPrefudlich df il el ol
precursors is $§ig) modisgh feaction redgengniouhe somsirsindegeontiitiphe thest thikate anat e) Cul.

conmpounds, .where L s F\,Le}/l\ns base and, n .| ..
chemical reaction involving the precursor or reduction or decomposition products of the

precursor, wherein the material is deposited onto the seed layer on the surface of the substrate
when the substrate and the reaction reagent are in contact with the solution, while

maintaining supercritical or near-supercritical conditions.

50. The method of claim 49, wherein the seed layer is deposited by thermal

disproportionation of the precursor.

51. The method of claim 49, wherein the seed layer is deposited by thermolysis

of the precursor.

52. The method of claim 49, wherein the seed layer is deposited by oxidation of

the precursor.

53. The method of claim 49, wherein the precursor is a Cu(f) compound.

54. The method of claim 49, wherein the precursor is a (beta-diketonate)Cul,,

wherein L is a Lewis base, and n | or 2.

55. The method of claim 53, wherein the Cu(l) decomposition products comprise
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or 2, and Cu(ll) (beta-di ketonate)2 conpounds. 70. The nethod of clai m 64,

wher ei Ry osBeposi tion i s nonselective. 71: - The neth im 64,
wherein the deposition is selective. -60 P Ts06/30264"

U

Cu(Il) compounds.

56. The method of claim 53, wherein the Cu(I) decomposition products comprise
Cu(Il) (beta-diketonate),.

57. The method of claim 49, wherein the deposition reaction is a reduction of

Cu(I) decomposition products.
58. The method of claim 49, wherein the reaction reagent is Hj.

59. The method of claim 49, wherein the deposition of the seed layer and the

introduction of the reaction reagent is performed simultaneously.

60. The method of claim 49, wherein the deposition of the seed layer and the

introduction of the reaction reagent is performed sequentially.

61. A method of depositing a material onto a substrate, the method comprising

i) dissolving a precursor of the material into a solvent to form a supercritical or
near-supercritical solution; and

ii) depositing the material by simultaneous thermal reduction and reaction with a
reaction reagent in the solution under conditions that initiate a chemical reaction involving
the precursor or reduction or decomposition products of the precursor, wherein the material is
deposited on the surface of the substrate when the substrate and the reaction reagent are in

contact with the solution, while maintaining supercritical or near-supercritical conditions.
62. The method of claim 61, wherein the material deposited is copper.
63. The method of claim 61, wherein the precursor is a Cu(I) compound.
64. A method of depositing a material onto a substrate, the method comprising

i) dissolving a precursor or mixture of precursors of the material into a solvent to

form a supercritical or near-supercritical solution; and
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ii) adding a reaction reagent in the solution under conditions that initiate a
chemical reaction involving the precursor or reduction or decomposition products of the
precursor, wherein the material is deposited on the surface of the substrate when the substrate
and the reaction reagent are in contact with the solution, while maintaining supercritical or
near-supercritical conditions.

65. The method of claim 64, wherein the material deposited is copper.

66. The method of claim 64, wherein the precursor is a Cu(I) compound.

67. The method of claim 64, wherein the precursors are a mixture of Cu(l)

compounds.

68. The method of claim 64, wherein the precursors are a mixture of Cu(l) and

Cu(II) compounds.

69. The method of claim 64, wherein the mixture of precursors is selected from
the group consisting of (beta-diketonate)CuL, compounds, where L is a Lewis base and n |
or 2, and Cu(ll) (beta-diketonate); compounds.

70. The method of claim 64, wherein the deposition is nonselective.

71 The method of claim 64, wherein the deposition is selective,
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