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M CROELECTRONI C STRUCTURES 10 Field of the Invention The present inventionA
concer nsweeiiwageand apparatus for renovi ng water and aquBGU¥SEIHMS sol ut es
from substrates such a i “\or substrates, MEM s, or optoelectronic
devices with liquid orjmmm “\W | carbon dioxide J 1 15 Background of
the I nvention Production o ek tegrated ci rtoits, mcroel ectronic devices,
and m cro-el ectro nmechani cal"devi ces, (MEMs) involve nultiple processing
steps many of which incorporate water as either a carrier of chemstry, or
a nedia to facilitate of process byproducts. The evol ution of
material s and processmwmﬁmmm mm,I ead by a 20 drive toward snmaller feature
si zes and nore conpl ex m',,ﬁ Qgevi ces. In some cases, the use of water in

t hese evo#ving processes has resulted in chall enges whereby del eterious

physi cal _pr oper (YR HPURIRR CEPARING SyeROBIECTROTESSIREETURERT, () 91°

state are of particular interest in preventing certain of these pitfalls.
25 One such process where dense CO2 is of practical application relates to
prevention of surface tension or capillary force induced image collapse.

This is particul ar interest durli,inﬁ &ﬁgeiguggﬁﬁ devel opnent of
m cro-|ithographic i nages using p - oresists are
phot osensi tive fi|IThe pusest ihoéntiohaoaéetts Mmbthbingeapparatssubsemonig whecasl i ng

| ayer of a photoresist is forned on a substrate and the 30 photoresi st
| ayer is theRI8soyeDemme solntets fRmasybriaisnaah s sepijcondyetor ﬁ%‘??ﬁﬁ'ieéru@ﬁ $0°t
source of acti j +.adiat d : i hig;:d.adi ati on provi des a
phot oi nducedto?ﬁ)gjrélc{(:}gPlrét%lFC'l gﬁé%%ﬁhnggﬁ @(r%’%g?sﬁr%@l%%%’rg%g{&gﬁecoati ng to thereby
transfer the pattern of the photomask (or other pattern generator) to the

phot oresi gt coated substrate. Follow ng exposure, the photoresist is -
devel oped>to provide a relief i &M&é@%&!ﬁﬂﬂgsel ective processing of
a substrate. See. Rollictioh)of infFa8dl ciblrits Srllddel8@tionit devices, Wi it eidotdo - 2
PCT/ US112/ U~398 A phot oresi st can be either positive-acting or

negat i ve- act innggharfioal dexjestsi (MEMts) rigveles imuléiplet procsssingoisteps ynasly ehavhistposed
region is decreaséd such that it renai on r the waf.er duti ev nt
Wil o the nortCRRULE B IL S SRy BhhER i FRL i MR TR
sol ubi l'ity ofoftpRece8X BRSHBEUILEITRE eVlGfi GRS L Matdtial S ¥hddR¥edseReias Yok lda@iby £ SO
it is renoved during the devel opnent step | eaving the unexposed region

unaf f ect @8. Msivettpwardaymaplies Jeatirg csizes tand gnore TP FFraldGTPEGViCces y BR SAME Fases,
i ncor porate em.cal, functionali .hat _under X i
; P EQQ/’J}F% Sbril'twa;{{sr §d ?ht%g:,]et\%l\{}%g Dro egs_%s %‘Esre&ﬁeﬁalﬂs&i%pl e's%héfg@gn

exposure to L a gi ng e transfornma is o
referred to akleteriqueleffecisyofswhtet And beprdaes patrjsdeby pataarhavy beac seas ethor -
decreases are often the driving force for 10 changes j.n the sol uPi | ta¥ of
t he pol yner iqmqqqé)hdgg@hmgp%essqﬁ depsesarbopdigxide in a liquid or supercritical state are

of particular interest in preventing certain of these pitfalls.

25 One such process where dense CO, is of practical application relates to
prevention of surface tension or capillary force induced image collapse. This is of
particular interest during the aqueous development of micro-lithographic images
using photoresists. Photoresists are photosensitive films used for transfer of images to
a substrate. A coating layer of a photoresist is formed on a substrate and the

30 photoresist layer is then exposed, through a photomask or by other techniques, to a
source of activating radiation. Exposure to activating radiation provides a
photoinduced chemical transformation of the photoresist coating to thereby transfer
the pattern of the photomask (or other pattern generator) to the photoresist coated
substrate. Following exposure, the photoresist is developed to provide a relief image

35 that permits selective processing of a substrate. See. e.g., U.S. Patent No. 6,042,997.
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transformation is facilitated by the incorporation of photoacid generators
(PAG s) or photobase generators (PG's) into the resist conpositions. The
aci d andwaszoasbicet i es are typically generated upon expos®BCEUSH2/Q43¢8
appropriate source of radiation followed by heat. The devel oper sol utions
are typically aqueous, and are typically 15 dried fromthe substrate before
further processing. Capillary forces preseﬁr in the aqueous dryi ng of

i maged resist patterns can result in resist deformation and pattern

col | apse. This pr @bbkootmsistcas bpaithec pbsitiveyagingi ausegativé-attingg r Bptnegative

Resear aher s AEGRE Sagte e daonty of B cxpsrdyebion dnEeireisd PAREaH f fpd on
aqueous dryi mg Whfeh daxfiﬁgta%%%ﬂﬁg?&fe%ﬁ?mtﬁ@ﬁ&nekﬁ&!d RQA6h isRfhovkd. IFob @e&HPe MOT €

preval ent in subsequent ogi es as aspect ratios increase. Researchers
at bot h | BM anind\iESistsathe sslubiiy vE thet dxposediregivndnekassaimb e dtveleperesofution,

amerrt el oLt LSO TR IS RSERSRLAREIE bln

>

25 Col dfarb ghaffcted.J- PUshtfve skl ne&zﬁﬁ?‘aﬁ:ﬂhgBl*esil;@(n@ter?ﬁé%?p%a?lg( #08brate

However, while the absence of surface tensron and the accessible critical
t enper at ur e ahemprkfwotienality thapuirieveoeb e éransfoumeidomsparosipeswe & PN Clight 8t & or

this dryi h, t | atively |.ow.solubili.t ter in
Super or 1t 1 carttimoseetelfy cihe et uR P o it o S sl afvite
necessitate tagalds poNmENPBlacity iR 0r dRrdalEd QS Offthaht r@vemo Torce afoaci ty

of ° 30 the fluid. Researchers at |IBMand NIT_have denpnstrated the use of
certain 3Qrf sbangessin rthe ugpdulilitn iof athef polyees; iredher Jevslpringselpgen. + nkhis

surfactant is_described. bei ng, i ncor po i i i.n
i reot - srAnRanbgStis e fiREh) BEnhRRb8l:a8y g s BaiHRRG R (PAGSS of
PCT/ USF | 2/ 0- 458 tobastd penereord (PGBRT int thearesistr Eanpaiticnshalhe beeih and base
incorporated into the carbon dioxide in"diréect SRD'. In_both the_ direct and

i ndirect dryimejches avedpielly zanerated wionsaXPPEIEE 47 tlg SpRIORIIS spupesploradiation
limted by [ rbﬁg j i<n .

resi st damgg}gg%\é%dr g?%%laji/ g@gﬁ) engélhgbéié %ﬁeée F%l?? nag\% aSb%&%gﬁe?p%cgl%RD
usi ng cariisonaitedftohe thdrsabhtedte pefokd fmther irbcabsineng of surfaces on

m croel ectronic substrates (e.g.photoresist coated sem conductor wafers,
MEMS opt o- el ectr orﬁ%?”&?é\‘/ifgféé,s RO CAAAREUS, ‘?‘W% OfSIé‘?f’e%Fddf%p&%{n*éFB) is
the conpl et e L&PHAles dBR/HANIH MPEARF 691,1§]3s@.amhiaqx9151eml BiebRes ?&ki@ﬁ]aﬂps

w t hout |eaving a residue, commonly referred to as alOdrying waternark.
These wat er mesekisus @s Uithography tévhnisppes emveatowsnd gimatlst imege ingdesh waiiulesges

processing, cleanin or, dryi.n | uid, as pd fluid i i I .
nmanyni cr oel ec%SP%%if'&“?"So pﬁeé%%‘,’he% E‘P o B‘Eﬁgeétgﬁ ath%ﬁ' C(R}EW%& $ ? Orbg%:ljpﬁ(raasso C{Aheldswuh

wat er mar kocari@eals ¥8kng iwilagifect tBe MBOUNRAGEHHOISEYY hede] and will ibeedige more
performance of the device.There needs ~ to be an effective nmethod to renove

(cl ean) wat erPrpealent i pultsaquent teehmelogicseseaspedtaatien ingieAsst es t he concentrati on

and ultimte deposiil LAl I - eldlm i \1{@%2 S e
such chal | enge co%ésgelglﬁhgl{%ea%nmﬁ)ﬁ%f%c uﬁ??@@@%’%ﬁ‘%@%ﬁ (E:}glé %érgf;igiirel)sggl ng
st eps gener al digxideliffi supbrriticlhresist idarrg IRADYr yap trefuce Buypor @llopse and film
dryi ngcauses water with |l ow | evel s qf_sol ut hat _i (]0] § surface
and in vari ousIRAEECP%: Pdat Ur Bampalue nI@Entthﬁz’C#”ﬁ’% Bclif‘ﬁogéggﬁgﬁ {?ﬁﬁp)m e
the surfage a5eReh ot BE oAl 88 Zuimals! 18(6)93%335YY (I00R) SNSWERR WRMS)teo
the concéftratlon of ofice di 550l ved Sof utesln close proximty to or on

noti ve part s.abbaeceddposatension end tHeacodssible aiticabteomgzative apd praseurg @AICE2 n

nature contripute to stiction, .the | ocki f the notive tsuch that it
cannot be act%?&'fe%ﬁen"tﬁgﬁe a%sep%StlﬁlYF_tsi ﬁtorsagcgi T?“ﬁ drying r?‘BBr_Oaf}ﬁ?th‘é ré‘laﬁvely el.ow
t he25manuf act é&ﬂmgtgséfe@afe?w WeSsupleforighll SH486 Hho alte vien ideadivkd atnaathRehgee

and Van derWaals forces and friction. The forces generated by this |
phenonenon cathatmephetessiyate thepse iof ahemicel ddpenginita MicrsasevBrtranshot eapacityoof

conmbat stjction uf acturers of S I Ces use. sq such as I
chai n ai cShol 8% TR r Sacrcists AhIEN aid: S TaBRY S G SR HRE IS HED of X5l
facilitate a3QplAnBMARupéifichl PLRESEsd diJaVEVEbweldtete saifefisntadd dneribavss not
elimnated theoccurrence of stiction. Supercritical 02 has been proposed

for dryingni cheiag msorneraied inte edegnegue-yinge inviindiaesh SR peece g+ Cokdfare £t Bbn

Di oxi de Drying of WD 02/11 G 7G -4 PCT/US02/ 0~398 M cro Structures")
where surface tension forces can cause danmage. Researchers at Texas

I nstrunents Inc. anong others (see, e.g., US. Patent No. 6,024,801) have
denonstrated that supercritical C02 can be used to cl ean organic and

i norgani ¢ contam nants from MEM s devices prior to a pacification step,
thus limting stiction. 5 These technol ogies utilizing supercritical CO2 do

) e - . N 1
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20 Summary of the Invention A first aspect of the present invention is a
nmet hod of cleaning a mcroel ectronic device, conprising the steps of:

provi di ngv@ozadester at e having a surface portion to . be cl eaR&802/@B8Y/i di ng a
densi fied carbon dioxide cleaning 25 conposition, the conposition

conpri sing carbon dioxide and.a cl eani ng adjunct, the cleaning adjunct

sel ected fromthe group consisting of cosoBvents, surfactants, and

conbi nati ons thereof; inmersing the surface portion in the densified carbon
di oxi de conpeapriaj enonigpertichbsn sigaoatitgavedietn dlcegrurated nmrﬂm:sdarﬁomrditbxiderirt he
surface portign; while maintaining the cleaning conp§S|t%£n as

honogeneous Ot SR o An bath thy diect and andieest drygpgemethods, fhg ﬁ‘r‘f‘érog?‘rlféacé@ésp and
sai d removin E@Qoggﬁ@@fﬁe{%y W) {ﬁ?@s&ﬁ@& a€%¥r8§§i 6%1'1(?%%@3 [e¥dihf & REREeNt

i nvention |nc are no 71 -5
PCT/ US02/ ( 1~3atmBgeri Accoedinglys tercleanimsa natdforesv @pfiviohes opSBEY wing eban

- devi ces, gnd res|st-coated substrates. In a particular enbodi nent the
[

pr esent veriq "provides a nethod for renoving water and entrai ned
solutes froma m é?'cﬁrf) BhCwif %&ﬁom&srﬁhﬁ&roée&ﬁﬁﬁ@%ﬁﬁ%r@tge
(such as a sem conductor® su strate a MEMs device, or an opto el ectronic
devi ce is di phbtosesist heatedmsnixwvnslucihr wafaes, t‘MEMS hepteiekeanpmig/ degieos; ephotdnic he
wat er nmay al s .ber ferreijto as " vvate f.romt he device.

general , the §é%?latyﬁ=eer§ éspggeof’ Bge{]epf r?é AQUERHSs PROSEE! nlgaw ng
a an i naged %‘ie %t&ffiﬁéin% QBhiHbRs %Butal%a@in eﬁfe%idugoé’éxﬁl‘iloﬁlyl lef@redWRf &7 2 and

having water on the resis coating; (b) providing a densified (e.qg.
liqui d on0supleyiog iwateraiark. c&hbwaﬁenmrlder@umfngn temposiatiagion of wehmsmtge
conposition co I.sing car bon di.oxi de and y|n ] t. ry|n

adj unct sel ec?ﬂggoulsr% Py r G oY ny% ’cB%gSI Qfld d: liu&f}fggtt ants.” and
combi nat i ons hidfJeRRironics Joptidie rrﬁicﬁgo;sthﬁl sw MEBISJQﬁ'hd:tQﬂ:s i hist hatdeadi fhed
carbon di oxi de drying conposition; and then enovi ng the dréﬁn

conposi ti on fneeativehe Impacthe aoenysenteringn yield of oxiremgtamqr formancecoih B dfdiges of
t he i nventionpare RCUSEE f I t

further as pe her ? s§?1te¥€e%€gen %glr?(ay\{g r%é \)eh%%la§ %aféggtgéeg 0 ffom

m croel eqtsr oryu@fa@be\thaeeluﬁlﬁatwﬂ%\@nsaﬂuubb@ afid@bRiniad degbaniohmfleairanadimletes
and/or contami nants, etc. The method conprises the steps of: providing a 20
substrate haw?lgm&a%%?v&t?émﬁﬂﬁﬁtl on to be cleaned, providing a densified
car bon di oxi de cl e@ml JTOBMCS I dagicear bpB:.

di oxi de and, optiona P‘%}bg’@gﬁ%‘# 8&% ;mglecq%gﬁéﬁ%hg junct, the 1(? | eani ng
adj unct sel eqirectsfingsicphegegerallp cuhmsamtwmig aoinsecaadldr)erstes, E\Lapbmltvardtrﬁng and

conbi nati ons t her eof rs n sur face ort nipnth nsj fi ed. carbon
di oxi de corrpd?flffisd’f‘lat?’bwﬂn'ggf’@’blf Fé’ SOLIES tﬁf&r’gé’% eﬁ &'8 Q?Fdarfis I pREpuS
removi ng ai dnfekR ARG fFPORRSHOh foeBrishBatSHA{iARL: the rstmfm ard6f the pool.

i mrersing/clea.ning step descri bed above is preferably carried out with

cyclical phasks apsultatiesndrying ssps cindeadl torthe cerentratim eff ancp dissolved splutey

Il of th I f h
sore or ol oh AR oy RN GRS, 15 BB SR e 8L o

conpri sing t hggslieps iAbrgaiit Yidhng canBiBukdssticeibe, havbeking of ticf modveaiti on
to be cl eaned, gr oviding a densified carbon diox] de
such that it cannot be actuated. “Release stlctlon as it is termed during the

25  manufacturing step results, is believed to be derived from adhesive and Van der
Waals forces and friction. The forces generated by this phenomenon can completely
incapacitate motive parts on MEM’s devices.

To combat stiction manufacturers of MEM’s devices use solvents such as
small chain alcohols that reduce surface tension during the rinse step and facilitate a

30 more even drying process. However, these steps alone have not eliminated the

occurrence of stiction.  Supercritical CO, has been proposed for drying

microstructures, (see Gregory T. Mulhern “Supercritical Carbon Dioxide Drying of



cl eani ng conposition, the conposition conprising carbon di oxi de and water.
Optionally, but preferably, one or nore cleaning adjuncts are included in

t he cl eakwagR/066VWO 02/ 11 (~117C -6 PCTI US| | 2/ 0- 1398 conposi PEBASII/M3ISh anount
sufficient to facilitate cleaning of the article to be cleaned. Suitable

cl eani ng adjuncts include, for exanple, cosolvents, surfactants,

wat er - sol ubl e cl eani ng adj uncts, and combiAati ons thereof. The next st eps
of the method conprise imersing the surface portion in the densified

car bon di oxi ddicrd Samictwges®pmhesd surtace ttensiont frreashbsanceauan damagearRgseqrehers at

t hen renoving.said cl eani ng conposition fromth urf ace.portd

Particul ate ct®&hi Wnﬁ?‘?"hﬁ%p‘é ?rso(;seet, I‘Feg'pr%és'ehflteptn ht6§’dg(ra1'rklosl.)z?a‘r’r%t hod
of cl eani ng/ r eRkisted Chitd sRRFdritieHl @f(g_scinr BEMRedl 16" Q&nC6iganidi ndl@Mdrganic t he
met hod- conprising the steps of: providing a substrate having a surface
portion to becontagdnands frot WEM s devigesspriterie a paeificatinnep. Hius:iiming piedinnng

-conpositiqn, the osj tjion conpri.sing carbgon dioxide 12,901 | | y. but
pr rer}? erably a cl eaﬁﬂ?t%e a{‘f]cfﬁ'f‘f’g?%lestnpﬁ'@lh@%gﬁ‘ilf?’?écrg{ﬁaﬁn‘g 2 sée%l gicngelggﬁr%[%%g heg\ﬁr oup
consi sting of coRsiRIteANtof, dfiAd afidardanind vi@dTDvaRE | &18S sbhrdseale demmResi ng
the surface portion in the ‘densified carbon di oxide conposition for a time
sufficient tosimulianeeuslylsodtopavaid ¢l aensesaiioandinaigics anfesoliteoay Spesifiensite hen
renovi ng sai d.cheaning conposition from.t C i Part.i e
cont ani %ati ogr%c#mglogﬁ st'rd ega?‘fwh ecqloﬂrr?a,glﬁf ?)elrlgafégasﬁﬁtl%e%{, %Pg%v?nﬁ ngh Letr@h& cal
mechani cal p'ﬁﬁ@éshéﬂﬂfy@f%,@feaﬁing,@ﬂtﬁﬁh@e pdotfivatioh. of cont anmi nant

re

redeposition. In one p erred enbodi nent, process parggetgrs are
pref er abl 3 cont r ol Pier ssamples of ryweyandgclasming (chaliingss ESHES 4P t3ABFPUSSWe0

mai nt ai ned as (03 08l L i T he i i

removi ng st ep?rgggr}'g%g%%bt% %gﬁ}eﬁgrg?es?dﬁ%hg%gféﬁ\%%ﬂﬁétug%l,?gy\% ?‘%@%{Zﬁg%%mﬁti al
deposi ti on of plobctidbhydhintepdited eircaits. t MResequies Usrmed bgimebodwoknaves tothdshe
resi st coating, the patterned feature, or ,the nmechanical,.electrj c:aIF1 or
opti cal corrpo%éﬂltl%f with theerty Snically fiave Jargq sriticalpperiradesfredtingLepmgines that
expl ained |0 gl AR B dedneliifesdeht! PURnaRbre WaRRGIifg e afPindedr t h
bel ow. Bri ef scription of the aw ngs - - Figure shows a substrate
havi ng a Iat t withettadiéenad t flbidy enci aisnwatet Heaveooncenidisholved eplupasebenind jupon
various | ocations the

evaporative rd%gi?x'g. These solutes deposited at the bottom of the vias can inhibit
conduction upon metalization lowering functional yields.
Technologies are needed that remove water (dry) and dissolved solutes (clean)
from viaé aftef wet processing steps, thus reducing yield losses.
20

Summary of the Invention

A first aspect of the present invention is a method of cleaning a
microelectronic device, comprising the steps of: providing a substrate having a
surface portion to. be cleaned, providing a densified carbon dioxide cleaning

25  composition, the composition comprising carbon dioxide and a cleaning adjunct, the
cleaning adjunct selected from the group consisting of cosolvents, surfactants, and
combinations thereof; immersing the surface portion in the densified carbon dioxide
composition; and then removing said cleaning composition from the surface portion;
while maintaining the cleaning composition as 2 homogeneous composition during at

30 least one of said immersing step and said removing step. Examples of devices that

may be cleaned by the present invention include, but are not limited to,




. mcroel ectronechanjca
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30 Figure 2 schematically illustrates an apparatus for carrying out the
nmet hods of the present invention. WO 02/11 i 17( _7_ PCTI U S02/0398

Fi gure 3wepl/@ws’éa phase di agram of predom nantly CO2 sysPeEmUSewddsent i ng
the plausability of a transition froma predom nantly CO2 supercritical

m xture to a gas avoiding a liquid phase. Figure 4 schematically
illustrates an apparatus for carrying out-fhe nmethods of S the present
invention. Figure 5 schematically illustrates another enbodi nent of an
appar at us f omicmelegirogechahicahdevieesh MdEMY), bheeclecesmnt deivivesndridoresisDetaied ed
Description of, the Preferred Enbodi nents 10 Exanpl es of devices that may be
cl eaned by t fBS5@ESent invention include, but are not limited to,

resi st-coated substr abﬁglgf?ﬁllaﬁge?r% esl st tt&%%@%mﬁﬁ%ﬁ&ﬁ%&;ﬁs}ggﬁgﬁﬁgl ry?fglrgijc for
mat eri al , andemeyinpevaempasi entreinedciolutgs frogi 8tmisrockectrogiat deviceaurh g rewsit st .

ime the Sy PRYohORuEE [k BRpssr shSian, Pabras BEIe WBRPL i on

can be used teRchBhicYdeRite it BscRIsES BBeird. TH &0EL @Mmethd&) thelich@nidglreroVal ldfithé ed
to those described in U S. Patents Nos. 6,042,997; 5, 866, 304; 5,492, 793;

5,. 443, 690; SyagimaBaso be ogerrabin; asdduying 46f1the 2@ter Anph ihsadevicesipegantiagghe y

intend that th hd' scl osures of all 31}3 ed .St at es g l'g?ntn?r.ef erences that are
20 cited her SPTOYE CPREBF Pl YePHEF dih RViFBeet SHRYA™ NARER* Bl TPEYS ™ The

resi st COMPOSattéiARS féYre RECIARPS k&t t QalddesiBetaSWaRE Gnd BSviAg Waftdiodl the resist
conpositions in_accordance with general Iéqknown procedures, such as

. by
spi nni ng,10di seating: (bbpiosidieg adensifiest (ecg. hlaquid or weparFitical) easkan digxide drvingue.

When spin coating,..the,sqli.ds content of fhe i ng. i -

i Ustod t o APBRRHEoR B BrES oFRNSE Rimbifnl ST Rt B Y alfipcr

spi nni ng equitireitingbdjuh&edlectedefroth SEO§iduy @hsistigg 8Dtosohvents, tlrtacemes dnodf

t he spinner and_the anount of tine allowed for spinping. The refEFisdzt

conposi ti ons cArbIRatiops hereaiy ol damessiag s suface POFAENN Hrtadepifipde gatban
processes inv J J - i . %‘wﬁﬁ% Ltion
may be applie A’%@%?@f"? %%%ﬁog\#ééﬁragﬁﬁﬁg@ r{%‘;’}%}”ﬁgﬁﬁ%g on E%Pp&rrsgt?oélc ﬁg@gﬁg

t her eon 44dch sagfa@dpatibh.con di oxi de, silicon nitride, polysiloxand and/ or

netal, etc.) for the.production of mcro cessor.s and,. ot her, .i nt egr.at ed
circuit corr%aonent syalm%ﬁ%aﬁlfh‘iaéleﬁ‘gpﬂ‘mﬁ“&‘%{f ‘?“B’ﬁml?rh?ﬁegﬂlsﬁ?ﬁeglgfﬂ%égﬁlﬁwc,
quartz or copper Sepaid ghes Bloaantivh, pﬁuﬁp&pma of YR Qdsthi( ClfiGn o a

PCT/ US02/ 11~398 Substrates used. 1 crystal display and other flat
panel di spl aymethpd iof ateaning camirredlewrapia demite temphoyesplule gnategizhsparticulate

substrates, indiumtin oxide.coated supstrate nd.the,|i 0] -

coati ng of tﬁggtﬁ’ib?‘% 8% Pgtamgagts, © Ur?E%ér}e%?dsfgma?%eggh%f&ﬁ%gg i %’Ié)gxfﬁg?%a

remove t e sausitite HiNihg a ROFAQ Iidn td16e @BRiA[ pRividing edbhdifled Garb@cdiokidee.

Alternatively it may be dried by the procedures described herein.

Thereaf t er, idledning ermppasition, theciomposition rampisingegarboprdoxids gad; optipaally but

sufficient taq Lvely. acti v i RGR g

phot or esi st Spilrgifeie%ﬁ%cger oé‘gcagjue{l%{pg]?e{ Qrg%lggg%arﬁgﬁgéet S:égecﬁqe re??b;%rg;zclz%g{ﬁ?sﬁsélng

| ayer. 10 Fol dfaossigests postcants] i@ dombindtione thedéofl emesingaie turfaee paytidnen

baked. Thereafter, the filmis devel oped by contactjng the filmresist

|l ayer to any baidentified gaben lieride spmppeHon fin dherply clean the,fréase Rorporyydng

in part n eyl ars schel f ' I ahd - ofi%% eéﬁ‘n@%rﬁ’ THae

devel ope%(r)rayﬂlglg gé}ﬁ%%ﬁgr g{lfgve éoa%@1 . ?({)n?ﬁdesgg)r?pn?%&gn aqugousceb sed devel oper
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rinse) and is then dried, preferably by the drying procedures_ described
herein. Foll o%ﬁ@ﬂbvbﬂ@pﬁgmblbfon@ loe npsho Elsprise 4wk AR ipchided in the cleaning
substrate, the 25 devel oped substrate nay be selectively processed on those
areas bared of resist, for exanple by chemi cally etching or depositing on
substrate areas bared of resist in accordance with procedures known in the
art. For the manufacture of mcroelectronic substrates, e.g., the

manuf acture of silicon dioxide wafers, suitable etchants include a gas
etchant, e.g. a chlorine or fluorine-based etchant such a CF4 or CF4 /CHF3



30 applied as a plasma stream in accordance w th known techni ques.

Car bon-di oxi de cl eaning dryi ng conpositions used to carry out the present

i nventi owoypi@atd y conpri se: WO 02/ (1A 171 -9 PCT/ USO2p,0F¥A%82/¢83ps car bon
di oxi de to bal ance, typically at |east 20, 30, 40, 50 or 60 percent; (b)
fromO, 0.01, 0.1, 0.5, 1 or 2 percent to 5 or 10 percent or nore of .
surfactant; (c) fromO, 0.01, 0.1, 1 or 2-to 30, 40 or 50 percent or nore
of an organic co 5 solvent; (d) optionally, but in some enbodi nents
preferably, fooorpo8itiol, lan amoudt duffioiedt to5facilitat® cleeniog of theedrticle to badiefedd. when
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application apghtdgorighure of the substrate. Percentages herein are
expressed as 15 percentages by wei ght unless otherw se indicated. The
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be or corfri Swowding @otsnsifietcarbomgdigkige s cleaping| §ompeswition, Eieh €pMpPaiiaB,

T e g

al kanes as gidlemirgbayenctodeldtiodt #6:BSthefgrone corisisigeoficablanss surfactmdiandt i on
with 25 additional compounds such_as one or nore al cohal s, as descri bed
above. (e.g. coppupationgtheyeof; immeryngs thy sprface portiondn dhe densified; qaehanadinyide
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30" bhi 11 & grGasbinieen <& 8 sSbed dnen e Soigr 106 Sanplh AP GRotise-
In;igkgg bgeg h%i?é}faagﬁgplblgm(ﬁzﬁgb&gfiéﬁﬂsh%phl lic) group). A single surfactant

Control of contaminant redeposition. In one preferred embodiment, process

parameters are preferably controlled so that the drying and cleaning composition is

20 maintained as a homogeneous composition during the immersing step, the removing

step, or both the immersing and removing step, without substantial deposition of the

drying adjunct or the aqueous entrained solutes on the resist coating, the patterned
feature, or the mechanical, electrical, or optical components of the device or circuit.

The present invention is explained in greater detail in the drawings and

25  specification set forth below.

Brief Description of the Drawings

Figure 1 shows a substrate having a patterned resist layer formed thereon,
with water present in various locations thereon.
30 Figure 2 schematically illustrates an apparatus for carrying out the methods of

the present invention.



conbi nati on of surfactants may be used. Nunmerous surfactants are known to
t hose WO |12/ 0GG 171 > - 10 PCT/US02/11~318 skilled in the art. See,
e.g., MMOoke@n7s Vol une 1. Enulsifiers & Detergents (199P6TN®o2/M3Mreri can
Edition) (MC Publishing Co., 175 Rock Road, d en Rock, N.J: 07452).

Exanpl es of the major surfact ant types that can be used to carry out the
present invention include the: al cohols, al’kanol ani des, al kanol ami nes,

al kylaryl 5 sul fonates, al kylaryl sul fonic aci ds, al kyI benzenes, am ne
acet ates, am ne oxfidess 3 anpinBs, pisasé Hiagedne df @rédmﬁﬁnmnlqt @0 sbes&,m beptredenting
derivatives, bl ock pol.ynmers, carbo Iated Icohol al k henol,

et hoxyl at es, tg f?t')‘)?@t i%’ ‘&Icq ansyion %—% Oasnartayo‘?@h %{CYB B to a
.derivatives, @glgo@ﬁm@taqqi%@g ﬁlggggl s, et hoxyI ated al kyl phenol s, ethoxyl ated
am nes and/or am des, ethoxylated fatty -acids, ethoxylated fatty esters. 10
and oi | s fatty eslflguee4ﬁ¢h§rmabczatybﬂnstmm appafaatstfant;as'rymg ywehometdmileos,
-gl ycol éer%h het Orﬁilg -type products, im dazolines and im dazoline
derivativ © PESTHIOTALRYE. |, lanolin- based deri vat | ves, lecithin and
l'ecithin derivati viggurd S%h&thMIIb'lﬂﬂstfht&eEﬁd{ﬁér' éiﬁ@oduﬂ@ﬁtef)f En Ppﬁ'ﬁﬁl%'f'al' ¢
anhydrides, nethyl esters, nonoglycerides and derivatives,

sul f onat es, mmmueﬂ@sneheds qfosplesent inveotigani ¢ deri vat i ves 15
polyethylene gl ycol s, polyneric (polysaccharides, acrylic , aC|d, and
acrylam de) surfactants, propoxylated and ethoxylated fatty acids al-cohols

or al kyl phenols, prot eMtéiﬁsﬂqjiesﬁﬂﬁﬁaﬁbﬁm&Pr&éﬁE&EﬂﬁfoﬂnﬁUﬁ{saCt ants,

sar cosi ne der|vat|ves I cone-based surfactants, soaps, sorbitan
derivati Vs, sucr @@nmi@s ofldevissethesmey de gleanerbby ﬂmnreﬁegt mymtmleelud@dmt

sul fonates of t n 20
al kyl phenol s aré)hbfln?legd 5‘? I%i/ ?eq%?tne%ﬂ%l}l@atled%v%]e 9 ?’I %%t&%e&% 5’%?%?“ :
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benzene 45 swlutonl c aC| ds, etc Figure | |IIustrat es a resist-coated
substrate article f?d’d“ed by the » %e of the Hresent j nvention.
The article conpri SHMAOFPPHUORAR R HESH ©OFRPY 00k i RIPSeBhInyFItgRy

ot her sui tabllﬁcumt,grbad B8 IHGEEN id oD AkeoritRBdinMii Sh paRYs N&R! f6. G0N0y, Se
one or mere layers, having a resist coating |2 formed thereon. Wter 30

droplets 14, 51806,30; l§e49rZeT9évéd14B;ﬁ9ﬂr §i0dd,738r 6,980,206 hecandoh 48 Li62hc Applidants a

Lrench fonned gl faks aPe pisdres P AT RAST S R TEFBERS IS Fot hoo

of the ioentdited herbitb@iRarmotatsl eER by Teferdite @t eatrety.yi Ng vessel 21,
suitable for containing liquid or supercritical carbon dioxide, in which

vessel the coated Sifndesisit somposiionsofmayr bei eppliadede r Bai substatecas 1o liguid
cl eaned) is Fb%ﬁtptokfﬁeﬁéj it Ber d&a\&}t:.lic 3t hegejﬁ‘éﬁa‘tfy Eno%?ErO{;JJtﬁesdr %ﬂéﬂ’ gs Kg%@ﬁwj@y

i ncl ude a door, stirring neans®of agrtati

wi ndow, a cormpmag,qmlleﬂammged dthert do@veltitiona) cosigekciniquen GViemssim coatyy, ease
the pressure here a heat exchanger heater or, cool er connected to the
dryi ng vesselt taotlftfc?%es ogrt heigeatmgssolytinn ‘E%’nb"e?‘%]t‘%f? (QOPIQVe ¢ GRtiEssk Blm

ther eof, 78t C.hidlch@s %?ﬁjhgaﬂvglgsﬁ} &"%3' s’abgg{ri%% ﬁﬁﬁP&&lﬁeﬁoﬁhsﬁQ&lsﬁy?&thé

connected to the 10 d r|a e .p! pi ng
cl eani ng/ dr yisebitioonthe speadorf tlmqyuhr;er 28d theyamdusiebf time aﬁowsdafom mpinoingnor e
storage vessels, pﬂ@rebts’t[ &mﬁ/o%ﬁlonglape sxﬂta{agl apmhed tog substrates conventionally used
in processes involving coating with photoresists. For example, the composition may
be applied over silicon wafers (that may include one or more layers thereon such as
30  silicon dioxide, silicon nitride, polysiloxand and/or metal, etc.) for the production of
microprocessors and other integrated circuit components. Alttminum-aluminmn

oxide, gallium arsenide, ceramic, quartz or copper substrates also may be employed.



drying adjunct into the carbon dioxide, etc. The vessel may be filled with
the cl eaning/drying conposition to a |l evel 28 above the article to be

cl eaned MO WROEdAdi ng upon the particul ar techni que or corPaiizRe0¥BISf

t echni ques being ~15 enployed to control the processing conditions, the
systemincludes a supply of a second gas, second material, and/or
addi ti onal carbon di oxi de 24 connected to-8he drying vessel 21. |f desired,
a devel oper solution supply 25 may be connected to the vessel so that both
devel opnent dwlsithtes wegpddbr Hifraid suyesdl dispiayremd dikerctiatipanel displayi applioatiganige 20
vessel 21 .. A draini system 26 i referably connected to the vessel 21
for draining é\?ﬁ?afﬁlét@@g' %@Bﬁﬁ% Figoﬁ? Sgs HELSn "’t"ﬁé‘lné?xh‘.ije qeatedsrubsatay 2ad st em
-may itself caopprkse appropriate punps) val ves, conpfessors and the |ike

(sone of which co%ner}ts may be serve multiple functions in conjunction
wi th supply el enediodlodeng codtimg cfitby photoRSistrayto aclufiabe, & istdried biydieating to

e g L SR T e B e e e R A ™
conposi ti ons iy BENHRedt BEAkS tp}cﬂ:‘éﬂﬁ‘éi, deSeribidRPieYei! SMRAESAONt fsCnkpRd ihO4

exanpl e, used dryi ng conposition may be distilled to allow carborm dioxide
to be recycl gneandonad manngr. ddhepxposurd istshEfiadent itm gifeativplysactivaie thegphotaactihe

f addifi I bon. di oxi d ly. d ab ., t.h hod
of "t he i nvent PROBGeF PO Y i dp B ebninh et 15 tiicoriaomhan - sos

(a) providingayrsubstrate having a an inmaged or patterned feature such as a
resist coated silicon wafer and having water on the resist coating, (b)
provi di ngYa densi follawirg gxposurguthe Gimslayer wfi thec apyposititronmali dei baked: yi ng

comos: 1 on, ey 80 SEATRARLG O ECTRALRHIRSS BB T, B sy
cosol vents, slvélagdrathtiondihd choitbiod ahicdngill dpe@irn pdre hpdn e paiti@lat BRoice
surface port io? rr]esiisrt] rrEart]eeriaq)e.: r111‘?)Ir L}i;fn(ljpl(e:,atgg ggve?ége)é ingjae;f éjer 3/ Ilac?lgr developer, for example
an aqueous based developer such as an inorganic alkali exemplified by sodium
15 ‘hydroxide, potassium hydroxide, sodium carbonate, sodium bicarbonate, sodium
silicate, sodium metasilicate; quaternary ammonium hydroxide solutions such as a
tetra-alkyl ammonium hydroxide solution; various amine solutions such as ethyl
amine, n-propyl amine, diethyl amine, di-n-propyl amine, triethyl amine, or -
methyldiethyl amine; alcohol amines such as diethahol amine or triethanol amine;
20 cyclic amines such as pyrrole, pyridine, etc. In general, development is in accordance
with art recognized procedures. After development the resist is optionally rinsed (for
| exarﬁple with an aqueous rinse) and is then dried, preferably by the drying procedures
described herein.
Following development of the photoresist coating over the substrate, the
25 .developed substrate may be selectively processed on those areas bared of resist, for
example by chemically etching or depositing on substrate areas bared of resist in
accordance with procedures known in the art. For the manufacture of microelectronic
substrates, e.g., the manufacture of silicon dioxide wafers, suitable etchants include a
gas etchant, e.g. a chlorine or fluorine-based etchant such a CF, or CF, /CHF; etchant
30  applied as a plasma stream, in accordance with known techniques.
Carbon-dioxide cleaning drying compositions used to carry out the present

invention typically comprise:



conposition; and then (d) renoving the drying conposition fromthe surface
portion. 10 The process paraneters may be controlled so that the drying
conposi t iveD 02/866mEi Nt ai ned as a honobgeneous conposition dulPCRgSoned3psmrer si ng
step, the renoving step, or both the imersing and renoving step, w thout
substanti al deposition or redeposition of the drying adjunct or

contam nants on the resist coating. Prefer&ly, the providing step is
carried out by mxing the carbon dioxide with 15 the adjunct to produce a
honogeneous sol ut i(@pcarbmddiokizie té balansesmpidally asleas 205 3@a40060 006 parbeite

mai nt ai ni ng the dryi conposition_as a hgnogeneous_sol ytion. Such m xing
can be carried out()é$ &’%c &> &@Ln@;?’cgépdsﬁ' oPETET dPyS £5 ]&/P%Fﬁ‘?ms%ﬁ ekt ef
.means, such asﬁl.ﬁ&ic,ﬁtgi ng; injection under pressure, etc. The renoving step
is preferably carried out while maintaining the drying 20 conposition as a
honbgeneous sol ut i(opfrotm0,dedkrlal,,1 ¢r ® 36 4dadri Evisoicdmy o morddf amgrgahie co-
+boiling of. the drying conposition as it is drained fromthe drying vessel.
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is at equilibriumg/g : Y, , I, u T
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to generate vapor for.the increasi vol une t he va hase. .. Thi
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causes adj uncdesivitet s ineREd UPRLAM O SSfficient hemcilitte bl'éﬁﬁiﬁg bithe sEBst@d. vent s
and surfactants, and solute contam nants to concentrate at interfaces.

Concent r dled adj urRyefsratdy polsastene 06 Heanifaataniargdint theiceselyentds inslyded {es.,
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features, ME ys'fltnlgP&oQ'ﬁglp eﬁg{’bé? iﬁed C%?%IP%@WP%ésgl.npf’ﬁt’?ﬁeanidra%gmﬁw ??ﬁgjeﬁl and
devel oped resjusfatant’ @t 41c6-s61veRSMhP e iddlded MAhk L3mbbdkikibh.JWater mdad or may
PCT/L1S(12/11~398 nmnit h aspect ratios greater than 3 are particularly

suscepti bl e tptdbereigeludpd omedhe womnositions slepprding tuponc hed sstigalaar eleaging
fol | ows. For aﬁpﬁﬂ%oﬁ’ a et %Q&redr&'tgg soBitPse! Férgght%%esahéréﬂuﬁrg Qirﬁfésggd as
p may ou o} e

conposition, e renovi.ng ste e ‘carriéd pressuri zi

encl osed 1Shangeecentsigefibp weiho ndlels cthemriesiadidagas (e. 9., helium nitrogen,
air, mxtures theregof) fromsupply 24 by an anount sufficient to inhibit -
boiling of the dryfhfgcle%em%mamsm@ mﬁé%arpa?\ﬁfiﬁﬁa%% gsmgméuegeawlgas

is preferabl yﬂlﬁﬂﬁn&l‘ﬁ@}ngi éy%&ﬁ?&a@%&s@‘;ﬁi uidnmdséﬁhpxlcﬁtii:é] craflﬁ)ndfiéf)ﬁag are herein

conposition possessing a s apor pressure that 1s higher than (02.
The second gdegetbsr tedernmbth vo ‘demsifidd”f carben tliexidly yi gecordanse swith establishelt he
vessel, or the 10 drying conposition nmay be punped or otherw se drai ned
fromthe vessBfhile the second gas nmi ntains an over-pressurization at

the gas-IJoqui d i ntEid 86@AnTcUIRAvdnR nid¥ebdBad cHBpS@RId Slh nfignslé of Blve Gr tnhise eof .
Alternatively, if the drying conposition is in the |iquid phase, the .
drai nui g st epngmdicnts ddeonpatic hedolwenthoay b or cpmgriby an algghel- @reduding diols,
oqui 110t Nt e, SRGPIIARY by RO o SRR GRE Rl o
line 32 (top)aromatc) Tibgasicdw-dolveat sy bead mittuieofCantmiungs, such as mixtures
of alkanes as given above, or mixtures of one or more alkanes in combination with
25  additional compounds such as one or more alcohols as described above. (e.g., from 0
or 0.1 to 5% of a C1 to C15 alcohol (including diols, triols, etc.)). Any surfactant can
be used to carry out the present invention, including both surfactants that contain a
CO; -philic group (such as described in PCT Application W096/27704) linked to a
CO; -phobic group (e.g., a lipophilic group) and surfactants that do not contain a CO,
30 -philic group (i.e., surfactants that comprise/ a hydrophilic group linked to a
hydrophobic (typically lipophilic) group). A single surfactant may be used, or a

combination of surfactants may be used. Numerous surfactants are known to those



a valve 34, 35 to separate or isolate vessels 21 and 31 from one anot her.
During the draining step, storage vessel 31 contains a liquid C02

conposi t mamoBdssEresat ur at ed pressure equal to or in excessPEi/UShAS ur at ed
vapor pressure in the cleaning/drying 20 vessel 21. Draining may be
acconplished by first opening the gas-side connection 32 between vessels 21
and 31, and then opening the |iquid-sidecdtmection 33. Liquid flows from
cl eani ng vessel 21 to storage vessel 31 by gravity, if 21 is |ocated
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| n anot her engEUhrpNhaplith@edcs MaMbmdes be peirsleanl sukcsuotihatytesli sulfiosungirakes
drying conposition wi th additional carbon dioxide from sgg&e 4,. .during
whi ch di | ut i o#nd: deaiveyasntruEzess S50 nd mereapfe AGEHYES GrdacH pylRpnzene

dr ai ni ng st .ol n | arger 25 quantities of carbon dioxide are
required %%yor %@aacfdescgtﬁi gue, the use of a still to distill drained carbon

di oxi de, al ong wi t Rigaperiofitusates i pdsixg-caated \sabstratg aftinle 6t or b mgied by the

method of the present invention. The article comprises a substrate 11, which may

comprise silicon or any other suitable material as described above, and which may
itself comprise one or more layers, having a resist coating 12 formed thereon. Water
30 droplets 14, 15, to be removed by drying, are on the top surface and in a trench

formed in the resist coating.



the carbon dioxide to supply 22 or supply 24 for subsequent re-use, is
preferred. In still another enbodinent, a secondary gas is used, at a
pressur e Wanygeetlsove t he saturation point of CO02 gas, to #@CTpISax&3Ps qui d
and gaseous Q02 in the drying 30 chanber | eaving a predom nance of the
secondary gas in the vapor phase. The secondary gas, possessing a |ower
heat of conpression, can be vented from thd chamber to ambient pressure
with less heat loss to the system Also represented by a WO I112/0(rd 7(
-15 PCT/ U S( 12/ ( F3grestvedhlesiatid0lyl ifiudihmessaanappacdtis for eartrying pu) thetxghod of
expansion of the gas from high pressure to atnospheric conditjons results
in | ess chan{® IYCREQH e rllie ApRargtus fompsisey ar enplogsd ARving V%Ssahilas%%lﬂ? ave.
.(~02 > N~x, L~ : . T , t hi iment
t he secondar ?’8’3‘%@1‘?@%‘?@% 8{; ﬁg%‘%?é?‘ﬁgn 9 ﬁgg%éﬁggh%gkve\%ﬁgg‘ler%%}%g%gg%%% of
pressure i s déqbr eithef nricrbelgtirdric desgbeptot be Quirsetl) &t pesittomett oax sithble anppeaf er s

.can crack_or _bec anage en significapt tenperature gradients exisf in
t hat subs?.ratzgz %gglqgﬁ‘@go‘fes a‘ﬁ‘@ér‘%cq‘éé?da §’ePsSt‘I_"r‘%%n%§‘é‘§gcﬂ§s° %pﬁ’ﬁ%‘i‘so#can
al so add val : Is i i i [ X
Cemper atur o FEntCat Pai TNk P dcEte AR vl 1 BB OF

| o0ss and heatlecragset the pred¢sard ihekdiy, a ddaicéxvhanger) beaterner eorderecremggted to the
hase nodul ati on. i odi ment

i ts. | i As t ed ,
{he ol eant ng dcilp vrSelio rara oy desFiF Cof BUDAIRCER OChA doulatsIReieS Ridul at | on
(CPM, Cor | e cyeLisbahlafolIBccalinpRhehACEE Bex S sBlRS 220f cbhiRokbaathon

conposition (i.e., cyclically 15 ch ng t he phase of” the cl eaning

conposi tilBn fdrying vessel by appropriate piping. dTheocleanieg/drying ecahposiignesupplytZ2cmiy t o -
gas, supercri.tifal ta |liquid, ete.%. CPM e{TpI g%s pr%cessi. ng &ontr.ol stgf t he
002 dense phdSEf EPTRESF OF° BrPoi TPBE° REES SRS 1RV PHIRARagE the -
physi cal and deging @iaaie 8ftoCHRMEBon AWKIR) ) I'Eifd Sbsiel bR B4 {188 Wile She
organi c residues, particulate matter, and the like. Wth respect to 1),

liquid and 26lespisgfdsyingicemipositen i akveld&aboye ghavrtcledd ereleansgids eby C02

per meat es the bul hase at a qolecul.ar. | eyv.el I k - Jnter-
nol ecul ar bondi nglj?e%fegglggtulpfgﬂstﬂgmﬁ?lﬁlgr E‘?ﬁﬁf‘g&% o?ﬁ%@%@?@yf@e{cﬁﬁgg@%‘?ﬁ# i's
nmodul-at ed5 up eafiptoy@dVed, cehdfoddAhe Prabesiie: Basditichs, fhis egstér iacldddas ksupply offat he
pol ymer bul k phase. This process causes _nechanical stresses and straips on
the bul k pol yeemd: gasy seoead | matarial. andan addtonalscaghmy digeidecdd commegted atthen,
potentially dj I and ultimately renoval of polyneric materials from
surfaces. Si glgéﬁglgﬁ%sgp%&dr bon di oxide cleani.xlg is preferably enhanced

usi ng co- sol vent s If desifedc b alevelppercsabitontstpplyrzd syt cvaseaiet tor the tvessetlemse

hase nust also.b od carrier for ese.materials. With respect to 2),
P s used Ltk RePelorSRand trvith oy s SeREHE Ay B chmied o AR a5 strge

continuogg phRasgi2B) at the 30 surface of the substrate, and G in the
bul k- phase of the nmaterial to be renpoved, such o
A draining system 26 is preferably connected to the vessel 21 for draining

whatever composition is contained therein. The draining system may itself comprise
appropriate pumps, valves, compressors and the like (some of which components may
be serve multiple functions in conjunction with supply elements described above),
25  may include a still for distilling and optionally recycling ingredients such as carbon
dioxide, and may include suitable piping, valves, etc. for recycling various
compositions or constituents thereof to supply elements for re-use. For example, used
drying composition may be distilled to allow carbon dioxide to be recycled and re-
used as part of the drying composition, or to the source of additional carbon dioxide
30  supply.

As noted above, the method of the invention comprises the steps of:



as the resist residue. WO 02/ (1 GGL7G - 16 PCT/ US02/ 0~398 Many organic
materials are soluble in liquid and/or supercritical C02 under ranges of
condi ti om0 of/odseTeper ature (T) and pressure (P), otherw sePaTiusd2/as98

conti nuous- phase density. Solubility of materials in these ranges is al so
concentration dependent. ~ Water along with highly polar |ow vapor pressure
materials, and 5 inorganic materials are typically insotuble in liquid and
supercritical C02. However, surfactants with CO02-philic character. have been
shown to be very ygepviding disaberatd haviapad nithadel yrngtteined deatateenichlas a n
dense C02. Furthernore, conventional surfactants that do not -contain
fluorinat ed &%sisqogiedritigeasedciamdioragater-Arshe ESH SPRSNE t 0 to be useful in

,dense phase (02 j . t &l CQ- i fy . i ng
G anthe denst () B RhE & delbifis fEb, Bolia® SOpARLaleboh Aiuiac dniby |
di ssol ved, dicompositidn, the deying sirfipaitidnhengirisingaratbdn dioxide and e dryihg adjunct,
.conti nuous phase and t.he suyface of the substrate. Furthernore, CO | us
adj uncts Pn thedBingadimadselsetef dramhs EoUR FOPIF el WSPY RS St‘,’éﬁ?taﬁé’ gndJ

resul t of CPM, ks of bulls materials at different rates
heom ot . LES,
concentrating t%gﬁafggjﬁﬁncts in the bul k phase. This concentrating 15 effect

in the bul k phase (ki imtriecsihd yhee stnfaveeportion| ihi thg dendifidid ssobant digxidsf drying
residues. For exanpl e, cogsi der the case of an organic polyner residue that
contai ns pol &PIRPHIBBANABYI ng functional groups that inhibit swelling and.

di ssolution in de ggﬁ,]- SRR AN RS BogRRhvent can be
enpl oyed with mzq?ft;reen argégéghggé\%eﬁ%g ofothe bul.l(<: golymer and

ul ti mat ellp t Heher provesd pafanidiers nmeerbealcontroldsd go 2that thetdrsing. coopesition it he

swel ling and di.ssol yti on or dispersion of this terial.is limted .

ki netically W‘Pﬁﬁ‘eg&%&eh??%%qnsguso@“mﬁ’éﬁ’é’&j %’r‘i‘@?ﬁ%“&ﬁ”z’@% %tFP’MemOV‘“g
condi.tions OfgdpToradifh (e im@ferdey AR IrBMbanecktén withiae sabsthntial aiepodtitieoveen
t he conti nuous phase and the surface of the wafer, and in the bul k phase of

the residue. rEdgpositionofths diingadiwst artreniagynanity evlthesadEfOREIS- on of adj uncts

in and on residues,a ecul ar. 25 |evel . Thi ’ ' .

represents and Ki ﬁ"e‘?feégf’ég&h%{’%%é&%éw gso(falﬁl?doé}g,%y |‘§g‘§]‘§?g#§?‘q§$°fxfé‘%u stllon
of adj ungtss ithe B@afe t&PLodukd a humdBENcous FIVIté L, Andl eied ehpinanersing stepris dardird de
and chem cal adjuncts, enhances the renoval _of resjsts, resists. residues,

parti cul at e, @dviiteyamiataininge theafyingy CRRPRIHEIT §S ﬁhl}%"f‘%%ne%‘ﬁdscﬂﬁ%‘fﬁ-caﬁu"h
ccL1on, On  MSRBulELST Bl aENERIRYE S9OSR TSRS s G,
exanpl e waf ersuch esistimiggpinfetias undau presgure@c.nanuf act uri ng of an integrated
Lo L 2 Som confielor ol oS w259 biCt, BEHLASRER: e
(50) i candi T A O B Fn bratur 6 of Dot ke
-20C and 100Ghoiking pfidhe degog icomposition e ihiigy Hrainesds omethgedrying. vesselaf Bheps
| oaded into ¢ rgx%?rixgnﬁquid €O, from a vessel the liquid reaches a state where it is at equilibrium
with CO, vapor, termed saturated vapor pressure. To maintain saturatiori, as liquid is
removed from the vessel by venting or pumping preferably from the bottom of the
25  vessel, the liquid phase boils to generate vapor for the increasing volume of the vapor
phase. This boiling which may be nucleated at liquid/gas, and liquid/solid interfaces
causes adjuncts with lower vapor pressure than COa including, co-solvents _ and
surfactants, and solute contaminants to concentrate ét interfaces. Concentrated
adjuncts, deposited contaminants and interfacial stresses created by boiling at
30  liquid/solid interfaces can be damaging to resist features, MEM’s, or dther ‘patterned

microdevices. In the case of imaged and developed resists, feature sizes less 130-



5 chanmber (111) (51) in an automated or manual fashion where the wafer is
held on a platform (XI) (52) connected to a chuck and a seal ed shaft (not
shown) s&v@ b6t Tee . platform can spin. Located above theP@EfUsh2/h8P8] on t he
platformis a spray bar (X) (53) designed to disperse the flow of dense
phase carbon di oxi de and chem cal adjuncts and to direct substantial fluid
action onto the surfaces of the wafer. d-€@m ng 10 chanber (111) is
pressurized with clean carbon dioxide fromeither a bulk storage tank (Xl 1)
(54) throughnusditteadpe}t (2hb3 govatel rthan Praes parteulaelyseiscdptible ®0Jarhdgeo Rgdressl ve
(a) (56) to a pr%ssure of between 300 pfg]f and 5000 psi at a tenperature of
bet ween - 20CCalEP!g HORECVERH §u¢ E8°15 & 18HOVhe dense 002 can be nodul ated

-usi ng heat exchan ; . it . i ul &
pr ocgssi ng phase ig:ﬁf (e:%gé]lln%lg’gﬁ?%ﬁ t?’@%?ﬁé‘% Q%b %%trllo%gearr% u ?ﬁg °3§?1ﬁ251%§§tthe
exchangers i néraoviag step neaytteroasied ot blyeresharidieg thekinglosgd Elanghee svitireseicomd
20U on SodGPBPICHNT! 1y ZHiEbuh ST £6) TPRBPS TPy S LR B B
addi tion -& , ) f
dense Q02 or ,al.Lif BEGRER Yo RIIGE bbﬁitnf)g:‘g ﬁa}??«?r}riég“c&ﬁpdsh?olﬂe&%@g @2draidiee

adj unct addition nodul'e serves to s ;o , M and sequentially or
si mul t aneous Istepmelher seaohdugastis Peefembhyr drel thatt is substantiadlyrimgiscihizribghe dyimg ng

t he cl eani . the d h 02 | tionally.circul afed f th
el oani g chaSHEPOTRPS RORCTIE & 1N ARgeyaRos IR SH it vi Picheb Sn: hEBu kB0l i g
separation f gbigh glrrﬂd(y;ge(&é% G REE1Y Blr¥eihefdlyih b 2bmipa§iioh Hidin iHaevesitadiehe

t hrough the spray (53). During the circulation the wafer can be
spun at 1@t eslrying wempositiow nzaycbe3p@0pedhar othervisel draingg from e agsichyhdedhe t he

d it f the 2 t ' | ically. nmpdul d. Thi b l.i.shed
W th the T ol PERPAG SHIBRS shspekBtroatiabebrt i cep b (REIF ASEATR P o=
vessel, cont gyd3h RessdEMsho @ iningShébNt ai ned at a pressure notably above (50

to 2000 psi greater than) that of cleaning chanber (I111) (51). Pressure
vessel (V) (70), |Aierpatshiiifdhededeg composkiands it thg lignidsehase thetrabiye ster s

th 50 t il t ' 3 el ) . 0
temper atur o of ReeRuB AR GuchaRl 37 SKRRTHEY chiiibladon iy A Eichitry
cycli Ealt 1pr occﬁf:r)ﬁbewgi ‘(ﬁtit)lrzl(g)’&) \tzeiﬁoéﬁ) :[rs tlﬁigmvafaimermﬁingo:;mtd)bewzﬂoﬂs ¢dmﬁe<ftéd3\cliso ;)f
mass pbetween an en cl oseaq. alve, . . .S en opene, (0]
T ow for ¢ MO aBeitading 4 (omyninid-oeF sk g8y (o€ Biins
PCT/ USU2/ (1 - 3\%)%454) 35435 ﬁ%rlgtlg)or(igcﬁate'v%ﬁgeﬁeﬂ ARERE GohPoRe RV O ThRRlREENt

nodul e (1 X) sudh as a ter or other separator that serves to
separ at e chenfraaingastpmnstomgé vesse032 amthins rdimpid CQnsompositien abat satrated

nodul e al so allows for renoved CO2 ss to _be re added t.o t&)an al(lilaé/through
Vel ve. (h) " (7 AR RABR fogPt Mot o s Ve e e e FlpatikisihE
can be agdged JeGeP2 €S PhiRing GRS be AdchripligiBdiyl firsSésinatiethe tg@s-ide Shaddctisn 32

(1Y than chamber (”lii'qg-rhls mass flow cycle . is

hi gher pressure in vessel ] Thi _ >l e
repeat ed mul thepveent vassals 2benduddnand thed cpeoingithe diqyidviide sprngaiion 33y diiquid -

resulting in cli.cal phase nodyl afi.o I l,at | .01, .l

cl eani ng char?g&ews fﬁ"f’} )Cpe(?%'ﬁlgo&sf%ing# It?/n%cgerggugﬁ%ﬁgéebu}g)gﬁ%&%ﬁg 2?\ASI ;chﬂr%g
val ves (e) angffidientiuitovs 3IPMndldt BupumpinghelighilanianddersdespribedPidovaavbids
alternatively aclueved using variable volume chanber (I (80) th val ve
(c) (81) operkoding therehy gvaidingnotential famags|to Aes1sh featyres of & ngégéﬁ%d
reduced clically . (8] LI [ k; a1l n
hi's cPMPScenari o MPFEEFESie Aot Stpbion e e CoBRBHRBR NG Bl T
chanmber (111 )nogberigggseiguid Wtérfacen dnvihisvease, (thg remalvifg stepAhtebe gamedicmt by
sufficient to_renpve the 15 contam nants fromthe sur,éﬁe of the waf

K r,
dense phase @Qt ?ﬂ@%’_@& !aeSCF%Ddf mgisriali (4o 8 VeRtsaScHRsEPELBPP W A2 S?CS?S‘?IP& 0
-vessel (V) w a@) ﬁ)qﬁl'etslugé}cﬂ\ficé? lﬂrrﬁng.%'aﬁxgoﬁhgﬁ _%? @02 if {sABnlvaRkd {0l A LRI
valve (a). THis" rinse process continues until all adjunct and waste are
renoved fromdongposhi@abehichTéan temde réfRved froanthedvessa msclesentiedgpbonantifa

~(I'l'l') to_a waste or abatement system 20 Water.sql uble c ounds..t o

del i ver. 3ExanfsFULapt et ateL i § S%%&WSﬁﬁ&ggt%mgé’ﬂaﬁ ﬁov‘gﬁgg%e %2 fgd; F}eat e
cleaning in %ﬂ?%ﬂblﬂﬁ@e%h@ﬁh'f?&h@ﬂos‘é@{aefn&' Asabi?Bre@ VapdY piosstyShams asgtde s bed
above include, but are not limted to: Acids (including but not Ilitmted to

HF, HF/ NHaF (thhtsof Kifeavandier ‘aB@ittcal (puéssareeandosaraeeratingeh higher g Pigf fofr €@2-HF) |
H2S04, HCI, HBr, H3P04, HNO3, CH3CO02H, H2S20s, KCN, KI, etc.); 25 Reactants
(including but not limted to H202, NH4F and NH ~F2, Sid 4, SiHJ 3,

Si (C2H50) 4, Br, |, EDTA, Surfactants, (NH4)2S04, 03, Hz, 503, N20, NO, NO2,
F2, Cl2, Br~,etc.); Alkalis or bases (including but not limted to NH40H,
KOH, NaOH, etc.); Wak Bases and ion pairs (including but not limted to
Chol i ne {CH3) 3N+( CH2CH20H~OH), Tertiary Am nes, etc.) and conbi nations




30 Methods for the Control of Contam nants Fol |l owi ng Carbon D oxi de

Cl eaning of Mcroelectronic Structures. Contam nants renoved from surfaces
f eat ur eswad omdeorwel ect roni ¢ substrates after ion inplantabpcomusezmagk end of
the |ine' WO 02101~C1l7(~ - 19 PCT/US112/0.1398 (BEQOL) cl eaning processes
, front end of the line' (FEOL) cleaning processes, and post CMP steps
vary in nature and conposition dramaticalty*-Accordingly, cleaning ' steps
nmust address these contam nants with the appropriate -chem stries and

sol vent s t o &xetmptary @asss indlody butcine net limlitsd o: \nitrogenphdgon dhedipey, seygeamuhdi f vy,
or vaporize themfrom5_ the substrate. As such, a variety of water and

sol vent-basecﬁmé%‘?setﬁ%r,eognd dry cl eaning processes exist to address the
.broad variety of L ] J { q

however, is the ng%?“?‘%@%ﬁp"f@i?ﬁq?%&é@@d%ﬁ? gﬁnqgggltl T g jteﬁrgéet:s
from t he substijatte comtamingy fluhke caulbst suffi@edtie djlutedbptiantol gel grafmee sep by

.essenti al free of or i.c, i.norganic,,metallic, or co si.te 10 waste
mater (o, SURGURRO TOBNO O PR RSTSIICRL 08U Tomaa P BUBEHCOT NS et e
I's not nore tsﬁ?é?cm"i_%%l @o%s Aseosubicdientd Al R oRrOls %cogrgggﬁe% afld jung OF

| ess, by weight of the amount of contam nant prior to the cleaning
process)). Tkesenfretia gn effiectivelynlminghized, theesupercritiesl Guiks i ventedvdtont |tbani ng

rocesses, often referred t.o as ter.mar ks, can dramgtically and .. .
et r i ment al | {ERE 36 kS TBRBIAHIRE Uofpty Wafbe SUBProRaCal 4l oL A Tpsitig is and
ot her m croelgglrfficly 46 MhE 88s sthit! Sub SvbidREd theaRflid ¥tatd. NTHIsZE Gebdinplished |

wet - cl eani ng and sol vent based cl eani ng processes by using .copious .anobmts
of ul t ralpur euviag ghe ahvaibing/ wwking retep byr mpintainingt bp s{luif ntempesturpraboss $he

fluid streans .are directed i.n a fashi th sweeps_contam nants, away, from
the substr at STUERHEPREENTS of dnbmiRiE o AL BF TR Ais ciroey toadoF e o
practices resyititali Prdsaiire ol R thixin@s @Fc).20 FGUROBS dapitisse| Mest -4 wast e

streans that are increasing as device feature sizes continue to shrink.
Vapor - phase @r§dominanilyc Qs systan drepegsgnting dhey plapsibilityopf 2 (xgatition M #i ze
t he occurrence. of . . - L QUL - S [t

0. bocu e RN P o LSRRI s ALt et

manuf act Ui nghoéxpahsion of ertsiperciticdl Thiid addsubséyueneaghngor bf e rtnsiainggass
that effectively elimnate the redeposition of nt anLnants onto _and into
the surface f2aPGRheminiPErcses. dept BAY acediinsbs added 1qUPs AYIGR 1Q RRIEHAE t o

cl eani ng st epg AL ReEsethe P5OGES Stovel el e3fch] NRhpkAndE CATR! Avtidibhi S

. gt H?x‘?d itlil’n‘é ;
task while al so advantageously m ni"m zi ng the extraneous use of processSing
rinse fluid tcoadensatidrdof the whperénittonl fatdt @rgasdo allomidoksoldsBe effeetiver d disect

Figure 5 represents basi c 30 pr.ocess diagramfor a general..description of
thi's embodi MEREIBPS () We SHPFGHICHARTAG [OAPE 8rb et Sk beiieg if mySickdns
fluid inaphe te&rasip avoidmy _tlﬁé ihtdrfhéI8l stress caused by a retracting liquid meniscus at the

liquid/solid interface, and unwanted deposition of solutes onto and in microstructures.

In another embodiment, the removing step is carried out by diluting the drying
composition with additional carbon dioxide from supply 24, during which dilution the
drying composition is removed from the vessel by draining system 23. Since larger

25  quantities of carbon dioxide are required for such a technique, the use of a still to
distill drained carbon dioxide, along with appropriate piping and valving for returning
the carbon dioxide to supply 22 or supply 24 for subsequent re-use, is preferred.

In still another embodiment, a secondary gas is used, at a pressure range above
the saturation point of CO, gas, to displace liquid and gaseous CO, in the drying

30  chamber leaving a predominance of the secondary gas in the vapor phase. The
secondary gas, possessing a lower heat of compression, can be vented from the

chamber to ambient pressure with less heat loss to the system. Also represented by a



supercritical state or the liquid state. Furthernore, |iquid C02
conpositions can be at WO (12/11(id 7~ -20 PCT/USU2/0.1398 the saturation
poi nt, tavomdo@ateurated |iquid CO2 (liquid and gas co-exi 8CTAGIY/M3ONe
proportion), or it can be conpressed (no liquid meniscus). For the purposes
of this invention each scenario will be described separately. Renoving
supercritical C02 conpositions and contant hants fr~or~z cleaning 5
chanzbers avoi ding re-deposition of cleaning adjuncts and contanzi naf zts
and nzini t ni zinialigr fouls-A healstin zestTiciche @), Mg StRRSion if Mg LAA2frérm Hhigls pressure

vari ety of chem cal adjuncts including co solvents, surfactants, reactants,
wat er, and cdRbRimsPlms eendibens sasulis [intlgserhngs By WrARSTRfUGEE of hig close
.quantitative renpual contam nants. These gmaterials may be 10 suspended,
di ssol ved, di%r%‘f’&@/a‘?%‘? SEPRERS] fcde it PSS BSFONEREBE cont i nuous phase.
The stability of suspensions, dispersiongr/gpjl sions, and even solutions of
-materials in supercritical C02 as well as liquid is largely a function of
Q02 fl ui d 5denisithig. enBedanalt) the spwattarggas sssusefid inavidding tlefrmihshotd hewmpidiuous
phase decreases..the_ stability of .suspensjons, di rsions,. or emul siaqns

al so decr easeqycgpg]egpyqsg%\}%ﬁesg]ed e &Bt E%hR‘ﬁT gﬁgﬁf%‘muﬁb A Sﬁﬁw’i‘/@f#‘?rﬁg of
the cl eani ng GRAGAGE oFMREGHE HaBadEl Yilen! GofifiBA ERFHGHIOReadidhtd biistil @RS LY,
this process can result in the undesi rab%le col | apse of materials, terned

r edeposi ti on substrdie Gondingfofcdnamibeisnamt sesaeld fehop @abdous expansidnecanasleo efid

adj uncts, onto.the substrate. Consistent, wit.h conventional cleaning .. '
processes, coffUAPE BIRGERTING thRe ﬁrfc{]]iﬂﬁl}‘ﬁ% F‘@S%“hg‘eheﬁfwaf %Of ﬁer?gﬁr%tmggg%lﬂm. can
be used ti@ dithd @sd RE 2QeRMlAN)CEasPldhS nfMtiATHEAN 05§ WhE Uie@t RAp®, dofertiaRy
venting step such that mnimal Tedeposition is encountered. This can be

di sadvant ageoigduding eytlotimeandienerdy t¢quingmenisunes and processing cycle times.-
The current inventjion.ciycumvents. .t he,abaove-descr.i be obl i bed
in the context of ??’chr B{]ge %ﬁ%‘é‘?‘&‘??t ﬁéé’fﬁégr%g\e/%’slf’nogn .fq%{;)tfo Hﬁ%ﬁttg?s_ﬁg%%% one
llevel of 25 -casy amprafetsblandird aai with Sydickh@hader hidulation (CPME &t epiler
subsequent to a_rinse step is renpved w thout depgsition. or redepaqsition
of material s Stisalbhmodypdrg/changingrthephase|of tpgleaning eappesitin d-cc c¥elifaly

chanber . es . VEesSe r e . r : Of.Pr LNg
Frord o 3 Copifing aRCphdsk bbhle FRAERCORRRIRAEIAER SR bOpapIRRRE R0
systens as desipeefitic8ubsipsicativdll to @ag) supepdrakehtts hquEduee. of CRMeampldys e.
30 sufficiently clean to achjeve éhe desired | evel of cl.ean ess/l?ck B
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exceeds that of _ . o
organic residues, particulate matter, and the like. With respect to 1), liquid and

20  supercritical CO, plasticize organic polymers whereby CO, permeates the bulk phase
at a molecular level, augmenting intra- and inter- molecular bonding interactions.
During CPM, as the density of the fluid is modulated up and down, carbon dioxide
mass diffuses in and back out of the polymer bulk phase. This process causes
mechanical stresses and strains on the bulk polymer that facilitate expansion,

25  contraction, delamination, potentially dissolution, and ultimately removal of
polymeric materials from surfaces. Since dense carbon dioxide cleaning is preferably
enhanced using co-solvents, surfactants, reactants, and sometimes water, the dense
phase must also be a good carrier for these materials. With respect to 2), CPM is used
to control the partitioning of chemical adjuncts in A) the continuous phase, B) at the

30  surface of the substrate, and C) in the bulk-phase of the material to be removed, such

as the resist residue.
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the supercritical phase or gas phase. Exenplary secondary gases i ncl ude:
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In summary, CPM with dense phase carbon dioxide and chemical adjuncts,
enhances the removal of resists, resists residues, particulate, and organic materials by
enhancing physical and chemical action on these materials encountered during the
30 manufacturing of microelectronic substrates.

. Cyclical Phase Modulation (CPM) during an example wafer cleaning

process. During the manufacturing of an integrated circuit, a semiconductor wafer is



a series of fill and drain steps preceding a final vent. Alternatively, if
the cl eaning chanber is using liquid CO2 conpositions at saturated vapor
pressur ewme2/bdeuicd conposition can be drained in the fol |l 8GrAGIEHEYs to
avoi d deposition of materials onto the substrate surface. In this case,
liquid C02 at 15 saturated vapor pressure is maintained in vessel (I1)
prior to the draining or flushing step. ThE/{iquid conposition is drained
from (1) by first opening valve (e) 55 connecting the vapor-phase side of
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-m sci bl e, _hydrophilic solvent, such _as isopropangl (J.PA), dded t
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darmage to the fer b d. _Aft th t ] f 1.S
mnutes, ¢ he (LS BHoWRIHE 10 159 D Lobh Brevie FRSH, TR BORE R P @i g
pressure vesggk) t?Mbﬁréssq?émret&;@eﬂ m@ W&E swﬁws&mr@caretmetﬁ&nhmm@d at

the 5 liquid/gas/wafer interface. reat nent” of a Coated Wafer
with Liduid @adBoa°@iThwitemperature of the dense CO, can be modulated using heat exchanger

(ID (60). Additionally, the temperature of the processing phase in chamber (III) (51)

15  can be modulated using heat exchangers internal or external to the chamber. Highly
filtered chemical adjuncts as required are added to cleaning chamber (III) (51) from
adjunct addition module (VI) (61) through valve (b) (62) during the addition of dense
CO; or alternatively prior to the addition of the dense CO,. The adjunct addition
module serves to store, filter, mix and sequentially or simultaneously meter adjunct

20  materials to the cleanirig chamber. During the cleaning process, the dense phase CO,
is optionally circulated from the cleaning chamber through valve (e) (66) using pump
(VII) (63) through solid separation filter (VIII) (64) and valve (f) (65) back into the
chamber through the spray bar (X) (53). During the circulation the wafer can be spun
at rates between zero and 3000 rpm. Also during the cleaning step, the density of the

25  system is cyclically modulated. This can be accomplished with the following
sequence. Pressure vessel (I) (50), the high-pressure vessel, containing dense CO,, is
maintained at a pressure notably above (50 to 2000 psi greater than) that of cleaning
chamber (I1I) (51). Pressure vessel (V) (70), low-pressure vessel, is held at a pressure
notably less than (50 to 3000 psi lower than) cleaning chamber (III) (51), and the

30 temperature of the independent vessels are roughly the same. In the cyclical process,
valve (a) (56) is first opened to allow for the flow of mass between (I) and (IIT) then
closed. Valve (d) (71) is then opened to allow for the flow of mass between (III) and



Li quid C02 was added to a high-pressure vessel that contained a piece of a
10 PHS coated silicon wafer until the wafer was conpletely subnerged in

i quid CD A7t ure that contained |iquid C02 and | PA, RCYABRRA4BY8 vol une,
(alternatively any CO2-m sci ble, hydrophilic solvent, or any

hydr ophi lic/ C02-philic surfactant) was added to the high-pressure vessel

t hat contained the piece of PHS coated sidi&on wafer subnerged in liquid
C02. No damage to the wafer was observed. The systemwas 15 m xed for 15
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EXAMPLE 3 Treat nent of a Coated Wafer with Liauid and Supercritical CO-

Li qui d C02 wdhe sydtted through Nakyh (@) bgs vesel @dswith mdition mftrai dehsa pbrsc€Onf a
| O PHS coat sili,c wafer unti] .t waf er__was conpl et el v.,, sybnerged i n
liquid 002. AT ¥t o chidweh gl i%@d{l}l%ﬁ JiHs8 RERSSS FaHBKS gt 3 F?EJE‘B@/?%‘# une,
(al ternati velwastN¥rCr¥m&edC fBhE th XHLARY IThe &8sy eD0, a5 veHfel agbmntledding
increased the carry capacity of C02 for water) was added to the

hi gh- pr essur ehgabere(lll} ton waBinontbatemenisyelce of PHS coated silicon wafer
submerged,i n 11 quiv,(0%0nde gmgﬁn&sotot Eﬁiv\éﬁfﬂmﬂﬁ& SHEEVEtible compounds

to be delivered to facilitate cleaning in embodiments employing water in the cleaning

system as described above include, but are not limited to: Acids (including but not
limited to HF, HF/NH4F (also known as “BOE”- buffered oxide etch or “BHF”-
buffered HF), H>SO4, HCl, HBr, H;PO,4, HNO;, CH3CO-H, H,S,05 KCN, K, etc.);

25  Reactants (including but not limited to H,0, NHyF and NHiF, SiCly SiHCl;,
Si(CoHs0)4 Br, I, EDTA, Surfactants, (NH4)2SO4, O3, Ha, SO3, N20, NO, NO», Fa, Clo,
Bryetc.); Alkalis or bases (including but not limited to NH4OH, KOH, NaOH, etc.);
Weak Bases and ion pairs (including but not limited to Choline
(CH;);N"(CH,CH,0H-OH), Tertiary Amines, etc.) and combinations thereof.

30 Methods for the Control of Contaminants Following Carbon Dioxide
Cleaning of Microelectronic Structures. Contaminants removed from surfaces

features of microelectronic substrates after ion implantation, ‘back end of the line’



15 After a period of tinme sufficient to renove the substantial maj ority of
the water fromthe surface of the wafer, the liquid mxture was diluted

Wi th puravo bzehed76CO02 to effect approximately 5 |iquid turROVAISE2/44398 he

dryi ng chanber. Heat was then added to the liquid C02 causing a transition
to the supercritical phase. The chanber containing the wafer is then

drai ned and vented by nmaintaining the temperature of fluid and gas 20 above
the critical tenperature of CO-, thus avoiding the liquid phase. The wafer
was renoved f .t g EABR d
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and super éri tthesubsicae. ANsudo adanagefivateraadsalvent-bassd sxstems ead drndeanng em
was mxed for_1 S mnuies.. Thepe.was, still no damage to the wafer. A
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hi gh- pressure ves{Rimmbh kd all BRafiNS pRIVeHeS, HTeF et &) the ned toasdehpietély Gemeve WO
02/ OGGL7G - 25 PCT/US02/ 11-4398 neni scus_was fornmed. The liquid C02/1PA
m xture was dilaicontaminnats; atte adivsstsuftonofthe habsieatonlearipggthe sebsiatey dive,
boiling at the, i quidl gas/wafer .i.nterface, Ther s.no_ ' e /
waf er after tSﬁBSt%fg’sﬁ{“X r# Was’ (?F’%?Pﬂ%lgy °t h&zor§5%1§hJlfrryané%smet?ﬂgpg’gs%oén?ﬁoéxl/geg
rinsed wiph pidse matpi(elgCRe amdumast doneimidaas Neftafis e pro@sett anpleed Ther e
5 was no damage to the vvgf er. CO(}/PARA‘\)TI VE EXAVPLE B Sol vation of \Water from
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top of a pieqg i@?&tﬁy GoAt 8@'% 'égliéﬁ,ﬁﬁk gt clelﬁiﬁgﬁ%ﬁ)}hghes%oqal}ﬁ%rli’ed

the water drop was placed | I gh-pressure vi ure 11 d
Q02 was addedniteridld efieh gleeprir asdidies vieen elvet-cléminy praxesseasofianx sderfask tal bs

m nutes. The liquid C02 djd not solvate.the entife dropl.et of ter as
det er ni ned viveaigmapks, W%Lﬂéﬁnétlgagﬁpﬂ’i‘idr‘iﬁqﬁnﬁﬂ%ﬁ)’ &#ef"h ‘eVﬁBW%P?rF@W@(Rﬁ/PLE
5 Sol vatijgn QfelBid citduftTafd GARE RcrY@EStoME Bvices. This is traditionally minimized

in wet-cleaning and solvent based cleaning processes by using copious amounts of

ultra-pure water and/or solvents for rinse steps. In these processes, fluid streams are
directed in a fashion that sweeps contaminants away from the substrate such that re-
deposition of mater is minimized. These rinsing practices result in large quantities of
20  aqueous and solvent-based waste streams that are increasing as device feature sizes
continue to shrink. Vapor-phase dryers, such as IPA dryers, are also commonly used
to minimize the occurrence of watermarks or water-spots. - '
Liquid and supercritical CO»-based cleaning and drying proéesses have been
proposed in the manufacturing of microelectronic substrates,  Processing
25  methodologies that effectively eliminate the redeposition of contaminants onto and
into the surface features of microelectronic substrates during or subsequent to
cleaning steps are needed. The processes disclosed herein accomplish this task while
also advantageously minimizing the extraneous use of processing rinse fluid that
would result from patterned flow and waste scenarios. Figure 5 represents a basic
30  process diagram for a general description of this embodiment of the invention.
During or carbon dioxide cleaning steps fluid in the chamber may be in the

supercritical state or the liquid state. Furthermore, liquid CO, compositions can be at



Li ctuid Carbon D oxi de and Cosol vent A droplet of water was dripped on top
of a piece of a PHS coated silicon wafer. The wafer that contained the

wat er dr W exoene’® pl aced in the high-pressure 20 view cel PCTUSePMA4dY8C02 was
added to a hi gh-pressure vessel that contained a piece of a PHS coated
silicon wafer until the wafer was conpletely subnerged in liquid C02. A

m xture that contained liquid CO2 and | PA,2(g‘ % | PA by vol une,
(alternatively any C02-m sci ble, hydrophilic solvent) was added to the
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.the liquigd/gas/wafer interface. There was no damgge to the wafer 30 after
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damage to the wafer: WO 02/ 11 GGL7G PCT/ USI | 2/ 11~398 - 26 EXAMPLE 6
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20  adjunct plus contaminant mixture prior to the veﬂting step such that minimal

redeposition is encountered. This can be disadvantageous based on required fluid
volumes and processing cycle times.

The current invention circumvents the above-described problems as described

in the context of Figure 5. Supercritical processing fluid containing some level of

25  contaminants and/or adjuncts either prior to a rinse step or subsequent to a rinse step

is removed without deposition. or redeposition of materials onto the substrate.

Chamber I (50) represents the cleaning chamber. Pressure vessel II (S1) represents a

storage tank for processing fluid after cleaning. It can be integrated with abatement or

recycling systems as desired. Subsystem III (52) represents a source of clean (i.e.,

30 sufficiently clean to achieve the desired level of cleanness/lack of redeposition of

contaminants on the substrate) gaseous or supercritical components that can be a

secondary gas with a saturated vapor pressure that exceeds that of carbon dioxide, or



25 devel oped using 0.23 8 nornal tetramethyl amoni um hydroxi de, and rinsed
with deionized water. The wet wafer was then transferred to a high-pressure
dryi ng cwamuesimhere |iquid G2 at saturated vapor pressBewUsex4aehded in a
smal | amount. Additional |iquid C02 at saturated vapor pressure prem xed

wi th a hydrophilic/C02philic surfactant was added to and circul ated through
the chanber to displace and 30 renove the Wbter fromthe surface of the
waf er and features of the resist pattern. After a short period of tine the
| i qui d was drai hecheatedacasbaodbxide Bt treagppenceisisall pleeatosi gas ppase. s Euehplarpunt
of liquid C02 first by allow .a_vapor -si de WO 1)2/ OC~C~ 17

BT 11°S02/ ( 1-9%SBIE RN el ol B BB e e Sat i BXBists of RSy el 1y o
-valve con neCtthé‘;SkeEéh@ iRRh#HSNcBAtakideatel Mip@ﬁ:ri{r“eﬁlsﬁ\hid% tendvRe et the praksdine
second storage vessel. The second storage vessel was position sufficiently
bel ow t he dr whamgbetarrevidinga sachedarpjsounce pf gés from slystaui I8l ¥ @rovel viahvsrtbl he

-dryi ng chanber,. . The dryi cha r was then, filled.w th . e. Jiquid C02
05 a2 nes T aviab Aty T eRrre tieoPrasute e PiasEiaY Dt B HoBiniihe' o
insure that tdfencCRBSRIALY fdd With e sfgg&cﬁdj:eu TRiAd WalS trafhdiget theebitiP o phakh €0
smal | anmount of renaining Ilgw d C02 in the drying chanber was heated to

above its criatliquid comopesitiors lysiultingogn withgbe opanirgioiial ye(bivaviahtedch¥hg

the fluid/ t b it t t iding th
Format on of SOPHRg: Y0, BrAroET ) Safl ool B0y to gk Rnfeoval o B Rl O o
was then . reghMBndntdA 4 PRigCHeRRAraiging! Rshibn tWigva ) eB@eindbpti ghividing

noi sture, and then anal yzed using a scanning el ectron m croscope. The
i crogr apf sisherben dhe condnypns dlayped seeondanyezas wdiheHsAvd mmater isifrced dioaee

patterns of | ns| ct I by

Phe. Qo2 dr yi 119pbELar ehich il Sy PRERICTle LA T Ghnto B SREED,

During the mahepreeduns imneesedl (A) ivMistaiirdiac e loasitpeessiveghan caribes(Inf

el ectrostatic actuators, a sacrificial oxide I%er is reppved uai ng ag eous
aghpisf seios

hydrof luoric 20 achliéernaipishaishgem G sapssupplypthg shpmperdbave SEYICE QL t he

substrate sur, e i.al LCer rred
to a high-pr g&?ﬁ?ﬁtx%tﬂ%gﬁ?ﬁ#ﬁg&g h%@@gl(}@\%\ﬁg&}teé%g?#%?tdgc%g ptrﬁ‘l5 %?SE{I i's
added at 18at uhad adchaatber (Ipr Beally ¢the shperctiiicali@DCalded drotrasystena(Ill) has a lower

C02-philic/hydraphilic surfactant that iis prem xed.with .t tqQ ensure a
hombgeneous Hﬁg’sf}iap&h.at lﬂfa@“ rébr ia%’dt caser & 5?*‘8%,01‘@6%%‘2‘1&&?5}’% is
25 fed into td&ﬁsi?ﬁ"ﬁ@@&mﬁaﬁﬁéd Wil REw o Wids@ LG chalbbLlT) AR6lvEaREIN @ NTHe

;
solutes are renoved fromthe vesSel at constant pressure. The |iquid C02
remai ni ng i n flushinghaotioarrepoveh €:hplas edntamindnty érom shee elepnipaichemhgrer dbher e

[ he fluid i h it cal . Th fluid
' the. pr ocedapta? ELpOuRd % MRGHEA RS e Y £V Gy o AR SR b ters

ensure that tdrdill ennRhatsegends procedingih dhglagntyi xt ure stays 30 above the
critical tenperature of C02. This serves to ensure that the liquid state, a

liquid neniscus, dffmaxdliquid 6@ xerpagisorerd erntaniagsdTersaleauig Gl b
ot voring - wWASB R R R R st e s A SR SRR st T
paral l el to tye@wsasbstrate surface with no evidence of release stiction.
parti cul ates are reHBdEOpEERPEHISESRR e FHEOT) FOTicHaR BEACEEEerE PApEt e
substrat &5 a fOLGEOH Y GHAhcNRE FEdepbliBoRt ofRbAtminants using the following sequence
that incorporate a secondary gas such aé helium or nitrogen, or gaseous or
supercritical CO,. In the first case, liquid compositions are removed from chamber (I)
by first opening valve (b) to system (III) where system (III) contains a secondary gas
at a pressure greater than that in chamber (I). Nearly simultaneously or shortly éfter,
30  valve (¢) 54 is opened between chamber (I) and vessel (II) allow for forced plug flow
of the liquid composition from chamber (I). After complete removal of liquid from

(), valves (c) 54 and (b) 53 are closed. This process can be used as a final removal



or dielectric surface, is loaded into a pressure vessel. An aqueous

sol ution of hydrogen peroxide (30% concentration in water) in a liquid C02
enul si onw@m/@eriong 10 a high purity C02-philic-b-hydrophPCT@S8UHBCt ant | S
i ntroduced at 1,200 psi and roomtenperature. Cyclical phase nodulation is
used to condense the emul sion onto the surface of the wafer followed by
re-emul sification. This is acconplished by2d ncreasing the effective vol ume
of the cleaning chanber causing a reduction in pressure from| 200 psi at
room t enper atdesia st€p pROr psiertingadoint a 3&quencel b fitlodndnérairs steps.i rdteeasieelyusi ng
an aut'omat ed variabl e vol ume cylinder and appr. ogrl ate vaI 1(125 ufsThe a ueous

cl eani ng sol JcRSA gageous s suPSRIECA (28 pynpligd Srom pystern Be the
-period of ti gﬂgoﬁés {265 deRFid YasBfoft \%@ed Qeeh den0gedstire Sl ERherallle RS h'§ e s
t hen i ncreas y a Sduction of vol u

restoring the pressur
t he cl eani ng mistrkesedtthat bLZ@ie pocessihefludy @l ehanser apwbembrﬁ@vekil rhe ghe éﬁheofl rst

.sol ution |s t hen 20Q l.aced fr he ves econ eanln solutlon
consi sting fsuaﬁcaaaagéf@ eEorpaBes by e sl i Frrcaphic
C02- phi I'i c- b- Mg%%gﬂfelthﬁ XUELIR BhAYF thefhid in Qﬁeﬁﬁb%'t' B §05101t1 §é‘th€‘2ﬁ,ih'§1 &Qhe

cyclically as a times. Supercritical C02 at psi and 40 C, with
a high puri t yhgdris dessathn ithatt ¢fethef liguiddn tchambeh (. heAmessadierlSaildnagf ghs at e

th | of t | at A
Lnen 25 compI BPBAMIEA i iRt o e pany fovhEepLaLats (gD arbhmet
vented a finghe bdBRspiodflid! R Shdderising mx%mw/&hﬁl BUstPakp.s higas,

slurry, pollshlng resi‘dues and particul ates are renoved post- 30 usi ng
the fol | A nqh;srpmmscmlmpssedﬁhe fmabsmoazalem fhlsb@wpqmmltmchﬂanhﬁafv@mmmrMa

metal or dielectric i.s | oaded ressure vessel. An aqueous
sol ution of %?PS@B%EIS %éT%StFW%fe?el EH gtr‘rul si on containing-a high

purity CO2-phili c-Bitern¥elyl 2 Qhd l:?danm%gcl‘ﬁﬁ;yepﬁ’ b2hd Nighdd JCOhysHisRtions Gt

surfactant is introduced at |, 200 psi and roomtenperature The aqueous
cl eani ng sol wetuseied yapaspiesswiedheAnid composition sarbefrained méheefollpwrngaﬁt@%ﬁém

period of ti n&o&'@d@&sﬁlonﬁ] x%gt!eﬁalggn ngl CJ&%EE’P&?& %@ecﬁ't 48 1t 1cF AN NY

vessel . The pressure’1s en 1'ncreased by a Fed I'on of vesse urre to
restore tife paG@stedaper progucy isghdiiﬁialrﬁd\:iﬁmd@sel (ﬂh)epm)t(:ﬂoethe ﬂra’uﬁpga"r é]dslﬁﬁg

time The first sol ution di spl aced from.the ec nin
Lol on'conch Eheaa bttt THRCES rdrs. gy VR pRE "
urity C02- [ h ted
DY 02 oPrdeheti e aRRLIaG Gle bR} A nd VL BREHER, b (DA Tpghih
contai ni ng a waed (c)esnmonneoﬁﬁg{heahqnhﬂmdmdl(b)twmlg tlegeapor side of (II). By force of

(et hyl enedi am net et etic a LS 1hen thro he.vessel. to
facilitate th&a &t {}’éla gy's b, ?%r?élhﬁf”r‘ilgo"}’ré%g) UL é‘gb ?%P}dillncgﬁm%zg% th
a high putg t yTRa/bdiRes aptighid ib &seéweﬁdee\e@qvélhrt@émépofsn@nvm&hnw niaadiiald brtbe

the renoval of any remaining particulate mater.” A supercritical CO02 rinse

is then conpl %H@deibwi?@ddslﬂﬁ sampiunieation €02, adapcbrecqmg@,@lcaﬂorhha%@ttgrﬁenalt
vented a final bstrate.renpoved, 1 1% Pho i's
used to patteYar?og[}Esv@r it _Blée?"?r%l%i |Igﬁv1dﬁ%lbéart1 a |E)hr? gﬁ@%@é&or?&cstatgu@éghé
this process pocéssrsan®d vséd 4€ fingl letitivaloSdaidsstepl porstobdiatbteyeming or in a
series of fill and drain steps preceding a final vent.
25 The present invention is explained in greater detail in the following non-

limiting Examples

COMPARATIVE EXAMPLE A
Treatment of a Coated Wafer with Liguid Carbon Dioxide

30 A CO;-miscible, hydrophilic solvent, such as isopropanol (IPA), was added to
a high-pressure vessel that contained a piece of a poly(hydroxystyrene) (PHS) coated
silicon wafer. Liquid CO, was added to the high-pressure vessel. As the liquid



sem conductor post ion inplantation, is |oaded into a pressure vessel.
Supercritical 20 C02 is added to the vessel at 3,000 psi and 35 C. As the
supercri wa@ed/o6c0 circul ated through the vessel, a co-sol PEMUSI/BIN €
consisting of triethanolam ne, N-nethyl-2 pyrrolidone, a surfactant

cont ai ning both &2-philic and hydrophilic conponents, and water . are
added. The mi xture conposition by weight 423-7:2;1:1, and the total
concentration of adjunct added is 2.5% w v of the fluid system The
pressure of WU/IPA @Re%SIPA by vokehie) atixtisé pgnBcnsalevelbbe: alvenke ahrfacbef tand
appropriate val ves causi ng an expansi on of the_ prqcessing fluid in_the

cl eani ng chaM3éir, AAmaghde dby Wederdaisiabgeryed ondBeh gt Btem Wasr B foRel
.adj unct m xt ur: tg.tihe . I O b e hehel BOREH t1t he
m xture dr opgg 1@1&9%\/@13 ltlp(ﬁlel&%é? n ﬁ%lx@ggr\g% g%‘%%‘eﬂggépgnﬁs?on c?ﬁhﬁgﬁah
transition tordshutivdssel2 Mdeadamapt amths water prassehseived chsahe IPAebdilediat the
.m xture heated 3 a%&)ve T~ again using the variable volune chanber and

i nternal Peadgpid/g %erdﬁ?ﬂgc‘?-s repeated 20 tines and foll owed by a pure
supercritical C02 rinse. The systemis vented and the substrate renoved.
WO 112/ 06G 17G - 30 EXAMPLE 12 PCTI LI S02/ 0- 1398 Pol yneri c photoresi st and
resist residue is renoved fromvia stEXAMPEE 1of a test wafer after
reactive ion etching_using tth fé)llo WY Proce _sus eps. Ap.amne 5

(triethylamne) in sJggatmentofaCeafed Xyafer with Iaquig.tarbon ant with
both a Q02philic ansiateo) %Piaﬂélécptcﬁ@ﬂ%@}%reks%r Jasd that LhRaiHES & PieRlofS 000
psi at 60 C (2% w v amne, 1 %wyv surfactant). The fluid mxture is

circul at éa t MHSuglatadsliceswafer uitilahp mags was compldielyfsibmergeil xn ligeidiCGOx dpi dl vy

d d to 1,500 i .th b i j t f f th
Subst rate. TRENBREDA O RERt NG EOR R PAC gl by SRl dee (B Eel
ro-di sper S| nE@L A Rt elen: Theasy ApRilic 2l ad NG a

( %'y&rdﬁﬁjlfcm’@
vari abl e volume chanber.” Heat is added to thé chanber using an internal
heat er to maiaddesd ta thtibigheprpssteet iessel st pertpined theieef BiES eoaitdesilicea wafgh gas

at 3500 psi was_then.add t | eani.ng, ch (. a val e ttom
of the chanbé}ﬁ%ré%blgﬁgg%t %8%1 \w;osg%rm\lﬁaestg céllpe.: eere\)ﬁ?soé%sgrsﬁeﬁg\ﬁﬁeﬁﬁtyatte&a\év% -
rapi dly flfushgiled form 3 henelantderel aaBdll moPdacee tythe viafessAr seeettary gas

at nosphere of pure helium After the heliumwas vented off the cleanin
vessel was rithalBen wr mptregend was sdded ite itheaforcefth high-prrgswr egpichg 1ds) igwidn

consi sting of~@ 89 -pen eqi o i
purity surf a(g(ght ( i‘%ﬁ%&ﬂ%&géﬁ%é‘é&%}o t ﬁge} %P%a%%ﬁée %/éé}ég% y%a '? ﬁéc%%&g%
3000 psi and boiing at Theliquidgasimafafintetfaces yEhaemias noutinragt ed tleswafes afterlibel

above 20 tinmes while 20.the tenperature of e fluid is.mai.ntained .as.cl ose
to 60 C as pS¥dFR waycp 4 th grsepondann gat e{rHe ‘fmerel‘%%?n??ﬁﬁdf‘?ﬁ] Bu%a}éqmg

drai ned ag akQye,ddSkAGhELHIHEIAS nfenSBEQIARNY. UASre WisRl dathag@ e Svafer.
supercritical G2 rinse is conpleted, the systemwas drained using helium
as a secondary gas and then vented, and the substrate renoved. The

foregoing is illustrative of the present.J tiQn, and is not to be
construed 25 as limting thereof. The im}t?s defined by the foll ow ng

claims, with Treatment of a Coated Wafer with Liguid Carbon Dioxide

Liquid CO; at its saturated vapor pressure was added to a high-pressure vessel

25  that contained a piece of a PHS coated silicon wafer until the wafer was completely
submerged in liquid CO,. A mixture that contained liquid CO, and IPA, 2 % IPA by
volume, (alternatively any CO,-miscible, hydrophilic solvent, or hydrophilic/CO,-
philic surfactant) was added to the high-pressure vessel that contained the piece of

PHS coated silicon wafer submerged in liquid CO,;. No damage to the wafer was

30 observed. The liquid CO, mjxt‘ure was drained from the high-pressure vessel to
another high-pressure vessel containing predominantly liquid CO, at saturated vapor

pressure by first opening a valve connecting the vapor side of both vessels then by



equi valents of the clains to be included therein. WO U2/ U66176 -3I THAT
WHCHIS CLAIMED I'S: PCT/US(12/(1.1398 ' 1. A nethod of cleaning a

m croel eto 02id@1Wevi ce, conprising the steps of: providi ngCHFUSMUIEBINAL e
having a surface portion to be cleaned, 5 providing a densified carbon

di oxi de cl eani ng conposition, said drying conposition conprising

car bon. di oxi de and a cl eani ng adj unct, sai # tl eani ng adj unct selected from
t he group consisting of cosolvents, surfactants, and conbinations thereof;

i mrer si ng saiogesng haelveponbéotingitime Baiid sie s ibbthevkssas. bbie Hqwstiwae drained by
conposition; .10 and then r I ng said cleaning c ositiqn fr.om sai
curTace port e Chigraba (eIt e sdars Lrae o pamy gt HE iedthd o
-honpgeneous GABRYs} Eér_i?_ﬁle%ﬁg At Nohidlagl WasUbserdbd PORRIFINEO0S R 24864 Sai d
removi ng step. 15 2. e et ho% according to claim1, wherein said

m croel ect r ond thedienset eomtaimiing the wagerrsegment| ag atrinsepnidabit dimuidivsd sbseqentihe

.met hod according to claiml 1erein said .m croel ectroni,c _deyice conprises
an opt oel Bct Siﬁﬂﬁecdt‘&et@? H’éporﬁ?s\é@bef’l‘?é’oﬁ%t ﬁg@na%%g%?g?gw?soob&ergf |, wherein
said mcroel ectronic device conprises a resist-coated substrate. 5. The

met hod according to claim 1, wherein said carbon dioxide is 25

supercritical carbon dioxide. 6. The meilXAMPddHAding to claiml, wherein

sai d cl eani ng adj unct ri )- ent.. 30 7.. The, nmethe rding to

clai_m6,_wherein sai d—=e aa "s"‘a‘f“*" :‘:"-""-' a

combi nati on ther ?jS(:;Luid V8 Hhd /28084 1ol 2 hdzh-PredduelShdstel dmB t8ntBined Aepisdt biodl

according to claim 1, wherein said cleaninhg adjunct conprises a surfactant.
0  PHS coated silicon wafer until the wafer was completely submerged in liquid CO,. A

mixture that contained liquid CO; and IPA, 2 % IPA by volume, (alternatively any
CO;-miscible, hydrophilic solvent or surfactant that increased the carry capacity of
CO, for water) was added to the high-pressure vessel that contained the piece of PHS
coated silicon wafer submerged in liquid CO,. No damage to the wafer was observed.
15  After a period of time sufficient to remove the substantial majority of the water from
the surface of the wafer, the liquid mixture was diluted with pure liquid CO to effect
approximately 5 liquid turnovers in the drying chamber. Heat was then added to the
liquid CO,, causing a transition to the supercritical phase. The chamber containing the
wafer is then drained and vented by maintaining the temperature of fluid and gas
20  above the cr'iticalltemperature of CO,, thus avoiding the liquid phase. The wafer was

removed from the chamber with no damage.

EXAMPLE 4

Treatment of a Coated Wafer with Supercritical Carbon Dioxide

25 Supercritical CO; was added to a high-pressure vessel that contained a piece
of a PHS coated silicon wafer. A mixture that contained supercritical CO; and IPA, 2
% IPA by volume, (alternatively any CO,-miscible, hydrophilic solvent or surfactant
that increased the carry capacity of CO, for water) was added to the high-pressure
vessel that contained the piece of PHS coated silicon wafer and supercritical CO2. No
30 damage to the wafer was observed. The system was mixed for 15 minutes. There
was still no damage to the wafer. A secondary gas (helium or nitrogen) was added to

the top of the high-pressure vessel until the system became subcritical and a liquid



9. The nethod according to claim@8, wherein said surfactant contains a C02
5 philic group. 10. The nethod according to claim8, wherein said

surfact amo das1wot contain a CO--philic group. 10 11. Thecnwishsasgtccor di ng
to claim1, wherein said providing step is carried out by m xing said
carbon dioxide with said adjunct to produce a honobgeneous solution. 12. The
met hod according to claim 11, wherein sai-2iymmersing step is carried 15 out
whi | e nmai ntai ning said cl eaning conmposition as a honogeneous sol ution. 13.
The nethod agRsHistub %ak Porfledl Mhé2iquihCOSTIA sikErd REDIaB@d i théFﬁaamre efl out
whi | e nmai ntai ning said cleaning conposition as a honbgeneous sol ution.

14. The met hdbe secondary regs t@ptﬂvamtrhmhngweth@|11|qu§1éga@/veaféra1mqw§i0@or’fb@r§| WasorP | s a

“carmed - out SR AR WG ol S ted el R il SRSRNETUL " e

carried out Ryaspfies Witk pivg Isfiid CONCAASwEs tHeadisihedvat me@usmpmveorrmeessed
.gas by an anmpunt sufficient to inhibit boiling of said -drying conposition.

25 ' 15. TFhe wastieolpmage & thervepfelo cl ai m 14, wherein sai d second conpressed
gas is selected fromthe group consisting of helium nitrogen, and air. 16.
A nmet hod according to claim 14, wherein a second conpressed gas with a 30
| ower heat of conpression thanc@MPm{Arl;anmxAmmin draining step to
di spl ace |iquid and gaseous CIZ thereby IeaV|ng a_maj, orlty of sai d second
gas in the vapor JMYAHOIQIVVAL - ee \VE A iy higuid € gabon Diexide hsequent
venting thereof. 11%}7 %Cﬁ(]f U{bij; b fied
according to clai né\l%)oé\%éér)gl Rsald clgani ng orrpoipl %%oan@?shas gﬁ%%cggrll tical
cl eani ng 10onpestt. | The wifar thancaaaided theewaﬂengrcqmi wasnplacatginsthe fsglapessaeri ed
out in an enclosed chanb and wherein sa novi ng ste carried out
by 5 adding a&1¢8cshd Fke ﬁﬁwéﬂ%wgaagd ed“&hiﬁ "REPSUES ¥eH gﬁtfoﬁﬁt?gw ®n so
that it is C%&%&tf&dlé \?ﬂ%ﬂutéé.q‘lihéjlig 1@3@05191&%1%8%’@ 28 end drbpRt BEWARY as
according to clar m1 ereln sald renoving step Is carried

determined visually through a sapphire window on the view cell.

15 EXAMPLE 5
Solvation of Water from a Coated Wafer with

Liquid Carbon Dioxide and Cosolvent

A droplet of water was dripped on top of a piece of a PHS coated silicon

wafer. The wafer that contained the water droplet was placed in the high-pressure

20 view cell. Liquid CO, was added to a high-pressure vessel that contained a piece of a
~PHS coated silicon wafer until the wafer was completely submerged in liquid CO,. A
mixture that contained liquid CO, and IPA, 2 % IPA by volume, (alternatively any
CO;-miscible, hydrophilic solvent) was added to the high-pressure vessel that
contained the piece of PHS coated silicon wafer submerged in liquid CO;. No

25  damage to the wafer was observed. The system was mixed for 15 minutes. The water
droplet was completely solvated. There was still no damage to the wafer. A
secondary gas (helium or nitrogen) was added to the top of the high-pressure vessel.

The liquid CO,/IPA mixture was drained under the pressure of the secondary gas to
prevent boiling at the liquid/gas/wafer interface. There was no damage to the wafer

30  after the system was drained with a secondary gas. The system was rinsed with pure
liquid CO, and was then drained as mentioned above. There was no damage to the

wafer.



out by diluting said cleaning conposition with additional carbon dioxide.

10 19. A nethod according to claim1l, wherein a said cleaning step is

i nitiat esvowzbsesrai d dryi ng conposition in a |iquid state, PEARYSEH 398 a
period of time said conposition is diluted with pure Iiquid COz and then
heated to produce a supercritical fluid, after which said .supercritical
fluid is renoved while maintaining the 15 Ztenperature of the fluid and gas
above the critical tenperature of CO-. 20. A nethod according to claiml,
wherein said cleaning conprises renoval of water fromsaid device. 20 21. A
met hod of renoving water froma resist-coated substrate, conprising the
steps of providing a substrate havi ngEXAMBLE® coating formed on a surface

-portion thereof. and havi ouBbELr MadRiidal ST cike Gk WIPT OVE ding &

densi fied carbon di oxi de rying co i on, sal yI ng 5 conposi tion

conpri sing carbon di o}iigeaideaid Suﬁi_'gnﬁgala@matgoxﬂledndlﬂosnlxendj unct
.selected fromthe rou consi st ng of cosolvents, surf

ac
conbi nati &ns t her ebf¥ho erﬁre‘ﬂﬁ GoRte e yatisd VifoWte @S i‘tﬁ"’%‘gflge éfé'f‘%ﬁqlfeé?ﬂs
car bon di oxi [ a8m
conposition &r Sﬁéésog W@géests’p‘g?st 1%&{41 ﬁﬁg@aﬁ%tgﬁm giﬂégzhaﬁ??rngr%éorrposhe{l on
S gai nt ai nedva%sﬁlbsdhonmgqmdwaﬂ)oﬁahmdet The /pfhmwpgsysaamd comeeed ﬁrsgccmdﬁp(galand
sai d renovi ng step. US 1318 22.. The netho
accordi ng t o REPSEHT ‘vzefselmép@mn% gﬂW%@QéP}‘&t%g}z@rf%#’ y volurme.(alterogh

substrate. 8(%/:11]}?:?01 milﬁ’ }fﬂl?ccgélgéﬂ 1I§’hrf5l: Mt incpSEE R %ﬁcé&%h?bf

conprises a pol yneric erret daccordlngtocalm
wher ei n d8i d C@sfmtwiter) Tat edkeatllifuid EQHP Agwesipddedrie E@tdrmglgdﬁlamber from the

positive-actin ts and negative-acting fesists.
according to SET?%‘}dnf“E “PrEWI S eRSSS ASRer 2 BYLP- the SYStem: E’Pﬁgﬂxed iR,
The liquid CO,/IPA mixture was flushed with 5 liquid turnovers of pure liquid CO, so

that the concentration of IPA dropped to a fraction of its previous concentration.
There was no meniscus formation during the CO, flush. After the CO; flush, the
15  liquid CO, was heated to 35°C transitioning the fluid to a supercritical phase. The
supercritical CO, was then drained/vented from the vessel as heat was added to
maintain the fluid, and subsequently the gas, above the critical temperature of CO,.
When the chamber was completely vented the wafer was removed dry and

undamaged.

EXAMPLE 7
Drying of Water from an Imaged and Aqueously Developed
Resist-Coated Wafer Using CO, and Chemical Adjuncts

A 5-inch silicon wafer coated with a PHS photoresist and a PAG was imaged,

25  developed using 0.238 normal tetramethyl ammonium hydroxide, and rinsed with
deionized water. The wet wafer was then transferred to a high-pressure drying
chamber, where liquid CO, at saturated vapor pressure was added in a small amount.
Additional liguid CO, at saturated vapor pressure premixed with a hydrophilic/CO.-
philic surfactant was added to and circulated through the chamber to displace and

30 remove the water from the surface of the wafer and features of the resist pattern.
After a short period of time the liquid was drained to a secondary storage vessel

containing a small amount of liquid CO, first by allowing a vapor-side



resist. 26. The nethod according to claim21l, wherein said carbon dioxide
Is liquid 15 carbon di oxide. 27. The nethod according to claim21, wherein
sai d car banoxicoxicde i s supercritical carbon dioxide. 20 2BCT/UR&/¥34shod
according to claim21l, wherein said drying adjunct conprises a co-solvent.
29. The nethod according to claim28, wherein said co-solvent conprises an
al | cane, an al cohol, or a conbination ther®bf. 25 30. The nethod according
to claim 21, wherein said drying adjunct conprises a surfactant. 31. The
met hod accor dbmgnunicatibali benséen eervel Ressalisdthen iyacpenirtg aonlw bennactifk the
CO02-philic group. WO U 2/111d7(r_ -35 PCT/USU2/ U- (B98 32. The net hod
accor di ng t o beftammfsie dugng assel ydthiths bepamiod e seserd sioface yatsgh nlhe second

.C02-philic gr . [ ' |

o ovi d ng' st Ethee v WS oERHOR Sy BERAN Hotbyl fi Bt Timp ¥4 Hein iR o,
adj unct to prheliged drdimsiofienabedrydsyd ¢Hanthier. Bde drifreg chatdber was den dilled with
.claim 33, wherein 'said i mersing step_ is carried Oc{%téc&i | e mai nﬁ_ﬁ%ni nsg
sai d dryi Ag CERpHeNdi 6R2a85 & THISALREAWEY DYsEreiRg RS ried g90¥e el B g

according o Elatdl minsWGhE! e SRlediGHBY | dInS bafintS wakltb AR eAH berb! T
mai nt ai ni ng sal rying composition as a honpgerieous sol ution.” 36. The
met hod accor dimafl dnount af ran@ininpfiiquizi @Os & thedirying ghambgyozast hieatedits abowkbits

l i quid drying conposjtion, wherein i d i mersing, and r.enovi ng, st are
carried out icﬁuﬁiqp éﬂ’é‘Fpé_%‘EP’cﬁ'&‘_iﬁf 3, 8§? iWaWE?téﬁll n‘%@iﬁ d“?lﬁm?%gh%tfﬁ'ga/iggs
carried out l%é(m?érg%l?é' bbAeGeS@ifta ﬁ%ﬁ&?ﬁgr_ecéﬁﬁm%idisﬂgit the FoRRARMIoL OMRfugE Sed

gas by an anoun frcient to 1nhibit boiling o d drying conposition.
20 37. THO mehémstusccBirdimegedo develbped3 Gndwirgadevafes avab theoomhovediross dbel gas

s selected fgomLhe, 9LOY GONRLSEL S Rl ' Ml 0068 -8 tsing o

scanning electron microscope. The micrograph showed that the developed features,

demonstrating line/ space patterns of less than 120 —nm, were consistent structurally
unaffected by the CO, drying process.
15
EXAMPLE 8
MEM's Water and Contaminant Removal
During the manufacturing of a MEM’s device containing a series of
electrostatic actuators, a sacrificial oxide layer is removed using aqueous hydrofluoric
20  acid, exposing a series of pivoting plates parallel to the substrate surface. After a
sequential rinse step, the device is transferred to a high-pressure COz-based drying
chamber, where a liquid CO, mixture is added at saturated vapor pressure. The liquid
CO, contains a CO»-philic/hydrophilic surfactant that is premixed with the CO; to
ensure a homogeneous composition. After a period of circulation, pure liquid CO; is
25 fed into the chamber as liquid CO,, surfactant, water and entrained solutes are
removed from the vessel at constant pressure. The liquid CO, remaining in the
chamber is then heated to above its critical temperature converting the fluid into the
supercritical state. The supercritical fluid in the processing chamber is then vented
into a storage tank serving to ensure that the temperature of the fluid/gas mixture stays
30 above the critical temperature of CO,. This serves to ensure that the liquid state, a
liquid meniscus, and associated surface tension are avoided during the

draining/venting step. An SEM analysis of the MEM’s device shows that the pivoting



38. A nethod according to claim36, wherein a second conpressed gas havi ng
a |l ower heat of conpression than C02 is used during said draining step to
25 di spl ao@odieuied and gaseous C02, |leaving a nmajority of PCRESSBEGMIary gas
in the vapor phase and serving to prevent thermal shock upon subsequent
venting thereof 39. The nethod according to claim21l, wherein said drying
conmposition is a supercritical drying conp¥sition, wherein said i mersing
and renoving steps are 30 carried out in an enclosed chanber, and wherein
sai d renovi nglaéeieiall sobdtaritlly @afalleyioatle sutgiratesacfacswith tnerdvident®obiedse
supercritical drying conposition so that it is converted to a liquid drying
conposi tion. SHCHY-112/11(~(il 71i -36 PCT/ US02/(1-4398 40. The nethod
.according to claim21, wherein said renmoving step is carried out by
diluting said drying conposition with additional carbon dioxide. 5 41. A
met hod according to claim 21, wherei IEXAMPHE® ying step is initiated with

.said drying conposition in a |iqui ({)st nd.after a period 'of tinme said
conpositien is dilated with pure Ii-@ﬁiﬁm heated to produce a
supercritical fl uighyep | otisidk JeditibisCarldSpdrBEMuRY ofd amdven shsuionep
chanber while nmai n%éﬁsﬁ%%?%ﬂﬁg I%bgﬁrsrpgkgf%r asdzg% ]?he flurd and gas Ig{')sove t he

critical temaingtthe olfwiiDprocds stéhs. Ahestbsitht acemitionduttor vhter withlg melakr e

said drying step js preceded. b evel opnent ste hat i ncorporates
aqueous develBpEf CTé‘FrdS‘HE'ﬂC%’ mf@ﬁeﬁ?r}n%@ Igﬁ??érecﬁﬁg?ﬁtr AJUEYS; ?106}?

i 8fyi ng
step. 15 -- 43y, ' ' £ LihiaTe, BhbkRel @atifh C
devi ce, conpri m%@?ﬁ%ﬁaﬁ% 32%0@3%%&§g?%§5%&28{35%1§1a@e %avi nS a_suraf acge
portion t16 be hifkansty, COo-philiovi-bydrgpkilid ewdadtansds ivwrodueedditox?Wepst lred rrony

CoMPoS! 4100 38 R SRR SR TP L A% FORRETS B g
of cosol vent syyrfatd f@Cﬂﬁhmfer%ﬂlo%ﬂbb%%ie@nﬁsiﬁmro@of  THiSTiEr &cO@plgtied by
surface portion in said-densified carbon di oxide cleaning 25 conposition;
and t hen increasing the effective volume of the cleaning chamber causing a reduction in
pressure from 1200 psi at room temperature to 790 psi at about 15 C. The volume is
15  increased using an automated variable volume cylinder and appropriate valves. The
aqueous cleaning solution is condensed onto the surface of the wafer for a short
period of time as the density of the liquid CO; is reduced. The pressure is then
increased by a reduction of vessel volume restoring the pressure in the cleaning
chamber to 1200 psi. The cycle is repeated 20 times. The first solution is then
20  displaced from the vessel by a second cleaning solution consisting of an aqueous
fluoride in CO, emulsion with a high purity CO,-philic-b-hydrophilic surfactant. The
pressure is then modulated cyclically as above, 20 times. Supercritical CO; at 1800
psi and 40 C, with a high purity surfactant is then flowed through the vessel to
facilitate the removal of any remaining particulates. A supercritical CO; rinse is then

25  completed by addition of pure CO, to the vessel. The system is vented a final time

and the substrate is removed.

EXAMPLE 10
Polishing slurry, polishing residues and particulates are removed post-CMP
30 using the following process steps. The substrate, a semiconductor wafer with a metal
or dielectric surface, is loaded into a pressure vessel. An aqueous solution of

hydrogen peroxide in a liquid CO, emulsion containing a high purity CO»-philic-b-



removi ng said cl eaning conposition fromsaid surface portion; and while
cyclically nodul ating the phase of said cleaning conposition during at

| east a mavoi/aiwf said i mrersing step. 30 44. The net hodPaT®SHHALE t O
claim43, wherein said densified carbon di oxi de cleaning conposition is a
supercritical fluid, and said inlubiting step is carried out by: WO
(12/11d 171 PCT/US02/ 0~398 -37 introduci ngz%r cl ean secondary gas into said
supercritical fluid cleaning conmposition; and renoving said supercritical
fluid from siydrophilfcamefaptant is dntraduded atpl,286 psientl room sangerspeondbe gqugass 5

45. The nethod according.to cJ]aim 43, wherein id densifiged carbon.. di oxide
cl eani ng con ]F’lgéﬂﬂ%t@gés gﬂﬁ@%ﬂﬁhﬁ%ﬁ!@ Sf"rtg?ed?ﬁgﬁd" eJir}?]r ?ﬁ]ﬁ(?er‘frfO%gor}st{né?)_ i's
.carried out ool i I rRé eldafid i ! i
supercriti caltﬁ)éﬂgualn&dér g%ﬁ%@%%%%%%%ﬁ%ﬁ?t %ng t%'cr erm\k/i‘%g%éaggg p%klﬁe s
super cri ti calthén mbtasadoy s aedhction bAgessplovdlime tangtre phrecgrseruee for thenosiginal

.heated supercrjtical C02.. 46. T nmet hod_according to ¢l aim,43 erei
sai d densPfi é& U&aﬁﬁ'&ﬁya.edir%a@ag’v&ﬁmﬁ- gla}?p%rg{iqlgtﬂoqlgdgsg?qcag?@p &%d’% d
i nhi bi ting stem desokElbhffy S8lhti&lY conkiitihd bF 88 HGiddds Aubli@aih SOS OMERIN Wilp

into said liquid cleaning conposition; and renoving said |iquid cleaning
conposi ti on farligh paiity €0p-phidie-tpbydroplnlic sudactate dIhermsessnrsnis shandneddgad as y

gas. 47. The th according to. claima43, ,wherein said.d K car bon
0 oxi de 20 BB A EEfobERg Roriebledvolling cpAERe' SuPGetiRires Rtabllefe
carried out Ryiafll Hhé@AUCONGIGhIBARREAE @Feto@ B enediplifibtidatatlc 68@) isnthen Sai d
supercritical fluid cleaning conmposition; and renoving said |iquid cleaning

conposi tilén fflovadsthirenghutheavessglotot fasHiteiadide rpmevalupkany semaaing metl dangas
itigal 2, ‘.48, . Th th j i mq4 i
o suner o i ik 5, el R AR 0 P 1R

said densifi ] and Ts at” saturated vapor
pressure, anda&fiat theFembigd of P rdrSaifidg pafibubit mayer d Moaguplengitisali ©O; rinse is
liquid.with vapor side comruni cati on between said, cleani ng chanber and. a

i, g
recei ving vedben compleied byradditien abpurae@r i thg vessel| dnmsystom if yenigd 2 final

conpri si ng: ti&{x%éﬂq%/sﬁ&sn%éréﬁlo'véé PCT/ US02/ 0~398 mai ntai ni ng sai d cl eani ng
conposition as a honbgeneous conposition during at |east one of said

i mer si ng5step and said renoving step.
EXAMPLE 11

Photoresist is used to pattern substrates for ion implantation. The photoresist

used for this process is removed in the following steps. The sﬁbstrate, a
semiconductor post ion implantation, is loaded into a pressure vessel. Supercritical

20 CO,is added to the vessel at 3,000 psi and 35 °C. As the supercritical CO; circulated
through the vessel, a co-solvent mixture consisting of triethanolamine, N-methyl-2-
pyrrolidone, a surfactant containing both CO,-philic and hydrophilic components, and
water .are added. The mixture composition by weight is 7:2:1:1, and the total
concentration of adjunct added is 2.5% w/v of the fluid system. The pressure of the

25  vessel is reduced using a variable volume chamber and appropriate valves causing an
expansion of the processing fluid in the cleaning chamber and thereby condensing a
concentrated mixture of the adjunct mixture onto the surface of the substrate. The
temperature of the mixture drops below the T in the course of the expansion causing

a transition to liquid CO2. The system is re-pressurized and the fluid mixture heated

30  above T. again using the variable volume chamber and internal heaters. This cycle is
repeated 20 times and followed by a pure supercritical CO, rin;e. The system is

vented and the substrate removed.



50. The nethod according to claim43, wherein said mcroelectronic device 5
conprises a mcroel ectronmechani cal device. S 1. The nethod according to

cl ai m 43wowxeite said m croel ectronic device conprises aRCHRSORIH82 r oni c
device. 10 52. The nethod according to claim43, wherein said

m croel ectroni c device conprises a resist-coated substrate. 53. The net hod
according to claim43, wherein said car bord&ti oxi de is supercritical carbon
di oxi de. 15 54. The method according to claim43, wherein said cleaning

adj unct conprises a co-solvent. 55. The method according to claim43,

wherein said cl eaning adjunct 20 co rfactant. 56. The nethod
according to claim43, wherein sai dm%fzt ep is carried out by m xing

-sai d-carbon di oxi g1yt @@dt@re@@d ML testsO rAREUS Sefo HNMBERNGR Wiudtiled tdfan. 25
57. The nethod according to claim43, wherein said cleaning conposition is

a liquid cledest npferoafirrsicastvie, iontriching usiag dhe fakkowing goraerss sEpdv iday 28RS
.are carried out ,in_an encl osed.ch er.. and.wherejn_sai ennvi S is
carried out EWHWE*EB’&F} A ﬁ‘&’%‘ﬁ?tﬁ:agﬁgzd@é a%ﬂ%&? wa‘frﬁacgng&n%n%&@&ngﬁg'ssed
gas by an ampHilc 23 sUbledphiBNteghient BdaEd td el veber] af 3,900 Psicit YOG (2% wiv

conposition. WO 112/ 116G 17G - 39 PCT/ US02/ 0. 1398 58. The met hod
accor di ng t o agliag, rh”4 3v/vwhdeeint).s dhe foidmiktare somsolated Brough the gesselr cFhe i cal

Ceant "t on, A j . ' o
ot an’ encrauiry e hlaR § AR RUPEAR ORI (PPl BhRicRlfg iR L ©
by -addi ng a s@p@edontaties hifack @f3iad shibste! The plesaire & Bamiragdle anmesed batk So

that it is 5 converted to a |iquid cleaning conposition. 59. -The net hod
accor di ng0t o te P &0hpaire-dipparsing al shemicahastipnsgs. slr'rgf‘pcxcée sdrpsatsd 20utmesyusing
diluting sai eani it it . OX] 0. A
met hod accor g‘l\%ﬁ@% Jgﬁg%rlﬁ?ngﬁ%:ﬁﬁ%/\rh(e}%gﬂns Jgdgg?ddmg@%%@%%%?m?%hgg}e tljeg%ogd
with said dryhdigaizotheasinpé@ture Bs aedri tgUHOPC habossilad Heiusr g@ 8500 @sioas i me
said conposition is diluted with pure Iiquid C02 and then heated to produce
a supercriti d¢hen pddedgto thercdeaning ehpneher @s upelve at ithe Apttem Qfthe chamaber, was

whi | ; i : ) rical
Ferper at ur e SPeRio Kb GTRERE, Ui Roodif shil HplRE) AP 1R E0rh B, et
cl eani ng 16onpnt seplaceivbyal paksuriee ratthogpiemadf] pdevhem. 2 A fiét. thé hetitinodaof

cl eani ng contam nant.s, froma m croel ectronic, device, conpri.sj he steps
of : J "ented off the cleaning vessel was rtinse(? with pure supercrr}%cal é&g }x second "

cleaning solution consisting of a co-solvent (2,4-pentanedione, 3% w/v total) and a

high purity surfactant (1% w/v) was added to the cleaning vesse} with CO, at 3000 psi

and 60 C. The pressure of the system is modulated as described above 20 times while

20  the temperature of the fluid is maintained as close to 60 °C as possible using an

internal heater. The cleaning fluid was drained as above using helium as a

secondary gas. Finally, a pure supercritical CO; rinse is completed, the system was
drained using helium as a secondary gas and then vented, and the substrate removed.

The foregoing is illustrative of the present invention, and is not to be construed

25 as limiting thereof. The invention is defined by the following claims, with

equivalents of the claims to be included therein.




providing a substrate having a surface portion to be cleaned, providing a
densi fi ed carbon di oxi de cl eaning conposition, said cleaning 25 conposition
conpri si mgo eaedoots . di oxi de, water and a water-sol ubl e cl eraTAFOAGBWCE

i mrersing said surface portion in said densified carbon dioxide cleaning
conposi tion; and then renoving said cleaning conposition fromsaid surface
portion 30 63. The nethod according to cl-e3lm 62, wherein said densified

car bon di oxi de cl eaning conposition is a supercritical fluid, and said

i nhibiting StERATSWIAICH ¢S CILAINEED IS: WO 02/ OG il 7G -40 PCT/ U S02/ 0398

i ntroducing a clean secondary gas into said supercritical fluid cleaning
conposition; and - renoving said supercritical fluid fromsaid surface
.portion udder pressu i.d: sec At ] s
according to cIaiﬁgGé?h%#égggﬁE%égzélggﬁgﬁ%?gﬁﬁﬁgwgghg%W%éﬁggﬁg%gggP%g
conposition is a siipeding adsubstatd havish a arfacspottidnbibeicldangd,step is carried
.out by: introducing clean heated supercritical CO02 into said supercritical
fluid cledning corff®¥ingoA; densdiedocarbpm\dingide af grring <ompoition spidy Agying om
sai d surface ' ‘o i@ s At dh 63! 65.
The met hod aé@gﬁﬁFﬁ%n#@gﬁﬁgﬁgﬁ%%gh&%%ég|n s%?ﬁgﬁg%gﬁ??gggégfk%%&%fg'| E

cl eani ng conpekctedofroms tle krogpi chnsitidg safi dosohlentsi tsurfgctatep ands coartbinatidnout
by: 15 introducing a clean secondary gas into said.liquid cleaning

conposi tion; *88%% enoving said Iiquid cleaning conposition from said
surface portion unde essSur j . .
according to clai %ﬂigg?rpi\%\lﬁéégisﬁr%%%ga %@?\gﬁl ? ?g?gﬁ?ﬁ%ﬁﬁﬁ’%?ﬁ%@% I ela}%ighg
conposi tilén iamdahdrn qui d, and said inhibiting step is carried out by:

i ntroduci ng cl ean heated gas . or.supercrjtical Q02 into said supercritical
fluid cleaning confSB¥VIIEs i,%lcé??ﬁ"‘rgé'r%ﬁmoﬁ’é‘oé‘ T F?‘éﬁ?‘rgacﬁlpé@?ﬂ“nﬁv%@&rposi tion
from sai ? sulr f ?5‘29 MgintdifRg Y48 @lealing SO pRsitioEs 230 JpRASRE cBRpoSifion during
supercritica :

at least one of said immersing step and said removing step.

15 2. The method according to claim 1, wherein said microelectronic device

comprises a microelectromechanical device.

3. The method according to claim 1, wherein said microelectronic device
comprises an optoelectronic device.
20 '
4. The method according to claim 1, wherein said microelectronic device

comprises a resist-coated substrate.

5. The method according to claim 1, wherein said carbon dioxide is

25  supercritical carbon dioxide.

6. The method according to claim 1, wherein said cleaning adjunct comprises

a co-solvent.

30 7. The method according to claim 6, wherein said co-solvent comprises an

alkane, an alcohol, or a combination thereof.



25 67. The nethod according to claim®62, wherein said densified cleaning
conposition is aliquid and is at saturated vapor pressure, and said

renovi ngwa eqdges7ecarri ed out by draining said |iquid.w thPeapsn2/eiseke
comuni cati on between said cleaning chanber and a receiving vessel. ' 30
68. The nethod according to claim62, further conprising: WO 112/0C( 17C
-41 PCT/ USI 12J0~398 mai ntai ni ng said cl ed2ung conposition as a honbgeneous
conposition during at | east one of said i mersing step and said renoving
step. 69. The net Bodhamashet mgotding toadlainG 2, whtreinesainl dadrmdngradjnnes|centprisss ¢
device 5 con‘gri es a m croel ectronmechani cal device. 70. The net hod

accordi ng to%é #9992, wherein said microel ectronic device conpri ses an
.optoel ectronic device. 10 71. The method according to claim62, wherein
said mcroel ectronic device conprises a resist-coated substrate. 72. The
met hod accordi ng 9o THeaneth6® acoohdingito clran &, eduetsom sald suifaantsogaperaceOei cal
.carbon dipxide..,1 S 73. T he nethod according to claim®62, wherein said

cl eani ng -adj Bﬁ’é‘lcgE‘B’erri ses an acid. 74. The nethod according to claim®62,
wherein said cleaning adjunct 20 conprises a. base. 75. The nethod
according to claim62, wherein said providing step is carried out by m xing
sai d carbon di oxi dé. Wh¢ meglaidhcactidingto dampd, vdheeein said sndagieddass saficaptagh. 25

76. The netho ccaol.ding to claim®62, wherein said cleaning conposition is
a liquid cl eég?r@@pﬁ?{}ﬁ%g‘?ti on, wherein said i nmersing and renoving steps

are carried ' out in an enclosed chanber, and wherein said renoving step is
carried out by pressurizing said enclosed chanber with a second conpressed
gas by ah0anount 30. $h¢ feathadnaccorling ke blaim Hoiwherin spidsprpwidingysteryis carried

conposi tion. out \9)9 én%lerllgqsgjg'lga?bon dioxide with said adjunct to produce a homogeneous

solution.

12. The method according to claim 11, wherein said immersing step is carried

15  out while maintaining said cleaning composition as a homogeneous solution.

13. The method accordihg to claim 12, wherein said removing step is carried

out while maintaining said cleaning composition as a homogeneous solution.

20 14. The method according to claim 1, wherein said cleaning composition is a
liquid cleaning composition, wherein said immersing and removing steps are carried \
out in an enclosed chamber, and wherein said removing step is carried out by
pressurizing said enclosed chamber with a second compressed gas by an amount

sufficient to inhibit boiling of said drying composition.

15. The method according to claim 14, wherein said second compressed gas is

selected from the group consisting of helium, nitfogen, and air.

16. A method according to claim 14, wherein a second compressed gas with a
30  lower heat of compression than CO; is used during said draining step to displace
liquid and gaseous CO,, thereby leaving a majority of said second gas in the vapor

phase and serving to prevent thermal shock upon subsequent venting thereof.



-42 PCT/ US(12/11~398 77. The nethod according to claim62, wherein said

cl eaning conposition is a supercritical cleaning conposition, wherein said
i mrer si nv@eeEMWOVI Ng steps are ' carried out in an encl peErASeatRer, and
wherein said renoving step is carried out by adding a second naterial to
said supercritical cleaning conposition so that it is 5 converted to a

l i quid cl eaning conposition. 78. The net hoid-according to claim62, wherein
said renoving step is carried out by diluting said cleaning conposition

wi th additional carbon dioxide. 10 79. A nethod according to claim62,
wherein a said cleaning step is initiated with said drying conpositionin a
liquid state, andlafTes methedraceerdig torglam Sawherebngssrk Flerng PAmBPOSIAIEE a/vi t h

.pure liquid ' heat . Qr . Jrical o
i oh sad scurantel SEPERLhobRioR SIHES Bt IRRIEHHE oOF rehbYhE B WY
of the fl uidcanidd@asirmoutcléde chimbécahd vheRd sdid femefingsip isléarfied ot byet hod
.according_to claim62, wherein said cleaning conprises renpval of water
from sai d° de@idiBg assqcongymatesiah i) saidc HigTGHICaly clering, GoMPORHieR eion thakjTh 1
removi ng step,d J D i nhi biting redeposition of
cont am nant sggfrlléesr%?g‘ggﬁg}l@%é&%%ng@éﬁrﬁsggg' A nmet hod of renoving solid
particul ate contam nants froma 25 m croel ectroni c device, conprising the
steps of providi ngga ubstrate hayi n%ha surface portjon to, be cleaned of

t I

solid particulate ¢ erstnd agsPEINg i §ladm de rdier 1B FAdACBION 108 58 HeCanethni ng
conposition, 1 J L1k OR: L $d: 9l de and a
cl eani ng adj Sgg%fd@;?%ryg]{%éﬁl ng gdcﬂt‘ %@%&’3 sg égg%%%?lﬁgﬁdgjﬁ?égroup

consi stihf of cosolvents, surfactants, and conbi nations thereof; WO
112/ (~G | 7G - 4 PCT/ USQ2/ 0~318 i mrersi ng, said surfagce.portion,in, said
densi fied carbon 390% H‘@%ﬁ@&ﬁ??ﬁﬁ%@g%%‘g} g ‘g’_heliﬁ&}} aa?a‘fii‘fiﬁa:%r?ﬁ?tf’l_%ilsem‘natt%f
renove at | eqgth 3aiBO0ddifN cOhpSHich SR!d ViqRRY biafell| MHCSfer 4 RALS AfTiSK! dadc e

portion; and then renmbving said cleaning composSition fromsaid surface
portion. 5 83omphstioeisdititedcwish guregliquad ECaiand lxn hdateddd prashicela depeseritical]

carbon di oxi gg. ¢l egni ng .conmposition is a supercritical fluid .and.said.
i nhi biting sggxbé:’i gﬁ ar@?‘@br’%@ﬁ ‘W?r‘irﬂﬁlf?lod:ﬁ’é‘?n’é e nwsfgféo%lﬁ?% tﬁ%t 0
sai d supescr itérhperhtutd o tHe EluRPAHANGs GBHROKE Cc1ifdh] tégerdfird §M0YI. NG sai d

supercritical fluid fromsaid surface portion under pressure fromsaid
secondary gas. 84. The nethod according to claim82, wherein said densified

carbon di oxi de C! %ni&%eﬁgprﬁpé%%r{gliiﬁ)gntoi aifh f,t{gﬁé’rgi'hi sraicf:(ﬁéanfiﬁéjé:&pr%@gr%\gl

inhibiting step is carried out Dy.
of water from said device.
20 21. A method of removing water from a resist-coated substrate, comprising

the steps of:
providing a substrate having a resist coating formed on a surface portion
thereof, and having water on said resist coating;
providing a densified carbon dioxide drying composition, said drying
25 composition comprising carbon dioxide and a drying adjunct, said drying adjunct
selected from the group consisting of cosolvents, surfactants, and combinations
thereof;, |
immersing said surface portion in said densified carbon dioxide drying
composition; and then
30 removing said drying composition from said surface portion;
and wherein said drying composition is maintained as a homogeneous

composition during said immersing step and said removing step.



| S introducing clean heated supercritical CO2 into said supercritical
fluid cleaning conposition; and renoving said supercritical fluid fromsaid
surface P o0Y@atiender pressure from said heated supercrit PEEUSTO@IIR0 85.
The met hod according to claim82, wherein said densified carbon di oxi de

cl eaning conposition is a liquid, and said inhibiting step is carried out
by: introducing a cl ean secondary gas i nto%ai d | i quid cl eaning
conposition; and renoving said liquid cleaning conposition fromsaid
surface portion under pressure from said secondary gas. 25 86. The net hod

according to cl ai m,82, wherein sai.d densi.fi carbon_ di oxi de. cl eani.n
conposition is a @qﬁ}hﬁ m%{ﬁ%‘i é'i&‘ioﬂa Pﬁﬂf’ t?ia(l{nn F,szvg%reinssaé%rsp#)sg@teoﬁcemwe a

i ntroduci ng gkRmdnbeRbEfhaage or supercritical CO02 into said supercritical
fluid cleaning conposition; and 30 renoving said |liquid cleaning
conposition fromsaid surface portion under pressure from said heated gas
-0or supercekitical 2. W 12/ 06617f1 -44 RCT/ U SU2/ (1-1.3.1.8 87..The

nmet hod actordi ng ?gc% meg?,% fiverers tgacilﬁmhe?gi#feé%nc daﬁ?%s‘é %Oéﬂ%rbsgf t3 on’
is aliquid gtndicdhaiahlur ated vapor pressure, and said renmoving step is
carried out by draining said liquid.with vapor side comrunication between
sai d cl eani ng chanber and a receiving vessel. 5 88. The nethod according to
claim 82, further o i_SLNg; | At aj ni [ . i ng. |t a
honbgeneous conpoé#%?@%lﬁﬁﬂg%ﬁ a%ﬂ?égklﬁgﬁzegawggﬁ ?2%%§2$%§§£dé%ﬂgﬁﬁzsaid
renovi ng ‘st egroulcoSisting 6f paithechcefg efsthtywhdimegatival-sotifig residter ei n sai d

m cr oel ectroni c device conprises a mcroel ectronmechani cal device. 90. The
met hod ad®or di ng to claim82, wherein said mcroel ectronic device conprises

an_opt oel ectroni ¢ ﬁe"g‘g@:m&ﬁoc%cco]@gg TLAah Qg,f%ngeﬂxgséi&’ 4! i?ee?%g%%%gi n

said mcroel ectroni¢ vice conpri a resist-coated substra
met hod accordesig. to cl aim 82, wherein said carbon dioxide is 20
supercritical carbon dioxide.

26. The method according to claim 21, wherein said carbon dioxide is liquid

15  carbon dioxide.

27. The method according to claim 21, wherein said carbon dioxide is

supercritical carbon dioxide.

20 28. The method according to claim 21, wherein said drying adjunct comprises

a co-solvent.

29. The method according to claim 28, wherein said co-solvent comprises an
alkane, an alcohol, or a combination thereof.
25
30. The method according to claim 21, wherein said drying adjunct comprises

a surfactant.

31. The method according to claim 30, wherein said surfactant contains a
30 COq-philic group.



93. The nethod according to claim82, wherein said cleaning adjunct
conprises a co-solvent. 25 94. The nethod according to claim82, wherein
sai d cl ed¥0 pYoaatijounct conprises a surfactant. ' 95. The nBERAIAEEH di ng to
claim 82, wherein said providing step is carried out by m xing said carbon
di oxide with said adjunct to produce a honbogeneous 30 sol ution. WO

U2/ 06(176 - 45 PCT/1JS02/11~398 96. The -dt-hod according to clai m 82,
wherein said cleaning conposition is a liquid cleaning conposition, wherein
sai d inmmrersing and2r eThy inighsd agdrding teadldied 30Uwhervi@Baidnairfseedt dbesrher ,
and wherein said renoving step is carried out by pressurizing said encl osed
chanber wi t hcentaidedn@2-pbiiseEdWed gas by an anpunt 5 sufficient to inhibit
.boiling of said drying conposition. 97. The method according to claim 82,
wherein said cleaning conposition is.a. supercritical cleaning composition,
wherei n sai d i nmeB3i The arthoderroonding totodgim 2k evieaeinised moviding step sneindskd

- chanber, gnd anrein.said r enpvi Bg %ep_%s carrjed out by 10 ﬁddi ng a
second nat er P4l bY gnixing) saidpraron dioxide Witha331dh ABRH B iPEdGe fo NPmRgEEhepLs
converted togsa,lijguid cleaning conposition. . 98: The method according to
claim 82, wherein said renoving step is carried out by diluting said

cl eani ng conposition with additional carbon dioxide. 15 99. A nethod
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supercritical f ter upercritica urd is renoved while
mai nt ai nlég the 20 tenperature ~of the fluid and gas above the critical
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i nhibiting redeposition of contam nantS on said surface portion. 30 102. A
met hod of cl eaning contam nants froma m croel ectronic device, conprising
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and a cl eaning adjunct, said cleaning adjunct . . ) .
in an enclosed chamber, and wherein said removing step is carried out by pressurizing

said enclosed chamber with a second compressed gas by an amount sufficient to

inhibit boiling of said drying composition.

20 37. The method according to claim 36, wherein said second compressed gas is

selected from the group consisting of helium, nitrogen, and air.

38. A method according to claim 36, wherein a second compressed gas
having a lower heat of compression than CO; is used during said draining step to
25  displace liquid and gaseous CO,, leaving a majority of the secondary gas in the vapor

phése and serving to prevent thermal shock upon subsequent venting thereof.

39. The method according to claim 21, wherein said drying composition is a

supercritical drying composition, wherein said immersing and removing steps are

30 carried out in an enclosed chamber, and wherein said removing step is carried out by
adding a second material to said supercritical drying composition so that it is

converted to a liquid drying composition.



selected fromthe group consisting of cosolvents, surfactants, and

conbi nations thereof; 5 imersing said surface portion in said densified
car bon dwaxexmsrieani ng conposi tion; and then renoving saPaT/AeAIBIRg
conposition fromsaid surface portion; while inhibiting redeposition of
contam nants on said surface portion. . 10 103. The nethod according to

cl aim 102, wherein said densified carbon -difoxi de cl eani ng conposition is a
supercritical fluid, and said inhibiting step is carried out by:
introducing a clean secondary gas into said supercritical fluid cleaning
conposi tion; and 15 renovi ng said supercritical fluid fromsaid surface
portion under pre$8ufhke sscerdingciordaim 2 haxherqipsaidmemoyingder B@Hid ng
.to claim102 erein said. densified.ca .OX] eaning conposition is
2 supercri ¢1 £a Y aiielhe i RS PR B LR BRG0P !

i ntroduci ng cl ean heated supercritical COZ into said supercritical fluid
.cl eani ng conposition; and renoving said supercritical, fluid fromsaid

surface pdrtion udder methodaceomlingnioselpin RdaPBaredt  Srid dwingatergpymitiaed o5

The net hod acgerdi-ng cl.al Jr@%l whenai j.d {1 £def8d REMHE Ot e

cl eani ng con%vd% g?lgndt&g]gac%%l , éﬁr(]‘gb élglhgi ?t%h:i l?gtgfn%efrst 2’8 ?(g carlri ed out
by: i ntroducicegipasitibead) diveed vt pugasquidiCD,s dict hdatpdi © prodesi agupercritical
conposition; and renoving said |1quid cleaning conposition fromsaid,
surface port ifoid @hige windh prid did s yemaved Ao %‘HH‘&‘?’%I whilg@amtaining

W2/ U(r (il 7Cr 4 EQLEERECHY. claim 102,
wher ei n sai dmfet%gﬁfgfl%#@%ﬁ%%&g?gg(é%gabggggjrﬁgnggtﬁglgsi tron i ?ga liquid, and
said inhifbiting step is carried out by: introducing clean heated gas or
supercritical CO into said supercritical,fluid cleani.ng conposi t . and 5
renoving sai d | i qdiRd AcEBRA RGey Wﬁdé‘ictl@%‘nz]fw"g?ﬁ‘%ﬁlﬁ%@ﬂf‘gé?gl BIreF?Ac?ﬁr‘{Yn er
pressure frongesahghbiak S @RS a6 hd dus RV e168%s ah8 Fourd RAiteTEh Rl same
accordi ng to@g?egf)%n 2, %%?e?%qga?% gnsi fied c?eani ngp conposition is a

i qui d and i shamberatsed & scthe dpong stepssure, and said renoving step is 10
carned out by draining said liquid.with vapor side comunication ~ between
sai d cl eaning chanber and a receiving vessel. _ 108. The nethod accordi ng
to claimi02,_further conprising: maintaining said cleaning conposition as
a honobgeneous conposition during 15 at |east one of said inmersing step and
said renoving step. 109. The nethod according to claim 102, wherein said

m croel ectronic de4\f>’i.ceACr?m Bhs&s cﬁaarrﬁin(g‘ré)o%lt&%kﬁﬁgeﬁmné GRHcrflittbfic device,

comprising the steps of:

providing a substrate having a surface portion to be cleaned,
20 providing a densified carbon dioxide cleaning composition, said cleaning
composition comprising carbon dioxide and a cleaning adjunct, said cleaning adjunct
: sélected from the group consisting of cosolvents, surfactants, and combinations
thereof; '
immersing said surface portion in said densified carbon dioxide cleaning
25  composition; and then
removing said cleaning composition from said surface portion;
and while cyclically modulating the phase of said cleaning composition during

at least a portion of said immersing step.

30 44. The method according to claim 43, wherein said densified carbon dioxide

cleaning composition is a supercritical fluid, and said inhibiting step is carried out by:



20 110. The met hod according to claim 102, wherein said mcroelectronic
devi ce conprises an optoelectronic device. 111. The nethod according to

cl ai m 10W0 WMwpEibn sai d m croel ectroni ¢ device conpri ses BCTASIXiL3Woat ed
substrate. 25 112. The nethod according to claim 102, wherein said carbon
di oxide is supercritical carbon dioxide. 1 i 3. The nethod according to
clai m 102, wherein said cleaning adjunct 3% ctonprises a co-sol vent. WO
02/1)6GL7G - 48 PCT/USI|2/U-398 114. The method. according to claim 102,
wherei n sai d cl eanntnglueitiguactlearonpeomiasy gas libfoaGhidntupetdriticall Hvidredlbemihg
according to claim.102, wherein said providing step is 5 carried out by

m xi ng sai d CRPBSHIARAde with said adjunct to produce a hompbgeneous
solution. 1 16. ThemBRhDAhie s tRid RMshiAZ0uritBe 'fok o Bhtr ChRAT
conposition is a liquid-cleani'ng conposition, erein sald 1 nvnersing and
renovi ng st egsonasad $€ondanyigasl out in an. encl osed chanber, and wherein said
renoving step is carried out by pressurizing said enclosed chanber with a
second comnpressed gas by an anount sufficient to inhibit boiling of said
dryi ng conposi tioms. Fhd melitfl dFblatth RAIARHHNGAvkdeif|stidBehSitied MR diox3dd d
cl eaning conposition is 15 a supercritical cleaning conposition, wherein
sai d i nuner sickegnangdonposivionds ssupescrigical fheid, and gaidinhibitingrstepric casied oghlznber |

and wherein said renoying -step,is garried.oyt addi ng,a second erial
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l'iquid cl eanighgnfimapokitioR; ang0 118. ~ The nmethod according to claim 102,
wherein said renoving step 1s carried out by diluting said cleaning
conposi tilBn with adubvingreaid supepenitiocal dhididronl seid surfase wdtiors vodeti prgssuee
claim 102, rein.a said cleani step is initiated with said drying
CONnposi t i onwiqﬁonészi"fiﬁﬁ?taa§‘fp§f°§$’°ﬁﬂ Oxfter a period of tine said 25
conposition is diluted with pure liquid C02 and then heated to produce a
supercritical fluid, after which said supercritical fluid is renmoved while

mai nt ai ni ng t he t éfpdhameathodsccomding toslaimndl weeseinseidedangidied catboplioxide
tenperature . AR ar.di .nq- cl.ai rein said
cl eani ng corr%frkfagg% g (ratsalrtrloéeg%a ;‘I‘ ig&lg\(}\i:%%e rsaﬁr@%bgg}gdét@el\g}cégi.%d O\G@_gy'
15 introducing a clean secondary gas into said liquid cleaning composition; and
removing said liquid cleaning composition from said surface portion under

pressure from said secondary gas.

47. The method according to claim 43, wherein said densified carbon dioxide
20  cleaning composition is a liquid, and said inhibiting step is carried out by:
introducing clean heated gas or supercritical CO; into said supercritical fluid
cleaning composition; and
removing said liquid cleaning composition from said surface portion under

pressure from said heated gas or supercritical COs.

25
48. The method according to claim 43, wherein said densified cleaning
composition is a liquid and is at saturated vapor pressure, and said removing step is
carried out by draining said liquid.with vapor side communication between said
cleaning chamber and a receiving vessel.
30

49. The method according to claim 43, further comprising:
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) carried out in an enclosed chamber, and wherein said removing step is camed out by

adding a second material to said supercritical cleaning composition so that it is

5  converted to a liquid cleaning composition.

59. The method according to claim 43, wherein said removing step is carried

out by diluting said cleaning composition with additional carbon dioxide.

10 60. A method according to claim 43, wherein a said cleaning step is initiated
with said drying composition in a liquid state, and after a period of time said
composition is diluted with pure liquid CO, and then heated to produce a supercritical
fluid, after which said supercritical fluid is removed while maintaining the
temperature of the fluid and gas above the critical temperature of COs,.

15

61. A method according to claim 43, wherein said cleaning comprises

removal of water from said device.

20
62. A method of cleaning contaminants from a microelectronic device,
comprising the steps of:
providing a substrate having a surface portion to be cleaned,
providing a densified carbon dioxide cleaning composition, said cleaning
25  composition comprising carbon dioxide, water and a water-soluble cleaning adjunct,
immersing said surface portion in said densified carbon dioxide cléaning
composition; and then

removing said cleaning composition from said surface portion

30 63. The method according to claim 62, wherein said densified carbon dioxide

cleaning composition is a supercritical fluid, and said inhibiting step is carried out by:
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65. The method according to claim 62, wherein said densified carbbn dioxide
cleaning composition is a liquid, and said inhibiting step is carried out by:
15 introduéing a clean secondary gas into said liquid cleaning composition; and
removing said liquid cleaning composition from said surface portion under

pressure from said secondary gas.

66. The method according to claim 62, wherein said densified carbon dioxide
20  cleaning composition is a liquid, and said inhibiting step is carried out by:
introducing clean heated gas or supercritical CO; into said supercritical fluid
cleaning composition; and
removing said liquid cleaning composition from said surface portion under

pressure from said heated gas or supercritical CO,.

25
67. The method according to claim 62, wherein said densified cleaning
compz)sition 1s a liquid and is at saturated vapor pressure,. and said removing step is
carried out by draining said liquid.with vapor side communication between said
cleaning chamber and a receiving vessel.
30

68. The method according to claim 62, further comprising:
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out in an enclosed chamber, and wherein said removing step is carried out by
pressurizing said enclosed chamber with a second compressed gas by an amount

30  sufficient to inhibit boiling of said drying composition.
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30 selected from the group consisting of cosolvents, surfactants, and combinations
thereof:
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84. The method according to claim 82, wherein said densified carbon dioxide

cleaning composition is a supercritical fluid, and said inhibiting step is carried out by:

15

introducing clean heated supercritical CO, into said supercritical fluid

cleaning composition; and

removing said supercritical fluid from said surface portion under pressure

_from said heated supercritical CO,.

20

85. The method according to claim 82, wherein said densified carbon dioxide

cleaning composition is a liquid, and said inhibiting step is carried out by:

introducing a clean secondary gas into said liquid cleaning composition; and

removing said liquid cleaning composition from said surface portion under

pressure from said secondary gas.

25

86. The method according to claim 82, wherein said densified carbon dioxide

cleaning composition is a liquid, and said inhibiting step is carried out by:

introducing clean heated gas or supercritical CO; into said supercritical fluid

cleaning composition; and

30

removing said liquid cleaning composition from said surface portion under

pressure from said heated gas or supercritical COx.
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91. The method according to claim 82, wherein said microelectronic device

comprises a resist-coated substrate.

92. The method according to claim 82, wherein said carbon dioxide is

20  supercritical carbon dioxide.

93. The method according to claim 82, wherein said cleaning adjunct

comprises a co-solvent.

25 94. The method according to claim 82, wherein said cleaning adjunct

comprises a surfactant.

95. The method according to claim 82, wherein said providing step is carried
out by mixing said carbon dioxide with said adjunct to produce a homogeneous

30  solution.
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20  temperature of the fluid and gas above the critical temperature of CO,.

100. A method according to claim 82, wherein said cleaning c_:pmprises

removal of water from said device.

25 101. A method according to claim 82, wherein said removing step is carried

out while inhibiting redeposition of contaminants on said surface portion.

30 102. A method of cleaning contaminants from a microelectronic device,
comprising the steps of:

providing a substrate having a surface portion to be cleaned,
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105. The method according to claim 102, wherein said densified carbon

dioxide cleaning composition is a liquid, and said inhibiting step is carried out by:
introducing a clean secondary gas into said liquid cleaning composition; and
removing said liquid cleaning composition from said surface portion under

30  pressure from said secondary gas.
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pressure from said heated gas or supercritical COs.

107. The method accordihg to claim 102, wherein said densified cleaning
composition is a liquid and is at saturated vapor pressure, and said removing step is
10  carried out by draining said liquid.with vapor side communication-between said

cleaning chamber and a receiving vessel.

108. The method according to claim 102, further comprising:
maintaining said cleaning composition as a homogeneous composition during

15  atleast one of said immersing step and said removing step.

109. The method according to claim 102, wherein said microelectronic device

comprises a microelectromechanical device.

20 110. The method 'according to claim 102, wherein said microelectronic device

comprises an optoelectronic device.

111. The method according to claim 102, wherein said microelectronic device
comprises a resist-coated substrate.
25
112. The method according to claim 102, wherein said carbon dioxide is

supercritical carbon dioxide.

113. The method according to claim 102, wherein said cleaning adjunct

30  comprises a co-solvent.
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114. The method according to claim 102, wherein said cleaning adjunct

comprises a surfactant.

115. The method according to claim 102, wherein said providing step is
carried out by mixing said carbon dioxide with said adjunct to produce a

homogeneous solution.

116. The method according to claim 102, wherein said cleaning composition
is a liquid cleaning composition, wherein said immersing and removing steps are
carried out in an enclosed chamber, and wherein said removing step is carried out by
pressurizing said enclosed chamber with a second compressed gas by an amount

sufficient to inhibit boiling of said drying composition.

117. The method according to claim 102, wherein said cleaning composition is
a supercritical cleaning composition, wherein said immersing and removing steps are
carried out in an enclosed chamber, and wherein said removing step is carried out by
adding a second material to said supercritical cleaning composition so that it is

converted to a liquid cleaning composition.

118. The method according to -claim 102, wherein said removing step is

carried out by diluting said cleaning composition with additional carbon dioxide.

119. A method according to claim 102, wherein a said cleaning step is
initiated with said drying composition in a liquid state, and after a period of time said
composiﬁon is diluted with pure liquid CO; and then heated to produce a supercritical
fluid, after which said supercritical fluid is removed while maintaining the

temperature of the fluid and gas above the critical temperature of CO,.

120. - A method according to claim 102, wherein said cleaning compriées

removal of water from said device.



