19 MAY 2006 MESOPOROUS MATERI ALS AND METHODS FI ELD OF THE | NVENTI ON Thi s
invention relates to nesoporous materials and net hods of meking the 5 sane.
BACKGROUND Mesoporous materials, such as nesoporous sigg%gwagﬁgfther nmet al
oxi des, are of great interest for application in nunéré elkel®.  For
exanple, these materials are wuseful for separation and catalysis
applications, and are also attractive candidates for 10 low K dielectric
applications. Literature reports indicate these structures can exhibit

di el ectric constant MESOPOROUSNEA PTERIAAS AND METHODSBKI ng t hem
desirable to the mcroelectronics industry. To date, nobst nesoporous netal
oxi de materials have been prepared using aqueous nedia. For exanple, |ow K

dielectric filns are typically prepared by spin- 15 casting a water/al cohol
solution onto a substrate. THAEBDSQF UHEINVENFION n a surfactant and a

pr ecur sor . whi ch el AR TERAS A o SbThE fud N QARG OBt dipat ed sel -

assenbly, usually ring evaporation o e solve

evaporates, A8 surfactant self-assenbles into a tenplate to which the
precursor simultaneously associates. Renpval of the tenplate yields the
mesoporous material. This approach 20 is exenplified in U S. Patent No.
5,858,457, granted to Brinker. D.BACKGROUNDy|. (Chem Mater., 9, 2264,

1997) d ib | ' f
o, 0%, AR SRRSO ©

t et ramet hoxysil ane in supercritical
condensi ng aRferrat infsesshios eppligation in eusweien figlds.sBat ekample, tiesé materids drhe

condensat | 0rseht ok Lepeide A cafibs biifide Bhi Qi € als Wil plfifdacel yipi Cal 1y have
Po oXi des e pre

| ow 25 squbiIit& in CO2. Porouds neta can al' so pared through
a casti né priswdsdiclgefripappligations diteratura rdports indicate thegptmeturentarexbibit(see, e. g. ,

Vakayama ancugeaiiOloiQts (o1 kangl Blifben 11Pandd30 okl bl ARAANGH. MoLEr, 12

756 (2000)). In this net activate on°structures coated by
cont act w t HoEoeleggmigsiimhystrinf netal al koxi de 1 9 MAY 2006 precursors, and

preci pitation is,udicaek m-ggb?)ofgﬁg HlotaPSliAEmALSH R @eteg%reggge&) ustirt]ge
aqueous media. For example, low K dielectric films are typically prepared by spin-
15 casting a water/alcoho! solution onto a substrate. These solutions contain a surfactant
and a precursor, which develop mesoscale structure through a coordinated self-
assembly, usually during evaporation of the solvent. As the solvent evaporates, the
surfactant self-assembles into a template to which the precursor simultaneously
associates. Removal of the template yields the mesoporous material. This approach
20  is exemplified in U.S. Patent No. 5,858,457, granted to Brinker.

D. A. Loy ct al. (Chem. Mater., 9, 2264, 1997) describes silica aerogels that
are prepared by condensation of tetramethoxysilane in supercritical CQ,. Formic acid
is used as a condensing agent, because agents commonly used for initiating the
condensation of silica from a silicon alkoxide, such as H,O, typically ha\-re low

25  solubility in CQ,.

Porous metal oxides can also be prepared through a casting process using
activated carbon as a support material (see, e.g., Wakayama and co-workers (Chem.
Mater, 13,2392 (2001) and Chem. Mater, 12, 756 (2000)). In this method, the

activated carbon structures are coated by contact with CO, solutions of metal alkoxide




activated carbon structures, conformng to the structures' shape. SUMVARY
The invention is based on the discovery that a precurs?r@ecan be dep_ols! ted 5
within a tenplate to forma nesoporous nmaterial (e.g., $idpo s silica
and ot her _‘gt al oxides). Methods of the invention include ex%o ing a
‘tenplate (e.g., a preformed bl ock-copolyner) to a precursor, often
delivered in supercritical or near. supercritical solution (e.g., dissolved
i n a sol vent Prepsors, andipraeipitatiop ésrivduced. Ciite mntal nuide presipjtasesomictthe al

Feacti on T eadanrCloRRLIRALER, LRI snBlifes M’ 1 R pr ocur EBr 0
chemcally reacts and deposits a material within one or gnre phasgs %.fhe
tenplate. After the reaction, the g¢gpiigke nmaterial can be renove ile
the deposited material remains intact, yielding a nmesoporous structure of
t he deposited rrat“éhﬁlavenﬁqrﬁébese%m&pélsg@wmatamm@mwqummﬂate (e.qg.,
the tenpl at ewehni aqgmﬁﬁtu@foﬂﬁgme;c;xoﬂfus hfte ij'( fgoﬁiléb APsiREARE 8@ gl Fay)

which yields a structured nmesoporous artic Ta tes can be structured
prior to bei M§labepdeskMetbodsiof thsdrventiarincindstxpepingoftempleteGegLa i ng t enpl alt es
include lith ig gp’g} l Lexternal to
the tenpl at e%@?{goa{&ﬁf; uspﬁfpgg IZ&@H? ghrvg%tg |n¥éuggf{' %{1%4 ere the tenpl ate
material . 20supeesritien) soluticsie.al él@soﬂ‘@dtﬁu# sdventibat ipindepspEontimakormadrer i al s

1 The ar cas P auesl RIRGPun LSRR 0 RRARS WAl G BR P LS 1
mol ecul and sepraetiom rmsnt andior @plyistaid/oc opdn hegiing, the psecﬁnsmrs:hemzsaibn’eactst he

provi di ng o CitieByd s BRI ol MLl RR IS, MRS fieidl L) 2

t he t enpl at ethgit¢rhplate p}aeuaircsmbc; re(now@, whﬁatbbldqgasﬂtddenqneratmms intact,hi n t he
tenplate to Vi enplate material fromthe
tenplate to %g{dﬁ%mgﬁggdsgﬁ%%%gﬁé ItTE%I'—_'H’ﬂ ‘ments of the method can

i ncl ude one or rmTletmﬁplathearfhwldmtngdte‘ngﬂAteJ(@, thél'ﬂampmtcbmblelﬁaaanemcl ude

formn e r n |nclude di.sposing (e.g.,
coat i ng gpl %ng% T ng?IFa% elreq]l Wﬁg’gﬁ’f i‘%rﬂ S%E"“éw mERROREFAIYS e mat eri al

and a sol venfymplakocaa bs sﬂn&tumimor ﬁi&u&tﬁiﬁcﬁ%&tﬁh@ﬁiﬂ:ﬁoﬂcl\ﬁdﬂdm substrate 2
' structuring templates include lithography, ordering the template by applying fields

external to the template material, and using surface interactions to order the template
material.

20 The invention also features uses of mesoporous materials formed by the above
methods. Potential applications of the materials are in the areas of catalysis, low K
dielectrics, environmental sensors, molecular separations, and optical coatings.

In a first aspect, the invention features a method for forming a mesoporous
material by (i) providing a template comprising a template material; (ii) permeating

25  the template with a precursor; (iii} reacting the precursor within the template to form a
deposit; and {iv) removing template material from the template to form the
mesoporous material.

Embodiments of the method can incIude one or more of the following
features. The method can include forming the template. Forming the template can

30  include disposing (e.g., coating, spin-casting) a template precursor {e.g., the template

material and a solvent) onto a substrate. The substrate can include any substrate




1 9 MAY 2006 capabl e of supporting the tenplate. In sonme enbodi nents, the
substrate is a silicon substrate. The substrate can be a porous substrate.
The tenpl ate material can be honpbgeneous or i nhonogenep@sMAY n2ifipne

enbodi ments, the tenplate material includes a polynmer (e.g., a honopol yner
or a copolyner). The polyner can be a 5 semi -crystalline polynmer or an

anor phous polyner. In enbodi nents where the polyner is a copolyner, the
copol ymer caeapibie bisiepating the templapeo 11y seme enhbpdeams, the sdbsttatestsilicos he t enpl at e

material inc n . I [..NaN0s es.or | ymer

nicel | es). T%dggtt?azﬁlgg {é&%gtte é:ér?ba pcogﬁgﬁgd\%atg‘ g%c%’%ﬁm%{seirﬁt%ﬁl 'f% erature | ower
than a 10 dewmogen®is srinhdnegpeoead. Un eond ertivdimkmpothe tempfoe madstpl e, t he

- deconpositio ature of the deposit can b reat er than about 400C
(e.g., nore {ﬁﬂlgﬁgﬁgi}?‘% e éhogt?aaymg%é,m%‘g ,rﬁo erﬂ?}yé’}e,rc %% the

t enpl at e $rat sniiatystaiine palymercor af emorphosipolyaier.t Breppbditidnte whbre@out 400C or

l ess (e.g., 350C .300C, . 250C or .less)., 15 |In _some epnbodijrents, the nethod
can incl ude %"?HE%%“‘%%W&&W&P@W#&“"PE%PQ{%WP&PE%% FHebe ordered by
causi ng domaémisodirerits) the tanifMteinateriatiglidel a perogal (b.g., pAFRBHIRosprés Nt i Vel y,

or additionall orderiing the tenplate material can i1 nclude applying a
field exter n%cflg'/'f'?fr?lﬁg{ef)errpl ate material, such as an el ectromagnetic field

or a nechanical TreeémblatEmamBhlesn RivealdesdRNBGNRnbsrafulSbfer thadcd ude el ectric
fields (e.g., AC 20.and/ or DC) Htggﬂ@grrglgnet ic fields., Exanples of nechanical

fields i ALT uREOPPRHon iRFmturs f 1 oz exgnple, thesrRmROsiSRi nent s, t he

precur sor i Steflipsante/ahd d%p@it%ﬁi@'ﬁ&%@&ér tRER db¥RIAPOTIRL, mor&Mhd SPuPEr MeAt i g,

t he precurso géslré?}z}géy é\z%eg(}m%an e under supercritical or near-

“super cri ti.calPchmilteond e $HECPTaqtRs Bhiletbe fmpiale myaral cabbavEAcl ude CO2. I n
addi tion,  2fecompétitionriaaderanit ¥f atoA00FCEUER . 5 I 0PE SJ°@B8HC &an i ncl ude a
pol ar |i qui d1 The precursor can be a netal oxrde precursor (e.g., a silica
precursor or e5)- titania precursor). Exanples of silica precursor include

silicon g koxi desn séhEemiRRICthe tnethod chd inSudy cﬁ&éﬂn% e tbdiplate. The
tetraethylorthosilicate. In various enbodi nents, the precursor can be one

or nore of tiFEPREMYHaheen beerdiraddnicawingslogiajng irethe template mafer) to self-
orga 22{ rl al kgenmilt. aRRornARelf] R LERRGHANIRISRNNS kﬂe@éh?ﬂlgte FRliy &b iRfaoxysi l ane; a
applying a field external to the template material, such as an electromagnetic field or a
mechanical field. Examples of elec&omagnetic fields include electric fields (e.g., AC
20  and/or DC) and magnetic fields. Examples of mechanical fields include flow fields
and shear fields. '
In some embodiments, the precursor is dissolved in a precursor delivery agent.
During permeating, the precursor delivery agent can be under supercritical or near-
supercritical conditions, The precursor delivery agent can include CQ,. In addition,
25  or alternatively, the precursor delivery agent can include a polar liguid.
The precursor can be a metal oxide precursor (e.g., a silica precursor or a
titania precursor). Examples of silica prebursor include silicon alkoxides. One
example of a silica precursor is tetraethylorthosilicate, In various embodiments, the
precursor can be one or more of the following: an alkoxide; a silane (¢.g., an
30  organotrialkoxysilane, an diorganodialkoxysilane); methyltriethoxysilane; a silicate
(e.g., tetracthylorthosilicate); a bridged silsesquioxane; a halosilane; an alkoxysilane;

an alkyl silsesquioxanes; an aryl silsesquioxane; and/or titanium alkoxide.




(e.qg., tetraéthylorthosiIicate); a bridged sil sesqui oxane; a hal osil ane; an
al koxysil ane; an al kyl sil sesqui oxanes; an aryl silsesqui oxane; and/or
titanium al koxide. 3 1 9 MAY 2906 The nethod can furt her, q) Iwgﬁlgprovi di ng
a reaction reagent, such as water, wthin the tenpl ateit r}‘@fo e the
precursor reaction within the tenplate. In sone enbodinents, the tenplate
includes a plurality of domains and the reaction reagent is preferentially
sequest ered wi t hithegirthogican fetherdnalndeprovidingz reagtionatagentsnchsavatdronal |y, 5
the precur sogs hicehMa@ e Hbm6Rihd fHeduridEredetlof A6tk T romote the
precursor reacti on WIM?hi n tﬁe tenég ate.‘rlnogt%ﬁ)%lrnqg%%@g%%nér%gso%e?he met hod
can incl ude prindingnisyths teenlaie ingludesa pjurality of dending apd thelreactiarcieaegieiner at or ,

wi thin the tgoplat r I Lt hin the tenpl ate.
I enbodi ment SeLALY SARSORT Mful Ve OF REUOR AN, | BRI ST o™ R
cat al yst Zanthperepwredralclivery agehitycas dwluds & egaelibnakdgantrio promotefthé frecutkonai ns. The
nmet hod can i e . | e tenplate to pronote the precursor reaction
wi thin the t%%%#gt%éﬁ]ﬁﬁhé%%‘ﬁéa&énbodi ments, the deposit and the tenpl ate
materi al phase depteadnsbodimantsgtht inethod aat inclode povddin @ citelpgi) o emmat eri al can

i nclude a pl yrali f., domains...The depasjt can preferentially formin one
of the domai #éﬂ’rfé&?%%d ﬁeé'frc?solr’tmgﬁﬂnﬁémg?ﬁ? *?cﬂr?fﬂ‘geﬁﬁ PrBE Rt at er i al
(e.g., a netwithintettehpleki Beembodintnistwhersths kepRefcludey 8 plkady &f | nor gani c
deposits, are,silica and titania..ln.some enbodipents,_ the deposit can

i ncl ude é‘ﬁ o?oﬁaﬁ?stﬁﬁﬁ%g?’ﬁtﬁ?“ e .rﬁf?r,eméﬁgﬁmf’rf‘?wf ‘109%‘?’?%?@0 odi nents, the
deposit can be orFhemeithod@awineluds haatiigthe fentdldiy/o prdindi@dhe predhrsore€udtid Si Ng

el ogenat ed BBAABAPTRER: Bvong e Gidink Beaopedand B eipE netBiuct or

mat eri al, orphase sppete dordihé eactivh] adita temfe@eydial dah endiRIBRIpALAityEE eri al can
I ncl ude decogposi ng.the t. | at e terial. Deconposed tenplate materi al
can be extra@‘&ﬁ"sf &Bﬁﬂ‘fﬂ‘?@?{’%ﬁﬁ?@?@ Ydormya opnHReAMRES: enpl ate materi al ,
the tenphkate can e deait esh bedt RRERIE ah Srofbafie iG] (e.g2 2 nfld/ Hdtal@xaesed to
radi ation. The nethod can | nclude patterning the tenplate (e.g., using

| i t hogr aphy) o igtreRithexspiy Jrpmplss ofjporgamp deposits aegrsilicr and tifpaia slisemE | vel y
removed pri oémBodindntsi e @epdsi€an include an organic material (e.g., a polymer). In

various embodiments, the deposit can be or include one or more of a hybrid material
comprising organic and inorganic components (e.g., an organosilicate, such as a

20  halogenated organosilicate), a halogenated material, a semiconductor material, or a
superconductor material.

Removing the template material can include decomposing the template
material. Decomposed template material can be extracted from the template. To
decompose the template material, the template can be heated, exposed to a solvent,

25  and/or exposed to radiation.

The method can include patterning the template (e.g., using lithography), in
which portions of template material are selectively removed prior to or after the
ternplate is permeated with the precursor.

The resulting mesoporous material can include pores having a characteristic

30  dimension between about 5.0 and about 2,500 Angstroms. For example, the pores can
have a characteristic dimension of less than about 2,500 Angstroms on average (e.g.,

less than about 2,000, 1,500, 1,000, 500, 250, or 100 Angstroms), In some




tenplate is perneated with the precursor. The resulting nesoporous materi al
can include pores having a characteristic 3o di nension between about 5.0
and about 2,500 Angstrons. For exanple, the pores can Bm@, 7

characteri stic di rension of |ess than about 2,500 Angst n g@ﬁer age
(e.g., less than about 2,000, 1,500, 1,000, 500, 250, or 100 Angstrons).

In sone 4 1 9 MAY 2006 enbodl rrents the pores can have a characteristic

di mensi on of SWHPPAMENs, therporss cathye # ghasactegistic dimgasan of more than 580, or 50
Angstroms) ORAnAMRhAYEE., Im%tmrmSzocaansob&lg@{r&ﬁg)%ﬂaveFrsge exanpl e, the pores can
have orientational and/or translational ord (e.d., cylindrical pores can
be aligned par al | Bie nogss sancbafrdased. Q’Oaﬁxa@plwe@nreeml@eemanmﬂ to the plane
of the subst haygky mfo AR 1R ol Jﬁgx g&hﬁﬁi ric
constant. For exarrp e, " ﬁig%gér Otf's dr(r)r;ltgecrl a léé\lllgwoq e glr(l:trl o

const ant ﬁesgms,wdmlwasb(eargleltoltméanemmezsubstrate)z 3, 2.2, 2.1, 2.0, 1.9, 1.8,
L7 1.6 1.5 1 fhe flsodorths Mol havel 16w HIQRA BN Serl fm& ori aleq be hard.
For exanpl e, the nesoporous na ave a ness ‘great er than
0.1 GPa (e.gmesqpomas patetidlzan Bave 2 d@l@ric@orstand]eSs thih B35 (ecg ,Aess tlﬁmagl?a or
greater). Th r refractive index. For
exanpl e, the§3gg?§?%zgmqf?k ﬁ%g ﬂ§€g3§f1§’g’ |)act|ve I ndex less than 1.4
(e.g., less than 'I[he&nesmpcﬁqus rﬂateb,almbbh&ﬂ) Forddxtuapla athé medoyommsrmaeﬁhlt ional ly,

t he nmesoppro ef.ri nge nt
|nvent|oﬁgcagéﬁﬂr%’g%%aera%eﬁsce%g?t rmarng) IS#‘#? 2 T%ﬁqﬁ}}é@mgég&@d% E’egard to
aspects of tR&GPawegtener). descri bed beI ow I n anot her aspect, the invention
features an integgated circui n r . of soporous materi al
fornmed using the oveeso%oé%%n?%éﬁp oaglf’ %?%ﬁ?’%ﬁg?i‘n&%’b‘f m@%’ ‘?‘ﬁe f eat ures
descri bed hemsop)a:oummreﬂalrtaﬁhm/ema‘fapﬁvamsexrmts&rahal4 (Egmﬁdtﬁﬁsl.nqrzes having a
characteristi (i et vveen boullt]%g' 0 and about Angst roms. In

some enbodi nent%rl%sf t"ﬂgmf Yy oL etmes?l??éo'ﬁé%“beﬁ'ﬁlr% material can

have a dbel bié¢ftingentonstant | ess than 2.5. I n another aspect, the invention
f r n I cal I ncl n . : -
eatures an opt C]? d?rgpn fnlge mve%tulxjr(lj canan?ude one or more of the features

described in regard to aspects of the invention described below

In another aspect, the invention features an integrated circuit including a layer
of mesoporous material formed using the above-described method (including any of
20  the features described berein), wherein the mesoporous material comprises pores
having a characteristic dimension between about 5.0 and about 2,500 Angstroms. In
some embodiments of the integrated circuit, the mesoporous material can have a
dielectric constant less than 2.5.
In another aspect, the invention features an optical component including a
25  layer of mesoporous material formed using the above-described method (including
any of the features described herein), wherein the mesoporous material comprises
pores having a characteristic dimension between about 5.0 and about 2,500
Angstroms. In some embodiments of the optical component, the mesoporous material
has a refractive index less than about 1.4, Alternatively, or additionally, the
30  mesoporous material can be birefringent.
In another aspect, the invention features a porous membrane including a layer

of mesoporous material formed using the above-described method (including any of




25 | ayer of nmesoporous material formed using the above-described nethod
(including any of the features described herein), wherein the nmesoporous
material conprises ‘pores having a characteristic di mengidofipbeligen about
5.0 and about 2,500 Angstroms. In some enbodi nents of the optical
conponent, the nesoporous material has a refractive index |ess than about
1. 4. Alternatlvely dd|t|onally t he 30 nesoporous material can be

bi r ef ri ngent ®¢| ??“gﬁdg%'%e%%%‘ﬁl whetkin the mesqpqrays mféﬁ'tab?fé@n&esrpﬁ?eéus menbr ane

i ncluding a hayss a chafacteRai RGhSidion BBveE dboutl 00 MHAGLAERAY0 hhgwaReve- descri bed
met hod (i ncl ud| n of 51 19 MAY 2006 the features described herei n),
wherein the rresog'@raﬁ?}@erﬁﬁieéﬁs theinveptignfealwres Hwethed fop fyming asnesopara¥ét eri sti ¢

di mensi on bepXRRByFY Ytkhing- a%rﬁﬁ!%e%%teﬁpﬁ@%a%?ﬁ?ttl-fe%lﬁplatb fhcﬁlﬁﬁ%ger aspect,
the invention features a nethod for formng a nesoporous artrcle by (i)
forning a®t ePraditeofidewaing (tl)epvpn@ﬁheg the temnlate with hprepersqy) Giaedcting theli ng a 5
plurality of ( ursor; (iii)
reacting the %95?6?@%‘?" é\}\nlt t?ﬁég@ﬂ{égﬁl&%nghﬁ[&m o%ﬁ({vﬂqu@ﬁ?at e; and (1v)
renmovi ng t enpRterial frognthe femplaté todonm the mesapptons a'tlclg This mﬂnhécamempbr ous
article. Thi f the

nmet hods and/ g‘%é%tsn%g%ts 0 htl%ka‘tﬁsém%{i'ﬁdsoa{ngﬂgésﬁ; %; dtttﬂ%élirl%?aryé or%b%%xarrpl e, the
met hod can i h&kindEorgmemple, th@methgd canheclidslonowi mere bEtht fllewingFétPex neat i ng t he

tenpl ate . fe.g. ne&;l e a .di bl ock
copl ol ymgé and/ O?PGSB%%{IF%P% gﬁs%/’ ﬁj\?\%’tsﬁa[)ﬁe%ﬂ)ordég L8 4 nel ude
per nmeat i ng t diblock pepllelyeenand/ar atqbtcmk:mlmmmed)e'hth/lm preagmnta.r(mclgie Q02). The

precursor ¢ . di | recur sor Dur i ng
per neat i ng, % ﬁ_e %}ngé%eﬁg%glgtg&g{ﬂi e?cf/n% agent ergg%e“gé ga%(%baﬁterpﬁc}l%%ﬁ or _
near - super cr ¢4ni tgafiissélied io Ihe%cnﬁatdeﬂlgery h@nﬂ&)ﬁ:ﬁm@bﬂﬁe@uﬁ@memmﬁmﬂe per neati ng

at | east one S Wt [ecur s spect, the

i nventi on fecI {velya n%g{ﬁna UPHEE caﬂ%lngﬁéggperﬁ calfdﬂ‘c}na‘% “% 'gﬁpl ate froma
honopol yrer f{eepipts caam%pphmﬁm@tﬁﬂ@hymhedﬁmmwmthe pregusdonl | 1 ne

honopol yner); (il nmeating the te ateW| and (iii)
reacting the pr ecﬂl}rag%%er\ﬁfp[eﬁt ﬁlet"hvgntfo s g ?‘H?‘ﬁiup ﬁ‘ﬁ’(‘fg" & g fi 0 t he

t enpl at e. Thtempmmnhhﬁtnqa:mymmé pigken mwp}@usnmlui@ogrhxem&séﬁatures descri bed
her ei n.

For & atrHPme homopolymer) (ii) permeating the template with a precursor; and (iii)
reacting the precursor within the template to form a deposit within the template. This
20  method can include one or more of the features described herein. For example, the
method can include removing the homopolymer from the template to form a
mesoporous article. Reacting the precursor within the template can cause the
template material and the deposit to phase separate. The deposit can be an organic
material (e.g., a polymer). The deposit can be an inorganic material (e.g., a metal or a
25  metal oxide).

In a further aspect, the invention features a method for creating a metal oxide
article (e.g., of silica or titania) by (i) forming a template from a template material, the
template including a plurality of domains; (if) permeating the template with é metal
oxide precursor (e.g., an alkoxide or tetracthylorthosilicate); and (iii) reacting the

30  precursor within at least one domain of the template to form a metal oxide. The

method can include removing template material from the template to form the




met hod can include renpving the hormopol yner fromthe tenplate to forma
mesoporous article. Reacting the precursor within the tenplate can cause
the tenplate material and the deposit to phase separatiepA¥hgpeposit can
be an organic material (e.g., a polymer). The deposit can be an inorganic
material (e.g., a netal or a 25 netal oxide). In a further aspect, the

I nvention features a nethod for creating a netal oxide article (e.qg., of
silica or tiESMPEPubpetp] ‘)x“*eorrf'#isr%eﬂﬁ’dtcé“rﬁﬁﬂ&@%oqer%moé? ofdhefeatvras andfogri al . t he
tenpl at e i nchipelitd\@bsekitiel Hédinl ty of domains; (ii) perneating the tenpl at e
with-a netal oxide precursor (e.g., an aI koxi de or

tetraet hyl or t hosilpBReE pspeghthe fpvertjon feagiires aigethorblogeregingeusiraaiuredyi t hi n- at

| east one dogtie b@1i) oRRink@TRAME 1d8: £ MoplHRd Mhteat] thod can

i ncl ude renovi n? ?g?rp amtg rrat%rl al from tehg terrpeat (q?%att}%&r%tﬁ%e 6 1 9 MAY
2006 nesopor Btplaiadayr tooferm e stroptired tmmplaiso(iidanerisating the siowetured templpte of t he
features and{af f%érﬂ?&taﬁmd b i nvention
features a net hg for cregﬁﬁ% tgﬁgﬁ}ﬁ%’?ﬁsr&e tﬂnﬁ'[é%hp(gtﬁrg&?é E;aa"’ftgtrfm ng a
tenpl at e | aythe stycgirpdartielerpThe ractivuk cen inslude (g or npae o&therfenigres s/ t enpl at e

| ayer to fOfs!gﬁ@ctéﬁe&&&feHh&the”D' ate; (iii) perneating the structured

tenpl ate a precursor; and (iv) reacting the precursor within the
structured tenpl diaﬁemmgfthtrtﬂmpilaﬂﬂ@arsmdudﬁexpmahetenip@ietﬂmiiaﬂah hBbitt can i ncl ude
one or e I escr bed herein. Patterning

t he terrprrlqgt e&gg%&lﬂﬁl&%u Eﬁlﬁscer@%% eﬁgﬁg gro%ﬁ?m? i 1‘1!0 orng 8f &? 61}?1 ter 10

radi ati on cadlteraatvelyt 'brelddmnmllarlthe mﬂta&onahc&medredmﬁlatahataﬂamrt i ons of the
tenpl at e. N I the radi ati opn can cause the
tenpl ate rraf\grl%l @sglall%égc’m%hh%qg“ 31“" eit%rﬂgl tSFar{l?]epa% ate. The tenplate
can be pattehthegtapﬁmatlhographl cal ly. In anot her aspect, the invention
features a nethod f eatl an .or ered 5 article.. The t hod i ncl udes
the fol |l owi ng st gﬁgg&lﬂ&)ﬂweﬁ {]]78/ MREUeR ‘éa&‘F%Sr%B?‘ﬁ?‘#%’rafe%t&g&P?%ﬁﬂ electric
field, a wragmatle.cha @ttbod mclﬁdiasmheffblaadvdng aép:h’ o a@lﬁh@ﬁeﬁc&érﬁdl ddldi@ga tenpl ate
material to n ord ate terlal (1)
per neat i ng 5 erlecﬂnfa }cgdg Q\ﬁgﬁ%ﬁﬁ ‘farh Hﬁt"(‘llt?r{‘la A eacting the

pr ecur sor rra_tnaien&i lto wdséribleran ordered template from the template material; (ii) permeating

the _'ordered template with a precursor; and (iii) reacting the precursor material within
| the ordered template. The method can include one or more of the features described

20 herein. For example, reacting the precursor within the ordered template can form a
deposit within the ordered template. The method can include removing template
material from the ordered template to form a mesoporous structured article. The
ordered template can be permeated with the precursor under supercritical or near-
supercritical conditions. _

25 In yet another aspect, the invention features a method for forming an
integrated circuit by (i) forming a template layer on a substrate, the template layer
comprising a template material; (ii) permeating the template with a precursor; (jii)
reacting the precursor within the template to form a deposit; (iv) removing the
template material to form a dielectric layer; and (v) processing the substrate and/or

30  dielectric layer to create the integrated circuit. This method too can include one or
more of the features and/or aspects described herein. For example, the method can

include one or more of the following features.




the ordered tenplate. The nethod can include one or nore of the features
described 20 herein. For exanple, reacting the precursor wthin the ordered
tenplate can forma deposit within the ordered tenpl atied Miie ziid hod can
i nclude renoving tenplate material fromthe ordered tenplate to forma
Mesopor ous structured article. The ordered terrpl ate can be perneated with
t he - precursor ntl‘#lgercrl cal or near -, ercritical conditions. 25 In

yet anot her aspec Y BFP%*‘HP‘%@‘%P%‘ Y?ﬁ(?ﬂﬂ’fedjrep‘i‘sﬂtoh ng an
i Nt egrat ed cidfetegiric lés'yr (elg), afcopper [hgerfbr'ﬁa‘ﬂﬁﬁ4 oFls6mé aﬂd@‘rcoﬁdhcﬁr su@sdsrate, the

tenpl ate |layey .conp a tenplate material; errreatlngthe
t enpl at e V\Atﬁ{u EL"SB&*“’E‘?‘ iﬁljefc?’é’&(?t’]il gt Fhe adgi B’Eﬁlgﬁ?r%?% n the

tenplate to i)@ﬁsm(ﬂ,&ﬁ@%éﬁe“eﬁﬁo\o}ng&@mmﬂﬁtehgle tenplate material to forma
dielectric layer;_ and (v) processing the substrate and/or 30 dielectric

| ayer to Ereate thé‘fP‘ﬁ‘teégﬁPﬁ?te@e&Vﬁﬁwpﬁean@?ﬁ@“ﬁﬁ@f@ﬂfmgé&?ﬁtﬁdncl ude one or
more of the Bﬁ%%oﬁ@oﬁéﬁ%ﬂ:) g beh HedBRG b&ﬁ%naﬁr@at urg le, the

nmet hod can include one or nore of the follow ng 9 MAY 2006
The net hod céﬁﬂen%sutfécefmhﬁongcaémmm tbﬁ@mpla@l@yer ingluding ad@pniﬁet or

dielectric | conduct or,
such as al u?ﬁéﬁe& Gn%)egm gaélg[gﬁé gé\%‘%lall‘g’qme?lbggﬁ]s%yﬁ@o nﬁ%ﬁ?p h‘ggdz’addl tional -
| ayer can be Withis|thestawplatsds frrm aglepesits ad (v)enmvvm@temhm materiabkfromrtheal . 5 In a
further agpegy Iatté"t% fbrm/ f&ﬁhﬂ%oﬂ HEbhe E}Scoﬁl Eﬁ?&poﬂlefn%thod%&mn@%dg?&%?t ed

opti cal corrponent t cal formng a
tenpl ate | ajere ertheefe@um mﬂéor@fspepﬂaéesspbaddlatem&wpmmpﬂe, theethodiopl at e | ayer

|}10I uding a ﬁlﬁ{lﬁkaﬁe%rn‘i@é thé‘hyllo&;in' 'féanf?gsr nmeating the tenplate with a

"precursor; (iv) reacting the precufsor Wwthin the tenplate to forma
deposit; and (v) Tf@nmthtrdg:anmtrbldapehﬁmg@mdaposﬁmnﬁ:etcbﬂmg@ofommh ate to forma

g o OB hA et ROTP N Heve S NGl AR A S 1040 P iBaPH00 D1 S O]

t he features aspec escril rein met hod can
i ncl ude die om frapran aﬂsrageh@g‘ dbdsdmmly)mé@u,l@(egoo Eh,earrmmim)xd'ﬂmaahpmsncl ude

pol i shing the, ( %%%gﬁéh%:d%fo%e%?‘aﬁ%}% ‘g?gtge &egrga?t%oazt ically flat surface

(e.g., to have & ‘surtace " t han about 500 15 nm

from an aver age (Is.agotheragsst, thameabmlhatfﬁ@ﬁ)a m2M0d fol Bdking @ peiieatlld nm) . The

deposi t membrane including a mesoporous layer by (i) providing a porous substrate; (ii)
forming a template layer on the substrate, the template layer including a template

20  material; (iii) permeating the template with a precursor; (iv) i‘eacting the precursor
within the template to form a deposit; and (v) removing template material from the
template to form the mesoporous layer on the substrate, thereby forming a permeable

membrane comprising pores having a characteristic dimension between about 5.0 and

S

. about 2,500 Angstroms. The method can include one or more of the features and/or
25  aspects described herein.

As used herein, a "supercritical solution” (or solvent or fluid) is one in which
the temperature and pressure of the solution (or solvent or fluid) are greater than the
respective critical temperature and pressure of the solution (or solvent or fluid). A
supercritical condition for a particular solution (or solvent or fluid) refers to a

30  condition in which the temperature and pressure are both respectively greater than the

critical temperature and critical pressure of the particular solution (or solvent or fluid).



can be polished before or after renoving the tenplate material. |In another
aspect, the invention features a nethod for making a perneable nenbrane

i ncludi ng a nmesoporous |layer by (i) providing a porous qupqqmnggq (i)
formng a tenplate layer on the substrate, the tenplate |ayer including a
tenplate 20 material; (iii) perneating the tenplate with a precursor; (iv)
reacting the precursor wthin the tenplate to forma deposit; and (v)

renovi ng tenpl at & MSRTETPFrGabsplyten” (of gysnberdivid) isQedn whish fssestyesdous | ayer

on the subst teafperatutd (@66 Yenkfof 48 thedsuRATNR ORISR R\ Gite QP! | Si ng pores
havi ng a characteristic di nension between about 5.0 and about 2,500

Angst roms. THEPRBRFRS thearlitine (o srlvent er Bridiresairedt indelvidagwrteghamd/ or 25
aspect s descpighetrefe prlesufiS(atiif ré@ﬁcﬁ&i@iﬂe@bf&k‘i@ﬁrg%asén L Gathe Slh! on” (or

solvent or fluid) is one in Wwhicl teEper atur pressure of the
sol uti on or (cs&plyaaper fd)) pithelyolution (ensebyewfluid) iergreates than @Spbwtlieve criti cal
tenperature gigdioR" : WeloF Vv X L4). A
supercritical con f}t% ?fgﬁrﬁ.fogﬁlmg?gg?ﬁ ggh%géhcéﬁoﬂl?i?%n‘g?oarrggﬁ J\fllg% or fluid)
refers to a Suditiondireipemicilar setitioh (arlvelvent apfviditrofiess tan dorgitissuwkichr e bot h

respectivel yggk f I(‘ke Lt ] riptieal pressure
of the particul %?Ee?é?%?%%é o%r eag%lﬂs/dg(r?faé %??{q&gefd%%&@e %r%eaﬁﬁwmﬂg& A

"near - super chititherghdities ignptonper¢risicals dinderambaant édnditidis, the solventicm e ch t he
reduced e r.at:Lr r re. neasured. in | vi n_divided by the
critical 1Ete fgé)r?g ﬁcgeﬁgeﬁg#ﬂégl‘;scgﬁgﬁlf%}r?g gFo lg% Ven 'Xore%q‘ﬁf’&fmﬂ%asured in
Kel vi n) is gdidateatrindividwal s@vértand reduced pressure (actual pressure divided

by critical pres 3% luti.on 5 (or. solvent op.fluid)) of the
"sol ution (or sol \S/Eéhﬁll%dﬁea?s ﬂ%ﬁ“%?%%%%?p{%@ﬁoﬂ‘?%{m ﬁf’ftPﬁtc’lﬂo Bution (or
sol vent or f adveatpges.sTiregirecarsorspan be edsily diksobed ito smiventd, wigtanio sidpengr i ti cal
condition fo . l.eul ar lution. (o[ so]ven fluid). refers to a
condition i ng(%f\ﬂ}v(@i%{e&*lﬁg' ;ﬁlee('ijtsﬁ@lé)a’ #‘%ﬁ%‘éﬁ“&f&? Jée 1?1‘5‘% 8&%5?%9”{ ©HhsFe#EESand r educed
pressure ibs grdaktnet parthlenin Ghefpredipitatibhel theoweatition pradid. Hdboms WS, @lid dewcal . Under
anbi ent condit'ggss e sol vent. can be

0

is al so neant™ |cﬁ%%e§ & rgacﬁ?&{ha?secogpa aﬁgp%ﬁg&ges lwllj'fgr%}f“glr"‘%;??‘%flaglr \r/nl 33;Yent
sol vents. Enhbibitsrenstherodsetstoers) thy eationn Sednd4py Ruétda pestactdbrenbe of the
ol o g A B ovE R SRl Can Sove SecSidary thaction produci from.
sol vents, wi Th oA ary P
the reaction site.
20 The methods can be substantially non-aqueous in naﬁure, and can also obviate
the need for water/alcohol solutions as the reaction media. The temperature at which
the reaction is performed can also be increased above that used for aqueous
preparations at atmospheric pressure. The elevated temperature can enhance the
reaction rate.
25 Self-assembly of the template can be decoupled from the presence of the
reagents, providing increased flexibility with respect to the framework chemistry over
systems in which both reagents and surfactants must participate in the self-assembly
process. For example, precursors can be used without concern for its solubility in the
template solvent. Additionally, the supercritical or near-supercritical solvent for the
30  precursor does not dissolve the template, but only dilates it slightly. Thus, the
template can be prepared in an independent step and the resulting composite material

will retain the net shape of the template. Finally, using a supercritical or near-




additives required. In addition, the solvents can be inert wth respect to
the reagents, 15 and do not partake in the precipitatio 3of tYhﬁ eaction
product. In sonme cases, the new nethods can reduce react mt' s conpar ed
wi th techni ques wherein the solvent inhibits, or otherw se slows, the
reaction. Secondary reaction products are also soluble in the solvent, and
the solvent can r.enmpve secondary reaction prodqucts from, the reaction site.
20 The net hoﬁ‘ﬁ’e’f?gﬂ‘r’%é"%éeﬂbg’fg‘ﬁtpf prsgr and gt j@ﬁg’étlf‘wsﬂﬁﬁﬁr“éfheand can al so
obvi ate thesupree:iédbr wat Rbérafieal@lventthepirifichirof tROrdceastiietite@@di a. The
tenperature at. which the reaction is performed can al so be increased above

‘that used fof°luGhE ke melstecar posratrglleddy pdisingsplvens densty taouglrhe el evat ed
tenperature cidhg®ihgRsarel Ne reaction rate. 25 Self-assenbly of the
tenpl ate can be decoupled fromthe presence of the reagents, providing
i ncreased3f | exi bi Themyethds panyssbstantielly tsdyager Ph@‘ﬁﬁﬁ@tﬂ@k@ﬁ?@gﬂ_ wteplgedr  syst ens
i n which bot bebpRaRdingteddl dudhl ndfdk 3R Serhdial ofﬁﬁét%ﬂnﬁfa@%&%albiﬂgbﬂ%r
sel f-assenbly process. For exanple, precursors can bé used w thout concern
for its sol ubthesmetheds. Bhrinkageaypen galeinafighnvambe anagdgsirpieiartifagt oft he
supercri ti caka@fioRERhmedPS tdshdritlsi ek i L r does not
di ssol ve the ?err%l gt@g, _but or?lé/ %Iélsg;ﬁ;géﬂ’” é%a?goh%r yfnégg!ﬁ%g,g‘o%%%g tenpl ate
can be prepafiles 4nd mgnolithdependent step and the resulting conposite material
will retapn the Nk, $haRGpRlos Gn , ' : ' supercritical
or near 9 1 9 MAY 2_806 su ergél tl t(‘:)g S m%tg%tgy%glrdt%‘ﬁgﬁ%drrg%ﬁ?sor and a
t enpl at e t hamorphologisal|patsineter(sn Fohexampleptemptate merpholegy cae be menipdated i ti cal
Csplvent the gapfidihomn . . V, and t he
’ t}e)rrpl ate can ge / colngggﬁﬁééfog?gggﬁig%%%%%@@h %etnlgt? {a§§%‘ra§%ﬁ changes in
pressure. 5 ¥Hemadieldsds can substantially reduce or elimnminate shrinkage of
the tenpl at ed r . i ﬂHﬁl‘ ﬁg -alter renoval of the
tenpl ate by cal gi{a%g?ﬁggﬁlé%?@‘%ﬁ h‘!é(fr?hlrlret o%g. %{re?élfkcg%%n%&ﬁ%n ef:eéqalclﬁv%ati on can
be an undési thelshme mednifgaes tornfmonly madkirstomital one phdriinsiy skitifin thesgpor ous silica
and can | ead . i S [ fi,l and. ponalith. 10 Tenpl ate
nor phol ogy cz‘;trl?% Bg'{‘?rr‘g‘gé.’“@g g‘%l% bg‘ﬁg‘a}%ﬁzﬂefhﬁas ol em%‘?'mr?glrnélllar or équivalent

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

invention, suitable methods and materials are described below. All publications,
patent applications, patents, and other references mentioned herein are incorporated
20 by reference in their entirety. In case of conflict, the present specification, including
definitions, and examples are illustrative only and not intended to be limiting.
Other features and advantages of the invention will be apparent from the

following detailed description, and from the claims.

L DESCRIPTION OF DRAWINGS
25 Fig. 1 is a set of X-ray Diffraction (XRD) patterns of a mesoporous film
produced according to Example 1. The top trace {and top inset) shows the XRD
pattern for the calcined film. The bottom trace (and bottom inset) shows the XRD
pattern for the as-infused film.
Fig. 2(a) and Fig. 2(b) are lattice images of the transmission electron

30  micrographs for mesoporous material synthesized in Example 1,

10




nmor phol ogi cal paraneter(s). For exanple, tenplate norphol ogy can be

mani pul ated by adjusting tenplate conposition, tenplate swelling, surface
interactions, and/or external fields. Unless otherw s¢ Wdfihegps al |
technical and scientific terns used herein have 15 the sanme neani ng as
commonl y understood by one of ordinary skill in the art to which this

i nvention bel ongs.. Al.tho net S,.an terials.simlar equivalent to
t hose descri bed ﬁ:ég'églsna %egﬁﬁﬁ'éay %ﬂc}lﬁn &%éeﬂpqﬂ&ﬁ’f Qe mesopRSG “of ¢ he
present i nv@ndicedaccendingabEeanipd hods and materials are descri bed bel ow. All
publications, patent pljcations, patents, an her references nmentioned
herein are incor?&gf%@%ﬁﬁmﬁﬁe ﬁ‘&ﬂb‘?”@ﬁegl‘?‘ﬁe@ﬂﬁ‘g 08 FFIEF’S‘F.S‘OPﬁ{éEt&g‘e of
conflict, thaicegphnfor fespblousMbicfil synthstzed inWkan@efJ. ni tions, and exanpl es
are illustrative only and not intended be limjing. Ochefr features and
advant age¥ of thJ‘$°ﬁd%%?th&?‘ﬁﬂmlf@?§“%[b atterg of A ASOPYOHS| Wi ng det ai | ed
descri ption, prafited icRBrding20 BkApIS3. THeSHIrREI(SN 6 infIRAMbMR XRDFI 9. 1 is a
set of X-ray Diffraction (XRD) Batterns of a mesoporous film produced
accor di ng t oPaBgIfpy the qalcingddiling The bottom trage fand bptiom wset) shews the XRD

pattern for pdwemasd thé Reelfikdd A, The bottomtrace (and bottominset) shows
the XRD pattern for the as-infused film_ Fig. 2(a) and Fig. 2(b) are
lattice i mages ofFig RE) epdFigH(Rdthvr igagestaf he tragemisgion destrapmicrggsiphires opor ous

Bt er i al 16y NERaElopabul AubraRlResiked AbxbuBl¥AY 2006 Fig. 31is a set of X-ray
Diffraction (XRD) patterns of a nesoporous film iproduced according to

Exanpl e 2. Fig. #i§d i atet peraRiffeaction ORB)wsttpas of asriefured finyed) of the

ot ansmSSingﬁh@c%ﬁ&ﬂrdjdﬁiﬁﬁ%?&m?s,f@indﬁe&%&ﬁ% material synthesized in

anmpl e 2. Fig. 51s a set of Xiray Diffraction (XRD) ggtterns of a

nmesoporous film FigdduessobfenrdifiagtionCBRAmstangof chlsined pngnredueed and t op

inset) showsydeh@ingRPrxLRHILAr 8 o B8 78 f36eE@ef)t N€d film The bottomtrace (and
bottom i nset‘riL shows t}r{le XRD' ’ﬁatte’r n%feor e'?he as-infused film Fig. 6(a) and

Fig. 6(by5latticdigP)end Be. ¢ Jetiies imags$ ofithetransmissinn ale@rongr aphs
micrographs for mesoporous matetiai synthesized in Example 4.
Fig. 10(a) and Fig. 10(b) are lattice images of the transmission electron
micrographs for mesoporous material synthesized in Example 5.
Fig. 11(a) and Fig. 11(b) are lattice images of the transmission electron
20 micrographs for mesoporous material synthesized in Example 6.
Fig. 12(a) and Fig. 12(b) are SAXS profile snapshots of a mesoporous silica
filin produced according to Example 8.
Fig. 13 is a set of integrated SAXS profiles of a mesoporous film produced
according to Example 8.
25 Fig. 14 is a set of X-ray Diffraction (XRD) patterns of mesoporous film
produced according to Example 9.
Fig. 15(a) and Fig. 15(b) are lattice images of the transmission electron
micrographs for mesoporous material synthesized in Example 9.
Fig. 16 is a cross-sectional scanning electron microscope image for
30  mesoporous film synthesized in Example 10.

Like reference symbols in the various drawings indicate like elements.
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10 for nesoporous material synthesized in Exanple 3. Fig. 7 is a set of
X-ray Diffraction (XRD) patterns of as-infused filns pi dgﬁgdz@lﬁcordi ng to
Exanples 4, 5, 6 and 7, respectively. Fig. 8 is a set o Tay ffraction
(XRD) patterns of calcined filns produced according to Examples 4, 5, 6
and 7, respectively. 15 Fig. 9(a) and Fig. 9(b) are lattice imges of the
transm ssion electron mcrog mat eri al synthesized in
Exanple 4. Fig. 10(a) and Fi gb%%l(‘}?%F ar%ﬁ%@yl mages of the transm ssion
electron mecr ogrm Methodelsppor ous materi al synthesized in Exanple 5.

Fig. 11(a) and F gg rellatt cefd of the ”IE{%SE“ sion el ectron
20 i crographs f olP%f’féaer?%rPPaé %ﬁ?ﬂ%@??@&n‘f‘w dP& 6. Fig. 12(a)
anddF| gd 12(h&tgblé&nw{é§smbﬁfnleﬁ grlﬁé}ﬁmlhmds(upfhc &Iﬂmﬁ@i]?@élﬂiéﬁteﬁwlﬁhgas fisl m
produced accordin e et of int ed SAX
profiles bf B® ﬂg Hli(ﬁp? %‘Lfg‘é‘!i“’t(ﬁﬁaﬁ’ﬁ’ﬂﬁﬁ’ﬂthf‘ﬁhﬁ? t]%sm‘% Fig. 14
is a set of éinﬂi(ﬂmn@tsf fHe&ﬁﬁpiﬂe1s(ré§ﬁ’&)ed,qaivﬁﬁﬁbﬁmﬂfthém§sﬂﬁﬁétﬁuﬁatéﬂal m produced
according to Exag‘bsﬁ{? . 15(a) and Flg are lattice i mages of the
transni ssion el ect¥ h‘f??‘&*’Bﬁ'PEfﬁ?Ps‘ Ralgriafsd: %b@r‘%%“#?é’?‘é‘?gﬁ‘l’m%?fhtf‘ﬁey zed in
Exanmpl € 9. Féger ck@bbif 5 16 2BOGABREbMS MAdimSGRIAN 'h@%erﬁiaﬁ%rsﬁiber@fﬁéﬁﬁ%ol)e i mge
for 30 nesoporous film synthesized in Exanp 0. Like reference synbols
in the vari oﬁgleﬁﬂpawvﬁ@gtenﬂdwa@a Mf@@weqﬂmém@ts poresfn ymgROPorYH | DETAI LED
DESCRI PThEON m&RAgI8d raﬁ@nh?%b&gmxl}sﬁaﬁﬁﬁ)@fﬁ&ﬂés %ﬁdleﬂle%u!ﬁfaﬁuﬂryepar ed in tw
or nore principal steps: (i) a suitable te ate is obtained or prepared,
and (ii) thesRhErfs Beres, substsatialy sllwepidal peren sebsipnBallycybrdricoliors. deposits a

. reaction proglisehndBy r&%gﬁbﬂaoreen &Qhﬁkta&l{”w&mlpa;ee TASbxRAMR wHidEPOdi ment s,

the tenplate is renbved, '| eavi ng behind the mesoporous material. As used
herein, mesoP@eLeoidared (hayp yanskahonal pnsl/orerientpingl gidss) ing MFSPROEOUSN t he

material can also vary. In some embodiments, pores are not ordered, and randomly

15 permeate the mesoporous material. In some embodiments, pores can possess
orientational order. For example, the cylindrical pores can be aligned substantially
parallel to a common axis. In some embodiments, pores can possess translational |
order. For example, pores can be layered and/or closed packed (e.g., 3-D cubic
packed spheres or 3-D hexagonally packed spheres). In further embodiments, pores

20  can possess both translational and orientational order, e.g., hexagonally packed
cylinders. The pore size and/or degree of order can be determined using, e.g., X-ray
diffraction techniques or Small Angle X-ray Scattering techniques.

The first step for preparing mesoporous materials includes providing a
template having a desired mesoscale structure. For example, suitable templates for

25 the formation of mesoporous metal oxide films can be made from block copolymers,
such as polyethylene oxide — polypropylene oxide - polyethylene oxide (PEQ-PPO-
PEO) triblock copolymers. These copolymers can be spin-cast from solution onto a
substrate. During evaporation of the solvent, the block copolymer self-assembles into
distinct phase domains, the different phases being formed from the different blocks. A

30  catalyst or reagent (e.g., p-toluene sulphonic acid (PTSA)) is included in the template,
and is usually partitioned in one of the template phases (for example, PTSA is

12




order or about 5.0 to 2,500 Angstrons in dinension. In general, the shape
of pores in a nesoporous material may vary. |In sone enbodi nents, pores in
a nmesoporous 1o material are randonmly shaped. Exanpl es ofgpﬁﬁp gpes

i nclude substantially spherical pores, substantially ellipsoldal pores,
~substantially cylindrical pores, substantially rectangular pores, or
substantially cubic.pgr extent to pore re ordered (have
transl ati ona ‘é“ﬁﬁiﬁ@r“?ﬁ?@ﬁtp}ﬁ%n P}f@r‘;f}l\ﬁ‘?‘?p ALY [ﬁ‘h‘?ewﬁﬁ Cerial can

al so vary. |srusnretheddatiepirg dicheds tite Riabstiofurdyf @ idopaad niadrpn y 15
perneate the nesgg r ous terlal | n some enbodi ments, pores can possess

ori ent ati onal fhe spaop gtgglmursgwrregﬁtqswp thedsmplafe layere Rprmsating | gned

subst anti al | the teRipladd lafdr v the SO cANdsInolddllcs O Be HIRQEH: BPAirse iROT €S Can
possess transl atlonal order. For exanple, pores can be |ayered and/or

cl osed patkedd(opgh at ieagh one dpmain PR iemplalesterial op cajolpstigeseagishal | y packed
spheres). | nseﬁb’é’sfefb@rwxﬁlmg teﬁﬁyﬁémtﬁ%ﬁﬁ%cgl(boﬁ@eﬂsdﬁgﬁ RESRNRPH phd@Rs! at i onal
and orientational %@ hexagonal I'y packed cylinders. The pore size
and/ or degr e¥ithjn ﬂ@ﬁwlatemd repstient prodisti(ussisiliga fas TEOS) deposifs oniithe r act i on
t echni ques OfemSHRl rudB@l( &mﬁ&ﬁs@ymﬁﬁgtatt%mmmﬁm BHdffot o cJ[ﬂ drgst step for
preparing nmesoporous material $”includes Bt 6 havi ng a
desired nmesoscal éngqmmnhﬂdénenﬁomemawmres d@w@m@\bﬂl@a@hﬁﬁa@ﬁ@tﬁg, 25 the
f or mat i on, of ;NEBSARR ) 9Xdde from bl ock
copol yners, l':,Puchﬂags #15@1 gﬂe eox§éegc{ﬁm%?r%0?§ﬁ?&g§e oxi de - polyethylene
“oxi de (PEO Hﬂtlﬁeth?ﬁ@}hoalhwﬁ @@@Sdélpwﬂ\spm swperfitborgsporupereitsadede e spi n- cast
“fromsolutio nt, the
. g ock copol y& 9&}{ %ngggiﬁtgﬁlgte@qé ggi dﬁ \6?{%? éagﬁﬁtg%uggrtr%ﬁ%ﬁ%ﬁg d| fferent
phases bei ngddpomhmbfﬁhmqﬁhep@dﬂdtmhb deliverck svith thelBecumsbrm | Water iponer eagent
(e.g., p-tol ugaps ate, and
i s usual | y part lel%g he%g&r%%g nehg?éﬁﬁgé%d)elﬁ%?é{e{&%pﬁaggg%éa??u%h&nﬁ&% & PTSAis
12 1 9 MAY 2908iogelordutvityode will ushtheRED mtcasaen) mixﬁhetodefwaiorthe mcutdor, phase
provi de the CL ur f r the fina
structure of ﬂﬁ)&ng‘lélg?elfa Eﬂg’ énnlgtag %’tg‘ dofnﬁg? gsadgftia‘ée(r)e@cfp ﬁ}thé ?re?au pr Eahc?ﬁr sor
per meat es i néssistiher ermh’pltlm;aredu&.yeﬂo peBaranghd femglatel inel/dr engblestherchatipar Wit h t he
precursor ca §§&xPQ£ %1t recursor to diffuse into 5 and through
at | east one“dormain et ﬁ%?%% ‘material. A catalyst or reagent

In some embodlments the template is removed after deposition of the reaction

20 product, leaving a mesoporous structure of the reaction product {e.g., mesoporous
silica). Usually, the mesoporous structure has a similar morphology to that of the
template. For example, in the case of a block copolymer template, where the reaction
product occupies regions corresponding to the domains of one particular phase of the
block copolymer. Template removal is often accomplished by decomposition of the

25  template material, (e.g., by calcination or exposure to other energy sources including

UV radiation or plasmas).

Template Materials and Methods

Templates can be prepared from any material or combination of materials that

30  possess the df;sired level of mesoscopic ordering (i.¢., that exhibit structure over sub-
micrometer length scales), that include portions (e.g., domains) that are permeable to

a desired precursor mixture, and that are compatible with the precursor condensation
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sequestered within the tenplate initiates a |ocal condensation reaction of
the precursor wthin the tenplate, and the reaction product (e.g., silica
for TECQS) deposits onto the .tenplate structure (domaing) ARl Higgy a

tenpl ate/ deposition product conposite. In sonme enbodi ments, the precursor
is delivered using a delivery agent (e.g., 10 in a supercritical fluid

- (SCF) or near- SCF s_?I uti OF_?. JFor ex le, .tetraethylorthosilicate (TEQS)

di ssol ved i n°hETREYc FsmRlRie piatsrials gan mclydearagnic materfalsdes. Balpmerg opH8Ict silica
within a suidoatoindsSdialaddeRibliAGH bichEd ddmprRads bhEih6Riid Yotsald@ecsanry for
deposition of the reaction product nmay be delivered with the precursor.
Water is onea“déJ@dFPpI e of a reagent that may be included in a supercritical
or near supercri tixgabletbPierhplaf YhatiriaRMnclkRbIdek 8ol nerd @10kl chpdiafert e term
precursor mxture to refer to the precursor, précursor delivery agent, and
any ot her5 coffpisienkincararangemaagof fledks, atbdock beiag r perfion pfatpolymes molecylp or enabl e
the precwS%mﬁchnﬁéﬁeﬁ&n@ermﬁﬁéﬁmt%a@uor@%%@fuﬁsﬁlﬂgé.ge.,t&&eﬁlﬁa tion product
to deposit within the tenplate. In sone enbodinments, " the. tenplate is
removed af t emaksapokthe blopksd or conBgwretivntli(eg. theemprestesof atbmsinthey a nmesopor ous
structure of blB&Fs‘) feRffeldifdled %891"%% cegn?bﬂc . B8R co @ih{;ﬂs(‘(ﬁé, wltﬁiﬂal ly, the
mesoporous structure has a simlar norphology to t a0 't enpl ate. For
exanpl e, in afaeorgbls temperafrd pngigklatwrohsentrationamgk)a sane hidrkcepdlymers eact i on
product Qgcupis€ |+ [+ I.ns of one particul ar
phase of qfhgﬁ lk%gsoac wclg%?logl(r%@%Sﬁﬁg%p%?’gwgﬁg@g&%?g}pgften acconpl i shed by
deconposi tion of SuftebleBlotkenpblymersimcwsieipalyethflenapxidel polypdopylarstaxaie —or

exposure to ene I j 40l radi at i .asnas) .

Tenpl at e Mat ‘g}rlfgtflglg%n%%gﬁgc@ a?%ﬁr@ﬁg@géﬂ%g%wyg%gggbg y%%%%lgeny mat eri al
or conbi nat i @8-REO)mktlenks,aloty(dimethylsiBoxanp:) syehsthylene akide ditdokkl and eiblak

mesoscopic o | |+ g i bit structure over sub- mcroneter

| engt h scal eé%?fytnﬁgt &'{dr?gfyﬁg'gﬂ%%ﬁq?%hﬁgmfé?“ F%&%ﬁ%ﬂ” St hat are perneable to
a desi r eds pr ecur dosoms erbhodimensnblotihapolgmersindipiatat lodseonsl tidek e hgsraecur sor

condensation_1 Y.2006 chem stry. Tepplate materials. can i nclude
organt ot oprdyeder PV 7 30 o R Sibfahant & T ReBiiEs T RuGine aRGnHERRhD I | o5 of
‘organi ¢ conpatiadisy selertkd componisof the pesciu@dranikaird) the t&al4ts canankhned ays) .

partitioning of those components in desired phase domains of the block copolymer.

For example, at least one of the blocks could be hydrophilic and/or CO,-philic,

20  thereby enhancing permeation of water, hydrophillic precursors and/or CQO; within
those blocks. Additionally, one block can be hydrophilic and a second block can be
CO.-philic. As another example, ablock can be selected with which the precursor
selectively reacts and/or partitions.

Furthermore, block copolymers can include at least one other block that is

25  phobic to a precursor mixture or precursor mixture component. A block that is phobic

| would inhibit permeation of the precursor mixture, or component, from the template
phase composed of the block. For example, a block copolymer can include a
hydrophilic block and a hydrophobic block. Water can be selectively partitioned into
a template phase composed of the hydrophilic block phase. In another example, one

30 7 block can exhibit very low permeability to a SCF solution while the other block is

readily swollen by the same solution.
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Exanpl es of tenplate materials include block copolyners. Block copol yners
5 contain a linear arrangenent of blocks, a block being a portion of a
pol ymer nolecule in which the nononmeric units have at I-i@%g\'{orzwﬁ
constitutional (e.g., the chem cal nakeup of the bl ocks) or
configurational (e.g., the arrangenent of atoms in the blocks) feature

different froma ock Under U|t on|t| wthin a
favorabl e tenper;ijf'gér%g@%nrll A gst‘)\? %Ogﬂc\fmnlisr aattf"oélnan?%l foneé’%'%%ﬁlo

- copol ynmers tdlosmlthata&ssmnlaeapmw{ednmganse pifotqwsfsddl’hemetnbdkwopolﬁne}gl e bl ock
PR S ok ek R BBl S b P toriePo! Yo 0Py ene
pol ystyr ene- petysirhyl ene oxi de (PS-PEO d| bl ocks, poiy(dinet hyI si | oxane) -
pol yet hyl ene oxi dlb|0 d triblock. . copol rs, and

pol yet hyl &ne- pol &’ Pﬂ@h"“ﬁ? B?Qaﬁgﬁgﬂcgﬁ@%gﬁmiga“lvﬁ%@é enmbodi ment s,

bl ock copol ysmeple, mebmdlec@blynﬁa%1ﬂﬂa1em&daﬁé&dohﬁtnsfaﬁ§ﬁﬁtbl§aﬁwecul ar affinity
for one or nore Eclg"régonents of a recursor m xture. By inherently

attracting s&pkd 8 SRBE R 3secoat blogl typy- ltgraatively the Rlpk COPﬂ&n%Té’ﬁJbl ate can

enhance par fichi®nteR@n@fatihd @GifaigOnPonent s in desired phase donmins of the
bl ock copol ymer. _ For exanple, at |east one of the blocks could be

hydr ophi | i ¢ and/ dp adsigon, domain sizoeanibs yaiadas desirsh cPergeip sizee@ibeon of wat er,

hydr ophi l$ i Cinflh@eed Bohstetle Wi ghCEPind b béks N In %Hﬁ%%epla(%ﬁﬁcterﬁﬂg' tionally, one
bl ock can be hydrophilic, and. a second bl ock can be CO2-philic. As another

exanpl e, a bﬁ’Et?RS‘?Pa‘?f dpwainsizg is psppogiqngl tathecruarpopeidhs melssularswsighit | vel y

reacts and/ opomahé iahibe MSthe FMoLRRE PGS of RhEdeteb0RRY MBESaERR, thBcl ude at
| east one ot her bl ock that is 25 phobic to a precursor m xt'Ure or precursor

mi xture conpBRRaNts cambeetyilik oxdreel misropigisk er lageniingizenKhbpesopepiteat i on of the
precursor m ghidfu is Bérive@ BBRANBOdomdirt Qﬁbﬁlﬁehén%gp&géﬁ mzeplﬁ %aﬁlﬂg %ﬂaﬂﬁ&p of the

bl ock. For exanple, a block copolyner can inc I ¢ bl ock and
a hydr opH®bi o slisiy: be pinagreies of sbe Mesopepesandterial in thefinal tamxhn@umu fiwters a tenpl at e

phase corrposgﬁecglflg&m,mgrﬁggﬁ&%%gleg&&spgm ¥ I n anot her exanple, one 30

bl ock can exhibit” very | ow pernea to a SCF solution while the other
block is readil ﬁlgwoptéwnbly Cmsmh@ltgd)dlu@nabphasqdrdqn@W@@@l&ﬂ n sone

enbodi ment s, gl fekng BRIy FRIS: ﬁ@%&ﬁl@;}oﬁ Bt nie?d%%l;ougﬂlgteﬁglo %lér are

example, crystalline or liquid crystalline polymeric units display varying degrees of

20  translational or orientational order between units. One or more blocks can be chosen
to have these properties, so that the polymeric units order within the template domains
formed of these blocks. Mesoporous material deposited in these domains may
manifest artifacts of this ordering, such as periodic variations in density within the
ordered domains. In instances where at least one block is semi-crystalline, the

25 mesoporous material can exhibit structures arising both from the phase separated
copolymer domains and the érystal structure in one or both domains. This can occur
under conditions in which infusion and reaction of the precursor proceeded in the
amorphous regions but not in the crystalline regions of a semi-crystalline phase
domain. The presence of a least one semi-crystalline phase domain during the

30  templating process can also reduce or prevent the bulk dilation of the template.

Several parameters aﬁ"ect block copolymer morphology. These parametérs can

be varied to tailor the template structure to a desired form. Typically, the chemical
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chosen that can serve as a positive or negative photoresist. These bl ock
copolyners could then be lithographically patterned prior to, during, or
after infusion of the precursor. 5 The norphol ogy of a ﬁH&ﬁ@M@éﬁ@&ated
bl ock copol yner can vary. For exanple, the block copol yner can include
di screte domains of a first block type enbedded in a matrix of a second

bl ock type. a%ﬂu 'il’lavr%r% e%ur:] ?m %l Oﬁcll(%%% OUMITBR (E8fe hl: 11ﬁ%'a<91\(l)gpetwacna S

i nt er penetr nalns ona n size can
desi r ed. Dorruomnrmrzbnniag edmh blo]:la andﬁHemmaUmddhg bemkachlbcks, bwdi givthicdf t he
n of ,domain,size is

bl ocks. In S{ ﬁee C @o B har actgrll Sti n5|

proportional "toO Yhe s QPWE)’E}PIF 7'°8h & Rt %glilﬁﬁﬁmesoﬁﬁ%l ns can be in
t he nanonet emmtety(bg.l;lSc%olbﬁihéﬂWhﬁfe@)Iirﬁdhgmorﬁ&bzﬁhﬂaﬂthﬂﬁidymng\hﬂlmdomil ns can
be on the order .of mjcroneters,_or |ar | i ze. The [ OUS

ot Tt ur 6 | <SR BT LS R TRe FOROT She HE U R E | s

usual I'y contmiskibititl, add Wil straagl$ influérte pRisOPhati@BseiasichDFIRMSRUS Mat eri al
in the final &}ollcatl%e actors ?fectlng dormai n size and structure are

di scussed bef° 8RS M#Per s can al so exhibit additional phase

ordering wthin t’ﬂxﬁ'ﬁélﬁtv@ler@ﬂﬁ&fﬂﬁ&bbﬂétlnfﬂébldaﬁboﬂdwéﬂﬁﬁﬁﬁfh%ermrphO' ogy of
the mesoporous {mterl al. For exanp ystalline or liquid crystalline

pol yneri ¢ uni*tgia; myPhRlogys Phass 61083’@}‘:’@@ 5%1%%&/?@5 Sehesss |“2)Pbdlnd?ﬁ to

or i ent at h@naditefiaflRd laRRNeRPerditg b the%%&nm{ga{&emmdf& FPef ﬁh:psen to
have these properties, so that the polyneric units order V\ntﬁln t he

tenpl ate don®f °P‘?1é5?1ﬁ’é‘i?n@¥1‘1‘tgr§é%b19ﬂ§@lf§mt%ﬁ%’éﬁ@?‘b@b’ lgngeeplogls oeposi ted in

these domai Ngnif@ean FERAL &%Eﬁer@rcsﬁtmﬁ@%lo@is detihi AQHERA & BhtinSdhS PradSoPer | odi C
variations in denS|t in the ordered domains. |In instances where at

| east one bI@EFP“E@b&@#‘FQ@Wﬁ aMiernating lamellapdendde fyorvdien thedhlesks ae can exhi bi t

struct ures aaofd dsdlibhel, ) SFIADRAR IS ERENRAAR caePOl yrer domai ns and { he
crystal structure in one or both domains. This can occur under conditions

i whi ch ¥ nf usi orin &evee erehadiments, Ge cenvdymsr ershitestve ismsaipulated bythet he  anor phous
regions but ﬂﬁitmh'&fﬁ&ﬁoﬂél%%@dnhlopé‘wélﬁ@agaﬁs Oﬁorg:»l( R, ﬁ{]&%@&' i ne phase

domai n. The g{resence of & | east one sem-cr ase domai n during
the 30 tenpl mqmlyme@(,@@@e@dmfapéfbebbdmeiem@blopkmmnﬁh@w&eddoI ation of

the tenpl at Cpnoro e YR BeaPAEREE LEMS bﬁ,zﬁse%&(m%lg{& i ROhM AR o IR BRR BOY. These
paranmeters can be vari or th stru esired
form Typi caViSyPateri dpplratipreSdrial No. 09/814,891, published May 9, 2602 as U S Patent
| 20  Application 20020055239, and by Urb_as et al, (4dv. Mater.,, 12, 812 (2000)).
Furthermore, swelling agents that exhibit lower solubility in the SCF than the
precursor (such as, e.g., dioctylphthalate, squalene, or polypropylene oxide) can be
selective or non-selective for a given block can be applied to the template. In some
cases, selective swelling agents can induce order-disorder transitions (e.g., transitions
25  between ordered states having different morphologies) within the template, which will
further modify the copolymer architecture. Selective swelling is further discussed by
K. J. Hanley, T. P. Lodge, and C. L. Huang (Macromolecules, 33, 5918 (2000)), for
example.
| In further embodiments, template morphology is altered during the
30  precipitation reaction. For example, reagents and reaction by-products can selectively

partition into different domains, leading to dilation of the template, which increases
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15 1 9 MAY 2006 structure of the nononeric units making up each bl ock
dictate the interaction between nononers form ng each bl ock and chem cal
bondi ng bet ween bl ocks, both of which influence bIockiC@ﬁ@mYﬂﬂﬂﬁ

nor phol ogy. For exanple, inclusion of a nesogenic noiety (e.g., a cyano
bi phenyl noiety) in a nonomer can result in ordering mrthin 5 domains, as

descri bed ab&%%geﬁrﬁéa%mse £ e, %EE&O& rﬁﬁ Eoffhao 1l l;rssg@fd% pl ock

mscibility, st rong y 1n ence ase para I on Hsenbl y of
the bl ock ~ céjtirsprimthe pretdilateddenaplaterai ns. The relative | engt hs of t he bl ocks

i n the bl ock copo ho
nor phol ogy can vadr)%'g%&ﬁ%g@%ft%%% ?651 afg%@d dgie@ggfoﬁn ef%@’ ?Sng
Liamalkl ae dleperwmngryfm1}1nhbomqio&nnevs3 Hypergtah?lmﬂ pd?mbrslot blgirds OIEO'[' exiarrp: e, a
D ock e Ao MR BL an on mERL AR 275 1
? cgn% i nrousoﬁkmmobﬁaers}lm;lecpn@enetbdchkt &S[:lg)c , polpatryRc acdd)t ﬁﬂye'ﬂ%yiléiﬁl I arjrel I a;a

end to form e cks are . e en and cylinders form
for interned’ )\é\’?épr(fé’%a@?qa"?"fg 1?%’@8 ?ﬁflrpﬁh! mi #H‘é"%crl;hﬁ‘m%?yar chitecture
i's rralnl pul at bgbethyarichel pelgielérs rmmdeﬁlehﬁﬁmanebyfp@fess Eﬂﬂﬁlﬂés dlﬁﬁlﬁs agen}] s. For
~exanpl e, one.o e 0 nmor e of ocks in the
bl ock copol yH’E Eaﬂywqagﬁg@* %ﬁgt"Tcﬂ@r‘r@%{Eﬁa’t’“ﬁP efhy, E‘&W’é\?&nce of the
bl ocks. mxanpl es mfsommrsbddaﬁénm Glhere McerdiFIae mabpid] 1h61udésja§om 961%&;

Application %grral 814, 891 pw%llshed May 2002, as S. Patent 20

Appl i cation 589808 32%1’ %ﬁd"’pﬁfﬂtﬁf@% g fatgpal dgmr;ed%@gpha templateg12 (2000)) .

Furt her nor e, dﬁmlthadbgo@tmrﬁrscemamlsqshhuetébﬁardtiewemGbxﬁahé #Héinkp the SCF t han
t he precursor such as, di octyl pht hal ate, squal ene, or pol ypropyl ene

oxi de) can bBOl %‘Tté‘eflﬁ'\?é‘laéﬁ“ah%ﬂdg@fa’é‘éf"?h/’é"‘F"tﬂep‘as“ﬁ‘il%ﬁ“ﬁ‘} s&mecan be applied

to the tenpl adperaurﬁbaﬁ@mm&as@fa}moaallﬁﬁatbféePﬁa\é@&é hRAfoRRSPbSuraAlny Nduce
order -di sor der tran5| tiaons (e, , transitions g bet ween ordered states

havi ng di'f f ePURtIUABE HIRGFERR %fsts'e @ﬁppﬁﬁeﬁﬂtaﬁéalt(éapﬂmre%ﬁ%ﬁf el further

modi fy the Cﬁﬂé@.lryd}'@ﬁthﬁhrtﬁ@!eﬁ@ﬁié)”§ubs§?1leﬁ%d1&’wﬁl§f‘@ﬁ‘é fenPlite rﬁatér‘i{ﬂ EGherdl SCUSSEd
by K J. Hanle T Huan Macr onol ecul es, 33, 5918

(2000)), forbe 'é%?érﬁﬂf%dﬁcF ﬁp?r@rlé HeErRnBuipewNs @ateﬂénmnaaxélb#&q@mﬁ ogy is
altered duri Hzgnrlgl@ngth scales that are dictated, at least in part, by the domain sizes of the

phase-separated or partially phase-separated materials.

20 Alternatively, in some embodiments having homopolymer template material,
phase separation of the template material and deposited material into distinct domains
does not occur, but removal of the template after infusion and deposition of the
deposited material results in a porous material having a lower bulk density than a
nonporous sample of the deposited material.

25 In some embodiments, a template may be composed of a homogeneous
polymer matrix physically mixed with one or more other components that function as
porogens. As used herein, a porogen refers to any material that can cause a difference
in the partitioning and/or reactivity of the precursor and/or can alter the structure of
the material produced using the matrix polymer. Examples of porogens include

30  nanospheres or micelles of a polymer (or mixture of polymers) different from the

template material. The nanospheres may be modified to improve compatibility with
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30 precipitation reaction. For exanple, reagents and reaction by-products
can selectively partition into different domains, |eadi rg?k%\g ?ﬁﬂ' ation of
the tenplate, which increases 16 19 MAY 2006 the size o éatures of
t he nesoporous material conpared to the corresponding features in the
pre-dilated tenplate. Other exanples of tenplate material s I ncl ude

honmopol yner s r line hom) rs),

hyper br anched @?e 1%?€%5'5E g‘ﬁ’ﬁ?’cgfg'g tf‘%'ﬁlg%g’l {}W@i’é"ﬁaﬁ O br anched -
pol ymer s anmncmdﬂﬁm)qmp@hOﬁmygrouﬁs(anpl es of honopol yners incl ude
poly(nDthacryIic cid acr i c aci | ene  oxi.de,

pol ycapr ol act one ‘%ﬁ’?‘%@l’%{ 8%6)“3 %ﬁgégﬁ“&o\?%ﬁfr&%ﬁr@ﬁ%ﬂvm@aml es of
hyper br anch e:dtapmhgmaf @oihthMd@ Ef@n;ﬁéd 1ﬁd51ﬁ>del fenckienay §51sy that réapo RS Of

copolynmers inc met h nmet haer yl at e- co- di net hy no .et hyl
met hacryl &t °Vaﬂfb‘qﬂl°ﬁ eé%%*&%ﬂﬂ%ﬁff’gps SpnEmdergo ragical 3&‘9@“‘53&?%??% i ncl udes

a hor nopol yn®actions {6, Fepaael gﬂmﬁs tﬁ&t%ﬁ@reﬁ&mﬂhfa& ofyl f1060y Metoapt er i al
deposited within the terrpl ate _during the _depositiaon process. This phase

separati on Yy, darReTews and ofhers). hf@meﬁmWﬁntf WA Bstienahgrownsingy and

domai ns ri chhd intrédiRedifRRpbIVRErAMELr | @l . Phase separation can be spinodal
or binodal in nature. Phase separation may occur at any 15 point during

deposition of th&oResEsnpeEhibitbeckad o threp-dimgrsianplftar architgcbmesde-g4 he
pr ecur s 0o W ddhAmAhybBBREHE polyRURSERUEI bIKETYHm L wil§ (P! ate materi al

can then be used _to produce a porous materi al porous materials can

exhi bit feat¥fe8roInknsomg embedments by @sogenam%beevhmlc{@ &t ét!fal gelts peast in part,
by the_domai ghiai i @ferdi BBmeAR SRy ARAERAlnin AREI: Shdnfcfipoe- separ at ed
odi rent's

materials. 20 Alternatively, in sone enb aV| ng- honmopol yner
t enpl at e rrat'élf’loﬁlcalfeﬁ?ﬁ&@@n@@fp%@lthﬁ?ﬂ@ﬁoptm@mm ate material and deposited

TRLerial 00O ol Shightal A50cReny OGS BRYuOGY b RUACEIRBgO!  Lhe L ompl ate

after infusion and deposition o rraterl A Tesults in a
porous md? er Tepplate thickgess oftengeteriinek the drikingss of tha mesoporvon fbm.cnsomeanpl e of the

depos t od Madidihen il A LNBAHARAL Bicind GLALS, TR dhog0POsed of 2

honogeneous nmore ot her
conponents t %&1 Orﬁdnmcmémtee@ W@Em&mbaglmﬁstsdempime |fiﬂmS a‘e pUesyene refers to

any material mﬁcl?ﬁﬁet&%clgé:%%t I%asq QH,%E %%icrometers). In general, templates are

not limited to thin films. Bulk templates can also be used to prepare bulk mesoporous

20 matenals {e.g., templates can be on the order of millimeters or centimeters thick).

Template layers are typically prepared by first disposing or depositing a layer

of template material onto a substrate. The substrate provides mechanical support for
the template and the resulting mesoporous film. Typically, the type of substrate will
depend on the specific application of the mesoporous film. For example, a silicon

26 wafer can be used as a substrate for microelectronics applications. As another
example, a porous substrate can serve as a supporting layer for a mesoporous
membrane or other mesoporous separation medium, The substrate can be an integral
part of a final product if the mesoporous film is part of a composite article (e.g., a
microchip can include a mesoporous layer on a silicon wafer substrate), Suitable

30  substrates include silicon wafers, glass sheets, polymer webs, silicon carbide, gallium
nitride, and metal, metal oxide, or semiconductor layers deposited onto these

substrates etc.
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in the partitioning and/or reactivity of the precursor and/or can alter the
structure of the material produced using the matrix polyner. Exanpl es of
por.ogens include 30 nanospheres or micelles of a polymed QﬁAYmZEtﬁEure of
polyners) different fromthe tenplate material. The nanospheres may be
modi fied to inprove conpatibility with 17 1 9 MAY 2006 the terrpl ate.

Ex I f ch I | ud
al Koxy and acet oy oGy RS MR b b bBarReR A RS R AR opt |
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films are atgf tﬁﬁ%ﬂl&@nﬁl otﬁ@r%ﬁgmgﬁts, arlhﬁi&st(tﬁatgﬁ acu@attedc}ﬁ'ae(%{x%sﬁre gé , or 10

m croneters). goenera tenplates are” not limte ms. Bul k
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tenpl ates CapnbeRIddiSudalatyalis %ﬁdt&aﬁéﬁfﬁ&aﬂf %@@Biggﬁ%ﬁ% §ick).

Tenpl ate |ayers are typically prepare Irst epositing a
| ayer oftSt eéﬁ?ﬁ@i@s inelds pesfluomerty! sulfondse, wdisaylidioTiven wwtormmnml des

mechani cal g"ﬂgﬁfﬂ)& umbhe d%x%:ﬁiﬁ%geshﬂgrg eq%f){(#gﬂﬁm@%ﬁ | ne [QUS film

Typi cal l vy, su’bst rate speci i c™application
of the nesopHE@M@YO*Y@WG@BPX)E}P&QWllrélen)dloéwmm bmaﬂﬁomaﬁlemnua,mndbe used as a

substrate f O{npﬁ&ﬁﬂsgﬁﬂ)rﬂ&h hORRGS o ARl GET TR cataly'%? ca%r:rll%[nrl])% hctivated in

selected regions of the template by selective exposure. In another embodiment an
20  inhibitor to the reaction involving the precursor can be incorporated into one or more
of the phase domains.

The catalyst can be included in the coating solution from which the template
layer is cast, or it can be applied fo the template layer in a separate process step.
Often, the catalyst is a distinet chemical compound that does not react with the block

25  copolymer of the template. In some cases, the catalyst can be chemically
incorporated into a block of the block copolymer, or can be the block itself.

The chemical nature of the catalyst is determined primarily by the precursor
material and nature of the desired precipitation reaction. Some acid catalysts, such as
p-toluene sulfonic acid (PTSA), are suitable for initiating metal oxide condensation

30 from their alkoxides (e.g., silica condensation from TEOS). Compatibility with the
template, or at least one phase of the template, is another factor in catalyst selection.

PTSA is a suitable catalyst for use with a PS-PEO template, and is sequestered in the
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exanpl e, a porous substrate can serve as a supporting |layer for a

mesopor ous nenbrane or other nesoporous separation nmedium The substrate

can be an integral part of a final product if the nesop?qpq@wfggmpi s part
of a conposite article (e.g., a mcrochip can include a nmesoporous |ayer

on a silicon wafer substrate). Suitable 30 substrates .include silicon

waf er s, glas§ é%eets, oéﬁfer.mebs, silicopn carbide, gallium nitride, and
metal , net al & oXiigRaing A DULIKing sERBRcY oL st oxidsRsequisers sad ealYiese

substrates e§stemtSs bl 3806 BaRnéLHYBaker 4Misehdrad (S) can be di sposed on
the substrate in nunber of ways. Generally, the tenplate is disposed on

Y .
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catal yst (or readnisese erabgdimenys, pationseof thedemplate atealiresthtesposhétot enpl at e | ayer .
A catalyst jadiafibd eAubifighl 4 Btk bdnk ol hAefiphSBUGELRIGALE AR odde
precursor onto the 10 téenplate. |Ih some ehbodi nents, the catal yst is
sequest er ed F5Rmpieds flegxroswe of hBS-BEOdkmpleispoiyradvlet redipticnt dhe altrgtiokeng t hat
preci pi tagi oRIRESHESHER iHe PR L1 i | " hase. In other
enbodi nents, a cat aflygt_ﬂet hgjtﬂ}_?é‘ése\’,\g@?%lgaa{%tg% lgesrgxg?(‘%g's ﬁ?ém%"ga%%"itg%t or ot her
forns of radlevielst jadiafioncwessdinks thelP$ phase.oBieceateposition offilitdis ofifrase donai ns.
One exanpl e gf.isMG . .| aci d.generator. . Exanpl es of
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hexaf | uor oanddmesnfatemovalRif fhiephatel witl prévemn silicd Gerdiemsetidnix yepidns ofthenesul f onat e
I sopropyl t hi - - D .et radecyl ) oxy] phenyl ] phenyl i odoni um
hexaf | uoroan%ﬁ%ﬁ%?‘g&%gmo ﬂ%ﬁllﬁrﬁﬂéﬁ'@?@éﬁ%%m um hexaf | uoroanti nonate. The
cat al yst 1Tan .t he nPAltrenatizely, Wikt teiplate is eonted stithch statdrird psotatsisthadtienpl at e by

sel ective ex y [ aodi.nent .an Inhi.bjtqr to the reaction
i nvol ving t h@%?#gesg% %Sssglre 9@% rf%%oslg%or rgépl(a)tfoé‘t élﬁe P%cg?fesé% & %Vgﬂlbefigo “®P5% he phase
domai ns. Thepwtiormlof ite uodelybeg térmuditeichettich are ther ciclmitaiwag (9] witie@Bed grom whi ch

the tenplat eplasma etched). Removal of the residual photoresist yields a patterned template.

- Selective exposure of the template or photoresist to radiation can be achieved
20  inone or more of a variety of ways. For example, a radiation beam (é. g., an eléctron
‘ beam) focused to a spot can be rastered across the expoéure surface. In another
example, portions of the exposure surface are selectively masked from a blanket
exposure to radiation using a shadow-mask. In a further example, the radiation forms
an interference pattern, to which the template is exposed.
25 Typically, lithographic methods can be used to form channels, islands, and/or
tiered relief structures in the template. These structures can be on the scale of

hundreds of micrometers to less than one micrometer in size.

Ordering Template Domains

30 Under appropriate conditions, template domains can be ordered (e.g.,
positionally oriented or orientationally ordered) by self-assembly. For example, block

copolymers can self-assemble into a cylindrical morphology when heated above the

20




layer is cast, or it can be applied to the tenplate layer in a separate
process step. Oten, the catalyst is a distinct chem cal §met hat
does not react with the bl ock 25 copol yner of the tenpl atk cases,
the catal yst can be chemcally incorporated into a block of the block
copol ymer, or can be the bl ock itself The chem cal nature of the catalyst
I s determ ned rlma t he recursor teri d nature of the
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tenpl ate having three-" di nensi onal structure. n sone e nents, portions
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change inpt hgsliemnls c@ﬁé%ru%&ifzﬁ eis the
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occurs preferent |‘émdeysqfﬁclmle@eongjﬁﬁktﬂm@llehteﬂmwalbstmife suhface qlngmthwf |1 prevent

silica conde ul travi ol et
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Alternative methods can also be used to achieve this effect, usually by lowering the

20  glass transition temperature below ambient temperature. One can, for example, add a
plasticizer or a solvent to the template to mobilize the copolymer molecules and allow
them to move and self-assemble. After an orienting field is applied, the plasticizer or
solvent is removed to immobilize the molecules. Thereafter, the orienting field is

_ removed, but the immobilized molecules retain their orientation. In some

25  embodiments, the supercritical or near-supercritical solvent can mobilize the template
molecules. In such cases, it is conceivable that template orientation and precursor
precipitation could occur simultaneously.

Ordering of block copolymer templates can also be facilitated by means other
than electro-magnetic fields. For example, anisotropically shaped domains, such as

30  cylindrical or disc-shaped domains, can be ordered in flow or shear fields.
Anisotropic objects tend to orient in flow fields to present the smallest cross-sectional

area to the flow field lines. Hence, cylindrical domains would tend to align with their
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20 in one or nore of a variety of ways. For exanple, a radiation beam
(e.g., an electron beam focused to a spot can be rastgge@ ﬁcgﬁgs t he
exposure surface. In another exanple, portions of the p é r urface are
sel ectively nmasked froma bl anket exposure to radiation using a
shadowmask. In a further exanple, the radiation forms an interference
pattern, to L.ek te | 0 Typlcal Ly.. |pth aphi c
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cyl i ndri ch %%1}’@%0‘ by iR i e ol SPhmemsertly oftepin gaeptaet
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a ied to orjent .g., vertica orjent, the cylinders within the
cggol yIner . TW%AO%W8E“1%f haya dmgi\o%‘f %@@W@rep‘flll%maﬂ%@raw%ﬂ b¢ ¢patedenpl at e
relies on diédies anstde tgivdesa hdiraliueth@Tbr d KlockGOpsiiAE tsmPihte! e CONPONent s
of the bl OCklgC olémer. Anal o ou%ly a magnetic field 5 can be used to
orient the t Pr’%p%?{’ YRFfAn B compgsed efithe same monemeras Bisd\ie 6 radem magnet i ¢

di pol e nBOTENGopOIginet, ABich WIRRNAEE SptRiikad Hemaifdt 1Rl Haiohhdbid bisdicvitnpra ced
orientation, %I fgﬁi;ent .chem cal constituents of 'the blocks of the
_,_,ﬁopol ymer caydropbiicmattix. o difference in the dielectric constants of the

- copol ymer domai nFurtherdiefall€6EIM6 Gsedf fdlaOMd SrflceRRERRAL td Ratdi@rdidl &lneCt ri ¢
constants can 10 result in a specific, e.qg., vertical, orientation. In an

- g
electric fiefdOUHR B viepply T-ohuralhesbteriel pédvarded MarariniedB2890. associ at ed
with the cyl7979gidSin [}B.@aﬁﬁiﬂﬁpﬁicﬁﬁqiﬁﬁalNB@@W@I@SB%.a@itk%%q'p?&icﬁes k) shape, wll

align the cylinders in parallel to the electric fieldTines. Under
suf fici et | yordgrpgignalates igetudechemica] medifigatian of spbstates bsingwickesemtacd| | gnnent  of

~the nor phol tie@Ns Hasladed by R Q9 ugy i [ onai ns
oriented i noe-}l%_%ar al | eI_e V\‘Ay?%w?ﬁ%ﬁﬁigel g,gj'op 'é&éigﬁilggdrli(ggtfl))ggdﬁﬁ)?ns can be
“normal to andreekmelrysaliztignof a setvent(pgst fr examaleel. Padesttalng the tenpl ate
rabove the gl @ﬁz%r&rr{o@é}ﬁe},'ggfb.tzgéﬂ)@b@f)ﬁ,rﬁdﬁfe b6 rSfP-'c&?illé’ 18¢the preparation

of bulk materials (see, for example, R. J. Albalak and E. L. Thomas (J. Polym. Sci.

20  FPolym. Phys. Ed., 31, p. 37 (1993))).
A portion (or portions) of the template can be crosslinked once the ordered

template has formed. For example, at least one domain of an ordered block co-

polymer can include a compound that crosslinks in the presence of jonizing radiation

(e.g., UV radiation). Examples of such compounds include polymers, such as.
25 polyethylene, some polyolefins, and poly (viny! chloride). Crosslinking can impart
- mechanical stability to the template, which may be advantageous, especially in
embodiments where the template is likely to undergo additional processing (e.g.,

mechanical and/or chemical processing).

30  Precursor Delivery into Templates

In general, any means by which to permeate the template with the precursor

that does not detrimentally alter the template morphology, or detrimentally affect the
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bl ocks makes the pol ynmer nol ecul es nobile and allows themto flow nore
easily. Alternative nethods can also be used to achieve this effect,
usually by Iowering the 20 glass transition tenperature o2 I44Y 4886 ent
tenperature. One can, for exanple, add a plasticizer or a solvent to the
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solution has completely penetrated the template and that the precursor has reacted,

20 precipitating a reaction product onto the template, The reaction is typically carried
out for at least one hour, though the reaction can be complete at times much less than
one hour, e.g., less than 20 minutes or even less than 30 seconds. The optimal length

of reaction time can be determined empirically. When the reactor has cooled, the

PR

substrate is removed and can be analyzed or further treated to remove the template.

25 A continuous precursor delivery process is similar to the above batch method
except that known concentrations of the supercritical (or near-supereritical) solution is
taken from a reservoir and continuously added to a reaction vessel containing multiple
substrates as supercritical solution containing precursor decomposition products or
unused reactants is continuously removed from the reaction vessel. The flow rates

30  into and out of the reaction vessel are made equal so that the pressure within the
reaction vessel remains substantially constant. The overall flow rate is optimized

according to the particular reaction. Prior to introducing precursor-containing
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15 ordering tenplates include chem cal nodification of substrates using

m crocontact printing, as disclosed by Heier et al. (J. Chem Phys., 111,
p. 11101 (2001)), use of directional crystallization ¢f MoR§lnt (see,

for exanple, C. Park et al. (Macronolecules, 34, p. 2602 (2001))), and the
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exanpl e, P Phys.
Ed., 31 p. 3%"?’%@*"% ’%g%ﬁ% P’?ss% "%68&?55% Heghwi aftsegfﬁr Z‘f"ér?b an be
crossl i nked Mesankv@sdmd‘elvadmﬂﬁpﬁ&cﬁt@s&t&ﬁoﬁ)@fﬁp&cnﬁﬂoﬂ&ﬁﬂpl e, at |east
one domai n of,, r d blo nmer. gan i ncl ude a corrpound t hat
crosslinks in- g?ﬁigg’yeg ¢% % lsllt??ﬁ"}&’rft}ﬁ/ CAOF Ber-syreTagitical (RMNEREIEst i on) .

Exanpl es of dsahesnlyysoperadticail di@lbaﬂiapd@ﬁttbéﬁl&bﬁdmcﬁﬂ@i% rdntdiaedixet hyl ene, some
pol yol ef i ns, and H%"Ia&i” ny chJ or.i ossl i nking can inpart nechani cal

stability topfeﬁ‘ers Gl PIL I lyli*é &R’/H’ﬁ%%@sse&pem ally in

enbodi ments where Sﬁﬂ:lﬁt@répthabﬁcu@oﬂdt&ﬁlréécﬁdiddﬁtflﬁérﬁ%a@géjtehh&{‘ﬁ'a processing
(e.g., mechani %r nd/ or chem cal processing). 30 Precursor Delivery into
Tenpl ates In @‘é‘”ﬁ vorumeiew ¢rll hichys Wik kopwe i the ark(ege, doremampleMitHigh with t he

precursor thked, &nﬁ@él Fﬁﬁﬁ ExtPRA6A PLiNcisibd £ PiddBcd QH@@B&S”@ERB‘P | ogy, or
detrinentall 19 epositron chemstry, can

ct the
enpl oyed. O‘t(gﬁ’j) %%ﬂl@etﬁféafpwr%m%peelw splpniotre lnaded@ntp ther y agent
e.g., in1a selewast], whees the)@ERtated ah@@odﬂfr@sgéﬁr@%n(ﬁt?dﬁs baviisS8 1?@;91 ut ion i s

supercriti catsq% near supercritical fluid. The SCF or near

then inf used’ Qe oEcAlénprossues is Hivaradueed pﬁo&emdlann sroalCineremirttsungl

reagent / cat apyft spadation (e & ,m_vglgye P& 1d5: e Jihe tenplate domains. In
t he di scussi on that foq qlrecurgor0 1defll velri/I{aan both batch and

continuous node T tﬁFBEEéﬁ‘tP‘B Dyssieppt 8 peoeeangkresnd An thepeacihisead ch run in
which a preCUl'itﬁ&roflsélvéiﬁt Glderad9) ttthpeé? ?slgs%l\ﬁéﬁ%%ﬁnﬂ 1% gte layer
ra

i nvol ves the_foll ow ng genera procedur e si ngl e subs e and a known
mass of PP ectPEEHe-gy kssd g%t’c"é’ﬂ“ﬁ% @ 308RJOP@H0°CL G0G o5 40°C).evtgle thea st ai nl ess

steel pipe), pabufds ty%wﬁ@;aﬂe?!geengﬁ 98 500Hat @:@2 lﬁ%&%&bo%ﬂb@fgﬂdﬁ Qg | MUET Sed

inacirculating, controlled tenperature e vesse hehfllled
with sol venP0bagnd %%mdoeb«mmum@bnm@tmﬂ 20120 lar gnd 130%kg a

hi gh- pressur @ temperature gradient between the substrate and solution can also be used to enhance
chemical selectivity and to promote reactions within the template.
20 Solvents useful as SCFs are well known in the art and are sometimes referred
to as dense gases (Sonntag et al., Introduction to Thermodynamics, Classical and

Statistical, 2nd ed., John Wiley & Sons, 1982, p. 40). At temperatures and pressures

above certain values for a particular substance (defined as the critical temperature and
critical pressure, respectively), saturated liquid and saturated vapor states are identical

25  and the substance is referred to as a SCF, Solvents that are SCFs are less viscous than
liquid solvents by one to two orders of magnitude. The low viscosity of the
supercritical solvent and absence of surface tension facilitates improved transport
(relative to liquid solvents) of reagent to, and decomposition products away from, the
template. This is particularly advantageous in ensuring complete permeation of the

30  template layer by the solution. Furthermore, the solubility of many precursors

' increases in supercritical solvents, relative to various liquids and gases. Generally, a

supercritical solvent can be composed of a single solvent or a mixture of soivents,
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mani fol d. The contents of the reactor are brought to a specified
tenperature and pressure at which the solvent is a supercritical or
near-supercritical solvent. The 15 solution perneates the tenplate. The
precursor dissolved in the solvent interacts with the catlad &Y §a0fot her
reagent, which is preferentially sequestered in specific domains wthin
the tenpl ate, Tg.e grecurﬁor regcts wthin tenplate in_these domains. The
vessel i s naiiPaing & cxamplep smallameunt (57 mokpercenihof applas tiavid ge-salyant | ci ent to
ensure that iR asé&bdno! (oPBh&aScobOP! et el y penetrated the tenplate. and that
the precursor has reacted, 20 precipitatjng a reaction product onto the
tenpl ate. The redtPiogyrable thal e seneenss ara pyfigigntlysoluble i thg sunersaiieal one hour
though the raaeht @RI6RAoSechoiR kishsBobf thé FBSnftl SBIub B8 SinaGfkrerif NOUT
e.g., less than 20 mnutes or_ even |l ess than 30 seconds. e optimal length

of reacti®dn fqlYFB“éﬁ?PeEi’é‘}’@&PéWﬂé@lthéﬁﬂiSi{Y ebthe spperpitenl stheent. dded or  has

cool ed, the coudfibhi B frebutsor RERYEH R, £ AR RAANBIVALE:GEy 4 figh reat ed to
renove the teoﬁgliat e, 25 A continuous precursor delivery process is sinilar
to the abovetofd gpmneaisasitydhat isst legst ane taivd whthe ritivaldensityi (theslewdty pfie
supercriti cafhe 09fd HERLASUPERDE R : ' is taken froma reservoir
and-conti nuougl y zfddegnt 0 a@éﬂgﬁfﬁlg%sg%g%kg@it aining nultiple substrates
as supercritical Tbledtheloi listasome skanplesrod selventralabg catipibsi tebpentiver oduct s or
unused 1 gacCt @il drShetROL T ey rom the reaction vessel. The flow
rates 30 into an r‘():Q)puet of t g@%%f:st"?‘gﬁe @g%é)é e%éregveﬁﬁglg Ry ltﬁhat t he
pressure wi t ¢ther spiyents fodert the supewsiied] soleanhi Tebleslulbts thetritivhl tympamsieant . The

overall flo i 110 i.0g- the particul.ar reaction. Prior
o1 ntr oduct e SR €ftlme SEGRLE Db bR et o FlentBY Che T °
reaction ves¥entst he reacti on vessel is filled with neat solvent (which is
the sane as the solvent in the precursor solution) at supercritical or
near- supercritical pressures and is heated to supercritical or
near-supercritical tenperatures. As a result, supercritical or
near-supercritical conditions are naintained as the 5 precursor-containing
solution is initially added to the reaction vessel. Solubility of the
precursor at the reaction conditions can be verified in a variable volune
view cell, which is well known in the art (see, for exanple, MHugh et

al ., Supercritical Fluid Extraction: Principles and Practice, Butterworths,
Boston, 1986). Known quantities of precursor and supercritical solvent are
| oaded into the
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10 view cell, where they are heated and conpressed to conditions at which a
single phase is observed optically. Pressure is then reduced i sothermally
in small increments until phase separation (either qu qg
solid-vapor) is induced. The tenperature and pressure of g%ess depend
on the reactants and choice of solvent. Cenerally, tenperature is |less

t han 250C and often less than 15 100C (e.g., less than about 90C, 80C,

70C, GOC SOC or 40C3 while the preS$yBEEus typically between 50 and 500
bar ( A 90 _bhar _and 200 bar ..100 har

and 150 bar . 110bamoﬂﬂ@%mmﬂﬁﬂn@@nm@vhwsbar) A tenper at urle
gr adi ent betvveen t he substrate and solution can al so be used to enhance

chem cal selectfivityqand t¢ prorigote rgactians wt | thete [ate. 20
Sol vent sSalesf ul{ as SCFs ar¢ wel I'*know] in t art ?é 'somet i ne%
referred to as| dendB)gase$ (Sdaindag gt a(bnﬂmdmtrodudm;g]ﬁt to (g/em®)
Ther modynamics \.Classical _and Statistiical, 2nd e John Wley & Sons

1982, p. @0). At temmey atufes apgk pregsuresqgoabove cepjgi n val uesOB;pr a
particular subsitance (defiped as the dritical tenperature ang critical

pressure,c,pespecti veysy) , spturafged liquid gpg sat urat apol ar €
i denti cal 2 and t he subst anceatfs refdgrred to as CE@O%OI ventsa(%%(gt ar{e

SCFs are SS \|i sco hani{ 11 qui 4 sollvent y one to ers
magni tudeda he || ow %/hl%'s%osi y oﬁﬂtﬂe super?? tica f"iﬁﬁt a%d ab@%%ce qg
surface t@ I on Tac%isl%ates i mpj.oved fransport  ( EI atfve to IIQUICI

—h

sol vent r dagen nd d osn“posi ti on4pt oduct s a\%ilzfrom t hg23

tenpl ate TR s [T particutarty duvalltcchUS rrensurtng—conphete—perneat|i on
of the 3c“thnpljate ¥fer by thel3sbl utijon. B t herpor e7§’13he sol ubi‘{{?ﬁty of
many precursors—nereasestHr—Ssuperetrtcal—sobvept-s—relatye—to—vai-04s

li qui d€HartdCHases. @feral fy, a3.Guperfcritiledl so vend6.6an bé conpased df a
si ngl e—setvent—jor—a—m-xturbof—solventis 24 1 9 MAY 2006 including for
exanpl €EaCHylE|| anoikst2 (< b nole3percent) oflga pol pr | igor d co-sol ggnt  such
as ethanol _(or lother alcohpl). It is desirable that the reagénts are
suf ficiemtjoy sql ublew7in the supprgritijcal gg@l vent tojghs ow honogggeous
transpori_of the reagents.|Solubilitylin a supercfitical 5 solvent is
general | y, pg opdrtiopplg to the dgnsity [of 'tlj@4supercr|{| Rl vené61 | dedl
conditions tor [precursor tfansport indlude a supercritical s¢lvent densifty
of at Teast 0.1

To describe conditions for different supercritical solvents, the terms "reduced
temperature,” “reduced pressure,” and "reduced density" are used. Reduced
5  temperature, with respect to a particular solvent, is temperature (measured in Kelvin)
divided by the critical temperature (measured in Kelvin) of the particular solvent, with
analogous definitions for reduced pressure and density. For example, at 333 K and
150 atm, the density of CO, is 0.60 g/cm’; therefore, with respect to COs, the reduced
temperature is 1.09, the reduced pressure is 2.06, and the reduced density is 1.28.

10 Many of the properties of supercritical solvents are also exhibited by near-
superctitical solvents, which refers to solvents having a reduced temperature and a
reduced pressure greater than 0.8 and 0.6,respectively, but not both greater than 1 (in
which case the solvent would be supercritical). One set of suitable conditions for
template infusion include a reduced temperature of the supercritical or near-

15 supercritical solvent of between 0.8 and 1.6 and a critical temperature of the fluid of
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to 0.2 g/cnB or a density that is at |least one third of the critical
"density (the density of the fluid at the critical tenperature and critical
pressure). Table | below |lists sone exanpl es of solvents aé with their
respective 1o critical properties. These solvents can bei é@a% Mhensel ves
or in conjunction with other solvents to formthe supercrltlcal sol vent .
Table 1 lists the critical tenperature, critical pressure, critical

vol ume, nol elessithan WBGht , and critical density for each of the solvents.
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H2O647. 312 . 8fibcubsbss :ﬁaﬁ)s ahdddalinbdld or BaMingAeacddmdbeikon gebeslmddelallei be

condi tions for | ff ercritical solvents, the terns "reduced

t enper at ur e, M4 QF nBW@§ ure," and "reduced den5|ty are used. Reduced 5
t enperature, mnth respect to a particular solvent, is tenperature (neasured
in Kelvin) divided tenperature (neasured i n Kelvin) of the

particul ar seehs definitions for reduced pressure and

density. For ex almécersoﬁtare'ifﬁselﬁ s@ﬂﬂt they yield a desired deposit material in the

10  template following reaction facilitated by the catalyst (or reaction reagent). Deposits

can include oxides (e.g., $i0, and Ti0,), or mixed metal or mixed metal oxides (e.g.,
a superconducting mixture such as Y-Ba-Cu-0), metals (e.g., Cu, Pt, Pd, and Ti},
elemental semiconductors (e.g., Si, Ge, and C), compound semiconductors (e.g., II-V
semiconductors such as GaAs and InP, II-VI semiconductors such as CdS, and IV-VI

15  semiconductors such as PbS). Oxides, such as metal oxides (e.g., oxides of Si, Zr, Ti,
Al, and V) are an important class of materials for mesoporous articles. Pfecu.rsors for
oxide deposition include alkoxides, such as TEOS for silica deposition. Deposits can
also include halogenated compounds (e.g., a fluorinated, chlorinated, brominated or

. iodinated compounds). 7 '

20 In some embodiments, the precursor is a monomer or mixture of monomers
and the deposited material is a polymer or a mixture of polymers. In such cases, the
deposited polymer can exhibit a decomposition temperature substantially above the
decomposition temperature of the template material (e.g., a template polymer). Once
the high temperature polymer is deposited, the template polymer can be removed. A

25  catalyst for monomer polymerization can optionally be deposited selectively within
one domain of a copolymer template or one domain of the copolymer template may
possess chemical functionality such as acid groups that catalyses the polymerization.
In another embodiment a block copolymer template may be chosen such that
monomer precursor preferentially partitions into one domain of the block copolymer.

30  Non-limiting examples of polymers with high decomposition temperatures {e.g.,
'greater than about 450°C or 500°C, such as 550°C or more) include aromatic

polymers, such as polyphenylenes.
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150 atm the density of CO2 is 0.60 g/cnB; therefore, with respect to C02,
the reduced tenperature is 1.09, the reduced pressure is 2.06, and the
reduced density is 1.28. 10 Many of the properties of supgr Byt 20l
solvents are al so exhibited by near- supercritical solvents, which refers
to solvents having a reduced tenperature and a reduced pressure greater
than 0.8 and 0. 6, respectively, but not both greater than | (in which case
t he sol vent woul dinisems eppbadimerts, delpyecuGmangudes @ B-saget atgaw padysidice i ons f or

templ ate i nf ol gfolehiigeR ! SUIGE LR SRAL S0l E (RURRLSL | L1 cal or

near 15 supercri T vent 0 et ween a crrtical
terrper at ur e ofidet b;mrdﬂriated:onﬂlmﬁﬁ a]B-@taM\éerﬁe@olyahsa miteninl ¢E Car bon, di oxi de
od chpi ce of 5Y0) i tical. [ enperature

t
(ST 1 o s BbineeR oL Yt 8ftnGRRY EBaBiepE 00 mhel miltolinf Hat s b
(rjmdgar aL :a pr5 Oﬂﬁ&ﬂal&,@ﬁﬂ%s&b&tl‘r@Sor(ﬁnQOSi)chB -Staged nidt@al Mby l&aﬁbndmﬂw th rrEn%/
esirabl e CuUrsors. ea r.un actions between
gases and sop{ﬁﬂnée“clof Eﬂﬁ 'HES tb?re op'sga%%glggpﬁﬁébnﬁlﬁ‘ﬂ@ﬂ"ﬁgg‘f’?el React i on
Mechani sns  Prtines of flyaictic elgsianwiliombivaderd, BEyonyredra niixflesdmeeodeposi t

material in thd: 1o terrpl ate follow ng reaction facilitated by the catal yst
(or reaction® %1 WE¥. Deposits can include oxides (e.g., SiO2 and Ti ),

or mxed met al ormrgemsl ﬂ@tradcn@xyl@laﬁgﬂ&cesued n@atéﬂzipﬁélﬁﬁ{é%ﬁjs&gzaﬂ‘ xture such
as Y-Ba- Cu- % mﬁ %I S Pd, an i.) el ement al . sem conductors
(e.g., Si'" GB®YShd aIEGﬁWWEFo?WE@ﬁWW%“‘W%“dP‘FP"WPa“EIEm conduct or s
such as GaAs withthd dibsen hikthdll o Sehedn deIRABI 18 tiftehplas. ﬁﬂ%xaxﬁﬂ@l wi¥én VI 15

sem conductors,.such_as PbS). Oxides, such as netal oxides g}rc oxi des of

Si, zr, Ti, udlizing{f epneay Fefﬁ“ﬁ“ﬂ‘b*o‘PW&Fﬁ“’??lt%%eTWemtgerl‘“r%ﬂ%‘n? fTesopor ous

articles. Pr QOO’CSDS’@Cf&VIOO‘@%ﬂ@OQQﬁ@HJtﬂvéW h!gihcfiu‘lﬁj@enﬁ{lé’sC(é bdeRatestigh as TEOS
for silica dep05|t|on ts.can al so include halogena ed conpounds

(e.g., a fluBrigharder Q?I?ipbtﬁi’W&‘PEHOftB?EﬁiPF?éﬁﬁﬁlf@?m@tcf%ﬁ“H&% déthg onpounds) . 20

In some Qﬁbo%{@ﬁéﬁmp&ﬁaﬁrdqfs%l&'ig‘%%eh&sﬁyM@ﬁﬁfdlﬂ&e@ldﬁﬂﬁ?m@f mononers  and
t he deposited material is a érrer or a mxture of polyners. In such

cases, the GESBEF pRRIC3shIsy ipf @ g, pid the berstts e ths |S?1P'Gml -hagsfper at ur e
substanti al | yRBQYR 150 addition, 2 high template temperature can adversely affect

template morphology. For example, the reaction can involve reduction of the
precursor (e.g., by using H; or H>S as a reducing agent), oxidation of the precursor

20  (e.g., by using O, or N2O as an oxidizing agent), or hydrolysis of the precursor (i.e.,
adding H>0). An example of a hydrolysis reaction is water (the reaction reagent)
reacting with a metal alkoxide (the precursor), such as titanium tetraisopropoxide
(TTIP), to produce a metal oxide structure, such as TiO,. The reaction can also be
initiated by optical radiation (e.g., photolysis by ultraviolet light). In this case,

25  photons from the optical radiation are the reaction reagent.

In some cases, the precursor delivery agent can participate in the reaction. For
example, in a supercritical solution including N>O as an additional solvent and metal
precursors such as organometallic compounds, N;O can serve as an oxidizing agent
for the metal precursors yielding metal oxides as the desired material. In most cases,

30 however, the solvent in the SCF is chemically inert.
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deconposition tenperature of the tenplate material (e.g., a tenplate

polyner). Once the high tenperature polyner is deposited, the tenplate
pol ymer can be renoved. A 25 catal yst for nonomer pol yme1 igzgm'yogqﬂﬁan
optionally be deposited selectively within one domain of a copolyner
tenpl ate or one domain of the copolyner tenplate may possess chem cal

functionality such as acid groups that catalyses the polynerization. In
anot her enbokiistr8ynthesisdirestikent opol ymer tenpl ate may be chosen such that

nMoNONer precur Sorr L al | | | 0 d N e bl ock
copol yner. 3o Nor;rhl8 #“'r?ngdtﬁ (lt't(ra?g B%)%mr% Idgl;fo G ftB S%Q&%nngl?%?w ?%H?ggﬂeﬁ'éggnn%%si tion
t enper at ur esbullelager) of the Eaiplate ihienin! abicht red30E pordustO ABs tespddte ragerzB0C or nor e)

i ncl ude arongt.i Ql I such as pol yph | enes. 27 Y 2006 I n sone
oot ment o Cpirg roSed PRide o Bieh s BRGKRIGN R0 nlud, BteY 2
di el ectrig nebesi the pmipbate mbterill-isisagbdiet@iippsad, using oot edradftagininbbief | N ot her

words, under .approptiate conditjons, a B-s ed . or,gano L.ysil.jca materi al
can be pol yW?@S‘H oF e’é"’(ﬁpg?i ,a%Loafé ﬁ°P§W§/F°E}§’ﬁ?§%%§£F f‘g?‘??‘?t’%af%erlﬂ?lhr gher

mol ecul ?r webyodalciration t BaiphdtS rendval roftsilivapolyR@s catipdsitdsidwel Sinirbd 8- st aged

mat eri a

may be nmononeric oli.goneric or mxtures thereof. B-staged
material is ‘fa?fr“iaﬂ(‘%‘i” a élﬁfi?éla’oflﬁgl? fEperaLre gfmast pobaness (epgol"’g?fﬁf‘g% terial
W th mononer il ok biRMBE Silied stichiteX AleRa@fely)RAERSIGe ca bt REdmgRERT G- | N
general , any.r eﬁcéi}o e;(ritiel di r}g t he ,dﬁsi red material fromthe precursor can
to be usdy. {etye ¥§f} Frd o Rtogherytal teshniayes o Lhg compREiteHaysT &dCshoul d be
conpati bl e  &ipbididieleRaTe Bch@ishRd d8ompbRAhY BRP1EChut e the fedctiohe tenpl ate.
For exanple, when _utilizing SCF or near. SCF solutions |ow process

t enper at ur esPTpgich Phofochemicy] fechnigpps incluslg the deqaspresitign o temple 13h2) and

relatively héx@bsurd teithk Gprophibte @RliaiBn @.g., VIERQhadididf). 0.2 g/ cnB for C02) in
the vicinity of the tenplate are inportant features. If the 15 tenplate
tenperature is t deFepmpesitionpd thedsnaplate materglican pe pariprmed infthe nresgnsgiof 9 of t he

substr at @5 apfi@ &cf6fitatd \mPeR Y rhKaD I SorkkBSheesM plelEs QMBI drd seff cah NE
sol ution-based . process_are lost. In addition, a high tenplate tenperature

can adver sel §rogife tis funqtiopy Forcxample, shrsraiiigal orpparsypprpitisal Greor £8202i on can

i nvol ve redughin@ss &]El e{q}&lgit (R BEPE AvahiSedd of SEY's i Hhdehois Matddse @S @ reducing

agent), oxidatign o recur sor

expedite removal of the decomposed template.
After template removal, the mesoporous material can be ﬁrther treated as
20  desired. In some embodiments, the mesoporous structure is chemically modified in a
further process (or processes). For example, it can be necessary to modify the
hydrophilic silica surface that is obtained from alkoxide condensation by reaction
with 1,1,1,3,3,3-hexamethyldisilazane or (CH;);8iCl to cap dangling —OH groups and
produce a hydrophobic surface. In many cases, this can be achieved using SCF CO;
25  solutions of reagents. These reactions can include the use of commercial organosilane
coupling agents including mono, di, and trifunctional coupling agents, such as those
described in C.J. Brinker and G. W. Scherer, Sol-Gel Science: the Physics and
Chemistry of Sol-Gel Processing, Academic Press, San Diego CA, 1999, p. 662.
Further freatment of the mesoporous material can also be performed in the
30  presence the precursor delivery agent, e.g., in the presence of a supercritical or near-
supercritical fluid mixture (e.g., CO; or CO/Q3), thereby exploiting the transport

advantages of SCFs in mesoporous materials.
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20 (e.g., by using 02 or N20 as an oxidizing agent), or hydrolysis of the
precursor (i.e., adding H20). An exanple of a hydrolysis reaction is water
(the reaction reagent) reacting with a netal al koxide (}BeMaYegpgssor),
such as titaniumtetrai sopropoxide (TTIP), to produce a netal oxide
structure, such as Ti02. The reaction can also be initiated by optical
radi ation (e.g., ﬁhotol ysis by ultraviolet light). In this case, 25 photons
fromthe optical knderther fobodiments, ths nresenordus film emtterned dfter woplatecases, the
precursor deld | Cl i [ ion. Far. exanple, in
a supercriti (k:ééﬁﬁ%é%I%g%pfegg?@%?ér%)%g@gdﬂ%ﬁﬁ)% |e?%g%5ﬁ%§§ﬁaeé%t and net al
precursors s techniquss,onelaaseiretolithb grephyans clestohs bedi? Gthogmplyesswesaidedin  oxi di zi ng
agent for the metal precursors yielding metal oxides as the desired
material. In nost cases, 30 however, the solvent in the SCF is chemcally
inert. 2851 9 MAYIn26:06 elbsdimSits) bipesirsoris métsadkinto thidwemplaagaedactiph precur sor
delivery to enplate.i s,a.£0 site,.fe.q., filmor bulk |layer) of the
tenpl ate mat éltralg‘éﬁtt lsarer?Bo ltﬁ%w?tglgélfcﬁ tglﬁﬁﬁtfg%tﬁf‘?t et ’Eeé%flafc’éi“ﬁﬁf“@?‘?s f can be
renoved to yisgratessedfsthpoprion s sintvst bitheteniplatd) dn dRECImMBRBinRRROHEL . | N such 5
cases, the t | at e erjal is usyally.decqnposed, usi ne or nore of a
nunber of tg%% F%?ertgg tte]ggl,a%e%magfﬁegef%}a E‘ﬁag’g‘ﬁ IPYpETies %é?qé‘e@an be
deconposed t hecesihk yFor eRymgla) thé wnpleieacieifb@iccdnidBivdan bé fafeficl i ca- pol ymer
conposi tqg (IS v&l | .suited to | Ci nelti on, as the deconpositjon tenperature
of nost pol yAK Pﬂ‘.’r,toé%'bq]'fﬂ‘&8‘5’(‘5‘7‘1’WFQ‘“?RSP“%F#%‘E‘E“PH@“@F-IWa structure.
Al t er nat i vel ywempldisireh@idnlpaidactamphitte SRORERASER iforpbtatdlieviefdaafesDy chemi cal

or photochenical. techni gues. The co site |l ayer can be exposed to

sol vents or BPERasfE 03&8‘&8F?b‘8§@g¥§%‘“¥eéﬁ*ﬂﬂ ¢ depopjtee mebsriak 38 bE eact i on
product. Phoplasdied sidr té REIMMGE RS téniifdiel dfalcNRs 88 SR Wt RO feRlrds he tenpl ate
by exposure to, t[v].lﬁ a‘fpro riate radiation (e.qg., ultraviolet radiation).
Deconposi t i offHiictuags p@ﬁﬁ)‘ﬁgt‘sé"nrﬁi’frﬁﬁ%‘ﬂce%ﬂﬁr E’ég'ﬁéﬁbﬁ’éﬁti?éd’fiqﬁer?%e%r esence of
a 15 flubd fimuctubeifb demlic@ndiim datics Br@yable | N some cases, the precursor

delivery agent can provide this function. For exanple, supercritical or
near-supercritical CO2 or C02/02 mxtures can exploit the transport

advant ages ORpsifehfiodsn mMesoporous materials to expedite renoval of the
deconposed tenpl ate.

Mesoporous materials have several characteristics that make them attractive

materials for numerous applications. For example, some mesoporous materials can

20 have a low dielectric constant (e.g., less than about 2.5, 2.2, 2.0, 1.8, 1.5, or less),
making them attractive dielectric materials in, e.g., integrated circuits and
microelectronic devices. Alternatively, or additionaily, mesoporous materials can
have high hardness (e.g., hardness greater than about 0.1, 0.5, 0.7 GPa or more),
making them attractive candidates for, e.g., protective, functional coatings. High

25  hardness can also make a material more amenable to certain manufacturing processes,
such as, for example in integrated circuit manufacture. Moreover, some mesoporous
materials can have a low refractive index (e.g., a refractive index lower than about
1.4, 1.2, or lower), which makes them suitable for low index optical applications.
Accordingly, mesoporous materials can be applied in the areas of low K dielectrics,

30 catalysis, molecular separations, optical coatings, optoclectronics, photonics, and

sensors, for example,
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After tenplate renoval, the nesoporous material can be further treated as
20 desired. In sone enbodi nents, the nmesoporous structure is chemcally
nodified in a further process (or processes). For exanpl $:9 i&.‘%[yc?@ be
necessary to nodify the hydrophilic silica surface that is 0 gd from
al koxi de condensation by reaction wth 1,1, 1, 3,3, 3-hexanet hyl di sil azane or
(CH3)3Si C1 to cap dangling -OH groups and produce a hydrophobi c surface.

I n many cases, t hylesopapussdicadieare df nsiestfo $@mnioORlettBnis industonsg.oidt r eagent s.
These reacti ' . se of ' 1.l an oupl i ng
agents i ncl u%%&an%ﬁ%@g%??ﬁg%t ﬁga&%&aﬁgﬁ&%ﬁéﬁmﬁgﬁhﬁﬁ gla %slﬁgh as those
descri bed i ndi€lediric Bristaltts thinmoksGpovius Sitheare poterBlly Gelful Scloentidectiche Physi cs
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Thor bby  expl SReRePRE s, JHFE bor5okine wiabgroretlednt fecksttBorous.
materials. 2Senlicéhdwidi MBfEachiting Tedhnelogs b ddtRNQsk dnldguiaSefar ous filmis

patterned aft{ger te enoval . For exanple, the nesoporous filmcan be
pat t er ned usfpe?j‘“r’?ﬁﬁh;gb@’anf%ex% ni ques, such as photolithography and

el ectron beam | i tMegp@piymatasalf@s alsb betsed BRYde Spticl coaHRs BNGARIMENt S, a

precursor _is 'nf:td;{_tsde(a](fi nto the terl%lt atﬁ, .a reaction praqduct isé_éieposited

within tH& tgif‘&ﬁ Qthen gpticAkeompapiniy and fevices MespPottBplcERpdIevide 5 o

processed f ulowhefradiivé Ridest RydrOnRvamalek tHehtust NPl alterefibdlioh BRSiRgsamPpodi ment s,

the presence_ of tg{éitﬁ | ate can inpart beneficial nechanical properties
FH

for subsequefifer 9pH ns. Moregyermy adiustingahs vhnefrestipr abips BT oduct

conposi t e CatheRRsiidus AR all the AELrPCIRBLLHRE (aEx &M bE SERYAI 10 8 adyne tenpl ate
to incorporate device structures. The tenp]ate/reaction product, conposite

can be et che¥tovithR aranes ot wlusehetweenrthorelipctive indppeldhe metal oxide aBd aigeposi t ed

Wi t hi n t hgse AligakieRSthapsted MGy SERRIAIWiA AR &g, A hidAerREve RaNALE&ed pri or
to renoval of the ten‘s)l at e. terials deposited wthin the features may
i ncl ude copp@bayd Fpefal).cRd Bigmateials ralistivoipgr seleeied torhe withiy 3 wegsadn of

i nt er connect yanlea betwebE ik rdichiy in®R B HRAUE bl ARMhERRd. AQlordrgTRlE-
methods disclosed herein can be used to form mesoporous films on commercially
available optical components (e.g., lenses, fibers, integrated optical components, and

20  optical substrates such as glass substrates for electronic displays).
Mesoporous materials are also useful for catalysis and in molecular
separations, and can be used in porous membranes.
EXAMPLES
The invention is further described in the following examples, which do not
25  limit the scope of the invention described in the claims.
Chemicals
The block copolymers and non-ionic surfactants described herein are
commercially available from BASF (Mt. Olive, NJ) and Aldrich, and were used as
received without further purification. Pluronic® F127 copolymers, which are triblock
30  copolymers including poly(ethylene oxide) blocks on either side of a poly(propylene
oxide) center block, were provided by BASF. Brij® 76 and Brij® 78 are oligomeric

alkyl-poly(ethylene oxide) non-ionic surfactants and were obtained from Aldrich.
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Applications Mesoporous materials have several characteristics that make
themattractive materials for nunerous applications. For exanple, so
mesoporous materials can 20 have a | ow dielectric const3rMAY <086, | ess
than about 2.5, 2.2, 2.0, 1.8, 1.5, or less), mnmeking themattractive
dielectric materials in, e.g., integrated circuits and mcroelectronic
devices. Alternatively, or additionally, nesoporous nmaterials can have

hi gh har dnes%hd smugtures hiithd nemdyntpr eatpdatestaieeas falloowst POurdnic®FB7 (Bla&= GPa or

coat hgs. i POSS ERtelGie MR SR AT Farafody np im0 10

certain mnugaaﬁaﬂlm%ﬂ TS RSacid) SMGR-108000) Was S6taR ok Polidica@k at ed
circuit manufacture [eover SONEe NMEesSOopor ous materials can have a | ow

refractive i ﬁﬁ&?th@@“ﬁc’sm"éter(@@ﬁlﬁ“ﬂ@é(’]l“%éklf?%wd EF8A) wesobtaingd 4 1.2, or
“lower), wWai CRoMBMeRSs GHRRBaRU 'Ehﬁﬂélﬁvag 95ta11néﬁ"frbzﬂ q"ﬁﬁi‘m‘egt Wﬁ&lﬁ%}@ﬁﬁﬁé ons.

Accordingly, mesoporous materials can appl in thé areas of low K

di el ect ri cs, MBEDand Bjsétristhoxsildicthane (W@D a@w@h@meéﬁpm&mlest: ditings,

opt 0el eCt r ONkiesnica ROl a@ﬂed@%apﬁ&h GGt hondfoxtaed MAY 2006
Mesoporous sil i c% filns earséoo | nt er est tccgfptgl}[%é m croﬁ?oéict? OI’?I cs industry,
e.g., in seffdowiumads) weebiaedifivtMemipm-Gravesand hisd hareceivrde dnbaiseres opor ous
films can haH&on??é&'wa‘?ér‘%Ja?ﬁé ek ORRERRL S, thin nesoporous films are
potentially use as | c? ectric constant coatings on sem conduct or
waf ers. ' some enbodi nents, nesoporous filns 5 can be used as dielectric
layers in ingg dyGld; WG e made using standard

t echni ques. Te;%f’lif% ?ulggéd gf;bhgn%%?an Jtmegggtged circuits are disclosed in -
Sem conduct or Nanﬂémmbmte'[wﬁmhegws ﬂnqh)wias:dflmbdi@mnnktuamf Julian Serda
(Prentice Ha n‘g(% rous mat n al so be used
to provide o%?mggpmé%gfofﬁ&sﬁ{?ﬁl ‘tvl"ltg‘éa}na?’g ogffnﬂ’éfoémﬁr%?&tpﬁégb Yopti cal

conponent s amduﬁie)yms in ddbsirad matss cheadedlin als@ommlmb@uﬂdel aciottiged refracti ve

d I t h f.ul ti.- fI t t d
ot her opt caP B DR et By vlipeicod M tied AR T act i on of

the pores lnwatehammmﬁ@fpu&nmpmaas spifiRasiBh Bk icRhned siliobd bétake 1 ndex can
be selected tg be_any  value within a range of val ues between the

refractive i HiB&a fpr Peightpstcsnt sgifiensinsthanolicpntaining a small amount of p-toluene
sulfonic acid (PTSA) and water. After drying, the film containing PTSA was

approximately 1500 Angstroms thick. The substrate with the spin-cast film was then

20  placed into a high-pressure reactor. The reactor was constructed from opposed
stainless steel blind hubs sealed with a metal seal ring (Grayloc). Machined ports
were present on the blind hubs for the introduction and venting of the CO; and for
monitoring the pressure and temperature inside the reactor. A rupture disc assembly,
with a pressure rating below that of the reactor, was also present on the reactor for

25  safety purposes. The temperature in the reactor was maintained constant using
external band heaters (Watlow). The reactor was sealed and the film was exposed to a
specific amount (§ microliters) of tetraethylorthositicate (TEOS) in humidified carbon
dioxide at 50°C and 122 bar for 2 hours using a high pressure syringe pump (ISCO,
Inc) that was maintained at 50°C using a coﬁstant temperature bath. The inner

30  temperature of the reactor was measured using an inner thermocouple and was

maintained to £2°C using a combination of an externally mounted thermocouple and a
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15 Alternatively, the pores may be filled with a fluid (e.g., a high
refractive index fluid or a liquid crystal), and the nmaterials refractive
index selected to be within a range of values between tiH MAY 288% i ve i ndex
of the nmetal oxide and the fluid. Accordingly, the nethods disclosed
herein can be used to form nesoporous filnms on comercially available
optical conponents | enses, fibers, integrated optical conponents,

and 20 opt i cEmpeighis f‘roag%lkr Sthith used eptosaal bandsptess( Watlavpyto beak feosisr

di splays). WegoRgk %aomas%ém&”@wanai 18 Attt piegsrurec aﬁh%'c)ﬁﬁbo%xt@”d in
mol ecul ar sSe aratlons and can e used in por ous menbr anes. . EXAMPLES The

- invention isf Wﬂhﬂ?ﬁﬂ@E@mmﬂlﬁrﬁaﬁﬂqéaﬂdd’i’qlmn'@heén@ﬁpftégﬁhmctﬁhsedo not 25
limt the sc ?Ssggrcdﬂ‘?ollow@'ﬁél%&tg scribed in the clains. Chemicals The

bl ock copoly rs and non-idnic surfactants described herein are
commerci ably avaﬁa@hmp@ﬂttoﬁmml’(amter@dmyéirdbul)ffraﬂ@nmwithaand wer e used

as received rificati uro 27 copal yners,
whi ch are trrwl%%ﬁg%gcopo&%y et?{&lflﬂﬁﬁﬁé:up% errlge:gto%aﬂ% “ Bl ocks on
ei ther side ﬂk@a&gebmarmyhem'mmgomerss@rﬁ@mdﬂeaﬁ;h,comtlgnpfepw ded by BASF.

Brij(r) 76 and Brij(r) 78 are oligoneric  alkyl et hyl ene, oxi de)
non-i oni c surfact%}ﬁ‘ir%)lgf’?&ow&c%ﬂ%ﬁﬁ?féé‘sf’?él?ﬂw/&laml@m 'rSFfliSﬁ%‘ H9RY 2006 The

structures o AR QI TR nﬁeémh@saaﬁwﬁf&fﬁﬁoffiﬂiukd?ﬂ@wﬂmﬁfagemﬂ,) F127 (MAV
12, 600) E0106PO70EG 06 (BAS) Brij(r) 76 CL8EQ 0 (Aldrich); Brij(r) 78

C18E020 1p Al dEOEH Supﬂunwahmrbmciwxydelatﬁﬁﬁladﬁ 122vhar1 BELha@yGOhe prsssnesstfai ned from
Pol ysci ences Tetraethyl or 23|I| ‘égs@ d tqu | fonic acid
(PTSA) were 8%? aS?rﬂn °§ P %Sn%t C F/aehées @fl{gl‘an%fwm feﬂ %&I 'ned from
Phar nto. Met . BAraneszﬁc)xiysddltameo ot&lbﬂﬁﬁﬁ)c aﬂchﬂxo&d&x(;ieﬁkset hoxyS| |yl ) et hane
(BTESE) were obt a,bFeEﬂ @15&3% est chem c e used bt ai ned
wi t hout further Yrani @PBW%WF@EOW? ¥ obt ai ned
from Merri aﬁh@hﬁgﬁf& camplosits 6n alsnﬂfﬁﬁ@to\s&ﬁemﬁéaath&%m0°d%am [e86d ¥ er was
used for the i nfusions, 10 Exanple 1. Mesoporous silica filmfrom TECS
hours, maintaining the sample at 400°C in air for an additional 6 hours, and finally
-cooling from 400°C to room temperature over 6 hours. Upon calcination of the
mesostructured film at 400°C for 6 hours, the XRD peaks shift to the right to higher
values of 26 or lower d spacings, indicating slight shrinkage in the film (see Figure 1
(top trace and top inset)). The intensity of the XRD peaks increases significantly due
20  to increased electron density contrast from the removal of the template and the
increased degree of polymerization of the silica network, also indicating that the
mesostructure of the films is thermally stable (up to at least 400°C). The XRD pattern
of the calcined film shows three sharp peaks between 26=0.5°-2. 5° with d spacings of
102.3 A, 55.7A and 37.1A.
25 The ordered nature of the film is evident in transmission glectron microscopy
images (TEM) shown in Figure 2. The TEM images were taken on a JEOL 100CX
electron microscope operating at 100kV. The sample for the analysis was prepared by
scraping the mesoporous film off the Si wafer, grinding the film into small particles
and dispersing the particles onto a TEM grid using a shury of particles in ethanol.
30 TEM images and corresponding Fourier diffractograms indicated the near 3-D cubic
structure of the calcined films. Figures 2(a) and 2(b) show the TEM images and the
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A silicon substrate (1.75 inch x 1.75 inch) was cleaned in a m xture of

anmoni um hydr oxi de, deionized water and hydrogen peroxide (6:1:1 parts by
volunme), rinsed in deionized water, cleaned in a second]dolMiyi ggpgof HC,

dei oni zed 15 water and hydrogen perOX|de (6:1:1 parts by volune) and then
rinsed in deionized water. Athin filmof Pluronic(r) F127 was spln cast
on the cleaned silicon substrate u3|n? a four weight percent solution in
et hanol cont eAresaagdiag Seutier diffgstagramsifon]] 0 apé Hall lwgqnsw%aé@aea( PTSA) and

water. Afterciiydmiure e i‘EM’Hn%&HQtLa.Ed fht Wﬂéﬁ@m!‘@&ﬁ@%@ﬁk%&@&% 1500

Angstroms thick. The substrate W t he I n- cast I mwas then 20 pl aced
into a hi gh- lewbismeesprbase for the %l@ﬂtsethftkrbﬁﬂd\nésD vean setriemewghdse Smtvpposed
stainl ess stggli Hldpd hubs sealed with a nmetal seal ring (Gayloc).

Machi ned ports were present on the blind hubs for the introduction and
venting o8 the CO2 and for nonitoring the pressure and tenperature inside

the reactor. g LUDS ULe | LiaGs SRS H’Om'fﬁHSh a pressure rating below that of
t he reactor, —m%pﬁas%fﬁﬂ@re—rWr for 25 safety purposes. The
tenperature in theSﬂleansubmavﬂs.’lsrixichtxai Thdnkh) easileantd usagye pexddarenal band

heaters (Watl ow .. Was ealed nd the filmwas exposed to a
speci fic anof gt(eg {3‘[@)3 1P G ELH\W ST ISt precianed SHigeR) i n
huni di fi ed Cs’;ljbb@dilesadlmlrﬂﬁuﬁhg5@@5%@%&3&:3&sbl%ﬁoxiclﬁretlﬁn&]%k&ﬁniﬂgh@ﬂa@ hi gh

pressure syringe punP | SCO, . Inc hat was mai ntai ned at_ 50C using a

const ant '? enffaPut af ks thulmaFlﬁﬁ@S@@nQFﬁ*ﬁ’émmf gl eact or was

nmeasured Usi fghtAking PISA whilGEAMCO MY, @Bhﬂﬁﬁmsmb@tﬁe@%ﬁ@M@ ng a
conbi nati on of an externally nounted thernocouple and a 32 1 9 MAY 2006

t enper at ur e BigsRdAHP pdigh-pRpssE A raacter desgrked imEx L.heaters (Watlow) to heat

the outer walls. Tligl}gacfo?%ﬁ %}e&"ﬁﬁd hb 8 @Ls.OéMpMse&r &Y &6 P palER SRR C
osite | mwas then renoved fromthe reactor and

pressure. The co
wei ghed. Th eof}Pé%épr @fhumbﬁﬂ G at ﬁe"rce@géaz by forrgmwesrusing @ high oresfirag t he
reaction.s5 !ﬁ&g%pgsw I_fn!é?l TRV CHANAME b B8E u ﬁa{ga%an@%md' ffraction (XRD)

with a Philli fractoneter using t Ka ray fromthe
rotating anotf@PFlﬁme‘PPéh OI@G%Q@@W@% thyn glowly veredtotagn@phgicpoBswe. eBesi ze, 40

second count Jl%no% w@tﬂéﬁrr% eﬁ%ﬁﬂ&e&ét?ﬁ%ﬁ@d&%ﬁ?cﬁ%}%@ﬁs?éﬁﬁéﬁlﬁhov"s a

typical X-ray ractl on pattern o nesostruct ured
filmof Plur mre@(eldﬁ}’lilmwmf ioHewingihieheaction.

The composite film was characterized by X-ray diffraction using the Cu-Ka

20  ray from the rotating aniode in the 6-20 geometry (0.02° step, 40 second counting
time). A sharp peak at a 26 of 0.68°, which corresponds to a d-spacing of 129.8
Angstroms, indicated a periodic structure had been produced (see Figure 3). The peak
was narrow with a half intensity width of less than 0.1°. The polymer template was
then removed by calcination using the procedure described in Example 1. The

25  calcined film was examined by XRD. After calcination, a contraction of the silica
network was observed as the primary XRD peak shified to 0.74°, which corresponds
to a d-spacing of 119.3 Angstroms, as shown in Figure 3. The analysis revealed that
the contraction in this film was approximately 8.1 percent. By comparison, literature
reports describing coordinated self-assembly of TEOS-surfactant structures indicate a

30 contraction of 43 percent upon calcination as determined by XRD by measuring the
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10 TEGCS in supercritical carbon dioxide at 50C and 122.5 bar. It shows the
presence of three strong reflections at 20 val ues between 0.5-2 (with d
spaci ngs of 133.8A, 77.5A and 52A) in addition to ot her-l geﬁﬁyaMEShoul der
peaks. The Pluronic(r) F127 tenplate was then renoved fromthe conposite
films by heating the conposite filmin air fromroomtenperature to 400C
over a period of 6 15 hours, maintaining the sanple at 400C ipn air for an
addi ti onal 6mAGReEt offhaU0ipraky efyheapesPItGHurS Ghemscetiah, CsenMerpty at ure over
6 hours. Uporg4galss abiypn of the mesostructured filmat 400C for 6 hours,
the XRD peaks shift to the right to higher values of 20 or |ower d

spaci ngs, i ndi cat“ﬁ@r@ﬁddlﬁ‘ﬁ“es‘%ﬂhcrﬂﬁdéasieﬁ‘dﬁﬁémmth?dr(l'@@@mﬂl@]ﬁ?t@ 1 (top trace
and top i nsehictograbiShdvi ANFSduky 4. Of helsBBpRIRE tREAKF/sik Raf FrapRs Lﬁingrﬂ!lef icantly due
20 to increased electron density contrast from'the renoval of the tenplate
and the % ncrregsdurg dgecgibedindixapple  mdbe eagp diiceted thabthg prdered npferewb iR,  al so

I ndicating t ' | : le (up to
at | east 400%??)la£|§tr;}§d %%%%%I{vgg %%ﬁ%ﬁ%ﬁgsaffﬂgs.g%é @r%s%‘i%ﬁ%é&%to regéea shar p
peaks bet weesylindril mosphologh Grawpwith aylindef orien@tiors pagallgso 8 and 37. 1A. 25 The
or der ed nat : fd | k ' . ) SSi ectron m croscopy

| mages (TEM%@%&%ﬁlgﬁo&éJﬁ%{ g%ﬁ.ﬁl\%{[ﬂ%&ﬁﬁ{f?ﬁn’%@g%%@ e aagié'n on a JEQL I OOCX
el ectron m croscope operating at 100kV. The sanple for the anal ysis was

prepared by poghab NGl AG IEIARYRYS. ThaR RlIp Ll vafer, grinding the
filminto s partrcres 4 cles onto a TEMgri d
using a slurry ofA phicbh substfatd (1.768 tikvAx0l.75 ideh) WabllesRg asingihd po¢dugs pondi ng
Fourier diffractograns indjicated the near 3-D cubic structure of the
cal ci ned fi | hsortef i fxanple b)A Siiwfilny of BiyRolh wasspirerst priligeleangddilicar 33 1 9

MAY 2006 cor uspachidyth fruit Sicefl %f&i@ﬁh%ﬁﬂﬁoﬁﬁfnidgﬂa%ﬂ%@uﬂt%ﬁ%l
i nci dences of a 3-D near cubic structure. The TEM1 nmages and the XRD

patterns confoiucheslone apid B oandvaigr. Al deving, bedidn spHasse PEPAME

as- i nfusegd filﬂg?ﬂx%ﬂgelg IgoﬁAﬁﬁﬁmfﬂ@(p THE SRRRAS Gith Bl spil@ast Eﬁll Ghiggn films. 5
Exanpl e 2. Mesoporou$s Silica Filmfrom TEOS A Silicon substrate (1.75 inch
X 1.75 i nch) Phees iep e ighepressirn etk whichdetmila to the one described in Example

1. The reactor was sealed and the Brij® 76 film was exposed toa specific amount

(five microliters) of tetraethylorthosilicate (TEOS) in humidified carbon dioxide at
40°C and 122 bar for 2 hours using a high pressure syringe pump (ISCO, Inc), which

20  was maintained at 40°C using a constant temperature bath. The inner temperature of
the reactor was measured using ant inner thermocouple and was maintained to +2°C
using a combination of an externally mounted thermocouple and a temperature
controller, which used external band heaters {Watlow) to heat the outer walls of the
reactor. The reactor was then slowly vented to atmospheric pressure. The composite

25  film was then removed from the reactor and weighed. The mass of the film increased
by 157 percent following the reaction.

Figure 5 shows typical X-Ray Diffraction patterns for as-infused and calcined
silicate films using non-ionic Brij® 76 surfactant as the template. The XRD pattermn
of the as-infused film that was infused with TEOS in supercritical CO; at 40°C and

30  122.5 bar has three sharp peaks between 20 values between 1° and 3°(one sharp peak
and two sharp shoulder peaks) corresponding to d spacings of 65.94, 62.7A and
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described in Exanple 1. Filns of Pluronic(r) F127 were spin-cast on cl eaned
silicon substrates at 1500 rpmusing a 12.5 w. percent solution in
ethanol containing a small to amount of p-toluene sul fbfi MAACINGH (PTSA) and
water. After drying, the filmcontaining PTSA was neasured to be 8, 095
Angstrons thick. The substrate was then placed into a high-pressure
reactor, descrlged in Exanple 1. The reactor was sealed and the filmwas

exposed to a%l ﬁ?eﬁflgmﬁér(b@mn task end kofomdnseEMpanrsakeinatio, the pepkeCp at 60C
and 122 bar n (1S I nc),
whi ch was rrallfng{ %ﬁ% ub@&;lﬁt@b:@ﬁﬁ% fﬁglgé? gg%@tﬁ %s;t{(}ge%gmﬁegegtdﬁﬁa&%%% The react or
was then sl ofd. @A\Aéﬂbieiﬂdﬂdxlét(mgsmhe(mpc&rape:ﬁﬁsopﬁset)]'h’éhe XR)mpammse)ffl | m was

t hen renove th acto and the film increased
by 112 per cdl?] 8\%‘8‘5*’1{%‘3 cjngd & mﬁﬁ%a;rﬁ%mgm ?gq?e?‘?gr?fle}/as characteri zed
by X-ray di ffhemphasarrrhesm’itg XRIEpdakis dcthe A0nfusyd filmamsﬁmlexdfdaismel([@)),anode in the

of 0. 8o, b OROR {2 et pakiate st Fripeni motoPbbse i RTRAL" | nal cat ed 2

periodic strpudmkies: h&tﬂﬁmww@d&&ﬂﬁl(ﬁsﬁdéﬁ%ﬁﬂéﬁ) AftbeaRBation 40as narr ow
with a half |nten5|ty width of less than O pol ynmer tenpl ate was

t hen rem)ved4% <ht drspfithegmitgell P@uﬁﬁe(%ﬁ%%wﬁéé&ﬁfﬁ’b’e@ in Exanple 1. The
25 cal cined fil mM%al%@dTﬁMas%aB@RusﬁEﬁ%sxﬁﬁh&i EEE&&M:cﬁys&? traction of
the silica network was observed as the primary XRD peak ed to 0.74,
whi ch cofit esf&Mbls The ermaplesfaig BBy egreonadepsing thermseeeduspdesciibed dnByampln Fi gure 3.
The anal ysi sg, rﬁﬁ&%&&@)énﬁ%ﬁb) résB@ct:@é]?Eﬁd%Pi‘Elﬁﬁmh%hsBﬂhé 3D hdXu a1 approxi mately
8.1 percent. onpari son, terature repor descri bi ng coordi nat ed

sel f - assenbl VewphaﬁEeswsdﬁlﬂ%&%[ﬂﬂlkqndlﬁ@mm@ akisd Theingst af thesedigtes act i on of 43
per cent upongealk aaer&aﬁ&sg&mg ﬂ%gmﬁaag %ﬂmngagm G@&te}da%xoﬁé 19 MY

2006 novenent of the 0 peak of the sostruct ur osso et "al., Chem
Mater., 13, witBH#g-TEBbBnageo@nfitmed hee3-Brivuasoral mesephaseof thetfidms.i | m was evi dent

fromthe fransm ssion electro mcrograph shown in Figure 4. The sanple for
t he anal ysis was prepared u5| ng the 5 procedure described in Exanple 1. The
i mage i ndi cabxe flhé Mashim hitro d é‘E@Sahﬂan@é%rpl ate had been preserved

in the nESOpRrSOIIi]cSonfsflbsHB te (1T%em81°r ?% mc. X£5| vtv)alstc eat qxsi(ljlfg%%rpef\ocedure described

in Example 1. A thin film of Brij® 78 was spin-cast on the cleaned silicon substrate

using a five wt. percent solution in ethanol containing a small amount of p-toluene
20 sulfonic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1700 Angstroms thick. The substrate with the spin-cast film was then
placed into a high-pressure reactor, which is similar to the one described in Example
1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount
(five microliters) of tetracthylorthosilicate in humidified carbon dioxide at 60°C and
25 122 bar for 2 hours using a high pressure syringe pump (ISCO, Inc). The high
pressure syringe pump (ISCO, Inc) was maintained at 60°C using a constant
temperature bath. The inner temperature of the reactor was measured using an inner
thermocouple and was maintained to £2°C using a combination of an externally
mounted thermocouple and a temperature controller, which used external band heaters

30 (Watlow) to heat the outer walls of the reactor. The reactor was then slowly vented to
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cylindrical norphology. Gains with cylinder orientations parallel to and
perpendi cular to the plane of the imge were evident in the mcrograph. 10
Exanpl e 3. Mesoporous silica filmfrom TECS and Brij(r) gg @\giténhé;on
substrate (1.75 inch x 1.75 inch) was cleaned using the o] é

described in Exanple 1. Athin filmof Brij(r) 76 was spin-cast on the

cl eaned silicon substrate using a five w. percent solution in ethanol
cont ai ni ng aatEespherieRBRe- dhe gpmposita fmavas thanapneved diom thewgpyr aadd wat er .
After dryi NQye; i e proxi mately 1500 Angstrons
t hi ck. The gﬁ%glﬁaé?gé%%%?Pﬁem@g?cﬁ&-é-%%?lsk@%%@then placed into a

hi gh- pressur e redtguwe 7 shomisdke XRD pittirh off the compoeiteofilen afesinfisibadvithn Exanpl e 1.

The reactor seal | the.Brij(r),.76,fi 0s specific
amount (11 vaEas B BrPRaR ibtRc bt sCC FRABEBETER T i £ e
car bon di ®xi petemtof théGana fith AP ﬁﬂailhatfdﬁﬁs shotva itk Eiguuc&iisn Tha XRDogutghessur e
syringe punp, (!l nc), which. 20 wa i nf al at 40C usi a const ant
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(100), bar. The sample for the TEM was prepared using the procedure described in Example
1. The TEM images show the cubic mesophase along the [100] and [111] directions.
20 ' |
Example 5. Mesoporous Orpanosilicate films from mixtures of TEQS and
methyliriethoxysilane (MTES)

A Silicon substrate (1.75 inch x 1.75 inch) was cleaned using the procedure
described in Example 1. A thin film of Brij® 78 was spin-cast on the cleaned silicon
25 substrate using a five wt. percent solution in ethanol containing a small amount of p-
toluene sulfonic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1700 Angstroms thick. The substrate with the spin-cast film was then
placed into a high-pressure reactor, which is similar to the one described in Example
1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount
30 (five microliters) of a (1:3 by weight) mixture of TEOS and methyltriethoxysilane in
humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure
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(002) and (112) diffraction peaks of a 3-D hexagonal nesophase with unit -
cell paraneters: a=76.2A and c=126A, c/a=1.653 (ideal c/a=1.632). After
cal cination at 400C, the size of the unit cell contractisd (MAGIIFA and
c=95.5A; c/a=1.6). The calcined fil mwas anal yzed usi ng Transm ssi on

El ectron M croscopy 10 (TEM. The sanples for TEM were nmade using the
procedure described in Exanple 1. Figures 6(a) and 6(b) respectively show
TEM i mages ofyringe peuD(IREQalyoh alhe highprstvaseringemeg GSCdoovas[ 001] and [ 011]

zone axis. The.l t . afo~t fl t COr [ i ourier
di ffractogr agnlél.ntdvﬁoeﬁr&bafﬁé r?g‘gﬁg 09&5%% f)%‘t%? eerrgtglge\,%fhémge%\g\ﬁeﬁﬁ%ﬁ?o{%g EFE%/PJIEITHQGS
confirnmed theaBobDwimnegomdlsingemdmpea thernufcotglearfd wazsnairkfindda apiCousthg
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M 575 PreRSnges B AT B M blladrd nerrERRaTIR Erpt o 1.
A thin fi‘bm MﬁcBmhéd(ex)en%bamlasaeaah (Wethsi) rE:snire:alt the oﬁdee@m;sdafﬂielréamfllmbst r at e]c
using a rive W . ercen solution I n ethanol contalnling,a_snm anount o
p-tol uene ZOI?EFF’T@?H tgerh’é‘?"(ﬁly(vg‘l%ﬁt)’ AUBAPREEE BCSSURG- ¢ CB‘PQ‘?SH&ﬁ 1 pas e
cont ai ni ng Peafové@Fomakesiioriad abighel/ GBe AGSIHRMEmtiRdrédéed Bhgssubstrate with

the spin-cast filmwas then placed into a high-pressure reactor, which is
simlar to tR¥Phe described in Exanple 1. The reactor was seal ed and the

Brij(r) 78 fil m viggu@¥RESGRFht TR RRGE bf ihe caipydng flnt ftet il Rhild @E s) of
tetraethylorthosilicate in hum dified carbon dioxide at 60C and 25 122 bar
for 2 hodPs d&Thepttsrnnfthe sme Sl pfler solpingtion inthan in Heese 8hiThy XRPne hij gh

pressure syr Eﬁt&@n BPasthRGES fith Rt WARMANBA Rk (BS) Akw@OSF MBEQHda const ant
tenperature bath. The inner tenperature of the reactor was measured using

an inner t hdEPSdeeyperritiend cathan ¢ienids 3 6P€dandd 22 bardws mgngle shmmeakit i on of an
externally gajﬁég . t I . ich used
external band he ?g}r%qgg :&gﬁ?&oﬁ)ﬁ?‘g ﬁggﬁ%ﬁgﬁoﬂlﬁ@}ﬁ\?\%ﬁ% d(%ssﬁ?%d\gﬁreact or.
The reactor Wasmplhdrihe KBH showensharp neak R6a ¥ spackiof#008. ZEMspbesrdfc pressure.
The conpaqgitg,fi H\%%E!; / i ghed. The nass
of the fiqfs'm &ﬁcd?ié"{a?see ;}Q%giﬁo‘é'qlg}é?%gﬁ% ?%i%grlgﬁj?ﬁé(ﬁ%ﬁﬁt aé&;RD pattern of
the conposi t beXagbmal akdyent cylnfdersian thewdsuling Me@Bhasa. BhwBogs pell fedpeseri ti cal
carbon di oxi gy ah A8 a8 ideedas £27100) £18eiRR, while the sharp peak for the calcined

- film was indexed as the (100) reflection of the 2D hexagonal mesophase.

20  Example 6. Mesoporous Oreanosilicate films from mixtures of TEOS and
methyliriethoxvysilane (MTES)

A Silicon substrate {1.75 inch x 1.75 inch) was cleaned using the procedure
. described in Example 1. A thin film of Brij® 78 was spin-cast on the cleaned silicon
substrate using a five wt. percent solution in ethanol containing a small amount of p-
25  toluene sulfomic acid (PTSA) and water. After drying, the film containing PTSA was
approximately 1700 Angstroms thick, The substrate with the spin-cast film was then
placed into a high-pressﬁre reactor, which is similar to the one described. in Example -
1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount
(ﬁve microliters) of a (1:1 by weight) mixture of TEOS and methyltriethoxysilane in
30  humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure

syringe pump (ISCO, Inc). The high pressure syringe pump (ISCO, Inc) was
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5 pattern of the sane filmafter calcination is shown in Figure 8. The XRD
pattern of the as-infused conposite filmthat was infused with TECS in
supercritical carbon dioxide at 60C and 122 bar has fou & hayp 2pmaks (not
shown in Figure 7 due to the scale of the plot) corresponding to d

spaci ngs of 71.3A, 49.9A, 37A and 24.9A, in addition to other weaker:
reflections. 10 The conposite fil mwas then cal ci ned using the procedure
descri bed i nmaifebepite03C usinpa otﬁas)aqnaemmraturobathh@hecmnmtmratw ohtbtows two
extrenely shar Jeaks Qf. shown | h t he plot)
correspondi nrgea“‘f'?0 Sénﬁ%%u%e ugmgfan“glﬁr gﬁlp%a%g%?ﬁlta%t @)%ﬁ %518% her weaker
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dexed t th 00). 15 di f f
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Exanpl e fj'éa&nTEM i mges show the cubi c nesophase al ong the [100] and

[ 111] dlrectlons 20 Exarrple SO us Organgsilicate, fil from
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(1 75 i nch xx@DARtéh 6fthe Yage mhﬁmﬁﬁhwﬁaneﬂmtsh@\mpﬁm@eas eFor(ﬂﬁbSCrl bed in
Exanple 1. Athin filmof Bri was spjn-cast on th% lﬁﬁn d silicon

25 subst ft ecq%ow&ﬁ&mfthﬂ}évwf{%%%mﬂéaywmnivﬁufépﬁ% BNEDPni ng a

smal | amuntm@ﬁm@d:ﬁ&id&%ﬁdﬁis&idfe(aﬂé@caaﬁ&@zifa}_%ﬁ)xm aﬁ@ﬁﬁ{owsé\fslﬁﬁ%_ drying, the
filmcontaining PTSA was RhOXI mately 1700 Angstrons thick he substrate

with the spipeaksene dsppomgrisatndhe mernwﬁtbe semenfilghalier eadepgtienr eact or
Which is si 1"3(141@' tht &o&%ﬁme%gcnqg@ﬁrﬁx ﬁ-'jle'lr&hmlu eo%stroﬁ@?effe@tﬁﬁ&ﬁﬁ'd""as seal ed

and the Bri was exposed to a speclfic anpun five
mcroliter s)Smﬁlnan(fﬂ'fs d @A @iet shavnin igared¥ dug oBe sealt)- n"éEMymﬂgeis&fhoxym | ane

in hum difi r a high
pressure %7 %g %&% gle%?;%?ﬁggtubu%} ?P‘%%:%%Q“@ Tﬁl'GI'Ihe J&% {hgféeigﬂs]ﬂ?e syringe
punp (1SCO, sample indisatesredlhhexaped! dsoréod ru@ppigsafocthHSMG Thﬁﬁngat ure bath.
The inner t eg&%f@rttﬁg a%—iﬂifusédkfﬁm was indexed as the {100) reflection, while the Bragg

peaks for the calcined film was indexed as the (100) and (200) reflections of the 2D

. hexagonal disordered mesophase.

20
Example 7. Mesoporous Organosilicate ﬁlms from mixtures of TEOS and
methyltriethoxysilane (MTES)
A Silicon substrate (1.75 inch x 1.75 inch) was cleaned using the procedure

described in Example 1. A thin film of Brij® 78 was spin~caét on the cleaned silicon
25  substrate using a five wt. percent solution in ethanol containing a small amount of p-
toluene sulfonic acid (PTSA) and water, After drying, the film containing PTSA was
approximately 1700 Angstroms thick. The substrate with the spin-cast film was then
placed into a high-pressure reactor, which is similar to the one described in Example
1. The reactor was sealed and the Brij® 78 film was exposed to a specific amount
30  (five microliters) of a (3:1 by weight) mixture of TEOS and methyltriethoxysilane in
humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure
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reactor was neasured using an inner thernocouple and was nmaintained to f2C
using a conbination of an externally nounted thernocouple and a
tenperature controller, 5 which used external band heptge ( | ow) to heat
the outer walls of the reactor. The reactor was then slowy nted to

at nospheric pressure. The conposite filmwas then renoved fromthe reactor
and wei ghed. The nmass of the filmincreased by 175 percent. Figure 7 shows
the XRD pattern of the conposite filmafter infusion, while the 10 XRD
pattern of the same filmafter calcination is shown in Figure 8. The XRD
pattern of the as-infused filmthat was infused with a (1:3) m xture of
MIES and TEGOS in supercritical carbon dioxide at 60C and 122 bar has a

si ngl e shag kp (1800, Offtgd i On cal ci nation by
vein p (5T, &54) @%( 12%% fugssgl{é%%nﬁlegggﬁﬁb (8O, mefhas

t he procedure described. in RD shows a sharp peak for a d
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10(2) and AR4dwad el Rl Bfl i oA redd EXBRANA b PLifNRR LB S 35 e
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the (100) &whibanatioroef anwkietnglly mewsghdthprmpeaipld and atidmepecaire conardilerf§ i | m was
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percent satemtenion i n et hanol containing a small anount of p 25 tol uene

sul fonic acid TSA) ,and . After dryin he _fi.l m.containi ng PTSA was
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a an ar for urs using a hi ressure syringe punp ]

Inc). The %’?P\jﬁaBFf’é‘ég?Hl‘éef?ﬁ% igRd pRasise of @6%{1 Bﬁeqfcmﬁ@nshem MAY 2006

rr?i ?L ai nedpatitr®OBie yaIbinE MnCHosk 8851e HIRONRESS REK 5 BAlikL of BB4RNAEE tenperature
15

presence of a sole weak shoulder peak indicates a disordered mesophase.

Example 8. Silica Mesoporous Film from TEOS

A high resistance 100pum-thick (100) silicon substrate (1 cm x 1 cm) obtained

from International Wafer Service was cleaned using the procedure described in

20  Example 1. Thin films of Pluronic® F127 were spin-cast on cleaned silicon
substrates at 1500 rpm using 12.5 wt. percent solution in ethanol containing a small
amount of p-toluene sulfonic acid (PTSA) and water. After drying, the film
containing PTSA was measured to be 8095 Angstroms thick. The film was then
placed into high-pressure stainless steel tubular reactor (High-Pressure Equipment)

25  sealed with a stainless steel end plug at one end and a needle valve at the other end.
The reactor was sealed and the film was exposed to a 0.095 wt. percent solution of
TEOS in humidified CO; at 40°C and 122 bar for 2 hours using a high pressure
syringe pump (ISCO, Inc) that was maintained at 40°C using a constant temperature
bath. The temperature of the reactor was kept constant by immersing the reactor

30  vessel in a circulating constant temperature water bath. The reactor was then slowly

vented to atmospheric pressure. The polymer template was then removed by
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reactor was neasured using an inner thernocouple and was nmaintained to 42C
using a conbination of an externally nounted thernocouple and a
tenperature controller, which used external band heater%b&%gtb@ﬁ? to heat
the outer walls of the reactor. The 5 reactor was then ¢ ted to

at nospheric pressure. The conposite filmwas then renoved fromthe reactor
and wei ghed. The nmass of the filmincreased by 175 percent. Figure 7 shows
‘the XRD pattern of the conposite filmafter infusion, while the XRD
pattern of the same filmafter calcination is shown in Figure 8 For the 10
conposite filmthat was infused with a (1:1 by weight) m xture of MIES and
TEOCS in humdified carbon dioxide at 60C and 122 bar, the XRD pattern
shows a shakRatiPARing ¥ préteflrs BAGHIG 0 Exaffe 1 TR ﬁil%@vﬁ%ﬁrs‘&&zeé the sane

filmafter calcipation using the procedure des Exanple 1 shows a
coupl e of u8ng Smgll Asgledctay Saaitering (SAXS) plien thyyinfusion 40d againeafier helA (not shown in
Figure 8 duginb@nigisesical €). TEMinmages for 15 the cal cined sanple are shown
in Figure 11(a2ﬁ and 11(b). TEMinmages of the calcined sanple indicates a

2D hexagonal méz(ebpndé%%myesnﬁnﬁhotﬁ RES A¥Hptodiles ThiginBi fgthe apeak for the

as-infyse he Bragg peaks
for t hg cg?%%ége%%?mn@m??ﬁ%g@gﬁlsé&?ﬂ%gd‘% ?&%ﬁgiﬂﬁggeﬁ%ﬁ)%ﬂ | ections of the
2D hexagenafigugitionfice mad ﬂtrﬂssoéﬁmab@m lzmmaxtaﬂplsemﬁle stz e)p Refeasig® ganosi | i cat e

films fro et hoxvs A Silicon
subst r at erﬁ(lg} %?jl nccﬁ%ovisl%%n eﬁ'@hef P&P@Iﬁ %ﬁgﬁmﬁlg&?ﬁ’é’ggg géédur e

descri bed theprinayplak whs ofsetvid in the $mcsﬁ1nﬁ"e; in(iedtingGo\va®rabfinin @RSt on t he

cl eaned silicon .25 substrate usi afiy percent solution in ethanol
cont ai ni ndnc’égaé‘r'rcaﬁﬂ?caé‘ﬁtb"ﬁﬁ‘r Bgﬂth ﬁegé%%éﬁ@sgmeﬁ(pﬁ#@tgwg theBpgAYO and wat er .

After gy yivage (ddreobid) Wltﬁ@'ﬁ%ﬁd\ﬁhﬂ%wa \mﬁ coﬁ%ﬁ&ﬂi’é'tcf@g Eﬂaymézpo Angst r ons
thick. The substrate with the spin-cast filmwas then 'placed into a

hi gh- preséé?é“gﬁ@&soNoWF‘tﬂﬁdfff@ﬁ@qsmetea?bsQr@Gthéhe(ﬁfé(%escr| bed in Exanple 1.
The reactor was sealed and the Brij(r) 78 filmwas exposed to a specific
amount 30 flve mcrollters) of a (3 1 by wei ght) m xture of TECS and

met hyl tri dixampled,. IMgsenargus SHieafidinfg Briticed Bilsepquiixand Precussor 60C and 122 bar for
2 hours using a 4@ <GS o 1 ¢hx 1.75 inch) was cleaned using the procedure

15 . described in Example 1. A thin film of Pluronic® F127 was spin-cast on the cleaned

silicon substrate using the solution described in Example 1. After drying, the film
- containing PTSA was approximately 1500 Angstroms thick. The substrate with the
.spin-cast film was then placed into a high-pressure reactor, as described in Example 1.
The reactor was sealed and the film was exposed to a specific amount (10 microliters)
20 of abridged silsesquioxane, bis(triethoxysilyl)ethane (BTESE) in humidified carbon
dioxide at 60°C and 122 bar for 2 hours using a high pressure syringe pump (ISCO,
Inc) that was maintained at 60°C using a constant temperature bath. The reactor was
then slowly vented to atmospheric pressure. The composite film was then removed
from the reactor and weighed. Themass of the film increased by 225 percent
25  following the reaction.

The XRD pattern of the as-infused composite film has sharp reflections
corresponding to d spacings of 131.94, 73.6A and 50.2A, as shown in Figure 14
(bottom trace and bottom inset trace). Upon calcination using the procedure
described in Example 1, the XRD pattern showed sharp reflections at higher values of

30 26 or smaller d spacings of 102.7A, 53.5A and 36.2A (see Figure 14 (top trace and -
top inset trace)). The sharp reflections of the as-infused composite film was indexed
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1 9 MAY 2006 syringe punp (1SCQO, Inc). The high pressure syringe punp
(I'SCO Inc) was maintained at 60C using a constant tenperature bath. The
i nner tenperature of the reactor was neasured using an i nner thernocoupl e
and was maintained to 2C using a conbination of an e E@Q}'I% $‘rount ed

t hernocoupl e and a tenperature controller, 5 which use xter g band
heaters (Watlow) to heat the outer walls of the reactor. The reactor was
then slowy vented to atnospheric pressure. The conposite filmwas then
removed fromthe reactor and wei ghed. The nass of the filmincreased by
162.5 percent. Figure 7 shows the XRD pattern of the conposite filmafter
infusion, while the to XRD pattern of the sane filmafter calcination is
shown in Rbgher(802B, (26Wyantl ((Z04) eflegions dfn IIb bamdrdilatctaialat mtdyséd using a (3:1 by

wei ght) m xt.u S TECS i g, hym dified carbon X|de at 60C and
122 bar, cﬁ'& Wﬁ%&g‘ ?%gfx’ 5%'833&??#{%%36&%%6@?‘3 lo ‘gb MKEG! der peak for
a d spaci ngdetd Aﬁhﬁwmmoopdndi(m fﬁﬁcumhefmenﬁﬁédtr%tﬂlgﬁfarirmoﬁal ci n;ad film
shows a soI h - 38. 4 sence of a

sol e weak CQ’ B rfbgéa'fg%l%ﬁéi T é?@gﬁﬂga inigye ﬁ'@%ﬁ?ﬂjéﬁ T%@grrpl e 8. Silica
Me's 0por o usinfapésrof ttfe@ale e ampld ting the Bt HORIGEF OO i i1 irafnd Ml ®E | 1 con

substr at eSéI?ll cmx 1 créz obt ai 2 g fromlnternational fer Service was

cl eaned usThEFNEH 1Bt PEEEMEHE] in 20 Exanple 1. Thin filns

of Pluronic(r) F127 were spin-cast on cleaned silicon substrates at 1500

rpm usi ng 2 5 w. ercent sol utlon in et hanol contal n|n a snall anount
of p-tol uere § Stlieg PRGUYANC t he film

cont ai ni ng@ﬂ}:@ ?E{U@asured to be 8095 Angstroms thick. The filmwas then
pl aced into pressure stainless steel tubular reactor (H gh-Pressure

Equi pnéht) 25 sAeIaWéEPI%valacwabwa@s@ 78 inshx 1t3dngh) wes eleansdesietnd and a
dl | h fil
needl € va tﬁ@p%%et%l%etle%ﬂgd in§%X ple-li fflﬁl%(fbﬁ.{r ’%@ﬂ&%gﬁﬁ%ﬁ?%{g% |} mWas

exposed t ercen so[ Ion O *cop at 40C
and 122 baglednet SIEcom(suhsuatagsmgtha soitigm dereibsdinExampleiln gdtepdnying(th6sCO, | nc)

that was ngjnt: ! t.ant te bat h. The
tenperature o‘% aﬂ&ggr eac &gljox %f@éﬁétnﬁﬁonﬁ%%n%ﬁﬁfaa?hémr eactor 30
vessel in theepin-cask film wgp ths:mﬂmmntcb eingbpmtsmﬁemmﬁ&rs destibed ihhe reactor was
then Slij ﬁxamp?e f eﬂle eacf%rwa SJ%QIE‘E dtgé Eﬁns\lilrzrlseexposeg t(P a Sp¥C1 éar}lgll l%t e was then -

renove
mmmhters) of a (2:3 by weight) mixture of methyltriethoxysilane and TEOS in

humidified carbon dioxide at 60°C and 122 bar for 2 hours using a high pressure
syringe pump (ISCO, Inc) that was maintained at 60°C using a constant temperature
bath. The reactor was then slowly vented to atmospheric pressure. The composite

20 film was then removed from the reactor and weighed. The mass of the film increased
by 125 percent following the reaction.

The template was removed and the residual silanols in the film were capped
by reaction with hexamethydisilazane (HMDS). The resulting film had a dielectric
constant of 2.11 and a hardness of 0.75 GPa. Scanning Electron Microscopy was

25  performed on a cross section of the sample using. Figure 16 shows a cross-sectional

SEM image of the sample, and illustrates the porous nature of the film.

Example 1]1. Using a Cold-Wall Reactor

A silicon substrate is cleaned using the procedure described in Example 1. A
30  thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5

wt, percent solution in ethanol containing a small amount of p-toluene sulfonic acid
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40 1 9 MAY 2006 cal cination using the procedure described in Exanple 1. The
filmwas characterized wusing Small Angle X-ray Scattering (SAXS) after the
i nfusion and again after the calcination process. Fi gy %@Zm and 12(b)
show snapshots of SAXS profiles obtained for the as- 5'i*n e nd cal ci ned
films in the transm ssion node with normal beam geonetry configuration
(i.e., with the incident beamnormal to the sanple surface). Referring to
Figure 13, which shows the integrated SAXS profile as a function of 20, no
shift in the primary peak was observed in the SAXS i mage, indicating no
contraction in the inorganic silica network. Both the SAXS scans give a
peak at nearly the sanme 20 to value (20 = 0.58) with a peak width of < 0. 2.
Thi's corr ¢zf8M)dad tatea TheSpiReats @ thén pldcb@inknghigh-presurd\@oldiwgher or der peaks
wer e observed i’lgnret he, SAXS. Exang%tﬁ’ 9. I\/Esiﬁjoro%s Silica froma Bridged

Si | sesaui 525RE PrRETIPL 5CoRtaried Py SRRSne {ad fubs it poptain Rorie 195§ hch) was

cl eaned Usieagrib enfPentreiatidpreshize, d@ahifBRig 0D, EXERREBshnd Art hin fil m of

Pl ur oni c(ré@?lZ? vva% s%il.n- ast qn the cleaned silicon substrate using the
sol ution GERESHARLY sty felighdavices Thegeaglor s contpinsaesistivelinheat®nt ai ni ng PTSA

was appr O¥iag@th@l pfope theARapl! PRBteiPéiratire of AR sBYPSIRIBnWILD the spin-cast
filmwas then placed _into a high-pressure reactor, as described in Exanple

1. The r &¥epeieniiyof tearaster wals. (1he reartoris werledaisipg sawptal seakringy@di f i ¢ armount

(10 m crolyet : f Bri Jed 3 L D3 s aqrid i xysi |l yl) et hane
(BTESE) i 'ﬁﬂﬁ%@gﬁéﬁigg .cglgfmggfrg\ itgﬁsggﬁglgﬁ%gféqgﬁtcfu%fgﬁ Ealr(?(?zrc:t{r? 2 hours using
a hi gh pr emmpteordgrand fdhen axposed BEM-03 Winpdreanh selutivasf FBORtmi ned at 60C usi ng

a const angy,fcHRAI@ES,uk @q_%ﬁ 124 E@.f&%? Iilﬁ.[rrnsﬁ rF%g':n)

ted to
at nospheri c pressure. The conposite egq’raglrtrgo%\(}éeecf“yrggomthe react or

and wefiogh awhintainesl atr66°C apfl thehwagt tedmpeiahiey ie dwe daited t@ PG dorcmntdi@énat ol | owi ng t he
reaction. . -] i filmhbhas sharp
reflecti oﬁgﬁégﬁg@gﬁﬁg{eﬁaﬁ{%} %ﬁtg@ﬁo&hﬁé@ﬁ%ﬁc p%gsgag% d %&Féﬂ?oeslneg 50.2,, as
shown i n HKibgigremoved. (Thepolymettemplatedsrembatdtbywalkcingtidn ih pmoenbyUpon cal ci nati on
usi ng the | | o@x% le. 1, the X ttern showed sharp
reflecti 0%5@;?%%@&@%%&%@%4@0 ) ggpg%okﬁf}sglgmé%ap%% ngs of 102. 71,
53. 5A and nBént@ning hesarhplg at 4001Q fof o pdditicaeles ek

15 '

.Exarm)le 12. Usin a Cold-Wall Reactor Using a Different Processing Schedule

A silicon substrate is cleaned using the procedure described in Example 1. A
thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5
wt. percent solution in ethanol containing a small amount of p-toluene sulfonic acid
20  (PTSA) and water. The substrate is then placed onto the heated stage in the high-
pressure, cold wall reactor described in Example 4. The reactor is sealed using a
metal seal ring. The stage is heated to 120°C and the wall of the reactor is maintained -
at 50°C. The substrate-supported Pluronic® film containing the catalyst is then
' exposed 10 a 0.03 wt. ﬁercent solution of TEOS in humidified CO, for one hour. The
25  reactor is then slowly vented to atmospheric pressure and the composite film is
removed from the oven. The polymer template is then removed by calcination in an
oven by heating from room temperature to 400°C over a period of 6 hours and then

maintaining the sample at 400°C for an additional 6 hours.

30 Example 13. Using a Cold-Wall Reactor in which the Template is Removed In-Situ

A silicon substrate is cleaned using the procedure described in Example 1. A

thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5
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top inset trace)). The sharp reflections of the as-infused conposite film
was i ndexed 41 1 9 MAY 2006 to the (002), (200), and (204) reflections of a
2D centered rectangul ar array of cylinders (a=146.6A, c=264A, c/a=1.8).
The Bragg peaks for the calcined filmwere indexed as the (002), (200) and
(204) reflections of a 2D centered rectangul ar array g %@nﬁiers (a=109A,
c=205A, c/a=1.88). Referring to Figure 15(a) and 15(b§) I mges of the
cal ci ned sanple and the corresponding Fourier diffractograns show the 2D
centered rectangul ar array of cylinders. Exanple 10. Mesoporous Silica Film
froma Mxture of Methyltriethoxvsilane MIESI and TECS 10 A | ow
resistivity Silicon substrate (1.75 inch x 1.75 inch) was cl eaned usi ng

t he pr oceirperassoutioest eithandibcaimhmgh smAll hinbant of p-tilushe Ailflic)aciB127 was

i t t.he ed ng the sol ution described in
el o 1 R hlsF oHHS Sl G5 R s A e oA ate T or | mat ol y 7000

Angst r ons ptelstlﬁés coli[h&llsubﬁxt Bctiebediid Pxaniple4. SPietef s s sfeélédTﬁsYl%Sl then placed
into a hi gneltpressure reactor, as described in_ 15 Exa The reactor was

seal ed andstdi&eaf Tinganddie Rlyngpic® eﬁ{‘lc?%ta’élﬁ’édhef?a@lﬁﬁ’éﬁmosidlteaorWé’ﬁol iters) of a

(2:3 by Wakghit ol oeos m’]ﬁfn‘iﬁiﬁéd(ﬁ@}ﬂ%ﬁ@ﬂdﬁ@@b%@&%%g&n Th1UM di fi ed
carbon di oxi de at 60C and 122 bar for hours usin pressure
syringe pGi#ge Emeeaure ipfien raiged tadpo° %WMV%@@IP@W@O@@@W@Q const ant
te”peratUrr@actopﬁttlt{bnsmy{féﬁcﬁlttefi ehpﬁx%ss%l-eov"l y vented to atnospheric
pressure. The conposite 20 filmwas then removed fromthe reactor and
wei ghed. The nass of the filmincreased by 125 percent follow ng the

reaction. glhgnkeipPhahe A% Sl .ang mnp the film
were capped Dby reactl T T ‘ ‘ esul ting
film htdd aléﬂge‘i\;m constant of 2.11 and a hardness of 0.75 GPa.

S i El ect : tion of the
canni ng H ec ggglggﬁe SHARALR YGRS ugin BR) ?&é&[&gdﬁ%@@[ }Qfa%lé)eelc A

sanpl e usi ng. OWs a cro tiona of "t he sanpl e,
and ill ustﬂniatﬁhs of Plaropo®3iig7 mapmp@thcttheswosﬂram at ES@nphoeusihg a 10Si ng a

Col d- V\aII ilicon . substrate i § cleaned, ysin he pr.ocedure
descri bed i %?gt Soﬁmgllme ano] SORRINE 5 frﬁﬁ V%Pgﬁ“ltog‘(ernf g'f—ﬁi]?"f ﬁB’él spi n- cast
onto the iB[EEA)rmﬂ evait. THeQObstrptisthémplaced bRtoShe heated stage.in the high-

15 pressure, cold wall reactor detailed in Example 4. The reactor is sealed using a metal

seal ring and the Pluronic® film containing the catalyst is exposed to a 0.03 wt.
percent solution of TEOS, in humidified CO; at 60°C and 124 bar for two hours. The
reactor is then vented and purged with CO,. The reactor is then filled with a mixture
of a trace amount of oxygen in CO; and heated to 60°C. The stage temperature is

20  then raised to 400°C to decompose the polymer template. The reactor is then slowly

vented to atmospheric pressure.

Example 15. Using a Cold-Wall Reactor in which the Template is Removed In-Sitn
and a Porous Substrate is Modified by Chemical Reaction
25 A silicon substrate is cleaned using the procedure described in Example 1. A

thin film of Pluronic® F127 is spin-cast onto the substrate at 1500 rpm using a 12.5
wt. percent solution in ethanol containing a small amount of p-toluene sulfonic acid |
(PTSA) and water. The substrate is then placed onto the heated stage in the high-
pressure, cold wall reactor described in Example 4. The reactor is 'seale‘d using a

30  metal seal ring and the Pluronic® film containing the catalyst is exposed to a 0.03 wt.
percent solution of TEOS,_ in humidified CO; at 60°C and 124 bar for two hours. The
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wt. percent solution in ethanol containing a small anmount of p-toluene
sulfonic acid 42 1 9 MAY 2006 (PTSA) and water. The substrate is then
pl aced into a high-pressure, cold wall reactor. The reactor is constructed
of two opposing blind hubs that contain ports for neasuring tenperature
and pressure, for transferring CO2 and reagents ami%gwMNk&gﬁbctlon to
safety relief devices. The reactor also contains a resistively heated 5
stage that supports the sanple. The tenperature of the stage can be
controlled  independently of the reactor walls. The reactor is seal ed using
a metal seal ring and the Pluronic(r) filmcontaining the catalyst is
anneal ed in neat supercritical CO2 to pronote order and is then exposed to
a 0. 03 w stagetempsrituod then Aisedio J0BTStol dagrabieni: doliinexctefifldteathe60C and 124 bar
for two hours 0 enper.at ure, i nt ai hed at 60C and the
St nge ¢ enfaras i plerhifh CLf s b TREBEsE © Brto ARbeRA hour * The
][eiact or iﬁCHJ}}SI"CISa_ila_ﬂWb,{ 1@4&&%@&&1&0&&6&%}%@1 ﬁle@d’rxﬂﬁiﬁﬁfr&s?ﬁ&d&&’le conposi te
ilmisr e e r te eisr ve calcin n in an oven
by, heat GG R PR AR R %@@Praaheaﬁ% Yours and
t hen Balmhﬂaﬂbﬁgmkﬂﬁmﬁ ﬂﬁh@gat 400C for an addltlonal 6 hours. 15 Exanple
12. Using a Col d-Wall Reactor Using a Different Processing Schedule A
silicon substrate is cleaned using the procedure described in Exanple 1. A

thin fiInm@&m@gmsoggﬁégbﬁﬁgggTﬁﬁmgpin cast onto the substrate at 1500 rpm
using a 12.5 percent solution in _ethanol containing a small anmount of
p-tol uene sul f6ﬁih€°rh\t‘fi‘fﬁfIQBIEMSMQSQ?mdMEWPIWheAMIN fe is then placed
onto the B&?&?ﬂn&ﬁl@g@pdlﬁtﬁﬁ&er&kﬁg copdlynie? ‘Hﬁﬁm% &&Jrﬂ:o!i‘ﬁ&ﬂ thit§Redsor described in

Exanpl e 4 he reactor 1s 'seal ed using seal ring. The stage is
heat ed%t o sRiEUe dprgaiphef Ricin 2 FEO matex rSéa@tca?t opitp c#pamsltsdwﬁw SEeS50C.  The

substrate ﬁ%H%[&n%ﬂ c&’ltéiﬁlﬁ@ h &hinl arﬁbdnﬁbifpoﬂ%hféhé‘étﬂﬁmk h&a (‘Iﬁﬁsﬁ? IS then

exposed to a O. . percent solution of TEGS in humdified CO2 for one

hour. The “’A‘Gfré%@tdﬁsﬁﬂgs theifilearis meglpd at g demenertyre abavardieprdtinggolt eSsure and t he

conposi tetﬁéﬂﬂb icinaid, STRVEA i {hQHblE&ﬁ iy Q'ih Q?é‘ss&me\é&&r sith AR @k 1S then
renmoved by calcination in an oven romroomtenperature to 400C
eﬂédnmh‘ihmﬁzg

over a perdpssubesiin Exaaple 4. Thereadienis s istepposethiopi O Rerces0OC for an
addi tignalsefidlPH'WTES in humidified CO; at 60°C and 125 bar for 3 hours. The reactor is

then slowly vented to atmospheric pressure. The composite film is then removed .
from the reactor. The polymer template is then removed by calcination at 400°C in an

overn.

20  Example 17. Porous Silicate Films Produced Using Homopolymer Template with

Inherent Acidic Groups

A Silicon substrate (1.75 inch x 1,75 inch) was cleaned using the procedure

described in Example 1. A thin film of poly(methacrylic acid) was then spin-cast
using a five wi. percent solution of poly(methacrylic acid) in water. After drying, a

25  thin film of poly(methacrylic acid) was ~1700 Angstroms thick. The substrate with
the spin-cast film was then placed into a high-pressure reactor, as described in
Example 1. The reactor was sealed and the film was exposed to a specific amount
(10pl) of TEOS in humidified carbon dioxide at 60°C and 122 bar for 2 hours using a
high pressure syringe pump (ISCO, Inc) that was maintained at 60°C using a constant

30  temperature bath. The reactor was then stowly vented to atmospheric pressure. The
composite film was then removed from the reactor and weighed, The mass of the film

increased by 166 percent following the reaction. The composite film was then placed
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30 Exanple 13. Using a Cold-Wall Reactor in which the Tenplate is Renoved
In-Situ A silicon substrate is cleaned using the procedure described in
Exanple 1. Athin filmof Pluronic(r) F127 is spin-cast onto the substrate
at 1500 rpmusing a 12.5 43 1 9 MAY 2906 wt. percent solution in ethanol
containing a small amount of p-toluene sulfonic acid {(PMEY 2gpd water. The
substrate is then placed onto the heated stage in the high- pressure, cold
wal | reactor described in Exanple 4. The reactor is sealed using a netal
seal ring and the Pluronic(r) filmcontaining the catalyst is exposed to a
0.03 wt. 5 percent solution of TECS, in humdified CO2 at 60C and 124 bar
for two hours. The stage tenperature is then raised to 400C to renove the

b cvsur e, awr e TPk it G B SRR RERRRETL 2 1

Renoved | f-is btdar tomemd@ tlee pblyoneBteaqpldty. Gihessleiflied saniptomasshdnsihslgted | s cl eaned

usi ng the pr e sg¢ribed i anpl e hin fil m.qf Pl yronic(r)
F127 is sﬁllg)nr}g ggrga;ﬁeoﬁe fﬁ?@“‘?ﬁ%ﬁnﬁl Psgmg{ry &étb%ﬁ%r Bh?tﬁlg'f]i‘f’éa?"%?% ri’lflvvt. per cent
sol ution i~n3%% Avsémeadtaatiictige iads(R) of -0 The RffraftiveMdégBEMs Ul foni ¢ acid
(PTSA) and water. The substrate is then placed onto the heated stage.in the
hi gh 15 pfélglélﬁff‘ Blm g grugh Jeas than baleof Srmedestlin Ned 45 indieating) the prosithién r eact or i s
seal ed Us'ﬂ&&ilﬁzaﬁfmﬁ'due%%p%%@%}hé&ﬁééaﬁf‘dg%ﬁﬂlﬁ ic(r) filmcontaining the

catalyst is exposed to a 0 ercént "solution of TEGCS, in humdified

C2 at 60C and 124 bar for two hours. The reactor is then vented and

pur ged i (BafehR 18 TP6rol CRRLA rilnh #iifRed Ulb LRI &@%@ﬂaﬂ%ﬁmﬁ& a trace
amount of “oXygen In an eate 0 ' re is 20 then
rai sed to ligont Aeidig&iraunsose the pol yner tenplate. The reactor is then

sl oW y,, vent ed ,t@;: | £ D€ -1 EX le 15 .Using a Col d-Wall

React o1r0 i n whi ‘éh %‘%{élg%%&?gftg 1|Béh %Z‘?r%@lg ‘fﬁl%e?&s‘“%%%‘” Of%us Substrate is
Modi fi ed HyscGhahinEabmpled c tithin fiBb ofpay(btyreac)-tdethsioldidceylicacid) e#iead usi ng t he
procedure descri i Examl e 1. hip filmafPluronic(r) F127 is

spi n- cast Sgiﬁtsc ggttuglgg %ﬁ@‘sntlolpalggS'ﬁ@%@@ﬁ“&‘p‘%ﬁﬁs‘hﬂﬁg’gl‘t"fﬂg aev‘()f’&‘t Yer cent sol uti on
i n et hanolspinaattdilmintheraplseedlinto ahighuptesaic Radia] 1saleerised ih®@gplaci d  (PTSA) and
wat er. Thefh%lrje%%gmr' %tsgaléds an%l}t}l%r}ih%lig gx%gseg?{;[ e(t) sptechigc Q:%gﬁnef\gf fégg 1% 'n the high-

15 humidified carbon dioxide at a svitable temperature and pressure for a suitable

reaction time using a high pressure syringe pump (ISCO, Inc). The reactor is then
slowly vented to atmospheric pressure. The composite film is then removed from the
reactor and calcined using the procedure described in Example 1 to remove the
polymer template to yield a porous silicate film.

20 |
Example 19. Using a Patterned Block Copolymer Template

A silicon wafer is cleaned as described in Example 1. A thin film of a

polystyrene-block-polyethylene oxide copolymer having a compoéition that yields
spherical domains of PS in a PEQ matrix is spin-cast onto cleaned silicon substrates

25  from a solution containing a small amount of p-toluene sulfonic acid (PTSA) and
water. After drying, the film is annealed at a temperature above the melting point of
the PEO domain. A suitable lithographic mask is placed onto the substrate supported
block copolymer film. The film and mask are then exposed to ultraviolet radiation.
The mask is removed and the low molecular decomposition products are extracted

30  from the polymer films by solvent washing. The pattemed film is then placed into a
high-pressure reactor similar to that described in Example 1. The reactor is sealed and

the film is exposed to a 0.1 percent solution of TEOS in humidified CO; at 60°C and
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pressure, cold wall reactor described in Exanple 4. The reactor is sealed
using a 30 netal seal ring and thePluronic(r) filmcontaining the catalyst
is exposed to a 0.03 w. percent solution of TEGCS, in humdified CO2 at
60C and 124 bar for two hours. The 44 1 9 MAY 2006 stage tenperature is
then raised to 400C to degrade the polynmer tenplate.q FhgAYrHggtor is then
purged with CO2 and the stage is cooled to 60C. A solution of (CH3)3Si d
and CO2 is introduced into the reactor and the tenperature is raised to
160C. The reaction renders the pore surface hydrophobic. The reactor is
then slowy 5 vented to atnospheric pressure. Exanple 16. Using a
Different Tenplate A silicon wafer is cleaned as described in Exanple 1. A
thin fil mzsfbaaforgfabm«styﬁeeaasaé}l ﬁ&.&g&w@tﬁw& {%Qﬁn&ﬁhéﬂép?é%ﬂ@é yrer having a
conposi tion that_yield rical "domains of PSin a PEOmtrix is

spi n- cast cowositedlEdfm Bgn sqmqve@gorg@wﬁacm eEherpobyiies teaswlate isditcont ai ni ng a
smal | ano M fter drying,
the filmis gﬁl@%a&gﬁg&p& 4’? gﬂ%@%g eréhﬂ%ggg t he ?ncaboﬁﬁﬁélﬁg%iﬁ]ﬁ% of the PEO
domain. The filmis then placed into a high-pressure reactor simlar to

t hat ‘ | ed d the fil d
(Rl GesBLnchd AV Sl GRTEate Sealod a0 The [11m 1o expose
for 3 hours. Thelicamawaferis ¢lsaned hedesgibehinExampiedd The wafenisdhdnard-c pressure.

The, COMORLLS &t i 191 4 EARNER AL MR oL B8RO IR0l yTer Lol ate

is then rénove cal cihatrdn a n an ven. anpl e 17. Porous
Silicate ﬁﬂhme?uabnigcAdlutﬂsf’lmgf &mm(p@t bt meTiemanlag)as thert spin -tastrmfent Aci dic
G oups A Sili subs rate | usi ng the
pr ocedur e%‘3 escrl ouﬁlo’ll—_'ﬁ ?mg _aLph %]a[ﬁgﬁn?ra?r %fe)reﬂ Een%ﬁgogg%/l ic acid)
was then sq:ngﬁb’aahanomhmqglmfapmepmite mslr Fbatesisiok t}ten dwetﬁbcqmsliqg(arret hacrylic
acid) in thin.filmof_ pol hacr c acid) was
1700’ Angs bRBE sthP e biebaldndhebtatthdrie SR Rt TRt e hen

pl aced i nﬁhntstlmngﬂncpal mssahigh-peamtaatacta sindbs torthd deksciibed ikEanpplel.1. The
t d d t t 10l f
TEGS in ﬁﬁfw SrraheEH ot B rln PrPae KO0 Cha' oD BBR S BESS Tours using

humidified CO; at 60°C and 125 bar for 3 hours. The reactor is then slowly vented to

15  atmospheric pressure. The composite film is then removed from the reactor. The
polymer template is then removed by calcination at 400°C in an oven yielding a

patterned, porous silica film on the wafer.

Example 21. Using a Patterned Negative Tone Block Copolymer Resist as Template

20 A silicon wafer is cleaned as described in Example 1. The wafer is then pre-
treated by exposure to 1,1,1,3,3,3-hexamethydisilazane or by coating with an anti-
reflective coating. A thin film of a negative tone block copolymer photoresist that
yields a patterned block copolymer containing hydrophilic and hydrophobic domains.
One suitable example isa poly(tetrahydropyranyl methacrylate-block-1H, 1H,

25  perfluorooctyl methacrylate) resist developed by Ober and co-workers. (Chem.
Mater., 12, 45 (2000)). A poly(tetrahydropyranyl methacrylate-block-1H, 1H,
perfluorooctyl methacrylate) copolymer is spin-cast onto the wafer from a solution
containing a photoacid generator. The resist is then exposed using a 193-nm stepper
and an appropriate mask. Upon exposure, the tetrﬁhydropyranyl methacrylate block is

30  deprotected yielding a poly(methacrylic acid-block-1H, 1H, perfluorooctyl
methacrylate) copolymer. The resist is then developed using a suitable solvent,

leaving the patterned poly(methacrylic acid-block-1H, 1H, perfluorooctyl
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hi gh pressure syringe punp (I1SCO Inc) that was naintained at 60C using a
constant 30 tenperature bath. The. reactor was then slowy vented to

at mospheric pressure. The conposite filmwas then renoved fromthe reactor
and wei ghed. The mass of the film increased by 166 percent foll ow ng the
reaction. The conposite filmwas then placed 45 1 9 No¥ MBO&MH an, oven
and then calcined at 400C in air using the procedure described in Exarrpl e
1 in order to renove the polyner tenplate. The cal ci ned sanpl e was then
anal yzed wusing Variable Angle Spectroscopic Ellipsonetry (VASE). The film
has a thickness of 1395 Angstrons and a refractive index () of -1.19. The
refractive index of the 5 calcined filmis nuch I ess than that of funmed

Si : i Ea (hﬂneﬂrﬁ&ryiatwl'c@mwmgoﬁhﬁmwrosphépatthmed ﬁhﬁlsﬂ‘iehipﬁiaécﬂmfoizﬂhiglﬂule to thg |
pol y( et hacryl i e orous .Siljcate Filns Produce
Usi ng Bl o&K® %6‘})‘8?@‘?{6@1%%’%%%@%% rE’)‘F‘FH%lFi Fvﬁ ?‘iﬁ‘?rdsﬁa pU®® A Silicon
subst r at e fifrd is/drpdsag to a0. ﬂpe}’&nﬂ daﬁﬂbn bﬂ%@@ﬂ@ﬁ@ﬁdd@}éﬂ%@éﬁaqdﬂr e descri bed
i n Exanpl thin filmofp yiql"ftyrene) bl ock- poly acrﬁllc acid) is then

spi n- cast %ersf%@*%“%ﬂhﬁﬁaﬁwrwﬁh ly ¥gited tQ aimpanieric piessare: dhgi ng, t he
substr gt e céhpddits iy isSRinRefvel ﬁfoh'J tHé fetctb gfe p&fxﬁ&%mﬁste iGhdH gh- pressure
reactor, as described in Exa The reactor is sealed and the filmis
exposed t631%10V§%3é?8f191%ahaﬁﬁm{lon‘£fnWwﬂdm afpATARRdE pasepseilich SiM o oxi de at a
sui tabl e wpgLature and pressure for a suitable reaction tinme using a

hi gh pressure syringe punp (I1SCO, Inc). The reactor is then slowy vented
~to atnospheric pressure. The conposite filmis then renoved fromthe

reactor amgatakoh, nggnymgeﬁtm@p%@ﬂﬁmﬂggﬁgLi@@g@ SufExt@mpl e 1 to renove
the polymer tenplate to orous sifica m Exanpl e 19. Using
a Patt¥rned Bl 6@410%]5@*&?\%?“3@%&% asasi@mheémﬁmam@rl isthil laydd as

descri bed | yet hyl ene
oxi de copglr§1r(rie@rﬁ% a\}ﬁﬁérhgﬁg n% é}{oiﬂg‘rﬁﬂé% %’%’tﬂx}&l@lﬁ%rl cg#l oggmal ns of PS
in a PEO malorthssubsratyip praduesa nenird Seﬂf@aﬁil;dh@blquk@wplmg@mldatesAZ5 froma

sol ution eggpj %ﬂahﬂgar@orﬁﬁﬁ% ?fatﬂéjééﬂlte nfnoRie eré ﬁntﬁy}a}x&)&{x gclgpg) , (PTSA) ~and

wat er.. After drying, m 1S annea ate ove the
mel ting p&Rying ofomposition that yields spherical domains of the hydrophoblc block in a

15 hydrophilic matrix is spin-cast onto the random copolymer film from a solution
containing a small amount of p-toluene sulfonic acid (PTSA) and water. After drying,
the film is annealed to promote copolymer order and orientation. The substrate-
supported polymer film is then placed into a high-pressure reactor similar to that
described in Example 1. The reactor is sealed and the film is exposed to a 0.1 percent

20  solution of TEOS in humidified CO; at 60°C and 125 bar for 3 hburs‘ The reactor is
then slowly vented to atmospheric pressure. The composite film is then removed
from the reactor. The polymer template is then removed by calcination at 400°C in an

oven yielding a porous silica film with oriented cylindrical pores.

25  Example 23. Using an Oriented Template Produced with an Electric Field
A thin film of a block copolymer having a hydrophobic and hydrophilic

segments with a compésition that yields spherical domains of the hydrophobic block
in a hydrophilic matrix is spin-cast from a solution containing a small amount of p-
toluene sulfonic acid (PTSA) and water onto a substrate covered with a thin gold layer
30  that serves as an electrode. After drying, the copolymer film is covered with a thin
Kapton® sheet coated with aluminum that serves as a second electrode. The film is

then annealed in the presence of an electric field to promote copolymer orientation.
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the PEO domain. A suitable lithographic mask is placed onto the substrate
supported bl ock copolyner film The filmand nask are then exposed to
ultraviolet radiation. The mask is renoved and the | ow nol ecul ar
deconposition products are extracted 30 fromthe polymer filns by sol vent
washi ng. The patterned filmis then placed into a hi1ggp-fgpme?gﬂge react or
simlar to that described in Exanple 1. The reactor is sealed and the film
is exposed to a 0.1 percent solution of TECS in humdified CO2 at 60C and
46 1 9 MAY 2006 125 bar for 3 hours. The reactor is then slowy vented to
at nospheric pressure. The conposite filmis then renoved fromthe reactor.
The polyner tenplate is then renoved by calcination at 400C in an oven

yi el di ng ahpasepslaa@ie RGNS Shd ih6 Subisirdtesupofidisinfer 8 isdidnng @ Horopol virer
Resi st as Terg),l ate A silicon wafer is cleaned as_described in Exanple 1.

The waf er Plaged iR highapressyng sgagtyr gifnilasdg dhat Aescepd 1n Example 1. The reactor

1,3, 3, 3- hexaned Madhsfilhiig Xpds@ 1o RY). IGRAehNG b  BEORN humidi®ll @St | ve coating.
A thin film of ai)oly(tert-but | methacrylate) is then spin-cast onto the
waf er froit80°cond QW%AﬂlaPrﬁiﬁger&a%wamwiw Sptpdio@hmosPRrsicr esi st i s then

exposed 1Qrddsird) orH¥omptite il th 1BMEVEdHOnPRPLAREL FhEpdiPRl The resist is
then developed using a suitable solvent, [eaving patterned

pol y( et haumnlate is thesiremovsd by pacipetfoarat 4007€ ipaaver weldingfaiporpus silicthen pl aced
into a hi.@iﬁh%&%ﬁ%ﬁ;@déﬁuﬂ&i@f Gigmlar to that described in Exanple 1. The
reactor is sealed and’the iTmis exposed to a 0.1 percent solution of TECS
in humdified CO2 at 60C and 125 bar for 3 hours. The reactor is then
slowy vented to 15 at ”DSpheri(fTﬁFﬁﬁﬁﬁﬁ%m 1tsorrposi te filmis then
renoved fromthe reactor. The olyner tenplate is then renoved by

cal ci n#t i on at It400&s kderstnod enh while thd iinvgntion hasbeer deserihedpor ous silica filmon

the wafer. 1 . i r I: pol ymer

Resi st as c% npl al!tl gﬂtg %]8 d% {sl%egtorp ﬁ\E/)\I/Izla g{l@f,‘éﬂ?ﬂ g%dﬁﬁgd%%}’?ggg?ﬁgned i n Exanpl e
1. The wafteHlustzate dnd motdineit the eerpe df thy ixpinsuwkich i defined by the scope of

1,1,1, 3, 3,:3:: digi ing.wW.th an ti- reflective
coati ng. Z\I%qtlﬁt?ﬁ&g‘iéfakn}e{sbf&g&%é%a ’ié\%(ar?ac/gﬁ%%ﬁé 318@1‘1%%185 aﬁ?r‘e”?tﬂnﬁﬁ%et oresi st that

yi el ds a pespeeof the dolbovagiclampol yner cont ai ni ng hydrophilic and hydrophobic
domai ng. One suitable exanple is a pol y(tetrahydropyranyl . ,
met hacryl at e- bl ock-1H, 1H, 25 perfluorooctyl nethacryl ate) resist devel oped
by Qober and co-workers. (Chem
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Mater.; 12, 45 (2000)). A poly(tetrahydropyranyl nethacryl ate-block-1H, 1H,
perfl uorooctyl methacrylate) copolynmer is spin-cast onto the wafer froma
solution containing a photoacid generator. The resisf'i Atnﬁﬂﬁexposed
using a 193-nm stepper and an appropriate mask. Upon gx@o , the

t et rahydropyranyl nethacrylate block is 30 deprotected yielding a

pol y( met hacr wHaTasicE Akl 1éH, 1H, perfluorooctyl nethacryl ate)

copol ymer. The resist is then developed using a suitable solvent, |eaving
the patterned poly(nethacrylic acid-block-1H 1H perfluorooctyl 47 1 9 NMAY
2006 nethacryl ate) copol yner. on the wafer. The patterned filmis then

pl aced into a high- pressure. reacto i mlar . t ' in Exanpl e
1. The reactor ig' seal e %fgorﬁl?oﬁ ﬁrém}ﬁ% ?r%oiq}éro%xnﬁ%%ggrﬁ%ome;ﬁ%agpﬁﬁ@%glght sol ution
~of TEGS in huni dipfavelthg@@anglste 6@ raing 2 138r ofpdemiflge mBletind disposediérea subsiateor i s
then slowy vent to. ) [ : Lhe: b | .
renmoved fromt he%g%ng% n%&ﬁ&% é%%ﬂ%ﬁ@?ﬁﬁg{% Ioggig%}l%ﬁfﬁ&ﬁgﬁgg'F(Eelﬁg)&ggﬂ%@%gta%&umr"
cal ci nation at 40@Ggthapreaywentoyforal aldenesitavifhat theiemplite materioliandi | ica fil m on
Lhe vafer = Exanphéndine diliNgndlnilotnhenIRIRb AR tRIALNLRAS baleRd, @ Neutral

~ Surface 10 A silicon er substrate 1s cleaned as described in Exanple 1.
A thin filmof a random copol ymer havi ng hydrophobi c and hydrophilic

nononer units is gpin- ; h trate.to, produce a.neutral -surface
for the bl ock cop(ﬁ)‘l yrrefhae?ﬁeertrhpq%ar}}tfgl.a}nﬁ’ %ﬂg‘%@%@%s&%fﬂﬁ?m%gﬁge&% ®of the sane

nononers as used in the random copol yner having a conposition that yields

spherical domains,of the hydr.ophobi | ock.in.a 15 h ophilic matrix is
spi n-cast onto th& ran@ﬁﬁ%@&oﬁﬁpﬁﬁﬁfﬁeﬁ?l?romtéeotﬁﬂg@% ER¥E ai ning a
smal | anmount dispoging oemphate psechifsonimo apibdir{t€TSA) and- water. Af:ter drying,
the filmis annealed to pronote copolymer order and orientation. The
substrate- supported polyner filmis then placed into a high-pressure.
reactor sinilar tae tharhe nitsiRdrofblatin B wiktdiHeterdplatd bRoursR ebprisestheeal ed and
the filmis «%Rﬁsed toala g 1 1gercent 20 solution of TEGS in humdified CO2
at 60C and 1 dp matgpalang g §oleentTe eactor s then slowy vented to

at nospheric pressure. The conposite filmis then renoved fromthe reactor.

=

The polyner tenplate i, then r yeg by cal ci nati.on at ,40QC in an oven
yi el ding a por ousgsi I if,hi ol c&ng]gﬁn r YRR he sybsirafg cprppmisentificon.
6.  The method of claim 1, wherein the template material is homogeneous.
7. The method of claim 1, wherein the template material is
inhomogeneous.
8. The method of claim 1, wherein the template material comprises a
oolmer.
9. The method of claim 8, wherein the polymer comprises a

homopolymer or a copolymer.

10.  The method of claim 9, wherein the copolymer comprises a block
copolymer.
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25 Exanple 23. Using an Oiented Tenplate Produced with an Electric Field A
thin filmof a block copol yner having a hydrophobi c and hydrophilic
segnents with a conposition that yields spherical domains of the

hydr ophobi ¢ block in a hydrophilic matrix is spin-casﬁpggg ng@lution
containing a small amount of p- toluene sulfonic acid ( §? wat er onto
a substrate covered with a thin gold layer 30 that serves as an el ectrode.
After drying, the copolynmer filmis covered with a thin Kapton(r) sheet
coated with alum numthat serves as a second electrode. The filmis then
annealed in the presence of an electric field to pronote copol yner
orientation. 48 1 9 MAY 2006 The upper electrode is renoved and the
substrat e-supported polynmer filmis then placed into a high-pressure

reactor simlar, to_that described in Ex le 1. The reactor is sealed and
the filmis ex‘dose&lhf’B’eﬁw%P climyle ¥ re i h B AP MANS A o f1 od OOR  at
60C and 13&D§@g for 3 hours. The reactor is then slowy vented to

at nospheri c pressure. The conposite filmis then renoved fromthe
reactor. The polyner tenplate is then renoved by cal cination at 400C in an

oven ykel di ng g POrgesefiol bE@aim 1, Wheidn the RRbRR RMerfaYhdsidr i cal pores. OTHER
EVMBODI MENTS 10 It is to be understood that while the i nventi on has been

descri beddesempesignipEpsrape e thap @ dgeamyopition Wepeaiup 9 dhe depesiteof , t he
foregoing description is intended to illustrate and not Iimt the scope of
the invention, which is defined by the scope of the intended clains. O her
aspects, advantigesthe methogeticlpimchatihgisin fareingihe tenplatpeommisespe of t he
foIIomﬁngoﬁﬁgﬁgﬁeﬁéék@%n%m%iwﬁY 2006 WHAT IS CLAIMED IS: 1. A nethod for
form ng a mesoporous material, the nmethod conprising: providing a tenplate
conpri’8ing a | ayer of a tenplate nmaterial disposed on a substrate;

per meat [ ng t he1f emphR kiR bPakil 104 aBeRAt: RRpkRtadhblflfqtht h a sol uti on

conprising a precursor; reactingt Precur or to forma deposit within
t he t enpl swsingelpwpingin theieuplate material to self-assemble. _

15.  The method of claim 13, wherein ordering the template material

15  comprises applying an external field to the template material.

16.  The method of claim 15, wherein the external field is an electric field

or a magnetic field.

20 17. . The method of claim 15, wherein the external field is a flow field or a
shear field.

18.  The method of claim 1, wherein the precursor comprises a metal oxide

Precursor.
25
19.  The method of claim 18, wherein the metal oxide precursor comprises
tetracthylorthosilicate.
20.  The method of claim 1, wherein the precursor comprises an alkoxide.
30

21, The method of claim 1, wherein the precursor comprises an

organotrialkoxysilane, a diorganodialkoxysilane, tetraethylorthosilicate,
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removing tenplate material fromthe tenplate to formthe nmesoporous
material, 2. The nmethod of claiml1, further conprising formng the
tenplate. 3. The nethod of claim?2, wherein formng the tenplate conprises
di sposing a tenplate precursor onto a substrate. 4. The nmethod of claim3,

wherein the tenplate precursor conprises the tenplat Wq%gy §¢~and a
solvent. 5. The nethod of claim 3, wherein the substrat ng ses silicon.

The nethod of claim 1, wherein the tenplate material is honogeneous. 7. The
met hod of claim11, wherein the tenplate material is inhonogeneous. 8. The
met hod of claim11, wherein the tenplate material conprises a polynmer. 9.
The nmethod of claim@8, wherein the polymer conprises a honopolyner or a

copol ymer meﬂ@méﬁﬁﬁgﬁeah@qdmegfd%l@g(ﬁm&mnM@mm&né hi| akeRRIMIEM conprises a

bl ock copol yner The method of claim 1, wherein the
tenpl at e AkYlsilpasfiviexsnpyqr sp arybsilsesawigeane. 5 12. The method of claim 1, wherein
the tenplate material has a deconposition tenperature |ower than a
deconposi tion tenperature of the deposit. 13. The nethod of claiml,

wher ei n f or ni N2t hdbeapiodoéclgonhmhsisin thoprderson gorpivises atiplinme material . 10
14. The gk of claim 13, wherein the tenplate material is ordered by
causing donmalns in the tenplate material to self-assenble. 15. The net hod
of claim 13, mherein ordering the tenplate material 15 conprises applying

ancrei n the extbr nabte ) SFRMELE PR FLdiind o liE bt Py

within the template to promote the precursor reaction within the template.

10 24.  The method of claim 23, wherein the template comprises a plurality of
domains and the reaction reagent is preferentially sequestered within one of the

domains.

25.  The method of claim 23, wherein the reaction agent comprises water.
15
26.  The method of claim 1, further comprising providing a catalyst within

the template to promote the precursor reaction within the template.

27.  The method of claim 26, wherein the catalyst comprises an acid or a

20 photoacid generator.

28.  The method of claim 1, further comprising heating the template to

promote the precursor reaction within the template.

25 29.  The method of claim 1, wherein the deposit and the template material -

phase separate during the reaction.

30.  The method of claim 1, wherein the template material comprises a
plurality of domains.
30
31.  The method of claim 30, wherein the deposit preferentially forms in

one of the domains.
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20 17. The method of claim 15, wherein the external fieldis a flowfield
or a shear field. 18. The nethod of claiml, wherein the precursor
conprises a netal oxide precursor. 25 19. The nethod of claim 18, wherein
the netal oxide precursor conprises tetraethylorthosifiSchi¥.200§. The

met hod of claim 11, wherein the precursor conprises an al koxide. 30 21. The
nmet hod of claim 1, wherein the precursor conprises an
organotri al koxysi | ane, a di organodi al koxysi | ane, tetraethylorthosilicate,
51 1 9 MAY 2000 nethyltriethoxysilane, a bridged silsesqui oxane, a

hal osi | ane, an al koxysilane, an al kyl silsesquioxanes or an aryl

si |l sesqui oxane. 22. The nethod of claim1, wherein the precursor conprises a
titani um 5al koxi de. 23. The nethod of claim1, further conprising providing
a reaction reagent W thin th ate o pronote the precursor reaction
Within the tenstat diem§gudo @ © 4Pl RODBriseRAR FTEIIE he t enpl at e
conprisesm@mﬂMurallty of domai ns and the reaction reagent is preferentially
sequestered within one of the domains. 25. The nethod of claim 23, wherein
the reaction agent conprises water. 15 26. The nmethod of claim1, further

conpri gi ng proyi di nge ?ﬂe&ﬁ%f&lﬁ{n I, tvherantutean&rgm Iﬂ&t@rﬁleorg]?rﬁgpé e the

precursor reaction within the tenplate he net hod claim 26, wherein
the cat al P&l ewtppridesr mitugesitepresf- a 20 phot oaci d generator. 28. The method
of claim1, further conprising heating the tenplate to pronote the
precursor reaction within the tenplate. 25 29. The nethod of claim1,

wherei n the deifosi tThamethod of eleipd2awherpintherineranic material comprises

silica or titania.
10
35.  The method of claim 1, wherein the deposit comprises a hybrid

material comprising organic and inorganic components,

36.  The method of claim 35, wherein the hybrid material comprises an

15  organosilicate.

37.  The method of claim 1, wherein the deposit comprises a halogenated

material.

20 38.  The method of claim 1, wherein the deposit comprises a semiconductor

material or a superconductor material.

39.  The method of claim 1, wherein the deposit comprises an organic
material.
25
40.  The method of claim 39, wherein the organic material comprises a

polymer.

41.  The method of claim 1, wherein removing the template material

30  comprises decomposing the template material.
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phase separate during the reaction. 30. The nmethod of claim1, wherein the
tenplate material conprises a plurality of domains. 30 31. The nethod of
cl aim 30, wherein the deposit preferentially forms in one of the domains.
52 1 9 MAY 2006 32. The method of claim1, wherein the deposit conprises an
inorganic material. 5 33. The nethod of claim 32, ‘M"fﬁeMﬂYt i norganic
material conprises a netal, netal oxide or m xtures ereof 4 The

nmet hod of claim 32, wherein the inorganic naterial conprises silica or
titania. 10 35. The nethod of claim1l, wherein the deposit conprises a
hybrid material conprising organic and inorganic conponents. 36. The

net hod of claim 35, wherein the hybrid naterial conprises an 15

or ganosi | i cat e42.37. Theheetieitdfoldino4 1, shatein rémoviigthe dinfliemaiepasi t conpri ses a

hal ogenat mat er i od of claim1, wherein the deposit
conpri sesEigrﬂ’ﬁ'éﬁ?n&pd'ﬁﬁsu%‘frﬁ‘%mgﬁ‘iftdé?qnm"sid}e%p]ﬂ?ﬁéﬂt% ductor material. 39. The
nmet hod of claim 1 wherein the deposit conprises an organic nmaterial. 25

40. The net hod ai m 39, n_the ganl c material conprises a
pol ymer. 41. Th rreff?dEFtW‘g\AgF‘h? Wl\ﬁﬁg’r prpesihg etemplate maesal at e materi al

30 conmy i eMPARE BERIAG tHRGerhAe, @PRRInE IR BRPRICIAh solwat, or exposing the

template to radiation.
44.  The method of claim 1, further comprising patterning the template.

10 45.  The method of claim 44, wherein patterning the template comprises

selectively removing portions of the template material.

46.  The method of claim 45, wherein the pottions of the template material
are removed prior to permeating the template with the precursor.
15
47.  The method of claim 45, wherein the portions of the template material

are removed after permeating the template with the precursor.

48.  The method of claim 45, wherein portions of the template material are

20  selectively removed using photolithography.

49.  The method of claim 1, wherein the mesoporous material comprises
pores having a characteristic dimension between about 5 Angstroms and about 2,500
Angstroms.
25
50.  The method of claim 49, wherein the pores have orientational order or

translational order.

51. The method of claim 1, wherein the mesoporous material has a

30 dielectric constant less than 2.5,
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1 9 MAY 2006 42. The nethod of claim4l, wherein renoving the tenplate
material further conprises extracting the deconposed tenplate nateri al

43. The nethod of claim41l, wherein deconposing the tenplate naterial 5
conprises heating the tenplate, exposing the tenplateltoMYsdllbent, or
exposing the tenplate to radiation. 44. The nethod of claim1, further
conprising patterning the tenplate. 10 45. The nethod of claim44, wherein
patterning the tenplate conprises selectively renoving portions of the
tenplate material. 46. The nethod of claim45, wherein the portions of the
tenplate material are renoved prior to perneating the tenplate with the
precursor. 15 47. The nethod of claim45, wherein the portions of the

tenpl ate materisal @emethoDorRthinl] eherdf HEBRdsbRRods Radammsat e With the
precursor., 48. The th83 f claim45, wherein portions of the tenplate
mat eri al dpﬁﬁmﬁém?ﬁ? | é%?'rennved usi ng photolithography. 49. The nethod

of claim1, wherein the nesoporous material conprises pores having a

characteristic _di mensi on between about, 5 Angstrons and about 2,500
Angstroms. 25 56 Thee Tethofef clm 4y whetsin the ngsenosqus matrsialhss s have

orient &g i QBRdctiOF BQEx WEs thdnr1ds! ati onal order. 51. The nethod of claim1l,
wherein the nesoporous material has a 30 dielectric constant | ess than
2.5. 54 1 9 MAY 2006 52. The nethod of claim1, wherein the nesoporous

mterial has asshar @esana GHRh | AR b fiEGhorid matd get h0d of ol aim 1.
X

wherein the nesoporous material has a 5 refractive iIn | ess than 1. 4.
54. The metiBHEHE claim 1, wherein the mesoporous naterial is

10 55.  Anintegrated circuit comprising a layer of mesoporous material
formed using the method of claim 1, wherein the mesoporous material comprises
‘pores having a characteristic dimension between 5 Angstroms and about 2,500

Angstroms.

15 56.  An optical component comprising a layer of mesoporous material
formed using the method of claim 1, wherein the mesoporous material comprises
pores having a characteristic dimension between 5 Angstroms and about 2,500

Angstroms.

20 57. A porous membrane co'mprising a layer of mesoporous material
formed using the method of claim 1, wherein the mesoporous material comprises
pores having a characteristic dimension between 5 Angstroms and about 2,500

Angstroms,

25 58. A method for forming a mesoporous article, the method comprising:
forming a template from a template material, the template comprising a
plurality of domains;
permeating the template with a precursor;
reacting the precursor within at least one domain of the template; and

30 removing template material from the template to form the mesoporous article.
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birefringent. 10 55. An integrated circuit conprising a |ayer of nesoporous
material formed using the nethod of claim1, wherein the nesoporous

mat erial conprises pores having a characteristic dinmension between 5
Angstrons and about 2,500 Angstronms. 15 56. An optiCﬁI ?ﬁ@pﬂﬂﬁnt
conprising a |layer of mesoporous material formed usi 3 hod of claim
1, wherein the nesoporous material conprises pores having a characteristic
di mensi on-between 5 Angstrons and about 2,500 Angstrons. 20 57. A porous
menbrane conprising a | ayer of nesoporous material forned using the nethod
of claim1, wherein the nesoporous material conprises pores having a
characteristic dinension between 5 Angstrons and about 2,500 Angstrons. 25
58. A nethod f#%. fcFheimxghal ofekinpss, odsrear derméating thi @entipdté canprdespr i Si ng:

formng a tenpl.ate.froma.tenplate material, the tenplate conprising a
plural i typﬁl?“%g%"ﬁﬁe??t %EP%EH?W%W@’%WF%& with a precursor; reacting
the precursor within at | east one domain of the tenplate; and 30 renoving
tenplate materigl fromthe tenplate to, formthe nesoporous article. 55 1 9
MAY 2006 59. THG: meTHOBPCER o FEh o & herRitibe (SFPiSiA TSRS REPRRE & enpl af o
conpri $es poRfeAeati ng at | east one of the domains with the precursor. 60.
The nmethod of claim58, wherein the tenplate material conprises a b5
polymer. 61. The nmethod of claim60, wherein the polynmer is a block

copol yner. 62. gThe 1RiAGRbIUT cll@bMwibreiniep&liMediDE vREIPSIpo MR Y TEr

conprises a |o diblock coplolymer or a triblock copolyner. 63. The net hod
of claim®6l, wherein formng the tenplate conprises self- assenbling the

bl ock copol ymepgat o Tt iRthdiforRlai 81, whéreRf th6BIRBE Qpolyiner &fnpritke Met hod of
claim 58, wherein one of the plurality of domains
10  diblock coplolymer or a triblock copolymer.

63.  The method of claim 61, wherein forming the template comprises self-

assembling the block copolymer to form the plurality of dornains.

15 64.  The method of claim 58, wherein one of the plurality of domains

comprises an amorphous polymier or a semi-crystalline polymer.

65.  The method of claim 64, wherein the precursor permeates domains
comprising the amorphous polymer, and does not substantially permeate domains

20  comprising the semi-crystalline polymer.

66. A method comprising:
forming a template from a homopolymer;
permeating the template with a precursor; and
25 reacting the precursor within the template to form a deposit within the

template.

67.  The method of claim 66, further comprising removing the
homopolymer from the template to- form a mesoporous article.
30
68.  The method of claim 66, wherein reacting the precursor within the

template causes the template material and the deposit to phase separate.
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conprises an anor phous polyner or a sem -crystalline polyner. 65. The

nmet hod of claim 64, wherein the precursor perneates donmains conprising the
anor phous pol yner, and does not substantially perneate domains 20
conprising the sem -crystalline polyner. 66. A nethod conprising: formng a
tenpl ate froma honopol yner; perneating the tenplate with a precursor; and
25 reacting the precursor within the tenplate to forqngamp?ajﬁt within the
tenplate. 67. The nmethod of claim®66, further conprising renoving the
honopol ymer fromthe tenplate to forma nesoporous article. 30 68. The

met hod of claim 66, wherein reacting the precursor within the tenplate
causes the tenplate material and the deposit to phase separate. 56 1 9 NMAY
2006 5 69. The nmethod of claim66, wherein the deposit conprises a pol yner.

70. The net hod. of ai m.66, .wherein the deposit is.an inorganic nmaterial.
71. The et ho%gf gjflﬁpﬁh?g?fﬂﬂ@rﬁg?Wh?rﬂgﬂfeﬁ%?‘ifﬁﬁf’@p?ﬁf%Pﬁr’lﬁrlﬂgrcorrpri ses a

nmetal or a netal oxide. 72. A nethod for creating a netal oxide article,

the nethod conprising: 1 r.m ng tenpl ate froma tenplate material, the
t enpl at e corrpp}l%’si n&ﬂgm&f"gf’é‘ﬁ? o’f"g‘?ﬁ)‘ P°SHé~°r‘Pr’e‘5?rﬂ?ﬂj°n¥P|t€mierrpl ate with a
nmet al gxide precursor; and reacting the precursor within at |east one
domain of the tenplate to forma netal oxide. 15 73. The_nethod of claim
72, wherein t e met'dF mekied ef gJpimciys whsreip thejporsaniqyateda comprisesthe et hod of

cl ai m 73, méaesed Methitriddet al oxi de precursor is

72. A method for creating a metal oxide article, the method comprising:
10 forming a template from a template material, the template comprising a
plurality of domains; ‘
permeating the template with a metal oxide precursor; and
reacting the precursor within at least one domain of the template to form a
~ metal oxide.
15 |
73.  The method of claim 72, wherein the metal oxide precursor is an

alkoxide.

74.  The method of claim 73, wherein the metal oxide precursor is

20 tetraethylorthosilicate.

75.  The method of claim 72, wherein the metal oxide comprises silica or

titania.

25 76. A method for creating a structured article, the method comprising:
forming a template layer from a template material; |
patterning the template layer to form a structured template;
permeating the structured template with a precursor; and
reacting the precursor within the structured template to form the structured

30  article,
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20 tetraethylorthosilicate. 75. The nethod of claim 72, wherein the netal
oxi de conprises silica or titania. 25 76. A nethod for creating a
structured article, the nmethod conprising: formng a tenplate layer froma
tenplate material; patterning the tenplate |ayer to forma structured

tenpl ate; pernmeating the structured tenplate with a precursor and
reacting the precursor within the structured tenpl ate1
structured 30 article. 57 1 9 MAY 2006 77. The nethod o clal m76 wher ei n
reacting the precursor within the tenplate forns a deposit within the
tenplate. 78. The nethod of claim 76, wherein patterning the tenplate
conprises 5 exposing the tenplate to radiation. 79. The nethod of claim
78, wherein t hel.r adiletmetivdoftlgas 76, hetmrpicih@the pRb@Edradithingher osslink in
portions e nmethod of claim 78, wherein the

f e.tenplate. 10 80.
radi at i on?eé'é‘ﬁ@%’é’f?’ggd'ii’@ﬂbw&‘?'a%“f’r%ﬁ?@?ﬁea| to deconpose in portions of the
tenplate. 81. The nethod of claim 76, wherein the tenplate is patterned
lithographically. 82.. A net ho r creating a ordered article, the
met hod conpr i sﬁ;g: lﬁ%iﬁ‘ﬂﬁ‘%ﬂdr?g‘s “Tf%elw erggptp@]:tﬁgyngfl@ ‘%{nﬁ@ﬁﬁq”%&rﬁe%at erial to
assenblse aRpRinde@adnphRiPladiagod. rom the tenplate material; perneating the

ordered tenplate with a precursor; and 20 reacting the precursor materi al
within the ordered tenplate. 83. The nethod of claim 82, wherein the field

is an electric7d,i elTheQhetibd HIBEREYS, WhideRl tHe raaétléﬂcaugggﬁle@&ﬁﬂiﬁg of claim 82,
wherein the field is a flowfield or a shear fiel
material to crosslink in portions of the template.

10 80.  The method of claim 78, wherein the radiation causes the template

material to decompose in portions of the template.

81.  The method of claim 76, wherein the template is patterned
lithographically.
15
82. A method for creating a ordered article, the method comprising:

applying a field external to a template material to assemble an ordered

template from the template material;
permeating the ordered template with a precursor; and

20 reacting the precursor material within the ordered template.

83.  The method of claim 82, wherein the field is an electric field or a
magnetic field.

25 84, The method of claim 82, wherein the field is a flow field or a shear
field.

85.  Amethod for forming an integrated circuit, the method comprising:
forming a template layer on a substrate, the template layer comprising a

30  template material; i
permeating the template with a precursor;

reacting the precursor within the template to form a deposit;
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85. A nethod for formng an integrated circuit, the nmethod conpri sing:
formng a tenplate |layer on a substrate, the tenplate |layer conprising a 30
tenplate material; perneating the tenplate with a precursor; reacting the
precursor within the tenplate to forma deposit; 58 1 9 MAY 2006 renovi ng
the tenplate material to formthe dielectric |ayer; anF pg eﬁﬁbng t he
substrate or dielectric layer, or both, to create the Ht gfa Scircuit.
86. The nethod of claim85, further conprising formng an additional |ayer
on the dielectric layer or the deposit. 87.The nethod of claim86, further
conprising polishing the additional tolayer.88. The nethod of claim 86,
wherein the additional |ayer conprises copper.89. The nethod of claim 87,
wher ei n t he adémbviogithk tdngileé maeriflQd Ediakt dislbddic hferimdr enovi ng the tenpl ate
material. 90. The nethod of clajm 89, mhergig t he ag%Ltional | ayer is

pol i shed afterpr°°re§sr‘|’{ﬁfpﬁi}‘bﬁ?ée rekighpclodayrR(OL PPtly to crspte e intagrated hod f or f or mi ng
a coat ed ejpduitcal conponent, the nethod conprising: providing an optical
conponent; formng a tenplate |ayer on a surface of the optical conponent,
the tenplate |ayer conprising a tenplate material; 25 perneating the

tenpl ake with g pr %Uhﬁ%ﬂofﬁﬁﬁiésnﬁlnh&%oﬁﬁ)ﬁﬁli%%%in\gﬁaﬁ Ridtidnhe tenplate to
ra

fonnadﬁ?mt;amjramantamhueHMe fromthe tenplate to forma

coating offYEIRR thpdifleattic layesoplgdprosit30 92. The nethod of claim 91, further
conprising polishing the coating to forman optically flat surface. 59

87.  The method of clairﬁ 86, further comprising polishing the additional
layer.
10
88.  The method of claim 86, wherein the additional layer comprises

copper.

89.  The method of claim 87, wherein the additional layer is polished prior

15 to removing the template material.

90.  The method of claim 89, wherein the additional layer is polished after

removing the template material.

20 91. A method for forming a coated optical component, the method
comprising:
providing an optical component;
forming a template layer on a surface of the optical component, the template
layer comprising a template material; |
25 permeating the template with a precursor; ‘
reacting the précut:sor within the template to form a deposit; and
removing template material from the template to form' a coating on the optical

component,

30 92.  The method of claim 91, further comprising polishing the coating to

form an optically flat surface.
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1 9 MAY 2006 93. The nethod of claim92, wherein the tenplate material is
renoved after polishing the deposit. 94. A nethod for making a perneabl e
menbrane conprising a nesoporous |ayer, the nethod copgrmi(nﬁqﬁprovi ding a
porous substrate; formng a tenplate |ayer on the substrate, e tenpl ate

| ayer conprising a tenplate material; perneating the tenplate with a

precursor; reactigsy ticpiefRdoSElhin92, Whetel M tbRpleMaferfalis t@idVed deposit;
and renovi ng Aenp@etgg&eri_al fromthe tenplate to formthe nmesoporous

| ayer on t hBILPRESYNGRe APRslt ohy f ormi ng a permeabl e menbrane conpri sing
pores having a characteristic dinmension between about 5 Angstrons and
about 2,500 Angstrons. 95. The nethod of claim1, 58, 66, 72, 76, 85, 91,
or 94, wherein p¥ nedimgod feempkingh neraeqile membrangrosuisiigr conpri ses

per neati ng tHES&prHﬂ%}ﬁ&&,%%&@dc&ﬁﬁ%fﬁgsor delivery agent. 96. The nethod of
[

claim 95, wherein the’ precursor-i solved in the precursor delivery
agent. 97. The nerrbiadingf petons swb@ffe; wher ei n duri ng perneating, the precursor

method ot orai m R R 168 o Ble ORI FBlae i oty o0, A

met hod for f tsmplatgmateriadsopor ous material, the nethod conprising: providing
a tenplate conprigsing,a t.enpl ate terial; perneating the tenplate with a
supercritical or Héa “E%B‘S?%?Rqﬁ“?- 285U on conprising a precursor;
reacting the preawacsiog theiprdeimsortwithir themhriplae o orti0f d8pasifempsi t; and renovi ng
tenplate material_framihe tenplate to formthe nesoporous material. 60 1 9
MAY 2006 100.. A fﬁ@?ﬂ%%}aﬁ%lﬁ?@fﬁﬁaﬁmﬁoy thetenypgiede brmdpempsgporopsiayere hod

conpri sing: methaedisirag, thergho/ fyﬂiﬁﬁgimhﬂﬁn%&ﬁ;@oﬁfpﬁﬁiﬁé P&k havikg apol ymer
tenpl ate hawhrigag.glu.allt%lrof dohrcrigln of afirst material ‘and a plurality
of domai ns of"2H°EE tlﬁfiﬂmﬁ%ﬂ betfeeriphiopty Apgstremy prd ahautr 2,509 Angstroms.

95.  The method of claim 1, 58, 66, 72, 76, 85, 91, or 94, wherein
permeating the temptlate with the precursor comprises permeating the template with a

precursor delivery agent.

96.  The method of claim 95, wherein the precursor-is dissolved in the

precursor delivery agent.

97.  The method of claim 95, wherein during permeating, the precursor

delivery agent is a superéritical or near-supercritical fluid.

98.  The method of claim 95, wherein the precursor delivery agent is CO,.

99, A method for forming a mesoporous material, the method comprising:

providing a template comprising a template material;

permeating the template with a supercritical or near supercritical solution comprising a precursor;
reacting the precursor within the template to form a deposit; and

removing template material from the template to form the mesoporous material.
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rrater'iral; reacting the precursor within the polyner tenplate to forma

deposit within the plurality of domains of the first materg to form
substantially none of the deposit in the plurality of do |gn§%AY§2€q5he _
second material; and . renoving the first material and the second materi al

fromthe polyner tenplate to formthe nesoporous material. 61
100. A method for forming a mesoporous material, the method comprising:
permeating a polymer template with a precursor, the polyﬁzer template having a plurality of
~ domains of a first material and a plurality of domains of a second material different from the first -
material; J (
' reacting the precursor within the polymer template to form a deposit within the plurality of .
domains of the. first material and to form substantially none of the deposit in the plurality of domains. of
the second material; and .
removing the first material and the second material from the polymer template to form the

mesoporous material.
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