WO 2011/ 103176PCT/ US2011/ 025065 BRANCHED SI LOXANES AND METHODS FOR
SYNTHESI S FI ELD OF THE | NVENTI ON The present invention relates to
branched wol2oxames6and net hods for synthesis of branche@C3iuSoxane®ss
including, but not limted to, functionalized branched sil oxanes. Such
conmpounds have many uses including nmultiple applications in the

sem conduct or industry including planarizing |ayers, patternable
insulators, and the |ike. BACKGROUND OF THE | NVENTI ON Li qui d branched
si | oxanes having | ow viscosity, |ow vapor pressure and high silicon content
are useful for tBRASNGHEISIUOSANECCANDMESIHODSFORSYNDHESTS uri ng of

m cro processors, flash nenory, visual display devices and optical devices
(light emtting diodes), etc. For exanple, Mchael Lin et al. reported a W

curabl e Liguid br [ ne naned Si-14 for the use in nano inprint

i t hogr a&iﬁgﬂ?)l‘?%z"]a’?ﬂﬁg@ﬁwuded that Si-14 functionalized with

met hacryl ate as, UV cross-1inkabl e groups showed prom sing properties as

pl anari zi ng | ayBf PEECHIPGINGgY relas fepreaphed serancs and anthatschr bynthdsisrof Thi s
is because of its properties (low viscosity 15 cP, | ow vapor pressure 0.8
Torr at »mnched slgxenessineiudinggbutsion dnited do,vindiioaalbvied hraichédslvxandst eSuchof
33% . However the synthetic route for Si-14 requires many steps as shown in

Fi gure 2coMheundsdevé onngave indwdipg eindtiple appRgatiandin hekesrvahatordadistry>12
days) to synthesize, therefore the route was not anendable to scaling to

becone aimbidisy plasdriZOidyeat, pabrakble SnsiREHE Gl $heilgl Npl er synthesi s t hat
provides high yields in a short anmount of

BACKGROUND OF THE INVENTION

Liquid branched siloxanes having low viscosity, low vapor pressure and hi gh silicon
content are useful for the semiconductor industry such as the manufacturing of micro
processors, flash memory, visual display devices and optical devices (light emitting diodes),
ete. For example, Michael Lin et al. repofted a UV curable liquid branched siloxane named
Si-14 for the use in nano imprint lithography [1, 2]. They concluded that Si-14 functionalized
with methacrylate as UV cross-linkable groups showed promising properties as planarizing
layer on topology, patternable material and etch barrier. This is because of its properties (low
viscosity 15 cP, low vapor pressure 0.8 Torr at 25 °C, 'low UV shrinkage 5.0%, and with a
high silicon content of 33%). However the synthetic route for Si-14 requires many steps as
shown in Figure 2. The reaction gave low yield (< 20%) and took several days (>12 days) to
synthesize, therefore the route was not amendable to scaling to become a commercial

product.

What is needed is a simpler synthesis that provides high yields in a short amount of



WO 2011/ 103176PCT/ US2011/ 025065 time, and results in useful conpounds.
SUWWARY OF THE | NVENTI ON The present invention contenpl ates branched
si | oxaneswQkotimosirmct i onal i zed and unfunctional i zed) asPaglus2@s/oewbhods for
maki ng such conpounds. In one enbodi ment, a nethod of synthesis is

contenpl ated conprising reacting a siloxane which has silicon-hydrogen bond
represented by the formula shown as (a) (where n represents a whol e nunber
between 1 - 20) with an asynmetric |linear siloxane represented by the
formula shown as (b) (where X represents any hal ogen and where mrepresents
a whol e nimdend RRLEMERMNsdufBdnJAmador e preferably 2 and 10, and nore
commonly between 2 and 3) so as to generate a branched sil oxane represented
by the formula (c).. This can be synthesized in a one step reaction shown in
Fi gure 1,SUMMARYQRFHHE INVIENIILN si | oxanes as reactants. The route

provi des a shortened synthetic path, high yields and reduces the feed stock
cost by 70% coffharmeesehiinvieist emténssiates bidchebhglosyidsh®sihSunstictia@midf dggant | y

| ower in cost and easily scal able. The branched sil oxane (c) can be further

treated tubfiaictiacdlizadicstwaNa) meem fomlnHHLddoR Sof oﬁﬂae.ctxg%%g'en%&* A, 35
shown in Figure 3. I n anot her enbodi nent, nmet hod of synthesrs is

cont enpl ah&HoE P sk SthBgs rﬁa%ﬁt@ﬁgﬁﬂ ilg ﬁ?in%epéagﬁfg ;f Sﬁ%}égﬁeﬂﬁ%@}@f s

shown as (e) (wherée x and y I ndependent represen }E)aétween

1- 10) w F MELL | i Ll-oxane .represent ed by the fornmul a shown
as (b) ( %Ig‘?g%&d@%r es ednlltegregénd;&ﬁga)f %8 gg &A%Shm&aés@ (fw ;eé{@megergs W%P]é
nunber b en and .10 nd.more commonly between 2 and 3) so as to

gener at e%éﬁl}%’r‘? %R%%%ﬂ 47 8Qg?¥éthraé’p?sé{§’élﬁect%‘a Il%fﬂrt%ﬁlexwrweaw# by dsefornglare 4) .
The branched sil aoxane ( can be further treated to attach chem cal

noi et i es 567"} &ﬁéﬁ @ﬁ%ﬂff’ é‘iﬁ@fﬁ‘ée@ﬁéﬁy dalogem and mgre Mrreprepets @ veholhayrabex
represents any but not limted to noieties selected fromthe group

consi st i REEEDdcng|18: mare nraferabby 3 had By and moy¢ sommonlydpoxded @sind 3) 5o as toThe
present invention contenplates, in one enbodiment, a nethod for

synt hesi 2engjatsadnasiche siokancampssentaiiprths forgular(epThisngn b syhittsdsizedmnonehi ch
has a silicon-hydrogen bond represented by the formula (a), wherein n

r epr esentsgpacadioh showmrheFigoat Wasinglasginehelk liMdak BildiaheP ks RINIE I THGohtkNeAr
sil oxane of forrmula (b), wherein X represents any hal ogen and mrepresents

a whol e pridss DEtOMREA] 2yrflictid, paBRitEe SRkl Y @&&&9&1{@?&&3&% Sl &qOo”S

such that a branched sil oxane and byproducts are produced. It Ts'no

i nt ended [ Ntyi -1, 1] - at.ure of 1he.
chiphrell N8 BE %‘&g@fﬁse l%ﬁlé. tihe %ygﬁg%% irﬂntg%gltﬁ){ntw]d?m{'er in_cost %ncf easily

sil oxane used as a reactant. In one , sal“‘d asy

il y! d ' d nmbodi v S8 (cli
Compouna T NG ans A A E ¥ e TPERA Y e RRSe b A e bl el ane

ising.a.sili - hyd d. ted by the f I is 3H
Si oct andigie ot PRER B B9 R NG b fonc, smia aH

5H oct anet hyl t trasilox%q$, prior to reacting with said asymmetric |inear
siloxane, is eXpHOHEr FEbadiment pyagthod ot srathesis saeatsmplatedaeasnprising reavting
enbodi ment, said catalyst i.s renoved prior to reacting said 3H

5H oct amBtHyrane repsesenigs arshaformuls shawmeseherherex ke adepindentiynepretdnt b's Nnot

i ntended that the present invention be limted to a particular catal yst,
however , whopahimbkirumteednal ysfl0) svith pr efyeimec dakeal yifixand teprésemnted bynhended
that the present invention be |[imted to a particul ar hal ogen. However, the
pr ef er r edorhallogerwohs §9i(dhhasyXrrepescts adie@dlogenl MaREert $n ?éﬂr&"eﬁt@ed- wlh(ﬂe one
enbodi ment, the present invention contenplates purifying the branched

si | oxane nprBEBWEELE 41 16 URAtABTe @dn!llﬁoﬁlge&)v{f&fn 3 %ﬁ&%ﬁ;’]&gs%sa{&d%e%&%{e"d”“ S.

I n one enbodi nent, the present invention tontenpl ates urther st%p of

purifyi ngreﬁa@ﬁed@il@?ﬁﬁ%@pﬁéén%%? Yormula (f) (see Figure 4). The branched siloxane 6]

can be further treated to attach chemical moieties or functional groups such as that shown in



distillation, so as to renpove said byproducts (or at |least the majority of
byproducts, and preferably at |east 90% of said byproducts) of the

synt hesi swopeattiodriéand provi de a purified branched sil oramaiS20in/023ves
enbodi ment, the present invention contenplates the further step of
functionalizing said purified branched sil oxane. In one enbodi nent, said
functionalizing conprises attaching chemcal noieties; in a preferred
enbodi ment, the chem cal nvieties are photo-crosslinkable noieties, said
noi eties selected fromthe group consisting of acryl ates, nethacryl ates,

vinyls a X1 el i 1 i,d, f ional i zi c rises
hydrosi ly t?gnW%eXp@Q%gﬁ}tggﬁgg% i (%1 Ilgﬁ ggdtgo}rétggetrtrlﬁg?lg%teé ﬁg}%gﬂ%ﬁ?ﬁas, as
conposi ti ons  of tt described here, including but not limted to
conpound§°W%%@g§£%8?§%ﬁan awﬁ@ﬁabgyg@agééwpﬁ % net hods. For exanple, the
present inventjon contenplates Si-12 having the structure shown in Figure
10, as wel | as 'REPREBITSHEEPGUHCostempiates;ig ppeemlodimepfe p method dersynthesizing
(Figure 5). . The conpounds have a variety of uses. One preferred
appl i cat P&che siloxanesocanprising apdcting @) srailenanaiwhidy hdsi a sibgoraludyoganrbontii ch
case functionalized branched sil oxane, such as an epoxy-nodi fied branched
si | oxane r¢pagssnipd By thifprivgla @y wherginar depresaed ailvholemuoiber istrvesh Inmmwlt20, tvith
present invention contenplates spin coating fornulations conprising

f unct i ondl az esyrmathicdasiilornnesioanila (PR iviterde X I%Ptéééﬂtﬁbﬁﬁhalbgbnodiﬂ m
enbodi nent, the present invention contenplates a planarizing |ayer

conpri si Rgprésesta Whslk haRBebbaneded o5 b %fb%&il{%g&fcﬁﬁl@@ LG Goh@itibhesudRt hods
of the present invention. WD 2011/103176PCT/ 011/ 025065 BRI EF

DESCRI PTh{aN 3 @rardiEd IRLNGRA byprodi@s afe ?Bﬁﬁceﬂpmls%? iHARRh Shandl gl%sé}{t the
features and advant ages of thgppr esent fnventi on, reference 1's nbw made to
t he det ai - - At ' ' I ith th i

1 our os. VEASESETIRRY B pdli® JMERIRR: RS <dbiitaioria 365 “EBRRAIsEE

si |l oxanes_.i,n _a one. step r.eacti.on. ‘ . . .
said asymmetfic Tin€ar siloxane is made from a cyclic compound. In one embodiment, said

cyclic compound is hexamethylcyclotrisiloxane. In one embodiment, said siloxane
comprising a silicon-hydrogen _. bond represented by the formula (a) is 3H,
5H-octamethyltetrasiloxane. In one embodiment, said 3H, SH-octamethyltetrasiloxane, prior
to reacting with said asymmetric linear siloxane, is exposed to a catalyst in the presence of
water. In one embodiment, said catalyst is removed prior to reacting said 3H,
SH-octamethyltetrasiloxane with said asymmetric linear siloxane. It is not intended that the
present invention be limited to a particular catalyst, however, a palladium catalyst is a
preferred catalyst. It is not intended that the present invention be limited to a particular
halogen. However, the preferred halogen of said asymmetric linear siloxane is chlorine. In
one embodiment, the present invention contemplates purifying the branched siloxane
product free (or substantially free) of reactants and byproducts. In one embodiment, the

present invention contemplates the further step of purifying the branched siloxane by



Figure 2 shows a synthetic scheme for the synthesis of a branched sil oxane
material, Si-14, as previously reported in literature. This synthetic route
IS stepwiwe 2andiosEqui res several iterations to extend tReThiSanghewesi | oxane
chain resulting in lowyields and a tinme intensive process. Figure 3
shows a reaction of the current invention whereby branched sil oxanes can be
functionalized in a platinumcatal yzed reaction. This process is referred
to as a hydro silylation. Figure 4 shows a reaction in which the starting
siloxane is varied. Figure 5 shows the structure of a novel UV curable

b hed 18.: (V- Si - ; [ e ows.t he ruct.ure of
unce ondTUEEHS WSRO KNS E S84 byprodugtS (et IOE AT of bHELEEE ol
fincti | -Si =12, i.n, X sesents a chem.cal iety, such . as a
bhot ocor Bisa SR o0t SL iR nib R AR huftsfireyon and progy ST dhous
th 1 Xt f Si-12 d PAG hoto acid generator) used in the
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process flow, the formulation used, and the target stack di nensions.
of functionalizing said purified branched siloxane. In one embodiment, said functionalizing

comprises attaching chemical moieties; in a preferred embodiment, the chemical moieties are
photo-crosslinkable moieties, said moieties selected from thé group consisting of acrylates,
methacrylates, vinyls and epoxides. In one embodiment, said functionalizing comprises
hydrosilylation. The present invention also contemplateé the compounds, as compositions
of matter, described here, inciuding but not limited to compounds made according to the
above-described methods. For example, the present invention contemplates Si-12 having
the structure shown in Figure 10, as well as functionalized Si-12 (Figure 6) , such as
epoxy-Si-12 (Figure 5).

The compounds have a variety of uses. One preferred application is as a novel
planarizing material for lithography, in which case functionatized branched siloxane; such as
an epoxy-modified branched siloxane (epoxy-Si-12) is particularly useful. In one
embodiment, the present invention contemplates spin coating formulations comprising
functionalized branched siloxanes onto patterned substrates. In one embodiment, the
present invention contemplates a planarizing layer comprising functionalized branched

siloxanes made according to the methods of the present invention.



Figure 9 shows the new synthetic route to obtain Si-12. Figure 10 shows the
synthetic path to epoxy-Si-12. Figure 11 is a table of properties of

epoxy- Si -W@.20H/1Ysr7e 12 shows the obtained spin-curve foPCThs2&pioesiedat
study of epoxy-Si-12. Figure 13 shows the optimzed inprint dispense
pattern. Figure 14 shows an SEMinege of an inprint. Figure 15 shows an SEM
I mge after planarization using epoxy-Si-12 was carried out. Figure 16
shows the determ ned etch rate of epoxy-Si-12.

BRIEF DESCRIPTION OF THE DRAWINGS

For a more complete understanding of the features and advantages of the present
invention, reference is now made to the detailed description of the invention along with the
accompanying figures.

Figure 1 shows a reaction for the synthesis of branched siloxanes in a one step
reaction.

Figure 2 shows a synthetic schern_e for the synthesis of a branched siloxane material,
Si-14, as previously reported in literature. This synthetic route is stepwise and requires
several iterations to extend the branched siloxane chain resulting in low yields and a time
intensive process.

Figure 3 shows a reaction of the current invention whereby branched siloxanes can be
functionalized in a platioum catalyzed reaction. This process is referred to as a
hydrosilylation.

Figure 4 shows a reaction in which the starting siloxane is varied.

Figure 5 shows the structure of a novel UV curable branched siloxane (epoxy-Si-12).

Figure 6 shows the structure of functionalized UV curable branched siloxanes, in this
case a functionalized-Si-12, wherein X represesents a chemical moiety, such as a
photocurable and or a croséiinkable functionﬂ group. |

Figure 7 shows the mixture of epoxy Si-12 and PAG (photo acid generator) used in
the formulation to spin coat a planarizing layer.

Figure 8 shows the process flow, the formulation used, and the target stack

dimensions.



Figure 17 shows the SEMimage after the fluorine etch step. Figure 18
shows the desired pattern, indicating renoval of the organic resist after
02 et chi /yo@0Rs10317sccm Ar: 30 seem RF: 90W DC bi as: B00/0S201p0estire: 6
mrorr, Etching time: 8 mnutes). DEFI N TI ONS To facilitate the

under standing of this invention, a nunber of terns are defined bel ow. Terns
defi ned herein have neani ngs as commonly understood by a person of ordinary
skill in the areas relevant to the present invention. Ternms such as "a",
“an" and "the" are not intended to refer to only a singular entity, but

| ncl ude the ganasal s}?dv?sstﬁfﬂéw‘gﬂ'ltﬁgwaroﬁt%‘%g biafh §3P! € may be used for

illustration termno ogy erern’ s us escribe specific

enbodi nents of. t he ent age does not delimt the

i nvention, E H%qﬁﬁﬁ %@@ﬂp CPﬂg%ﬁFEWﬁ% A siloxane is any
chem cal conp und conposed ?f units of the formR2SI O where R represents
an atomor a }%‘EFp s adaeet piopeitias pigeoesY-Side- |inmited to, a hydrogen atom
hal ogens, al k aromatic groups. Siloxanes can have branched or

unbr anched ba%%ﬁﬁhé%ﬂ@@ﬁéh%@wwge spigdcweeden the gpigicotctnyai dposydel?. at ons
-Si-0-Si-0-, with side chains R attached to the silicon atons. These

si | oxanes canFigmre 13 stomisdhadptaeidéd imyprad dispepsppetidroul ar cheni cal noieti es

havi ng desirable functional properties (as described herein). As used
herei n, "hydr bgar 14808 mPSEMhyldgemﬁa'hiﬂipﬁﬂﬁ -OH, "oxo" neans =0; "hal 0"
means i ndependently -F, -C, -Br or -1; "am no" nmeans -NH2 (see bel ow for

definitions oh@f@wgh&maﬁsﬁwgnégaeaﬂee@mnaﬁﬂa@i@n u§1ng -epoR-KY 1 B0 Qrried
"hydr oxyam no" means -NHOH, "nitro" neans -NO2; imno neans =NH (see bel ow

for defigh@ions of groups contalnlng the termimno, e.g., alkylamno);
"cyano means -CN; "azido" means -N3; "nercapto” means -SH, "thio" nmeans

=S, sulfonarrﬁg?1 ﬁ%%\ist%éétnr)@led(e%&l apeeéfoe%’o é finitions of gr oups

cont ai ni ng the f'onar jnam do) ; "sul fonyl "

means - S(0) 2- see finitj S contalnlng the term

sul fonyl, e.g: ,gugﬁ k@ﬁ?v‘fsf%ﬁélﬁ h?ﬂqﬁ?ﬁ rﬁ‘@aez S@ H3 (see bel ow for ,
deflnltlons of.. grou conﬁuglnl gthetermS|Iy , aIkIm%&l&)

The term "al k{ig&g "SWé#l aﬁtﬁ@u%ﬂdt%ngwﬂq @hee@g%@m ef er s

to a nonoval ent group, defined as -SIH2R, -SiHRR, or -SIRR R', in which R
R and Reth@ﬁ(@e%ﬂq@mséhéomcrmll?fﬂ*898%@%bﬂayl309?~’o1@rp§ura;6rrﬂwr Etshisigtiate: on of
two of RR, R and R' can be taken together to represent a dial kyl

subst i t uémtinutge groups, -Si H2CH3, -SiH(CH3)2, -Si (CH3)3 and

-Si (CH3)2C(CH3) 3, are non-limting exanples of unsubstituted al kyl silyl
groups. The

DEFINITIONS

To facilitate the understanding of this invention, a number of terms are defined
below. Terms defined herein have meanings as commonly understood by a person of
ordinary skill in the areas relevant to the present invention. Terms such as “a”, “an” and “the”
are not intended to refer to only a singular entity, but include the general class of which a
specific example may be used for illustration. The terminology herein is used to describe
specific embodiments of the invention, but their usage does not delimit the invention, except

as outlined in the claims.



term"substituted al kylsilyl" refers -SiH2R, -SIHRR , or -SIRR R', in which
at least one of R R and R' is a substituted alkyl or two of R R and R
can be t awernotiogatiher to represent a substituted di al kylPCTMseo 123065 t han
one of R R and R'" is a substituted al kyl, they can be the sanme of
different. Any of R R and R' that are not either substituted al kyl or
substituted al kanediyl, can be either alkyl, either the sanme or different,
or can be taken together to represent a dialkyl with two or nore saturated
carbon atons, at |east two of which are attached to the silicon atom

In addition, atons making up the conpounds of the present invention are
intended to include all isotopic fornms of such atons. |sotopes, as used
herein, include those atonms having the same atom c nunber but different
mass nunbers. - Byilowaneds amgeremadal exrappind camgosvdtdiaaits of the farti RybiOj wldropes of
hydrogen include deuteriumand tritium and isotopes of carbon include 13C
and 14C. RSieptekattd yn atom bs a @enipedtpitame dndlindihg butenainmoxdetoc ahpdmgad aofs) of a
conmpound of the present invention nay be replaced by a silicon aton(s).

Fur t her magiggers! alk$l raRBAI @besk. Slatanes earOkaveBichd SehbadRitEhackborRs
conpound of the present invention may be replaced by a sulfur or selenium

aton(s) . o5XAIE LAY EHS QL filicoh! A BRGadnSitbRPIEIRR]-Bd Dith LiDE chfhd R WillGed
structure: -si~Si- S /\" 3H SHoctanmethyltetrasiloxane is represented by
the Tol | ovBgiRbE HShY! ®These siloxanes can be “functionalized” by adding particular chemical

moieties having desirable functional properties (as described herein).

As used herein, “hydrogen” means —H; “hydroxy” means —~OH; “ox0” means =O;
“halo” means independently —F, —Cl, —Br or —I; “amino” means —NH; (see below for
definitions of groups containing the term amino, e.g., alkylamino); “hydroxyamino” means
~NHOH; “nitro” means —NO,; imino means =NH (see below for definitions of groups
containing the term imino, e.g., alkylamino); “cyano” means —CN; “azido” means —Nj;
“mercapto” means —SH; “thio” means =S; “sulfonamido” means —NHS(O);— (see below for
definitions of groups containing the term sulfonamido, e.g., alkylsulfonamido}; “sulfonyl”
means —S(O),— (see below for definitions of groups containing the term sulfonyl, e.g.,
alkylsulfonyl); and “silyl” means —SiH; (see below for definitions of group(s) containing the
term silyl, e.g., alkylsilyl).

The term “alkylsilyl” when used without the “substituted” modifier refers to a
monovalent group, defined as —SiH,R, —SiHRR/, or —SiRR'R", in which R, R’ and R" can be
the same or different alkyl groups, or any combination of two of R, R’ and R" can be taken
together to represent a dialkyl substituent. The groups, —SiH,CHj;, —SiH(CHj3),, —Si(CH3);

and —Si(CHj3),C(CHj,)3, are non-limiting examples of unsubstituted alkylsilyl groups. The
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Di met hyl chl orosilane is represented by the follow ng structure: CISiH
3-vinyl -7-oxabicyclo[4.1. 0] heptane is represented by the follow ng

struct ur evo 2011/103176 PCT/US2011/025065
Bi s(4-tert-butyl phenyl)iodoniuntris(trifluoronethylsulfonypnethanideis
represented by the follow ng structure: Phot oaci d generators (or

PAGs) are typically cationic photoinitiators. A photoinitiator is a
conmpound especially added to a fornulation to convert absorbed light .
energy, UV or visible light, into chem cal energy in the formof initiating

, b n tl n nt.oi used
Z)F:'? glnglsvé |SHbsf8p ?%gal?g]fﬁ?hg%frg%p%@ﬁ #h}% ? yhggfl?g ?‘Hﬁt‘ﬁonl C
Dot oni ¢ ?‘ c@%‘ %g%?ésﬁté‘?@kaf%ngpg'f‘%oﬁ‘:@@"’a' L8 %gi?ﬁ??f ﬁ%wéénz‘é“g
l'i cat sual__phot o-supplied catal yst has been strong aci
'?'Fr)r)alryl slé‘il SSFH i Hlllfail d“étfewm‘zfaébﬁ%f%%éﬁ& hréf;% Becoieitiled allphrbaranPac
ingredients in a chemcally anplified resist fornulations, because of their

gener al | Yhesgnyg of diferensi SAnyt qféic,rBaan%R Hiak aneyiot ¢ifhghsudpstimtedralisyi et ghbftintedci d -
(and al so radical) generation, and the strength and nonvolatility of the
aci ds t helkasediyl) yan B¢ mpgher dkyluritisalthe sane odidiffarenty os ems bt itakenttogdthdy, to X- r ay
and el ectron radiations,

represent a dialkyl with two or more saturated carbon atoms, at least two of which are

attached to the silicon atom.

In addition, atoms making up the compounds of the present invention are intended to
include all isotopic forms of such atoms. Isotopes, as used herein, include those atoms
having the same atomic number but different mass numbers. By way of general example
and without limitation, isotopes of hydrogen include deuterium and tritium, and isotopes of
carbon include *C and *C. Similarly, it is contemplated that one or more carbon atom(s) of
a compound of the present invention may be replaced by a silicon atom(s). Furthermore, it
is contemplated that one or more oxygen atom(s) of a compound of the present invention may

be replaced by a sulfur or selenium atom(s).

Hexamethylcyclotrisiloxane is represented by the following structure:

N o,/
—Sl Si—

O O

“Si
/N

3H,5H-octamethyltetrasiloxane is represented by the following structure:



and can be structurally tailored, or mxed with photosensitizers, to also
performwell at m d-UV and | onger wavel engt hs. Noni onic PAGs such as

phl or ogl wwonyiv@ed6o, o- di ni t robenzyl sul fonates, benzyl farfuse@s/oasves sone
1,1, 1-trihalides are nore conpati ble with hydrophobic nedia in general,

al though their thermal stabilities and quantumyields for acid generation
are often | ower. It is not intended that the present invention be
limted by the nature of the photoacid generator (PAG. There are several

i ssues to be considered in the choice of the PAG including but not limted
to sufficient radiation sensitivity to ensure adequate strong acid

generation for.go esi st sensitivjty, absence of netal ] i6ikel enents,

t enper ature sbﬁ?ﬁ%ﬁ@?ﬂm@%eolisﬁ‘?ﬂr‘?ﬁnfehm’tﬁ]ﬁﬁsoﬁﬂ‘,’m@tsgucqu?:o e erbodi nent,
triarylsulfonium (e.qg. triphenylsulfoniumnonaflate, or .

tri-p-hydr oxyéﬁ&@ﬂsﬁ@wﬂetﬁ-%-ﬁ]hppféfl%ys rewrewl%fzm theifablowinesiea e o
preferred because of their generally easy synthesis, thermal stability,

hi gh quantumyield for strong acid (d adi cal) generation, and the
strength and nonvol atility of the acid ey supply. It is also not

i ntended that the present invention be limted by the devel opi ng sol vents

used. In one BIPOABRYIphéRE)iSREAIRP] ngﬁﬁﬁhmmé‘tﬁﬂsﬁ%@nﬂﬁ%ﬁms sgkution

of an alkali netal hydroxide, such as sodi um hydroXxi de or

t et r anet byl agney R Vic I Eobd {JTAI LED DESCRI PTI ON OF THE | NVENTI ON

One enbogeibrrent owt e synt gtﬁlug route contenplated by the present invention

is illustrated in Figure 1. A desiyable branched siloxane (c) is obtained

by using sil oxanes having silico ydr ogen bﬁ?Ed represented as (a) and
Bsg!

asynmmetric |linear siloxanes represe .{bY. The asymetric |inear

si | oxanes were prepared as descri be om a;j"@urnal procedure in Yoshino et
al. 1990 [3] starting with, for exanp e4+coén9rcially avai l able cyclic
conpounds. The reaction conditions ¢ opkimSz€H8s such as determination of
t he ambunt of water and activated cé needeéd. For exanple, one of the
desirabl e linear siloxane (where m X =g8P) was obtained as a col orl ess
liquidin 77.9% vyield at 99. 7% purid y (C{fkﬁbps The reaction using the
si | oxanes havi ng silicon-hydrogen ‘bond and asymet.ric |inear siloxanes give
not only the desirable branched sil oxanes, but al so undesired byproducts.
The nost effective nethod of purification of the product is distillation.
Col utm chr onaPbefeegity sereratpist flect P4Eist oaree majeallyy ratieiet shejeinitipterst Wby are
al so linear siloxanes that show siml|ar properties (polarities) with the
desi r abl gh¢tpiitterdis si ¢amxpmed .espfciadly afidsd itd hdvinpratianhe casent absoebddrlagiched

sil oxanes are obtained as colorless |iquid. Nuclear Magnetic Spectroscopy
(NWR), 1indgy,IBCcantkit?®Bpht, inso dseditd] ehergs ip perfornh béidigdt@gtspadi¢sycizl fies .
Matri x Assisted Laser Desorption lonization (MALDI) spectroscopy (nass
spect r 0s eQRls ¢ @loe Oafivnit PRotIBSHidte0|afe W§RS SxRHIREY $n optical lithography. The

ability of some types of cationic photoinitiators to serve as latent photochemical sources of
very strbng protonic or Lewis acids is the basis for their use in photoimaging applications.
The usual photo-supplied catalyst has been strong acid. Triarylsulfonium and diaryliodonium
salts have becorlne the standard PAG ingredients in a chemically amplified resist
formulations, because of their generally easy synthesis, thermal stability, high quantum yield
for acid (and also radical) generation, and the strength and nonvolatility of the acids they

supply. Simple onium salts are directly sensitive to DUV, X-ray and electron radiations,
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The new synthetic route to obtain Si-12 was successfully devel oped and is
illustrated in Figure 9. The optim zed reaction to the final product,
Si-12, tosk20n/y3to steps. This is a trenmendous i nprovecEnS20in/oedv6Eh t he
sought after product can be made in significantly higher yields and fewer
steps conpared to the previous synthetic route. The starting materials are
relatively cheap and commercially avail able. The novel synthetic route has
al so been shown to be easily scal able and therefore suitable for industry.
Si-12 has two Si-H bonds, which can be converted to UV curabl e branched

si | oxanegpg E&?bé%ﬁh&ﬁiaﬂgrtg@é&@d t& ﬁ%ﬁyvviﬁi gﬂ&oé sRDGN Tﬂ :peacr?hl 582 ofhi's

type of reaction is ref t'o as a hydrosilylation. onwa
successf arrje uc{, was. r ered 879 .
The obta##%%ﬁﬁrgﬁihgﬁgéfIgggﬁﬁgﬁ%anﬁggoggsﬁﬁgﬁ?l?ﬁ@tﬁ%n %F? éng

aut hentic c tion. For rab unctlonal gro ps such
as acryl 8t e‘!ls]1 tW@?WL?@?%?@@ %"gg&lg}é k‘?l aEdnels Cloﬁ’é’arbﬁénched
si |l oxanes yvia the Si-H ety Tereactlonlsreferredto as

hydr osi | Wg' hygFoPeliE megit 1B maneral, fifiygh fgiraermsl steljlities @d[qm]antm@ﬁ@dwors a

chem cal noiety having desired functional properties. Hydrosilylation, also
cal | ed catidigpndrationate o8¢t lwieon, describes the addition of Si-H bonds across
unsat urated bonds. Odinarily the reaction is conducted cat al ytically and.
usual ly the substrates are unsaturated organi c conpounds. Al kenes and

al kynes give &alikybt iardded thyt the ptessift Siveatisleby HRtted by tHeataO e 5f G pRoBAMY |
ethers. The functionalized branched sil oxanes are trenendously useful in

the sem F@M&@ﬁ PA G dUhbreYark rgepér@p@&&@&olHacwﬂidaﬂedpinamerdhéice%fl @Y g, and
pattenable insulators. SURFACE HYDROSI LYLATI ON he conpounds

descri beeh Nef& Burdi® 1HS&iaub Sﬁlﬁpﬂ@t \fﬁ{lé’cﬁ)tnyseﬁl%nw kd gﬁﬁﬁﬂreo QéequétFI trt acg but

not limted to, sem conduct or rication or ‘exanple er can

pe et Chededdufbidb TP Lo A6t hndRed SRLAIL gflggrtghv&%@gggaﬁ% AP orm @

hydrogen erm na RTINS
can react mnth un turat oun such .as. t rnlna
al kynes) Jispjuiicg} g"%?lhtﬂ?ce ﬁ‘bng? S’Qg?dlé"ﬁn‘i’ farglspiopgm ?‘fge “Hﬁ@?ﬂé‘ﬁ?‘%ﬂué?l on
reaction can be initi ated with UV Ijght at roomtenperature or with
appl i ed Reailate whitdar deé@@@#@wl%uéﬁ%@namﬂaée 1z0digybodyniug rfali¥ arecprsierred and
oxygen free conditions. The resulting nonol ayer is stable and inert, and
pr event s besaugmel their generally asyesysthesis oheinsy stabilitsrglagemtwn yidid $orkstnadg coul d
find applications in areas such as nol ecul ar el ectronics, biochem stry, and
di rect ehed{andirl rséing) pepecdtiobj mrivhesength and nonvolatility of the acids they supply.

It is also not intended that the present invention be limited by the developing solvents used.

In one embodiment, the developing solvent can be an aqueous solution of an alkali metal

hydroxide, such as sodium hydroxide or tetramethylammonium hydroxide.

DETAILED DESCRIPTION OF THE INVENTION

One embodiment of the synthetic route contemplated by the present invention is
illustrated in Figure 1. A desirable branched siloxane (c) is obtained by using siloxanes

having silicon-hydrogen bond represented as (a) and asymmetric linear siloxanes represented

10



In the present invention, it is possible to synthesize other branched

sil oxanes when starting siloxanes are changed to illustrated in (e), where
X represewo0l/0i0s y represents 1 -10. The products ar ecparstéialokypehbr anched
si | oxanes shown in reaction shown in Figure 4. The conpounds of the

present invention can be used in layers as found in the Ryuzaki et al US
patent application 11/571,017 [5], herein incorporated by reference.

The branched sil oxanes can be functionalized with photo crosslinkabl e
groups such as acryl ates, nethacrylates, vinyls or epoxides etc. The
reactions gre usually carried out through the Si-H bond of the branched
si | oxane8s @éﬁ}& G ST HogaRsP dss Piepiad ﬁ%%scr'ljbed from A jeuseal PEICEIF ng
section, the present invention is described in nuch nore detail. However,
t he pres&htYoshiperdi @n 1980 {81 starting adthy dor lssarhplel ewnmgraialnpyaslable cyclic
Hexannet hyl cycl otri si | oxane and di net hyl chl orosi | ane were purchased from
Cel est | nompoug8a. Thaatiotiat edndifiedsomera nptiRized duah)as determination of the amount of
Plati num(0)-1, 3-divinyl-1,1, 3, 3-tetranet hyl di sil oxane conplex solution in
xyl ene, Riate? Yndwestvadcaibas @deded oOPorAikaiblzhond £FAhe @ddirable linear siloxane (where

5H Cct anet hyl t etrasi | oxane was purchased from Al fa Aesar, USA Pd/C,

Pal | adi um 20, Aet CY M8 bRBIAAB 2 CEMGIRED i QMABInPI BR b arfgor li C,
USA. Allyl net hacI?yI ate was purchased %ﬁm TCl, "Japan. W%Dggﬁégﬁg%/%?@
PREFERRED EMBQDI MENTS Inigregerred e odienﬁnts he igve tionis a,
synthesis for a@nERAsHoRYsig e sloxnes Adne sticoshydrogd %yﬁgg_gﬁynnanc
illustrated in Figure 5. Fromthe previously synthesized Si-14 the siloxane
chai ns WHRE sHipRaRGTe 8vEebatusBlYothe Resigbly Bianehd: pidoxanem eout Epesvadesifedups
were selected to be used for crosslinking. Functionalized Si-12 with
epoxi des bgprodiedds. dhe avast clipetivh methedgd putiGeativatof g yrbduce isshistdlation. d&dinki ng.
The synthesis was carried out using conventional organic synthetic

t echni quelroniktoeraphsria otefiectiet toaamove byprodrEtsehdcalse ther me abo dinesredl okynebhVR
(VARI AN 400 MHz), GC/ M5 (Agilent Technol ogi es 6890N attached with HP-5M
capi | | ar yha¢ GhownsimAQi [peebertiesClpoidiis) Bidnee dbdidabRt Bragé2d) sikrendyAlaPler MASS

(VARIAN Pro MALIDI 12 Tesl a). . In further preferred enbodi enents the
i nvent i oRisfBAt#ne $he Qlebif®IS YIRS SilOfaned BRY obtaiel | RnalF&RE 1RRKEI NIdepur abl e
branched sil oxanes (functionalized-Si-12) illustrated in Figure 6, where in

X repr es@fggﬁet‘?c QM%Q&%?QWIU;’ mﬁ,t Benal 284 Ol Rrseful to support the target structures.
Matrix Assisted Laser Desorption Ionization (MALDI) spectroscopy (mass spectroscopy)
also verify the desirable mass numbers. |

The new synthetic route to obtain Si-12 was successfully developed and is
illustrated in Figure 9. The optimized reaction to the final product, Si-12, took only two steps.
This is a tremendous improvement in which the sought after product can be made in
significantly higiler yields and fewer steps compared to the previous synthetic route. The
starting materialsyare relatively cheap and commercially available. The novel synthetic route

has also been shown to be easily scalable and therefore suitable for industry.

Si-12 has two Si-H bonds, which can be converted to UV curable branched

siloxanes. The synthetic path to epoxy-Si-12 is shown in Figure 10. This type of reaction is

11



The properties of epoxy-Si-12 were investigated; appearance, ratio of
silicon content, vapor pressure, viscosity, and shrinkage after the W
cure. Thewpapiioodfiési |l i con content was cal cul at ed from Prh@/usediesedoas wei ght
of the nmonomer. The vapor pressure was neasured by evacuating a chanber
cont ai ni ng epoxy-Si-12 subnmerged in liquid nitrogen. Then by sealing off
the vacuum the pressure was neasured after the epoxy-Si-12 was thawed. The
viscosity was nmeasured by a Physica MCR 500 Rheoneter. The WV shrinkage was
calculated fromthe difference of filmthickness on substrates by the use
of an ellipsometer Wol | am) before and after the UV cure. Initially
the spi n'Eg&d @tw;}wéfosgpﬂmn S helrsamg VA SHPeEES C@'ﬁeia%ar@i TPeush WRaf er s
Sol vents such as PGVEA, PQGVE, cycl ohexanone or butyl al cohol, were not
added |nt960Yqii@deﬂﬂEh1V1&1dS&&7%D1ly 0.7 wt.% of PAG (photo acid generator), an
exanpl e of which is illustrated in Figure 7, was added to the epoxy-Si-12

to initiate crogshbikleddbrndRl dilRRaddY GXPRS Wity iﬂﬁ%ﬁ@r&'hﬁed 358 g Ofutheife
substrates were set to 2500 rpm In one enbod |rrent t he phot oaC| d generator

I's bis( 4cﬁe%§1£a1b&’éa>féh&be?¥1‘ JAAGIE LIV ol i ddBAAEINS Stloh ORY fabfRkfaN! de.

The drop anDun epoxy- inc I'nc con su es was

AL proctiieey E" BuEERER %gc%%ﬁ}ﬁ Ity SRR e %Saﬁ%f?ﬁ%ﬁ% ﬁ'ﬁ* wERly :Et o
S- Fl R
Then%rocE§§“¥WQﬁ9m %@"&%Pﬁﬂggqﬂ Bﬁgtﬁgméﬁéggﬁggﬁ§¥5@Fd %3 &%%L ?Bnguzan

be seen in Figure 8. The process consists of several steps; 1) substrate
pr epar at foi 2 i6abmoiety thawing desirad Wactioml progeies.z &hidewilyketing dosalledi - 12,
4) CHF3 etch 5) 02 etch. In the first step, the substrates were
coat ed wrathlytie hydepeilatippedesadibes e additigmiof Sart loadd eerbsy notasrated Honds: d.
Japan). The purposes of such a material are to function as a transfer

| ayer, i Opdiomdyadbkheaction, is @badwtddanathlytiralty fund usnalw iseqbsnttesedre ngahwoateds to
the silicon substrate. In the second step, inprints were carried out on a

conmer ci altgahidREmPbuiddOAlkehdiRind alkR& diddiedahakiny@lahey; sldbingles ardStones
installed at the University of Texas at Austin. A quartz tenplate (nold)

with 80 prldigesdRnd Tla%ofuﬁéﬁoiﬁﬂfe%sbﬂé@&eé|s‘flgxﬁié§ GhasetheR¥odsReuddniivigrge ty of
Texas at Austin. The tenplate was pre-treated with a fluori'nated surface

o e B P U T A

CHF3 etch was carried out on an Oxford Pl asmal ab 80 to renpve excess
epoxy-Si-12 | ayer. The etch ratio of epoxy-Si-12 was determ ned to reach
the correct etch depth. In the last step, 02 etch was carried out to break

t hrough RN CRHYDROSTLYLAFYOMN eI ss Neon 40) was used to neasure stack
t hi ckness and etch depth after each step except for the first.

The compounds described herein are useful for a variety of applications, including
but not limited to, semiconductor fabrication. For example, a silicon wafer can be etched in
hydrofluoric acid (HF) to remove the native oxide, and form a hydrogen-terminated silicon
surface. Then the hydrogen-terminated éurfaces can react with unsaturated compounds (such
as terminal alkenes and alkynes), to form a stable monolayer on the surface. The
hydrosilylation reaction can be initiated with UV light at room temperature, or with applied
heat (typical reaction temperature 120-200 °C), under moisture and oxygen free conditions.
The resulting monolayer is stable and inert, and prevents oxidation of the base silicon layer.

12



The new synthetic route to obtain Si-12 was successfully devel oped and is
illustrated in Figure 9. The optim zed reaction to the final product,

Si-12, tosk20n/y3to steps. This is a trenmendous i nprovecEnS20in/oedv6Eh t he
desired product can be nade in significantly higher yields and with fewer
steps conpared to previous synthetic routes. The starting nmaterials are
relatively cheap and commercially avail able. The novel synthetic route has
al so been shown to be easily scal abl e. Si-12 has two Si-H bonds,

whi ch can be converted to UV curabl e branched sil oxanes. The synthetic path

to epoxy-Sis12 is. shown, in Figure 10. This type of reaction is.referred to
as aphyérsggfiraf%?l ?iff[}gﬁ%l%go}}lgaﬁ?ﬁﬁ @ﬁpﬁ%ogﬂé%e%%fsuﬂcf} @am‘}:leéBlaBLﬁlecgﬂﬂlC%roduct
was recoyered in hi %M&eégc%rkgw% .. EXAMPLE 1 Synthesis of asymetric '

linear silYRGRSIFAD ic senying of biomalegules.t ound bot t omed gl ass fl ask
equi pped with a 250 m addition funnel was prepared.

Hexanet hyl cycl o thegirdsentaineentibd it Ts hssiblerd 4yihtsize AlidribvaicBel GR%BAR Wtenl51 Q)
and hexanes (330 m) were added to the flask. Dinmethylchlorosilane (88.5

m, 0. 79%tafig) siRRshdR %i‘@élﬁﬁgédlt%mlﬁétﬁaltéﬂeih?e)?%% A RptdIg@ddib) ?Fbgi‘éé@rﬂ?ll . The

di met hyl chl orosi | ane sol ution was sl owy ‘added drOp-w se over one hour

under 1226 TRARERIPEE Bhithfly bEIENSOhLLAD, AR BEIESA i AP 4

overni ght. The ‘reacti on was nitore periodica unr eact ed
Hexamet hyl cycl ot ri sil oxane was still present over 20% additional activated
carbon and di neBhFPERPEKEIT thp@ressat muemion qaRebes Bsedt inolaysimgs fipundeinethe
through 0.2 um PTFE nenbrane to renove activated carbon. The sol vent was
removed Rodedki podf joepetprtapplicationh1/471,61 AFS)- leveip orcatratedb s taférbmtei on under
vacuum (bel ow 10 Ton) at 170 C was carried out to purify the product. 129.6

g of the desirahl @raﬁ%&%ﬂBQan‘é@%arP%ﬁ%x&%}gﬂfed@vﬁ?%}gﬁ% ag%;i%g% gﬁoﬁﬁ%

spectra showed 99. 7% purity. The yield of reacti

(DL Byl ook Sqally o B lgld o o880
1500 WA o or ol Al D A ©
| In the following section, the present invention is described in much more detail.
However, the present invention is not limited to the following example.
| Hexamethylcyclotrisiloxane and dimethylchlorosilane were purchased from Gelest Inc.,
USA. Activated carbon and Pt (dvs), Platinum(0)-1,3-divinyl-1,1,3,3-tetramethyldisiloxane
complex solution in xylene, Pt 2% were purchased from Aldrich, USA. 3H,
5H-Octamethyltetrasiloxane was purchased from Alfa Aesar, USA. Pd/C, Palladium on

activated carbon (5% Pd) was purchased from Acros organic, USA. Allyl methacrylate was

purchaséd from TCI, Japan.
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Synt hesi s of branched sil oxane (c) (n =2, m =3) A 500 M round
bottonmed gl ass flask equi pped with a 100 m . addition funnel was prepared.
Pd/ C (0. sogpi1/mat7er (1.9 g, 0.106 nol) and THF (175 m PCRaSeciade®dst o t he
flask. 3H, 5H octanethyltetrasiloxane (10.0 g, 0.035 nol) and THF (75 m)
were added to the addition funnel. The solution was added sl owy drop-w se
into the flask and after conplete addition the reaction was stirred at room
tenperature for 6 hours. The solution was filtered through acid washed
CeliteTMto renove Pd/C. A 3L round bottoned glass flask with a 250 ni

S oxane W@@@Egﬁéﬁﬁﬂﬁaﬁf@iﬁéﬁﬁéﬁr%”ﬁgﬂzéd 0 575 ml) and

di et hyl ether. (700 were added to the flask under positive N2 pressure.
The fil t FhPER qrreénqm 1eoRaity, dVIDVERtQNaiS iAoy niigs’s defde govehtldY owable branched

2011/ 103176PCT/ US2011/ 025065 the addition funnel and dropped slowy into
the fl askilaang (QoxpSidadbluatatethén Fepire 5oRromashecprmplonsly syiteedized-Bidtihthoas
renoved and the suspension was stirred overni ght at roomtenperature. \Water
(1 L) wasiladidedhdios vhee swliatédobechuseqfehe hewsyathstiamute tBporfdcagyupsatere C

| i near siloxane before the aqueous and organic |ayers were separated. The

organi ¢ péledtedid byased s bRAsHnkige Fihdigaliel 31 12 eth pogideyd Hate@¥ gswéragnesi um
sul fate. The magnesi um sul fate was renoved by gravity filtration before the

sol uti OnsM@fﬂcag@QHaﬁ?%étﬁhc}S@&H%as& skl AL NTRES Isﬁgh@s&%@'craﬂlﬂéd %Qﬂoaglagus at
170 C and at Ton was carried out to renove byproducts as wel

Ry A e S 45 gl
orf,  13c ik g s ik, s By b
NNR ( CDClStL Irﬁ’ SME caplllary %glunil'ng o lent) C? %\/IASS (Dionex ultimate 3000) and
MALDI-MASS (VARIAN Pro MALIDI 12 Tesla).
In further preferred embodiements the invention relates to the synthesis of other
functionalized novel UV curable branched siloxanes (functionalized-Si-12) illustrated in
Figure 6, where in X represents a photocurable functional group.
The properties of epoxy-Si-12 Wefe investigated; appearance, ratio of silicon
content, vapor pressure, viscosity, and shrinkage after the UV cure. The ratio of silicon
content was calculated from the molecular weight of the monomer. The vapor pressure was
measured by evacuating a chamber containing epoxy-Si-12 submerged in liquid nitrogen.
Then by sealing off the vacuum the pressure was measured after the epoxy-Si-12 was thawed.
The viscosity was measured by a Physica MCR 500 Rheometer. The UV shrinkage was
calculated from the difference of film thickness on substrates by the use of an ellipsometer (J.

A. Woollam) before and after the UV cure.

Initially the spin coat study of epoxy-Si-12 was carried out on bare silicon wafers.
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-22.08, -66.98. 29Si NMR (CDC13): 6 = 7.70, -7.00 (JsiH = 203. 68Hz),
-19.94, -21.82, -22.08, -66.98. MALDI-MASS: nfz = 897.235
( C24H740MGi20 ANATY . PCT/US2011/025065

Solvents such as PGMEA, PGME, cyclohexanone or butyl alcohol, were not added into the
formulation. Only 0.7 wt.% of PAG (photo acid generator), an example of which is illustrated
in Figure 7, was added to the epoxy-Si-12 to initiate crosslinking under the UV exposure. The
spin rate of the substrates were set to 2500 rpm. In one embodiment the photoacid generator
is bis(4-tert-butylphenyl)iodonium tris(trifluoromethylsulfonyl)methanide. ~ The drop
amount of epoxy-Si-12 on 1 inch x 1 inch silicon substrates was 200 ul. The film thickness
after UV exposure was measured by ellipsometry. All procedures were carried out in a yellow
room (UV cut-off filtered room).

The S-FIL/R demonstration using epoxy-Si-12 was carried out. The process flow,
the formulation used, and the target stack dimensions can be seen in Figure 8. The process
consists of several steps; 1) substrate preparation, 2) imprint test features, 3) planarization
using epoxy-Si-12, 4) CHF; etch, 5) O, etch.

In the first step, the substrates were coated with an underlayer, NCI-NIL-01 (Nissan
Chemical Industries, Ltd., Japan). The purposes of such a material are to function as a
transfer layer, improve adhesion, and a hard mask for a subsequent etch process to the silicon
substrate. In the second step, imprints were carried out on a commercial imprint tool, Imprio
100 (Molecular Imprints Inc., USA) installed at the University of Texas at Austin. A quartz
template (mold) with 80 nm lines and 180 nm spaces was also purchased by the University of
Texas at Austin. The témplate was pre-treated with a fluorinated surface treatment
(Tridecafluoro-1,1,2,2-tetrahydro octyldimethylchlorosilane from Gelest Inc., USA) as a
release layer before imprinting. In the third step, CHF etch was carried out on an Oxford

Plasmalab 80 to remove excess epoxy-Si-12 layer. The etch ratio of epoxy-Si-12 was
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EXAMPLE 3 Synt hesis of functionalized branched sil oxane (d) (m= 3,
n =2, X =nmnmethacrylate) 500 m round bottle glass flask was prepared. The
branched wol2oxames176c) (n = 2, m= 2) (12.0 g, 13.7 nmol pCTAISLYI1/025065

met hacrylate (4.41 g, 34.9 mmol)) and toluene (130 mM) were added in the
flask under N2 atnosphere. 25 drops of Pt(dvs) catal yst was added to the
solution with vigorous stirring. The solution turned to a yellow col or and
stirring was continued overnight. The solvent was renoved in vacuo. The
excess allyl nethacrylate was renoved under vacuum (1 Ton) at room

tenperatuyre. .14.9 g of.a slight I i guid obtained, in. 95:8%
yera, e § dadm oS Reh ol bl e SRR o ek
successfully devel oped and_jis jJlustrated in Figure 9. The_ optim zed
reacti ontlf’f@}/gthﬁ ef’fg?gquf})’%d 2 J55 %%Pnt“(%ﬁ’aéﬁﬁ fovfgeasprsptack tRickngsg a‘éd_
tremendous, i nprovenent in which the sought after product can be nmade in
si gni fi cetfl Aspthpferagack plep gxcephtpr thofist st eps conpared to the previ ous
synthetic route. The starting materials are relatively cheap and
comrerci al |y alts nawl synthighie routeeto optaimetiile wesitsecdeastully sievélepsd aibvm t o be
easily scal able and suitable for industry.

illustrated in Figure 9. The optimized reaction to the final product, Si-12, took only two steps.

This is a tremendous improvement in which the desired product can be made in significantly

higher yields and with fewer steps compared to previous synthetic routes. The starting

materials are relatively cheap and commercially available. The novel synthetic route has also

been shown to be easily scalable.

Si-12 has two Si-H bonds, which can be converted to UV curable branched
siloxanes. The synthetic path to epoxy-Si-12 is shown in Figure 10. This type of reaction is

referred to as a hydrosilylation. The reaction was successfully carried out and product was

recovered in high yields (87%).

EXAMPLE 1

Synthesis of asymmetric linear siloxane (b) (m =2, X = Cl)

A 2 L round bottomed glass flask equipped with a 250 ml addition funnel was
prepared. Hexamethylcyclotrisiloxane (116.7 g, 0.524 mol), activated carbon (2.151 g) and
hexanes (330 ml) were added to the flask. Dimethylchlorosilane (88.5 ml, 0.795 mol) and |
hexanes (110 ml) were added to the addition funnel. The dimethylchlorosilane solution was
slowly added drop-wise over one hour under N; at room temperature. The solution was

stirred vigorously overnight. The reaction was monitored by GC/MS periodically; if
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Si-12 has two Si-H bonds, which can be converted to UV curabl e branched

sil oxanes. The synthetic path to epoxy-Si-12 is shown in Figure 10. This
type of rwecvion3i’s referred to as a hydrosilyl ation. TReTMSagiiopvenas
successfully carried out using the procedure described in Exanple 3 and the
product was recovered in high yields (87%. EXAMPLE 5 Properties of
epoxy- Si -12 The appearance of epoxy-Si-12 was a slightly yellow sh
liquid. It is speculated that the reason for the color of the product is
due to small amounts of catal yst that were not renoved conpletely in the

purificat] ess. .The material has a.silicon content f.B%.O% ichis
suf fi ci etr‘#lﬁe 3“%5 gﬁeﬁ%ge%ygqgggrhs Oﬁ?{leoya%tsﬁﬂ Hﬁ%e@gsoéf cr %hé’ \Fggﬁlr‘m r@‘g’é’ﬁﬁ\gg i's
0.65 Ton at 25 C.. The viscasity is 29 cP at 25 C. Both of the properties
meet the C?fba% P?Cg%}ﬁq?ﬂ%ﬂﬁ%ﬂ 4R @p Pé‘%@- airdrtion Wy fkigredd thegugh Qﬁé{UUEITFE
shrinkage was only 2.2% which was | ower than nethacrylate derivatives
(Si - 14 wdsmbrampto rqpevegctivyed paben. dde splverfivasarmoesd undeniedured prassurEXANPLE
6 Spi n-coat study of epoxy-Si-12
a rotary-evaporator. Distillation under vacuum {(below 10 Torr) at 170 °C was carried out to
purify the product. 129.6 g of the desirable compound was obtained as a colorless liquid.
CG/MS spectra showed 99.7% purity. The yield of reaction was 77.9%. '"H NMR (CDCl5): &
=4.69 (m, 1H), 0.43 (s, 6H), 0.17 (d, J = 2.80 Hz, 6H), 0.11 (s, 6H), 0.06 (s, 6H). *C NMR
(CDClsy: 8 = 4.06, 0.88, 0.80, 0.68. *Si{'H} NMR (CDCL): & = 3.75, -6.63, -18.94, -19.27.

?Si NMR (CDCls): 8 =3.75, -6.63 (Jgiu = 203.98 Hz), -18.94, -19.27.

EXAMPLE 2
Synthesis of branched siloxane (¢) (n =2, m =3)

A 500 ml round bottormed glass flask equipped with a 100 ml addition funnel was
prepared. Pd/C (0.16 g), water (1.9 g, 0.106 mol) and THF (175 ml) were added to the flask.
3H, SH-octamethyltetrasiloxane (10.0 g, 0.035 mol) and THF (75 ml) were added to the
addition funnel. The solution was added slowly drop-wise into the flask and after complete
addition the reaction was stirred at room temperaturé for 6 hours. The solution was filtered
through acid washed Celite™ to remove Pd/C. A 3 L round bottomed glass flask with a 250
ml addition funnel was prepared. The previously synthesized asymmetric linear siloxane (b)
(56.4 g, 0.178 mol), triethylamine (27.8 g, 0.275 mol) and diethyl ether (700 ml) were acided

to the flask under positive N, pressure. The filtrate from the Celite™ filtration was added into
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The obtai ned spin-curve is showm in Figure 12. The result indicated that
approxi mately 150 seconds of spin tine is necessary to give a film

t hi cknesswonoig®si7shan 1.0 gm The data was useful for ®abasquentsos FIL/R
denonstration. EXAMPLE 7 S-FIL/R denonstration using epoxy-Si-12 resist

[ 6] Step 1. NCI-NIL-01 (Ni ssan Chem cal) was spin-coated to

approxi mately 100 nmthi ckness on bare silicon substrates as an underl ayer.
Step 2. Inprints with an 80 nmIlines and spaces tenplate on an Inprio
100(r) were carried out. One of the features of SFIL is an inkjet dispense

system t ' S lii gl d 4 r eSSt OqSubstr S. The gptim.zed inprint
di spense?%%%(@@?% iﬁg}l ?ﬁ“ﬂs‘i?‘?ﬁé’t%ééﬁ’s’ﬂf’ﬁtgl%eeﬂi%.a%ﬁPh?- 23;33[08%3 aélg] BRSFEd to

t ake advant a f an.aythentic spjn at di spense systemin terns of not
only r esicalﬁlgﬁ% g%?e’rceﬁ)r‘?ﬂ? W@ﬁirﬁ?‘oﬁﬁ a%‘fglﬂf fHPF VR SUEEH VRPNt 6POResi st
material. The optim zed resist drop |ayout through the inkjet nozzle

resul t ed GRPEYHS Sl bhwas addedde EWISO UHPR thguepalt exoess amounts of agymigeEtNci mage
of an inprint is shown in Figure 14. The residual |ayer was neasured to
appr oxi méinerysilgpanerhefihitihaqusons hnd erganic hiyskewetetsaparhied. Theeorgarmidipbitional
S-FIL process (less than 20 nmm). Further optim zation such as |owering the

resi st votasneasbed tlrbatigies grith evaterpmidndriclosee mapaeditinrsaitfiee The endgasdisttal
t hickness. But in the case of the S-FIL/R process, it was acceptable

because etfifithensl sonadviedi Bhg grdNtgT filkatibn Cefdre M LAMRH WAE réRIREDARAY L. The

inprinted lines and spaces indicated values that corresponds to the

f eat ur es Dagilfabfien LSAP a3 Belrohr apparatus at 170 °C and at 2 Torr was carried out to remove
byproducts as well as impurities. 28.9 g of a colorless liquid was obtained (93.1% yield). 'H
NMR (CDCls): 8 = 4.68 (m, 2H), 0.17 (d, J = 2.80 Hz, 12H) 0.08 (d, J = 0.40 Hz, 18H), 0.07
(d, J=1.20Hz, 12H), 0.06 (s, 12H), 0.05 (s, 12H), 0.03 (s, 6H). '>C NMR (CDCly): § = 1.67,
1.04, 0.96, 0.85, 0.69, -2.27. *’Si{'H} NMR (CDCls): § = 7.70, -7.00, 19.95, -21.82, -22.08,
-66.98. ’Si NMR (CDCls): § = 7.70, -7.00 (Jsi = 203.68Hz), -19.94, -21.82, -22.08, -66.98.

MALDI-MASS: m/z = 897.235 (Cp4H740y,Si;;Na*).

EXAMPLE 3
Synthesis of functionalized brancheci siloxane (d) (m = 3, n =2, X = methacrylate)
500 ml round bottle glass flask was prepared. The branched siloxane (c) (n =2, m = 2) (12.0
g, 13.7 mmol), allyl methacrylate (4.41 g, 34.9 mmol)) and toluene (130 ml) were added in
the flask under N, atmosphere. 25 drops of Pt(dvs) catalyst was added to the solutién with
vigorous stirring. The solution turned to a yellow color and stirring was continued overnight.
The solvent was removed in vacuo. The excess allyl methacrylate was removed under

vacuum (1 Torr) at room temperature. 14.9 g of a slightly yellow liquid was obtained in
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Step 3. Planarization using epoxy-Si-12 was carried out and an SEMinage is
shown in Figure 15. Step 4. The etch rate of epoxy-Si-12 was
det er m newOQCHFA®31780 sccm 02: 12 scorn, RF: 50W DC bi &6T/UK® 1025065
Pressure: 30 rnTorr) and is shown in Figure 16. The actual etching of the
pl anarizing | ayer was then carried out. Figure 17 shows the SEM i nmage
after the fluorine etch step. Epoxy-Si-12 was etched all the way to the top
of the inprinted layer after. Atotal of 10 mnutes was required to reach
such dept h. Step 5. 02 etching was carried out to break through the
organic b§‘§% -QI(aZ: 3 scorn, Ar: 30 seem RF: 90 W DC bias: 300 V,
pressurel orf, Etching time: 8 mnutes). The result indicated that the
organi c resi st was renoved and the desirable pattern was obtained as shown
in Figure 18. The width of |ines and spaces was reversed conpared to the
initial inprint pattern, which indicates that reverse-tone S-FIL was
achi eved. References: 1. Wei- LunEXAMPEE4nK Palnieri, Brook Chao, M chael
Lin, Jianjun Hao, Jordan Oamens, Ken Sotoodeh, Robin Cheung, C. G ant
W | son, Procelli mgwosyntimtic, roagel 7o qbtedn 7i-185 was isuceessiillajeueloptab andlis hael
W Lin, Frank Palmeri, Yukio Nishimra, Huang-Lin Chao, M chael D
St ewar t , ilhggstedinddgine 9s The@ptieidethreadtion ® tuetfinipreduct, Ser1aceakdomig tvod stGRl E,
6517, (2007) 651729

This is a tremendous improvement in which the sought after product can be made in

significantly higher yields and fewer steps compared to the previous synthetic route. The
starting materials are relatively cheap and commercially available. The novel synthetic route
has also been shown to be easily scalable and suitable for industry.

Si-12 has two Si-H bonds, which can be converted to UV curable branched
siloxanes. The synthetic path to epoxy—Si—iZ is shown in Figure 10. This type of reaction is
referred to as a hydrosilylation. The reaction was successfully carﬁed out using the procedure

described in Example 3 and the product was recovered in high yields (87%).

EXAMPLE 5
Properties of epoxy-Si-12
The appearance of epoxy-Si-12 was a slightly yellowish liquid. It is speculated that
the reason for the color of the product is due to small amounts of catalyst that were not
removed completely in the purification process. The material has a silicon content of 30.0%,
which is sufficiently high to withstand an O, etch process. The vapor pressure is 0.65 Torr at
25 °C. The viscosity is 29 cP at 25 °C. Both of the properties meet the requirements of an

excellent planarizing material. The UV shrinkage was only 2.2%, which was lower than
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3. Koji Yoshino, Akira Kawamata, H roaki Uchida, Yoshio Kabe, Chem stry
letters, pp. 2133, (1990) 4. Chunxin Zhang, Richard M Laine, J. Am Chem
Soc. (20089 20P221036979- 6988) 5. Ryuzaki, Dai suke and FulpaataiS2tilne®hs .
Organic Siloxane Film Sem conductor Device Using the Sane, Flat Panel

Di splay Device, and Raw Material Liquid. US Patent Application 11/571017
(publ i shed Decenber 18, 2008). 6. S. V. Sreenivasan, D. Resnick, and C G
Wl son. "Using reverse-tone bilayer etch in ultraviol et nanoi nprint

|'i t hography" M cromagazi ne, May, 2001. dCains: 1. A nethod for

nae o s FIARBRIROTEN R TS oAt S b Pone RS rrHaesfed gD 1.5 &

EXAMPLE 6
Spin-coat study of epoxy-Si-12
The obtained spin-curve is shown in Figure 12. The result indicated that
approximately 150 seconds of spin time is necessary to give a film thickness in less than 1.0

pm. The data was useful for subseqﬁent S-FIL/R demonstration.

EXAMPLE 7
S-FI_L/R demonstration using epoxy-Si-12 resist [6]

Step 1. NCI-NIL-01 (Nissan Chemical) was spin-coated to approximately 100 nm
thickness on bare silicon substrates as an underlayer.

Step 2. Imprints with an 80 nm lines and spaces template on an Imprio 100° were
carried out. One of the features of SFIL is an inkjet diépense system to dispense the liquid
resist onto substrates. The optimized imprint dispense pattern is illustrated in Figure 13. The
system was developed to take advantage of an authentic spin coat dispense system in terms of
not only residual layer uniformity but also to lower the consumption of resist material. The
optimized resist drop layout through the inkjet nozzle resulted in consistent and successful
imprint pattern.

An SEM image of an imprint is shown in Figure 14. The residual layer was
measured to approximately 52 nm, which is a little thicker than for the traditional S-FIL

process (less than 20 nm). Further optimization such as lowering the resist volume or
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(a) wherein wherein n represents a whole nunber between 1 and 20, with ii)
an asymetric linear siloxane of fornmula (b), HSISI mSi-X 1.1. 11 (b)
wher ei n Xvoeprigwartss any hal ogen and mrepresents a wholP€Trusedua02ives ween 2
to 10, said reacting performed under conditions such that a branched

si | oxane and byproducts are produced. 2. The nethod of Claim1l, wherein
sai d sil oxane conprising a silicon-hydrogen bond represented by the fornul a
(a) is 3H, 5H octanethyltetrasiloxane. 3. The nmethod of Claiml, wherein m
is either 2 or 3.

changing the imprint force, could reduce the residual thickness. But in the case of the
S-FIL/R process, it was acceptable becausé of the planarizing layer will coat and cover the
topography. The imprinted lines and spaces indicated values that corresponds to the features
on the template.

Step 3. Planarization usiﬁg epoxy-Si-12 was carried out and an SEM image is shown
in Figure 15.

Step 4. The etch rate of epoxy-Si-12 was determined (CHF3: 20 sccm, O,: 12 scem,
RF: 50W, DC bias: 192V, Pressure:30 mTorr) and is shown in Figure 16. The actual etching .
of the planarizing layer was then carried out.

Figure 17 shows the SEM image after the fluorine etch step. Epoxy-Si-12 was
etched all the way to the top of the imprinted layer after. A total of 10 minutes was required to
reach such depth.

Step 5. 02 etching was carried out to break through the organic layer (O,: 3 scem,
Ar: 30 scem, RF: 90 W, DC bias: 300 V, pressure: 6 mTorr, Etching time: 8 minutes). The
result indicated that the organic resist was removed and the desirable pattern was obtained as
shown in Figure 18. The width of lines and-spaces was reversed compared to the initial

imprint pattern, which indicates that reverse-tone S-FIL was achieved.
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4. The nmethod of Claim2, wherein said 3H 5H octanethyltetrasil oxane,
prior to reacting with said asymmetric |linear siloxane, is exposed to a
cat al yst wo20helopriesence of water. 5. The net hod of C acmius0mbeioes n sai d
catalyst is renoved prior to reacting said 3H, 5H octanethyltetrasil oxane
with said asymmetric linear siloxane. 6. The nmethod of Caim4, wherein
said catalyst is a palladiumcatalyst. 7. The nethod of Caim1, wherein

t he hal ogen of said asymetric linear siloxane is chlorine. 8. The nethod
of Claim1l, further conprising the step of purifying the branched sil oxane
by disti !RI @etnjmogs_ so as to renove said byproducts of the synthesis reaction
and provi de ' a purified branched siloxane. 9. The nethod of Caim@8, further

conpri si he step_of ., functi.opnal jzjn aid purified branched sil oxane. 10.
The met h@g“’t&f@ iﬁ%%’%nk\m@ﬁﬂ&ﬂ gk & e Michas) IR 18 nddanf grdas ORers Kk ng
phot ocrossl i nkabl e nojeties, said noieties selected fromthe 6%r ou

consi st i Rgtosfelh &opinataung ot Grat VillioasbrogsedineofSREE.5d %4 (@07) 65170

2. Jianjun Hao, Michael W. Lin, Frank Palmieri, Yukio Nishimura, Huang-Lin Chao, Michael
D. Stewart, Austin Collins, Kane Jen, C. Grant Willson, Proceeding of SPIE, 6517, (2007)

651729

3. Koji Yoshino, Akira Kawamata, Hiroaki Uchida, Yoshio Kabe, Chemistry letters, pp. 2133,

(1990)
4. Chunxin Zhang, Richard M. Laine, J. Am. Chem. Soc. (2000) 122, 6979-6988)

5. Ryuzaki, Daisuke and Fukuda, Hiroshi. Organic Siloxane Film, Semiconductor Device
Using the Same, Flat Panel Display Device, and Raw Material Liquid. US Patent Application

11/571017 (published December 18, 2008).

6. S. V. Sreenivasan, D. Resnick, and C. G Willson. “Using reverse-tone bilayer etch in
ultraviolet nanoimprint lithography” Micromagazine, May, 2001.
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11. The method of Caim9, wherein said functionalizing conprises
hydrosylilation. 12. The branched siloxane Si-12 having the structure
shown i n WOQor10317613. The functionalized branched sil oremaSSHHO2506HViI Ng
the structure shown in Figure 6, wherein X is a chemcal noiety. 14. The
functionalized branched sil oxane Epoxy-Si-12 having the structure shown in
Fi gure 5.

Claims:

1. A method for synthesizing branched siloxanes, comprising, reacting i) a siloxane

which has a silicon-hydrogen bond represented by the formula (a),
| | |
—Si(O‘Si’)nO‘SI—
| b l

(a)
wherein n represents a whole number between 1 and 20, with ii) an asymmetric linear
_ siloxane of formula (b),
H—s:i(o‘lei’)n?“s:;i—x
(b}
wherein X represents any halogen and m represents a whole number between 2 to 10, said

reacting performed under conditions such that a branched siloxane and byproducts are

produced.

2. The method of Claim 1, wherein said siloxane comprising a silicon-hydrogen bond

represented by the formula (a) is 3H, 5H-octamethyltetrasiloxane.
3. The method of Claim 1, wherein m is either 2 or 3.

4. The method of Claim 2, wherein said 3H, 5H-octamethyltetrasiloxane, prior to
reacting with said asymmetric linear siloxane, is exposed to a catalyst in the presence

of water.
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5. The method of Claim 4, wherein said catalyst is removed prior to reacting said 3H,

5H-octamethyltetrasiloxane with said asymmetric linear siloxane.

6. The method of Claim 4, wherein said catalyst is a palladium catalyst.

7. The method of Claim 1, wherein the halogen of said asymmetric linear siloxane is

chlorine.
8. The method of Claim 1, further comprising the step of purifying the branched
siloxane by distillation, so as to remove said byproducts of the synthesis reaction and

provide a purified branched siloxane.

9. The method of Claim 8, further comprising the step of functionalizing said purified

branched siloxane.
10. The method of Claim 9, wherein said functionalizing comprises attaching photo-
crosslinkable moieties, said moieties selected from the group consisting of acrylates,

methacrylates, vinyls and epoxides.

11. The method of Claim 9, wherein said functionalizing comprises hydrosylilation.
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12. The branched siloxane Si-12 having the structure shown in Figure 9.

13. The functionalized branched siloxane Si-12 having the structure shown in Figure 6,

wherein X is a chemical moiety.

14. The functionalized branched siloxane Epoxy-Si-12 having the structure shown in

Figure 5.
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