;e3e3 +3""#D& X (*6*T +06349USA TI TLE OF THE | NVENTI ON: LOW DI ELECTRI C
MATERI ALS AND METHODS FOR MAKI NG SAME BACKGROUND OF THE | NVENTI ON [ 0001]
The present invention relates generally to naterials suitable for use in

el ectroni c devices. Mirre specifically, the invention relates to a materi al
and filmconprising same having an inproved el astic nodulus and a | ow
dielectric constant and to a m xture and a nethod for naking sane. (00Q2]
There is a continuing desire in the mcroel ectronics industry to634®use
the circuit density in nmultilevel integrated circuit devices such as nmenory
and logic chips in order to inprove the operating speed and reduce power
consunption. In order to conti ilikBOFTEUBNENMBON:ze of devices on
integrated circuits, it has beconme necessary to use insulators having a | ow
di el ectric constol DiELECTRICEMARERIAISS ANENRIET IR FORMAKNRCSAME ne del ay
of the interconnect netallization and to prevent capacitive crosstalk
between the different levels of netallization. Such |ow dielectric
materials are desirabl e forBACKRERQUNGIGHK EOENINYENTY@Ns and interl evel
dielectric layers. [0003] Typical dielectric materials for devices with 180
nm | i ne W@} aTbempesent aivention teladesiariesalyrto cnaterials avitablsetonges ira@lecirordc 8
and 4.2. As the line width decreases, the dielectric constant should al so
be decr easledcedaviorapsgifieallyd g ioesntinn trélate80o amaterial anddim coayuising sameer i al s
with a dielectric constant between about 2.5 and 3.0. Extrenely | ow

di el ect ri badogsatamprofe&Eeldsiic madelus ahd agewadigiddtsic benstard agiddd aatixiuce entat ant
bet ween about 2.0 and 2. 5. Devices with 90 nmline wdth require materials
wi t h di el ecthodfocoakingrsamd. ess than 2.4. According to the 2001

I nternational Technol ogy roadmap for Sem conductors (I TRS) interconnect
roadmap, {0082pr Ghertisd atindhdng desirecionisé anidroelecimnienvdesnftonindreaser thevel

metal insulators will be less than 2.1 for the 65 nm node, |ess than 1.9
for the 4birouih dendity inl ragislevbldmedrafed crcutthievis@s sucmasimenmng ahe bgidc diaps ib. 6 f or
the 22 nm node. [0004] The dielectric constant (K) of a material generally
cannot beordedtietbravd theulpeeatisiglspead end redede pbivenconsutriptione trhanlec &
properties, i.e., nodulus, hardness, etc. Mechanical strength is needed for
subsequentomtinae &s sedige shepize otiddvices @l inteigrged Clduits, iChasrtbeadmdbedessayab

Pl anari zation"), and depositing additional |ayers such as diffusion
barriers Lsds insolpres haviog pesw diElettrid Cdbigiagnt tarducathe reyistaticerapdndtapeeduct . I n
sone of these processes, tenperature cycling of nmultiple |ayers may induce
stresses (f&€"ftmé belal o thmihtecapinbtiohetatiizationearpitopireventt sparitive deedstalien t he
different materials thereby causing cracking or delam nation. Surface

pl anari t ybétwveah$ite difgtent ReRd migtaliRgionaSotiaionediclebirougitedalnbroddsingle
processi ng paraneters such as those during the filmformation process and
al so t hr oftghrdehlal diblebeiail@rlrs hnd BErich¥l dielectsit idyeress, conpressive, and
shear strengths, may be particularly inportant to survive CVMP. It has been

found t ha[oonbp ansbalthelé@trié Hiatériais oMBeviBes With ¢80 hel IRk e drb midierisd adhi C,
or Young's, nodulus of the material, along with other factors including

pol i shi nga pivieuTRS @dr&t@ﬂ@bwae%ntémm@%nam@emmb IMealigth gegbesSee, for
exanple, Wang et al., "Advanced processing: CWP of Cu/l ow K and

Cu/ul tral Qw%trlcfﬁbﬂéﬁnt stRlid SlsGbadecrbasbdloF o exafipie Heoices #RA T 30lMIiRE  al .
"Low k Dielectrics Characterization for Damascene |ntegration”

| nt er nat i @R relﬂtr@ GRBMAS With @CEIeHAE ¥orkaiiefebiiseah a3t Ris@rieo. @Atreda@rye
2001. These mechani cal properties are also inportant in the packagi ng of

the final jopr @elestric chbRGAR ( “éu(\?l m%@éna@ gdHRPERTERSE AMect eBnitamtbdtnéen
preparing | ow dielectric constant films. Chem cal vapor depostion (CvD) and

spi n-on dans‘d&@tdamﬁo@}evmeeceﬁm%ranﬁe Iniichh petuing rH@t@Hal&Watﬁrcﬁil@dtﬁcth' n films
of insulating |ayers. Qher hybrid processes are al so known such as CVD of

l'i quid po&dﬂgean@reggmaﬁpéa ABELHINANS AR SodPOhEiRatiohal TEMNENMEY rddMdleovari ety
of low K materials deposited by these techniques have been generally

cl assi f | géeﬂnfboﬁgg&&%r (17855)SHEReoRReRYESANfap, 108 PR GedBEREIR!cONstaRT ami C

requirements for interlevel metal insulators will be less than 2.1 for the 65 nm node, less

.1




based materials, purely organic materials, or inorganic-organic hybrids.

Li kewi se, a variety of processes have been used for curing these materials
to deconpose and/or renove vol atile conmponents and substantially crosslink
the filnms such as heating, treating the materials with plasms, electron
beans, or UV radiation. [0006] Since the dielectric constant of air is

nom nal | y tharD1.89doethagarmracbdd, degsettiare it ITfot the 38 reh e@otle,| anddessthant1.®forahe
material may be to introduce porosity. Porosity has been introduced in | ow
di el ectri @2mamevdal s through a variety of different neans. A dielectric
fil mwhen nade porous may exhibit |ower dielectric constants conpared to a
dense fil poweNerdieletidc ebasthmtqknafcmeteriafl gdrizealfyl danmgtcsterealitad diicsases
with increasing porosity. Consequently, it may be inpractical to use these
| ow di el esubseyueaniedatiidnanshalthechanitdl@ropenite; . modulls chardibgdss eronst ant
with elastic nodulus. [0007] One concern in the production of |ow K

di el ectri edonbngal Srehhth ipheeession gul@ereqwml [Fotds¥m (? stéss SushesttcrangeciaPst ep,
in which the coated substrate is typically heated to deconpose and/ or

renmove voli@hentcd MERABRIBAISPIaMEHZBHESY, &Ml clpbyitieg a8itibran layehesichl 28 diffissicn
significant source of production bot't| enecks. The majority of |ow and

ul tral ow dapleestorcepsansdppRt nietdi ML) Bha Rhp YayBRA6h thaRodudtUIressih€ Bf theke h
ranges fromgreater than 30 mnutes to 2 hours. Consequently, reduction of

the cure ptRRséederibBhfliré Qﬂillﬁg of RRItPKEIaPrs niydR8Sce dtid¥BedGe fCIRaNEmMIHIgher
manuf act uri ng t hroughput. [0008] Another concern in the production of |ow K

di el ectri goéfibight df%xbér@sl&\/ﬁfs%étcﬁ Bstweeh the diigfent MidtdrRisStherBp@RSHg of 1C
devi ces such as Cu netal lines can only be subjected to procCessing

t enper at UeRRKinglor eeerﬁméﬂdﬁe RifabO PranBRiyQE Bisb Mk UircdRQINIOHSPBE fhailRhiRkd OF at es
due to undesirable diffusion processes. Mst processes for preparing

silica- baﬂﬂ*duét@&bdﬁoﬁlmgrﬁoé&@#\ﬁp@r&ﬁét\e@s@h%ih@e 4 MBRAEtIM R¥mafiotS0C or
hi gher and tines of m nuteS or |onger. Significanf advantages could

resul t rf otdd@s€Hhd BRo3kBAgE e M%cﬁé}'ﬁédl ?rﬁ'e@r C% cﬁ“strﬁr'ré!s@' EdrRgrakiive,| aneer
tenperatures and or shorter tines. e nmethod to process

silica- ba§ﬁé’ar|s%/n§§h§' Y bléﬂpfaﬁféutar@frﬁg&&dr@% etk hﬁﬂ@%ﬁ iQindithg: devi ce

is by exposure to el ectron beam radi ation. The el ectron beam

radi ati Ontrﬁe?d?!rtm?@?vé @Wma%derbén%iaté’é with thd SHsticObr ‘?o&rﬁgéc 'Fﬁédtﬁl!rg@f thé& ep.

It is believed he e-beam exposure may I mprove t hani cal
properti egaidrid *lﬁoﬁq Wit BifiaF IR ﬁ&l tpdﬁ&hrﬁgﬁ gfmét&% LB e §OREF&REe f T oM

the film For exanple, U S. Pat. escribes a process wherein

a Nanopor gus ik §fleki eeoetreqar'ﬁﬁr@.srnga%geet'aﬁ IANRA dibldksth! AP AT €2

el ectron beanrexposure system patent cont ed upon FTIR

dat a t hat t h romthe
cLGw & a%ﬁtfﬁérgﬁ%;%vrgéga ERDY S SRRiTdhnbl %ﬁ%@zé@@“urﬁa 41!

film WO 97100535 te ocess or curing a ric material such

as a spl n"Lng\{ @'[ﬁééc&é@@na@#@%@# baﬁ@as%ﬁr(@ %@f/%’o i Igfﬂ}é | exposure to

e-beamirr ation. Usin ana ysrs Ication

reports thal hies ?Té#ter 'c%}ﬁé’rren%" ﬁ%’@%?neaHAaS[]ﬁéj é061”rﬂe€éaﬁn‘é9ﬁ@§célf SOG

starting conpounds urrng W eam'radi at 1’'on. Furft

No. 6, 1320 Rpdrkearbiggof br‘?&t%dos%é b Bk harbaklag the |ayer with a

Iﬁrge-arg ectron ent to cure the |layer, mhererp
the | ayer tﬂ*PBEgé?*@"%ér ?a%é%rragét%?ﬁ el R pReogRl Ws%é%?f!”y&eﬁa@!t"i on
L K D - I

Sl des promSh el BbS) 4B %rrdc}ﬁbréﬁﬁﬂﬁéhﬁirﬁh?@%&réé%sé% brence on
June 5, 2082 4¢ sreedrtogﬂ?sa%%r Firfs GOhb A Bhots Oy Bb AL iclBRe e et 1 0

por ous, ano oXane I on

Cr osel| e G Si‘?VrBeg, it ol Blee e DFtrs B PSS i EVS.
Fur ther, HOBRHP < : ep ok e AR R b Tri e S ROR BB AT he R T "0

S. Pat ent 200110018129, .t eaches or.mat.i Si bonds
oy 11 ai SR R RS A AT Ry FRENF B e R A Bl (i T
wth a drelectrrc constant of 3 or |ower. However, unlike the '994 patent,
the application teachs that the resultapt filmhas a carbon content rangi ng
from5 to 17 nole % [0011] Accordingly, there is a need in the art to
provi de inproved dielectric materials having | ow dielectric constant and
sufficient nechanical strength. There is also a need in the art to provide
dielectric materials and films that have relatively | ow netal content yet
still maintain the beneficial properties, i.e., lower K and hi gher nodul us,
that high levels of netals may |npart Further there is aneed in the art

Y I D T



[0013] The present invention satisifies sone, if not all of the needs, of
the art by providing a nmaterial and a filmhaving a | ow di el ectric constant
and i nproved nmechani cal properties and a m xture and nmethod for making
sanme. Specifically, in one aspect of the present invention, there is
provided a m xture for formng a porous, silica-based material having a

di el ect ri dased stadertals puaddp atgadicznateridle s, inarganiciosgarie hytridsedikewimeeasi | i ca
source having an at | east one silicon atomand an organi ¢ group conpri sing
car bon andatigigrod gerreasexnisaveticaohsdd fdrevdh g thaise meateridié & adcongmse apdor
hydrogen atomw thin the organic group is renovabl e upon exposure to an

i oni zi ng radbed valatile @ompenems dndisubstasitallp oespiinkae filmdswah as hdatingat | o of

t he wei ght of at |east one porogen to the weight of at |east one porogen
and the weteglitig the riaterale mithi leshndyy eldtfoabebmasdr Wneadiationca source is 0.4 or
greater. [0D14] In a further aspect of the present invention, there is
provi ded Fogoe)ceSiscd 1BE digedttic Gormstalitef aie iy namihallym .Daoriegpmogireioaetiuding
constant of 2.2 or less conprising: providing a mxture conprising an at

| east one ti5d HieRatrRWoheRNhENA Matcrial mby beas intredecespdrosioy) Rdrosityatid Bgeror gani ¢
group conprising carbon and hydrogen atons bonded thereto and at | east

one por ogeftioddbsPRNEWREIédtRc MaXdrdithriligh savepieBsdirdfieehtanéaish Adiefatrid
substrate; curing the coated substrate with one or nore energy sources for

a time andimivher atddeqitRoliSMBg elbibit vl ididisdtantoristantebiparat tb aashsafipertion
of the porogen and forma porous film and exposing the porous filmto an

oni zi ng hadkddr e S@ticGRodrlS 61Ghe Afm §ndraINDYR rétsek SaBlindteRARG F,@'@SW- t he
hydrogen atons attached to the carbon atons within the porous film and

provi de tlmpnde@let@i it faf beinptdtddilo Lise ke ANPEBREtrRIAT0sRbNE BEe RS BReNt
invention, there is provided a process for formng a dielectric materi al

CoNpri si NgraBXRASH BRIRROESHIBarTRALR lelellic AADIESI Ng at | east one silica source
having at |east one silicon atomand an organic group conprising carbon and
hydrogen g4 YricasdiRbrr! ReREbRJUBlIH b IR k Zidhctidfhalis e Sesésmdat dycrl ent
to remove at least a portion of the hydrogen atoms within the porous film
and provi ¢gel Medipd BEARNCal BRI viHichYRe cBhfadidiBsHateliefblchly R&ded t@l has one
or nore bond types selected fromthe group consisting of silicon-carbon

bonds,  cagbesinSEHLAR HABHDve FblatieURnPERERE ah@%@Estaﬁﬁﬁil%(%}éésqmﬂjmﬂlm%?ﬂ _
bonds. [0016] In still a further aspect of the present invention, there is

provi ded gigRifihatRub of Pbdlichen BoRBREUS: THEM&arthapRW AR GrbBlv did¥ttRe a
dielectric™constant ranging from2.2 to 3.7 and a nornmalized wall elastic

modul us (E8nstantdfihé ¥&Fenty MRadd hdvLMtiR&tdH whiek tndes RS §aRior Marl 88
material, of about 32 GPa or greater, conprising:” at |east one silica

source hayjifideaf, @hobéaﬁon%eueghagi @teﬁct%h%ﬂmr@@wﬂﬁ@%uarre&nbmapr i sing

carbon and hydrogen atons atfachéd ereto wherein at |east one hydrogen

atom w t ther‘aW?r&%Qé‘gﬂn%taQ{d%ﬂieivé hf %Pﬁn%hh%cmgg éﬁﬁ@ﬁ:&em.e to an ionizing

radi ati on source; an east on€ porogen ratio of the weight

of at |eafﬁst‘lloggeAP|8ﬂ'fé9‘3§n%é?n Erﬂﬂée‘é‘f&%ﬁioﬁfﬁ oW @%I.el:ﬁ@?iim@@%é’%&gzmoe?ﬁgl the

wei ght of provi de y ast one silica source Is O.
ter. : . , _

appar ont Pasaet VENGEFeaHRoREEr IBRRGHRSS <At by By BN eD e ok X P
SEVERAL V : QO8I & ' b hi
bet ween d#@@%%‘%%@%ﬁ el a]sr?‘%:fégﬁn%oglﬂje chlail l‘(r)l:,ﬁrt éﬁﬁaégfﬁtﬁé&ﬁ&ﬁel P

. . : : ha
present | BAERS DARSABN AN AbbSteol RS Bel QeSS UARIBSARUEBNAY K"
mmt e al s MR ePr T goinRnlt AGbeAEE R A8-LorHAREBAY hs' M0 MFEELE ! O,
th ' ‘ o ' :
e e L S e T T i T

ties, & it ] Cal i st t
ot di 71 ng SSRUEFEN TR Beela e 8 B EfBTeSTS G el eotric materiais of the
art. Unlike prior art methods, the nethod of the present invention inproves
t he nechani cal and other properties of the material with significant
retention of the carbon within the film The terns "dielectric filnf and

"dielectric material" are used interchaageably throughout this
speci fication.




[ 0020] In one enbodi nent of the present invention, a mxture, containing a
silica source having at | east one silicon atom and an organi c group

conpri sing carbon and hydrogen atons attached to the silicon atomand a
porogen, is cured thermally or by other neans to substantially renove the
por ogen contained therein and forma porous material. Afterwards, the

por ous nat ©008] Oseomgiosbid procensesiliva-basee lavorfimswgithad effecting tbethereml The
term"porous film or "porous material"” as used herein may describe cl osed,
open, or ilnidgetofthe deeide [onyosifopureibi diectroatbermt Eerieay”)tradiador oTinel elegtron
theory, the exposure to the ionizing radiation source renoves at |east a
porti on ofbaame rddiatioogap wanbaiimaddition v, or inHieu pofraothermaltcere elepattds befienseda
radi cal internediate. This radical internediate reacts with the Si atom
and/ or t hethél the@rvdam exposusd miag &aprova chdmpdhaicsh paspestiesi dfitloofiirrclay bon bond,
sil i con-hydrogen bond, carbon-carbon bond, or silicon-oxygen bond and
provi de t hemdivieigandstioe alret tieicdganid Bgediestudrh and filoh. ef @ GixamplaTL &1 Pall Noenmai ns
porous but has inproved nmechanical and other properties as a result of the
exposur e t®0410094 aedcribeg alprciedt whersin aropdtons eiehidtic cddied sitstracd isi C
constant of the dielectric material remains the sane as, or is |ower than,
that of theszuad @lis an@yelared elefttfi?Bdariexpdiid Syresmp TR gauspatent dontends
advant ageous to inpart porosity to a material to reduce its dielectric

constant. Hdeea\upbn FIIR Eatd thEURE edeam tlrehag rélRSIdEmMosBTUNG oRfanieapeeidsy and
dielectric constant is obtained, it is difficult to inprove its nechanical

proper ti esronh s filmh 3V ArE7sc0sa8de&dRE d Frob@dUbtCuringREdiBleesiR MhateiMeNich @8 a
provides a way to inprove the hardness of the nmaterial and nodulus of the
material  vdpid-en-gRisE (SOG) REViIAG aboMEr0-28ks iokGarfit §loBps b¥ expeusd &é-behi | € not
intending to be bound by theory, it is believed that exposure of a

si | i ca- baseadigfsr? UIsiAGFFIR ahalydis the Ov@ B7Q0885 bEpIkRBEH Rpoia thatdhareGaE hen and
hydr ogen bonded thereto, to an ionizing radiation source such as an

el ectron hemjar Y gRUPERiEcHddG0 1ETBNKboRE ohEAEOHS8MINg cOMPpoliRé MverfcRiFiRg Mth
radi cal internediates. In enbodi nents wherein the organic species bound

source i s ebdth Rydiat®nOYRirthbILES! PEH. SRl 6182 81 ARSHCRRS clitidd SO@RSel bpks wi th
ot her radical internediates to provide the follow ng products:

Si - CHZ- CHarrRHiating] thEérePiwith @NErgalarkh Slectrb BESW R aQlosk f&@ﬁ&%mcﬁ&;r@&l@ﬁ?&ﬁ. to

the ionizing radiation renpves additional hydrogen fromthese products and
forms furtfiRireih 3kl FRbIAG StFRELMER INDbRHUIGEPSScdrbdHoryahid gfé\i-‘ﬂ% fRirAeke and

ot her species. In this nanner, the porosity of the material is

subst ant i ghyey. unchanged but the nmechanical properties of the material is

i nproved. [0022] It is believed that the |ocation, nolar ratio, and type of
organi ¢ SEeEI®S e dMidle {KIBstel, ldM SOLITPBrd¥ity EHE s BRLIN KIBiblclirgqtint O foster

a greater degree of connectivity and cross-1inking upon exposure to

i oni zi ng r@pgn@fﬁ RiEHaER ABnddiSd ARG rt@%%id pié%&%ﬁ%ﬁitﬁlﬂln&é?ﬁat%?sure

step to the frimrtormhg material T1s I gher over connectivity can

be obtal nageRdbnhBtiABCARGIOGY EDRreRIRATN RinB's2BoYS ik kit hefdl BdlicRlindyiaes
cont ai ni ng organi c groups at en exposed to ronizing radiation are
suscepti bl d O M, -ad j i at es
Chat oan <opteh b TRARha BhroBk IbRACEIRR AT ARSTAALLESN dbfETRE o hod
using eit - : AM I Sani roups or
oxpocur . f1PTkamehBRREC pEiLe GUEI B RSy bR SFERASE 91 oPS.

- f t h - < - - R . . : v
B e L G
B e I

however, ma groups have nmet hyl “nei ghbor

i : i - CHz.- S e .. ‘
bref or r ed “eRBGY YEcaribn Wi izt V18 RO Caiori ETlock B ol me |
have | DY QYL R GPNG oA PG ar B AAILIER A% whf Sl o bel B 18X POSUT e
uf ce. i pr ovement I n properties may be

to the ionizing radi ation so

Ao i oat 1 BTSSP s bcalE bonsTu ¥ o TRISH MPulsie: Ly e o orce

inits entirety, discusses the nornmalized wall elastic nodulus (Eo') and
its relationship on the material propertgjes. Two neasured attributes of a
| ow dielectric material, dielectric constant and el astic nodul us, are
correlated into one figure of nerit, the normalized wall elastic nodul us
(Eo'), that can be used to identify and develop inproved | ow dielectric
materials. Inproved dielectric materials are materials having a | ow

di el ectric constant yet high enough elastic nodulus to tol erate subsequent
processi ng steps such as packagi ng and CVP processes. In this connection,




Is preferably less than 4.2 since xs,~,z is 4.2. The Maxwel | equation was
rearranged to solve for porosity or void fraction, as a function of
nmeasured K and wall K, as provided in Equation (1): ~2 1 -+ X (h.sroz -x) 3
3 X x_s;oz xP = Equation (1) -+ 1 x(x. .;r,z-x)+rc-1 [ 3 3 x X,s,"_ where:
Xxsoz = 4.2 10 xr = void fraction value x = neasured value of dielectric

const ant [t@@&ﬁ&hcmﬁu %bﬁ@iﬂa%% relitanelipshasa BRGLH Bn@AYranbiRg Hen 63 awl at ed
based on Day's circular hole nodel for elastic nodul us using Equation

(2). The Qﬂﬁéﬁéon is valid for void fractions |ess than g~, the critical
porosity at which the pores touch, and beyond which the nmodulus is

predi ct ed per)e £LbR4n éf rthé%t@é'n@leé Mhb*!arﬁo?&dudéﬁnﬁfaroéed?dneffebﬂr@ nibRAIB1 nes a
m ni mrum K'val e = 1 conposites with . 2-d circul ar
hol e mde'hav:ﬁé%waleléc‘rr‘iﬂ %sfanlﬁn& siiRBEntmbénanical strength. There is also a need in

the art to provide dielectric materials and films that have relatively low metal content yet

still maintain the beneficial properties, i.e., lower k and higher modulus, that high levels

of metals may impart. Further, there is a need in the art to provide processes for making

iow dielectric films at relatively low temperatures and relatively short cycle times.

[0012] All references cited herein are incorporated herein by reference in their entirety.

BRIEF SUMMARY OF THE INVENTION
[0013] The present invention satisifies some, if not all of the needs, of the art by
providing a material and a film having a low dielectric constant and improved mechanical
properties and a mixture and method for making same. Specifically, in one aspect of the
present invention, there is provided a mixture for forming a porous, silica-based material
having a dielectric constant of about 2.2 or less, comprising: at least one silica source
having an at least one silicon atom and an organic group comprising carbon and
hydrogen atoms attached thereto wherein the at least one hydrogen atom within the
organic group is removable upon exposure to an ionizing radiation source; and at least
one porogen wherein the ratio of the weight of at least one porogen to the weight of at
least one porogen and the weight of SiO, provided by the at least one silica source is 0.4
or greater.
[0014] In a further aspect of the present invention, there is provided a process for
forming a dielectric film having a dielectric constant of 2.2 or less comprising: providing a
mixture comprising an at least one silica source having an at least one silicon atom and

an organic group comprising carbon and hydrogen atoms bonded thereto and at least



El+glmgr 9~ q J +a~l-B~ q J3JIJm Equation (2) 9~ where q = void fraction g~
= 0.9069 = percol ation threshold, void fraction at which circles overlap
and nodul us goes to zero 4r = 113 = initial slope m= 1.5 = critical
exponent a = -0.251 = paraneter to get correct critical anplitude B= -1.83
free fitting parameter [0027] The Day 2-d circular hole nodel for elastic

m)dul us | sorgcrstted disPerkin el hifliré ealo LOIRFaM thHofig coR@d|substraasSeUTRY
perpendi cul ar to t he pore axes as provided in the Equation (3). The

nor mal i zednhaabite@basdiiafe mi%hé%r fridhe Eﬁer@?'s@&'r‘c@é RS sufrhdEnd BElegdd ohel at ed void
fraction value from Equation (1 ), the elastic nodulus for 2-d circul ar

holes fr Or’férﬁgé'@idré’ @uﬁa@ﬂem foh@m%% f a6t ¥ poien bPthefpordith dhd“BhH® goPbus film;

Poi sson's ra 3-d extension perpendicular to the cyllnders

5 §5Vq+:| Va‘énF?iP?%ﬂg@’lfh&(q@é%@% b ag |§glt%l¥1§ r&r%aﬂﬁ)rﬂ%ﬁfr@e YuificiEN 18 $&ove AObAG =
a portion of the hydrogen atoms attached to the carbon atoms within the porous film and
provide the dielectric film.

[0015] In yet another aspect of the present invention, there is provided a process for
forming a dielectric material comprising exposing a porous material comprising at least
one silica source having at least one silicon atom and an organic group comprising
carbon and hydrogen atoms attached thereto to an ionizing radiation source sufficient to
remove at least a portion of the hydrogen atoms within the porous film and provide the
dielectric material wherein the dielectric material has one or more bond types selected
from the group consisting of silicon-carbon bonds, carbon-carbon bonds, silicon-oxygen
bonds, and silicon-hydrogen bonds.

[0016] in still a further aspect of the present invention, there is provided a mixture for
forming a porous, silica-based material having a dielectric constant ranging from 2.2 to
3.7anda normalized wall elastic modulus {(Ey’), derived in part from the dielectric
constant of the material, of about 32 GPa or greater, comprising: at least one silica
source having an at least one silicon atom and an organic group comprising carbon and
hydrogen atoms attached thereto wherein at least one hydrogen atom within the organic
group is removable upon exposure to an ionizing radiation source; and at least one
porogen wherein the ratio of the weight of at least one porogen to the weight of the at
least one porogen and the weight of SiQO, provided by the at least one silica source is 0.4
or greater.

[0017] These and other aspects of the invention will become apparent from the

following detailed description.



(0028] When q is set equal to the void fraction value xP obtained fromthe
nmeasured val ue of x and Equation (1), and E~dl is set equal to the neasured
val ue of elastic nodulus, E, then Eo becones Eo', the nornalized wall

el astic nodul us, giving the foll ow ng equation, Equation (4), for Eo z 3
-n~ Eo' =Ex t-+~1-vz~x~~ 1 g/g Yl+ 9 +a~ q ~ +a~l-B~ g~ ~~ Equation (4) 1-g
1+glntgl g~ 9 g (0029] The low dielectric nmaterial of the present
invention has a dielectric constant of about 3.7 or less, preferably about
2.2 or less, and nore preferably less than 2.1. In enbodi nents wherein the
dielectric constant is 2.2 or less, the lowdielectric material of the
present invention preferably has a normalized wall elastic nodulus (Eo') of
about 16 GPa or greater, nore preferably about 22 GPa or greater. In
certain enbodi nents, the dielectric material nay have a dielectric contant
that ranges from2.1. to 3.7. In these enbodi nents, the |ow dielectric
material of the %ﬁ@bES@WlWOH@E\%@&LWWE@FW‘E‘ DRARASNGS nodul us

(Eo") of about 32 GPa or greater, and nore preferably about 37 GPa or

greater en éﬁyq
naterialsﬁﬂggz Fj 13?%%3%%?39 I evel s ég%@trﬁ%@%ﬁ@%gbﬂ%%ﬂ%%ﬁ?dfgggO] The

mat eri al %o&urre far \‘?a%% iR 8hb PRedBRY inkEnt oA iBRSte oM kpd¥ufd 18I

1r
precursor conposition or m xt ur% using a variety OP %%erent netﬁFé% Sone

exanpl es @l priRg §§<§§c$rﬂ@£rew n%éﬁ?@tﬂ%&% \?&%gEIug él’i”)‘ incl ude plasma

enhanced chenrc vapor ‘deposition nsrty PECVD, photon
assi sted CVD, plasma-photon assisted CVD ("PPECVD'), CvD of a liquid
pol ymer precursor, or transport polynerization ("TP"). U S. Pat. Nos.

6,171,945 and 6, 054, 206 “égﬁcggﬁga *Rﬂ@kﬁfﬁH%W; BRSNS that may be used“

with the present |nvent|on er processes t an be used- to formthe -

revent | {0 PRe AR EREANSThebaTo dhuEBLhE TsriehERRCa ! 1o 12

pr esent I on, non- contac UCG sprea |ng ces suc e process
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spreadi ng forces ng- i N uce t €adi'ng orces OF conbi na
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silica. T SI'li ¢a i ca 'bpaséed erein, iIs a

(et e BGRReA B G O (BER A
P of er abl § CHERE S maledeb AGRPaHE, ?arr%ﬂb%%mﬁé&ﬁf%ﬁrtﬂ%é@éy*hﬁé"ﬁf’f ca
The ot b B b o AdpErER A e Bord e ERhae SR ST v

nole ratiq offt?e total nunber of Si-C bonds to he total nunber of Si atons
of 0.2 nofBeFHE"8 or greater preferably rangrhg fromabout 0:2 to about 3

I t bl t. 0.6t bout I
"atro [ ofesl iRoRs Ew%eﬁhaeﬁr%ror B ey %‘#mgwrﬁ gpﬁraﬁm"q?a #lFfed 1 rom a
t Th t. d t
ﬂitﬂﬁg e hhyia A1 Febes Sih H6h bl rinic Aol Pm SR aihes. The
t the fi t ddi t
T e B R Bl B ot el B e
filmformati on net hod, the xture % bedep OSIteg ont o %wéubstrate as a
liquid, %@F ”‘968%"0 gHbstaiti bTe"Eﬂ"ettHa AfOQEQ cantangg dhgreRANTHRIT gheieys
previousl th xtu nerallﬁﬁﬁggﬁrrses ng matri x naterra%ﬁﬁ§referably

a silica- & PR(CES § SXPpRLgAne Gfﬁ%orﬁr“?&'ﬂ'?%’ 'Yur t her
i ncl ude ot her constrtuents such as, but not |limte wat e sol vent (s),

and/ or i of?¥Cas Theygant P‘arees filpm orRoTgHE Malgrial asry h&Fﬁ'”B’faY B6 to the
wei ght of porogen and wei ght of Si02 ranges from0.85 t

e

pr ef er abl §OBCGHPER @, 'Qtef eqted gREosEy- Bife npsinteding ‘QPEE’OPF"SPV %%d’t’%l
nunber of noles of silicon introduced by the silica sources within the

m xture. This is not meant to inply that, the silica sources are conpletely
converted to SiOz. The weight ratio of solvent to silica is about 30:1
wherein the solvent may include water. The weight ratio of weight of
porogen to the wei ght of porogen and the weight of Si Oz provided by the
silica source is 0.4 or greater, preferably 0.5 or greater, and nore
preferably 0.6 or greater. The weight ratio of base to weight of porogen is
0.5 to 0. The nolar ratio of R or organic constituents, to Si ranges from

o~




[0034] At |east one of the silica sources within the m xture has at | east
one organi c group bonded to the silicon atomthat is susceptible to the
renoval of hydrogen upon exposure to an ionizing radiation source.
Preferably, the silicon atom has one nmethyl group bonded to the silicon
atom such as the conpounds nethyltriethoxysilane (MIES) or

et hyt ri acaipexireitb ereiohibhdThdiatbd S5Utad rareduss at RRisba bbfBA Rty hytRygdrave nore
t han one nmethyl group bonded to the silicon atom such as the conpounds

di met hyl di snfumratsivitran thel fAYBEEInafirial 8ihd RRPfNE @i dicamihfaYhediatd. opaé RdiceEDVDS) .
[ 0035] The m xture enploys chem cals that neet the requirenents of the

el ect roni GgtehRgWigleréadls GaAH I8e BNEBNTISh DI thE D ABMoGEM aNbBaMHNS BMdEUche@uCce
the efficiency of preparation of integrated circuits. Constituents like

hal ogen- conéifddaldddhdH BEHAkIIiBSH- F’?droﬁ@ﬁ bé’tﬁH Q:aﬁiéhfcﬁﬁ&ﬁﬂ%&d’\‘o? BilidsH-bRgemount er
ions, and anionic surfactants with al kali metal counter ions are preferably

avoi ded | %&B%nﬁ‘dﬁé\}ﬂ@th@eﬁﬁﬂéﬁc H!ﬁé/ndmk‘h@ PAYfraRHiSettNE Ridté i kém&RY Pofdus! Ons

to the materials of the |nvent|on he m xtures of the present iInvention
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i nvention my erab y contal n contam nati ng netals I n anpunts %GSS t han

500 t t bill
("ppE?;,s rQ bingithd | éQﬂ acgrrll qwggrn%{rﬁ fgth'egﬁé Lﬁiﬁgte}g parts per billion

rmre pre er terials of the invention
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A "silica source ereln I'S a conpoun avi ng Icon (SI) and

o, ot her ® ef&ﬁﬁe‘ﬁéﬁéﬁ%ﬁ)ﬁ“@ GOl loaa) b, m@@ﬁ@%‘ﬁ%‘%@ﬁ’ﬁ?‘c' ar oups
such 2 alglerOUDS hafihodl ha SESHPRLATRE. Thi bRRESPHIERII oMo s 0/16

group att &6 neASTFrEon at erein

(ncl udes | ng%%%;%%%ggggs 88 N S5 8Bl B AL 0 24

carbon ato rom carpon at ons,

I::‘)(rjlrallnteg k?%ecro her ,é}% nsq w'[' E]al oﬂtﬁ'ﬁ}?n&asﬁary r?d@r/ H";Yr EH E&F’H term
arkyl” %gt'&po&ﬂ ot & ;..gg bgg%ﬂ,?;sﬁgﬁ{atee@q' oo d@g?ﬁ%p&&&sﬂa\{.wr exanpl e

wi t h carbonyl™Tunctina erm mar S eréern six fuel ve
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identical to each other or to R. (0038] Oher exanples of the at |east one
silica som%@aﬂﬁl 'FﬁEPﬁ?dﬁda fluorinated silane or fluorinated siloxane such
as those pI’OVI ded in Pat. No. 6,258,407. [0039] Anather exanpl e of at
| east onel@4q2]lc4 ‘§8§'ﬂ%¥§dﬁwth%lﬂcﬁﬂ@ QRiFIaRaEHgRe B YaRE SRedps WHE'BHHeupon

les of the at | east one._silica

elimnati g [”0D40Jﬁ Still further exanB
source ar &M BmIDG Rixiuie MayderRpNigrbIo/ ?"ErEﬁéﬁﬁt%’tqeyg’%‘?fmgqu%?f‘ﬂed f or

exanple, in the references Hay et al., "Synthesis of O ganic-Ilnorganic
Hybrids via the Non-hydrolytic Sol “Gel R ocess", Chem Mater., 13,
3396-3403 (2001 ) or Hay, et al., "A Versatile Route to

Organically-Mdified Silicas and Porous Silicas via the Non-Hydrol ytic

Sol - Gel Process", J. Mater. Chem, 10, 1811-1818 (2000). [0041] Yet another
exanpl e of at |east one silica source nmay include colloidal silica, funed
silica, or silicic acid starting materials.



o -

[0042] Still other exanples of silica sources include silsesqui oxanes such
as hydrogen sil sesqui oxanes (HSO HSi 0~,5) and net hyl sil sesqui oxanes (MO
RSi0,.5 where Ris a nmethyl group). Further exanples of the suitable silica
sources include those described in U S. Pat. No. 6,271,273 and EP Nos.

1, 088, S68; 1,123,753, and 1, 127,929. [0043] As nentioned previously, at

| east one @bss-Kitkirg) iponeexposilireas iokiiy radidlion Bouicer & fusther aspepofiatentatiog has
at |least one silicon atomthat has an organic group conprising carbon and
hydr ogen aheerpaiurasiepdo theigtformihg riutefhialis @et kighebverallt connettvitgeapoend may
be represented by the following: RaSi (OR )Qa, wherein R and R can be

I ndependendbtainédBy PiéRatiig WeldkpogUr stdp wigPliRsiohipg anikitEsag@taitihg brganica
monoval ent 16  organic group; R represents a nonoval ent organic group;

and a i s ajlolpH BEeWheE d3gd fid RMzing AdRtioMre susceptible to the removal of
R3b(R O 3.eSi-(R)-Si (ORS) 3. ~R6~, wherein R and R6 can be independently

the same Qydeigeh@iiéns tdemeadibaliRBRRSAATES titat R¥A E0BGIBLBhMNTBEs-FnK1PAA YR ent
organi c group; R' and RS can be independently the sane or different and

each repr epaRédivily fHAREXRbE BbtafHedRibitg SfreY Rie Rafdiid ehetmmal Hfe iphstereRatant | y
the sanme or different and each is a nunber ranging fromO to 3; R

represent $hdp ARG JrélRBr eRptiFeYd i%ﬂ&lr@rrﬁﬂlﬂtlor?{mtﬁoﬂrt% drEanie gruped
by-(CH2)~ , whefein™n is an integer ranging from1l 6; of conbinations

thereof . [FPhdimdlei i SharBipYaLeRa HEQ@P#BuﬁrtﬂH%on@e?saHﬁ%ﬁ =5egAl haye! at es

to an organl c grou to an elenment "o terest such as Si

aroups | e BaE 8“?“4“*"5@'08?“ ey sfoope e p Gy el fW”WL&BgS'FfF'ﬁ‘ZQL?
br anched. rga,csax%rbh.nwxﬂeﬁgwHga,naxpugbmeﬁm dorniS, 1ERIHAP n?éapr““i gheh as.

for exanpl €, pr op or pen grou n certain

enbodi nent

substi t ut euzml\(/ﬁq!fﬁ.'ag%"a tgyoﬁggggp%%%%ﬂwmeﬁ Oﬁlolk%d-g MBd )é' Zf? rlne)
or an oxy give a carbonyl functionality. Exanples of aryl groups
sui tabl e gggF%&&%%kgvalent organi c group include phenyl, nethyl phenyl,

?éB?'eEQﬁg ﬁféf%{idF&fé'{sﬁﬁ;"ph%”ﬁeeﬁ%@’gﬁﬁfleﬁ%” T g8 i SRy e
iggi;?%r I ?E%%@%?Vﬁgﬁ%ﬁa rﬁ:g;?%?}h?qs Erj;%gggxs r?ilz; ch the g%Sﬁreg{o(}HQ

met hyl tri - fion source y Fcisve-%e@ rORelE Sxpressed by the
Eiﬂ?i E I?I SRERBIE :l yil“"ltﬁg‘f\e‘%ﬂ%% ?25 %9Ef Qjﬁﬁsbsf‘%@wcfﬁﬂsv S50 ane.
sy RERAED F'"%%fﬂgg*ﬁ,:;%'e "
npropy! t r NGEPAERINA!I GRS ﬁh Hang Bdan Ei' [PFT 1
P or oyl :rr?{e%e%hba&%fz@%s%é 5, isiesih Frfeel i srnstaps and elestic moduius,
R L BTV S R s o

| Sopr opyl PFIREA SR %ﬁbﬁ%ﬁpﬁgﬁ SBrespy i &e%%%%tyrﬁétﬁg%ﬁaﬁepmved dielectric

i sopropyl tri C- butox S|Iane i SO ltri-tert-butoxysil

b by Fnatats BiERIcAl hapEia A BRI RS ERESIT el igh Sholat Bstic modulus
nbut yl t ri net hoxysi | ane, n-buty Itrlethox¥5|la n- bu%&& EI go% ﬁjlane
nbutyl tri i |%E9ﬂﬁ’6’é0%&‘§°§?q¥%?r%Pf9?eﬁ%lf‘?ﬂePF SHEHBE BRYSGRINg AT CM processes. ('t

n-butyl tri-sec-butoxysil|ane, n-butyltritert-but

n- but yI t r CARRAGHRYSTRIgHBIS "chlﬁ&tbfﬂaf‘F‘%/’b’H@%B‘e‘%”qr ds‘é%'ﬁ%??‘ﬁ??%%@é%ﬁ | ane,
sec-butyltriethoxysilane, sec-butyltri-n-propo S|Iane

sechut yl t PPIOSB? 8Pl raﬂ*@rta*§éﬂ101§atd;aqutﬂc ?prm%ﬁpe Flagligmodulus can be
sec-butyltri-sec-butoxysilane, secbutyltri-tert- butoxg5|lan

sec- but y| eAUsRSYAING e Paresityp st PnosHREBRYedHiglectric material is identified,
tertbutyltrinethoxysilane, tert- butyltrlethoxy5|lane
tert-butyltri-n-propoxysilane, tertbutyldriisopropoxysilane,
tert-butyltri-n-butoxysilane, tert-butyltri-sec-butoxysilane,
tertbutyltri-tert-butoxysilane, ert-butyltriacetoxysilane,
tert-butyltriphenoxysilane, isobutyltrinmethoxysilane,

i sobutyltriethoxysilane, isobutyltri-n-propoxysilane,

i sobutyltriisopropoxysilane, isobutyltri-n-butoxysilane,

|sobutyltr| sec- butoxy5|lane |sobutyltri-tert-butoxysiIane,




19 but yl di i sopropoxysi | ane, di-sec-butyldi-n-butoxysilane,

di - sec- butyl di - sec- but oxysi | ane, di-sec-butyldi-tert-butoxysilane,
di - sec- butyl di acet oxysi | ane, di-sec-butyl di phenoxysil ane,

di -tert-butyl di net hoxysilane, di-tert-butyldi ethoxysil ane,

di -tert-butyl di-n-propoxysilane, di-tert-butyl diisopropoxysilane,

di -tert-buykybsé wih Buﬁ%ﬁa\!&bhﬁﬂﬁed haltefistic Pridaludi, tHeeaRjét axlttrdcadt@stant can
di-tert-butyldi-tert toxysil ane, di-tert- butyldlacetoxy5|lane

di-tert but[jéhﬂjtﬁ]h@dlwyérwngﬁﬁe pdidefigny! di met hoxysi | ane,
di phenyl di et hoxysi | ane, di phenyl di - npropoxysi | ane,

di phenyl difpgz4)r omxesh FatdalifBPRENYkSHC MoBULEXHS LsaRerein, is the wall elastic
di phenyl di - secbut oxysi | ane, di phenyldi-tert- butoxy5|lane

di phenyl dihinaxdtsd hakRal RBE B YoRRARLA LY hdidIBliox didldcaRonstant of 4.2, which
met hyl neopent yl di et hoxysi | ane, net hyl di met hoxysi | ane, ethyldlnethoxy5|lane

n- propy! diggmfehpiystié E&%tahﬁﬁﬁrs?@%( HehdEsharatdran eondls ietdidisitne thestasti (kane,

sec- but yl di met hoxysi | ane, tertbutyl di met hoxysil ane,

| sobut yl dizRishoOXN4std ABRuIuS (DRt heicRE 18 RisdsUARE theSRsRRNEed WanBhkbrxysi | ane,
tert- pentyldlnethoxy5| ane, |sopentyld|nethoxy5|lane

neopent y| ch il opey g B@cal@@l {é%xyr* ERLIAX tér?d“?scalcuiated using Maxwell's

cycl ohexyl di net hoxysi | ane, eny net oxy ane, nethyl di et hoxysi | ane,

et hyl di et hé’lﬁb{&islhﬁ}ﬂﬁr rrikRGR Ja&lhg%aﬁa%a'ﬂ) g%us'rﬁaq&ré?@xhéih@aegéwamﬁsf

n- but yl di et hoxysri'| ane, sec utyl di et hoxysi | ane, tert-butyldiethoxysil ane,

| obut y1 Aoy SlrlsBRf (anReRl Ky d'&t{%awélaec.rcalspnasmﬁade@fo@temﬁas' | ane,

tert-pent I'sop di et’hoxysi |
neopent yl hﬁ%%? ane.
phegyldYegﬁgﬁy Q%E%B Qfﬁhﬁém%ﬂg§§§ ane net oxeg?ﬁgﬂEMX§kJ

di--n- pr Opgﬂm;@%@af@% n%gs %ﬂ@uﬁfsh%%@ thé"?.i rwéiioh'?@:”théé nBRhAREYS! | ane,

di - sec- bu thoxysi I'ane -tert nethoxy3| ane,

g: [:gguggkﬂ[{@l %ﬁgﬁ(&@ﬂﬁéﬁgbsé&i h et%yhentgél?ére'%hé)@gl xtens:on of the Day model
di i sopent xghmgh l;r'&@,%n 5! cycI O%{%éﬂ' c? %l’ésdn?raﬁﬁted éhat other types and for

di neohexyl'ne oxyS| ane, 'OXySsl i pheny hoxysi ane,

g: met hy| %ngeeih ?Benoﬂ'ce@%mcsgﬁpéxgp B0 @o%&ﬁ?yétgt E@gmﬁ ﬁ@@%i@?ane,

i sopropy RoxysT T ane 2'sec | et

di-tert butsx%)ﬁa%ﬁq gal'elsgﬂfanw%! obut yl et hoxyS| I ane, - n- pent yI et hoxysi | ane,

di - secpent’yl'e ane ert pentylethoxy5|lane

dii sopent 16&#(;%&& Ao VANFOR SRRl B0 Pl e makh AP SQRIENEE NG HE | 201

di cycl ohe OXYSI ane oxysi lane boveé conmpounds,

the prefer, h_s%@@(@sg %}ne e RN 504 UEIRRHE A S NLHEL BB | 2ne

met hyltri - Fi'T SOpropoxys

ethyltri ane triet i

di ot hyl oIS AEEoer AR ant A SERSe m@?ﬁ%&%@"ﬁ%nﬂ*eﬁggﬁkg PRI Pafora
trimet hyl ronomet hoxysi | ane trlnethyInDnQﬁB%ﬁ %S|Lane

triethyl n%’?fﬁfﬁ’?’mﬂ?@ Pt Eéfﬂﬂ’et’r jetBtaro RBYSISgquRtien was (BarEaNgedie, ap) v,
Ris CH(CR 3)3-" where n = 0to 3, R * H R can be any nonoval ent

or gani ¢ gisolup forgrdositgwr beidtfrastieraras afundiidrf efrmeersureef K ahewall Knas prpiiderdn
neopentyl are preferred. The above conpounds nay be used alone or as a

m xt ur e ofEguatiorofi):nore thereof. [0046] Specific exanples of the conpounds
represented by the fornmula R3e(R O 3-bSI (R )-Si (ORS) 3. ~Rs~wherein R~ is an
oxygen atominclude: 1,1, 1,3, 3-pentanet hoxy-3net hyl di si |l oxane,

1,1,1, 3, 3-pent aet hoxyF 8- met pyl di si | oxane,
, 1, 3, 3- pent anet hoxjy= 3 xEKkLox-ane,
: 3- pent agt hoxyk 3- phefwkdi si | oxane,

3,

3-t et ramet/hoxXy- 1, 3di nef hyl di si | oxane,
, 3-tetraet hox -—1+§-—d1—m§ hid @i, sA oxamd,
3-t et r amet hoxy- 13 3disph

3-
-1

Equation (1)

nyl di si | oxane,

t et r aewiherey- 1, 3- di phenyl di si | oxane,

ri met hoxsy,, ;,342tr|nethyld|5|loxane
-triethoxy- 1 3,3-trinmethyldisiloxane, 1, t
i met hoxy-1, 3, 3tri phenyl di si | oxane, 1
trlethoxy 1, 3, 3-tri phenyl di sil oxane,
i met hoxy-1, 1, 3, 3tetranet hyl di si | oxane,
i et hoxy-1, 1 3 3-tetranet hyl di sil oxane,
i met hoxy-1, 1, 3, 3t et raphenyl di si | oxane and
i et hoxy-1,1, 3, 3-tetraphenyl di sil oxane. O those, preferred conpounds
, 1, 3, 3- tetranethoxy 1, 3 dlnethyld|5|loxane

o o,

1
1
1
, 1,
1
1
1
, 1,

3 t
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[0048] In addition to the at |east one silica sources wherein the silica
source has at |east one Si atom having an organic group conprising C and H
atons attached thereto, the m xture nay further conprise additional silica
sources that may not necessarily have an organic group attached to the Si
atom The m xture may further conprise a conpound represented by the
fornula Si (ORz)4 wWhefifiratidh vaRRr esents a nonoval ent organic group. Specific

exanpl es of the Ctonmpounds represepted by Si(OR2)4 include

t et r amet hoxysi 1’arf ?g?%if?ié?'Hgiaﬁefé&ﬁaﬁéﬁan- n- pr opoxysi | ane,

tetrai sopr il ane tetran-bytoxysilane, tetra-sec-hutagxysil an fetra-
et - bur DGR e Hompizacoraba et s ey Starihs GAnies bined SoDavk:
above, the preferred conpounds are tetrane hox\ésiéanﬁg t etraet h%ﬁii | ane,
tetra-n- de%&R'ﬁ‘BP?'ﬁﬁ‘é?d% reastio MasyIs quaEn (Flot N ANABRY SVRARLT [ 0049)

The m xture may further conprise a conpound represented by the fornmula
ReSi (OR ) X0 f(/%@?'é‘i lgsRthagfclbe ctitcal PHER?FY)@E‘H“'&EH?E PGges F%%e%’é‘ﬁ'?%yoéd
nonoval ent organic group, and a is an integer that ranges froam1l to 3.
Speci fic &%ighphe sosuiusiis Preskgien iodze 2By E8B 'aEyW'ﬁasw?aEmf&-}a%erei n R
represents a hydrogen atom i nclude trinethoxysil ane, triethoxysilane,
tri-n- pr of8eyEINes RTINSO 1 \Si FPaerRMPasites Wl Eox Psi | ane,
tri-sec-butoxysilane, tri-tert-butoxysilane, triphenoxysilane. [00S0] The
m xture may fuben@t abgnpeiradardolnmedind represented by the formul a

R3b(R 0 3.eSi -0 Si (ORS) 3. ~R6~, wherein R and R6 represent a hydrogen atom
R and R5 may bg. ea i ndepegdent |y the me or diffeyl€nt and each
represents a va|ledt ©rga i1 8royp, 9a d+gg d leRyubtiéh ggme or
different and edgh |isl-aghwagbgr r@angi nggfyom O tolg, JSpecific exanpl es of

t he conpounds represented by this formula include hexanet hoxydi si | oxane,
hexaet hoxydi si | oxane, and hexaphenoxydi sil oxane. [0051] Still further
exanpl es of ot H@Pres_i | ica sources having an organi c group bonded to the
silicon atom i Act YRI® Tf@6¥Afbunds wherein at |east a portion of the organic
group is unsat G Z0e69= gercolptian Hyesheics voidmctiorabwlyish sirgeh avertePART es of
such conpounds MAIUSELESIP &S0t r i met hoxysi | ane, vinyl tri et hoxysil ane,

vinyl tri-n-profoxysiT Wil sloBe  vinyltriisopropoxysil ane,

vi nyl tri - n- but 8%§di? aketical BRANEAT - sec- but oxysi | ane,

vi nyl tri-tertbato:8231 aparamatentoget pereerd syjtigal amelitudevi nyl di met hoxysi | ane,
al Iyl tri nmet hoxysi 11ddes fraé fitingmiaeameteysi | ane, al l yltri-n-propoxysi | ane,
allyltriisopropoxysilane, allyltri-n-butoxysilane)
allyltri-sec-butoxysilane, allyltri-tert-butoxysilane,

al |yl tri pie2dkyShe ey, 2-dicatuisn killeratodekips eleaticemopuiop isgtendedde Bokysi | ane,
propenyl tri et hoxysil ane, propenyltri-npropoxysil ane,

pr openyl t eylindogal ppoesywitt tneanoguiusprrgsured parpendioiizs td thagore axes as provided
propenyl tri-secbutoxysil ane, propenyltri-tert-butoxysilane,

pr openy! t in ha&Egortwi (3n&he dbpnazed ywatlietastin mogdsiusaae, be calculated using the
crotyltrinethoxysilane, crotyltriethoxysilane, crotyltri-npropoxysilane,
crotyl tri calogatedonickirdcioe vaedton Eqguationk(d), v siebticnmpdulus for 2-d circular holes
crotyltri-secbutoxysilane, crotyltri-tert-butoxysilane,

crotyl tri froerEgasioh iethedibzetiedvaiusebnBxarsd 4 ealee for Poisson's ratio (v) of 0.25.

vi nyl nmet hyl di met hoxysi | ane, and vi nyl nmet hydi et hoxysi |l ane. [0052] Additi onal
organi ¢ groups with carbon-carbon doubl e bonds include acryl ates,

unsat ur at ed pobBuEsterison ¥h@sulacddhe cildet hers. Exanpl es of these
species attached to Si include (3-acryl oxypropyl)trinethoxysilane and

met hacr yl oxynet hyl tri]ﬁet hqx_yéj | ane. [0053] In preferred enbodi nents, a
conmbi nati on of Eoph+-H-6—ahd- hydr ophobi c silica sourcBguateny8ed in the
m xture. | n préfserredénbbdi/dants; the ratio of hydrophobic silica source
to the total amount of silica source is greater than about 0:2 nolar ratio,
preferably frowhere2 to 3 nolar ratio: The term "hydrophilic", as used
her ei n, refersvtorsicsgparads whesein the silicon atom can crosslink through
at | east four pengsd fra@m exanpl es of hydrophilic sources include

al koxysi | anes pFaviwil ehxstielmisatyusf unctionality and can at |east partially
crosslink, i.e. a Si atomw th four nethoxy, ethoxy, propoxy, acetoxy, etc.
groups) or materials with carbon or oxygen bonds between Si atons and all
ot her functionality on the Si atons being an al koxide. If the Si atons do
not fully crosslink, residual Si-OH groups may be present as term nal
groups that can adsorb water. The term hydrophobic source refers to
conmpounds where at | east one of the 24 al koxy functionalities has beeri
replaced with a termnal Si-Cor Si-F bond, i.e. Si-nethyl, Si-ethyl,

Si - phenyl, Si-cycl ohexyl, etc., that would not generate a hydroxyl after




[ 0055] The hydrol ysis and condensation of the silica source can occur at
any point during the formation of the film i.e., before adding to the

m xture, after adding to the m xture, prior to or during curing, etc. For
exanple, in certain enbodi nrents of the present invention, the at |east one
silica source is conbined wth the solvent, water, and surfactant in a
first vessel, the ionic additive and catal yst are conbined in a second
vessel, and the contents of the second vessel are gradually added to the
first ves n ] e ot [ Si. . ' i rders
of a1 307 TWEEA RSk ariecual BN BRERRRIN Bine bk fomdhe MBS ledy ES
the present invention. 25 [ 0056] The catal yst suitable for the present

i nvent i on viaiel ofkeshdayuatiog ani endiE, | NRreashcalas thd rmeadase valbaof elasticat al yze
t he hydrolysis of substitutents fromthe silica source in the presence of
wat er, an | f Jhid rdii |-OS

bri dge. " TSGR, SRANEIRELIER €3, viebriio R aPHEEREbRLE AR 5 o,
guat er nar j sal J i,des, such as ammoni um or

tetramet hi‘?@mﬁlﬁt'ﬁﬁﬁﬁ’e@ggdﬁﬁﬁgm i mry, secondary, and tertiary

am nes, and am ne oxides. The catal yst can also be an acid such as, but not
limted to, nitrig acid, fi xal | c, ‘ic, formé,|glycolic,

gl yoxal i c BtEfx e‘?—m }(-tuzge —Ehgf—%e 1+ +w%§—7§} Hexﬂeﬂﬁ% ni Bquatioe (ént al yst
conprises nitri¢lagid. [O0BAF9THE: fer  sol v8nt as us eiln refers to any
liquid or supereritical floid that provides solubility wth-the reagents,
adj usts the filmthickness, provides sufficient optical clarity for
subsequent processing steps, such as |ithography, and is_substantially
renoved ud8fYurinedow diglewne matatiatl ofthe Peefenhisventiaphasfedigigstriccopsi@nhelesent
invention may include any solvent that, for exanple, exhibits solubility
with the robageht orlesss Fé'@%/%attlhébwts%%ﬁ legs.andiRarerrglerakly lesmithas2-Af flect s t he
surface tension of the m xture upon deposition onto the substrate. Solvents
can be al cotksdinentsafesin thetdielectsecoasiart is 313 erdesso thelpwdielpptrie spaderial of
solvents. In certain enbodi nents, one or nore solvents used_in the present

i nvent i on theap@seel iavaniien prefereblydias snaerpwilined wall elastic meraiis {BO®! aPﬁégleﬁ

sol vents include, but are not |limted to, tetrahydrofuran, acetone,

1, 4- di oxar@Pa ar @edtennvrenueietiyabat @2 4iRa ongraaiest ygeramombrements. the her
solvents, that can be used in the present invention but have boiling points
above 160diel¢atis material may Inave o diriestde corpntghalyreages fem del. et hin these
pyrrolidone, ethylene carbonate, propyl ene carbonate, glycerol and

deri vat i vesmbodapénthidhe inw distectrichisatetialtal dhe/priesentrigverdee hpg agormalizegivall i de,
propi onic acid and propionic acid anhydride, dinethyl sulfone,
benzophenetastic Bigsutusy(Fosof dhonb32 Gifenwigreater, @vdIimorgipreferaply ahaut 8% iGia or

Bi phenyl ether, terphenyl, and the like. Preferred solvents include

pr opy! ene gn¢aten| Fysthepyh semh embor@EmE)ts oBthegsesandinventiore the/materigishaygol , 5 26
met hyl - 2- hexanol , 3-hexanol, 2-heptanol, 2-hexanol,

2, 3- di et [@AKali 3npenty tavels, lesy bpplabnet HOrmh. net hyl et her acetate (PGVEA),

et hyl ene glycol n-butyl ether, propylene glycol nbutyl ether (PGBE)

1- but oxy- 704803 p direl matriatedf tiyd presemtrinentibn niayrbet flooree tity & fike oa @ precursor

2- but oxyet hanol , 2-et hoxyet hyl acetoacetate, 1-pentanol, and propyl ene

gl ycol netchyipositibre or mSthirelusfngra verieheafedifibranymsthiodenBemersxaogées] cict at es,
pyruvates, and diols. Further exenplary solvents include those solvents

| i sted inpERetsd2habday bEhmed 0 foemttse &inuimelude gdesatzoemhamagd bleerisavagioone or
in conbination of two or nore solvents. In preferred enbodi nents, the

sol vent nagpostigpr {*BECYDE), bighmizneitys BECYDY, photoh lassietegtCWR) piasroavpboioni ng
points, i.e., boiling points below 160C. Still another suitable solvent

i ncl udes ssgietedrGVD ¢RIPECRD”), (OB 8] a Tiheid mokmear grecsesbri ar tfamspothe fil ns of
the present invention preferably further conprises a porogen. A "porogen",
as used heolirerizatora(*TRAgENS. PhRNoss6,03¢845 and Sr054:208 provide voina repemiptany n
the resultant film Suitable porogens for use in the dielectric materials
of the pr&@metivegnihatoney e lsewitethemrosat irereptidry n®ther pruessestthat can be
dendrinmers, hyperbranched pol yners, pol yoxyal kyl ene conpounds, organic

macr onol eggée o folth tisdiihi iRBILES BEintdredeEitiobmdthodsurih lsertaiaxatpldeserds osthet abl e
por ogens i nclude those porogens describﬁg i n pendi ng patent application,
Attorney Docket 06274P2, which is assigned to the assignee of the present

i nvention. [0059] The porogen could be a deconposabl e pol yner. The
deconposabl e pol yner may be radiati on deconposabl e, or nore preferably,
thermal | y deconposable. The term "polyner", as used herein, also
enconpasses the terns oligoners andl or copol yners unl ess expressly stated
to the contrary. Radi ation deconposabl e polyners are polyners that

o . v - - .



[ 0060] The porogen of the present invention could also conprise a
surfactant. For silica sol-gel based filns in which the porosity is

i ntroduced by the addition of surfactant that is subsequently renoved,
varying the amount of surfactant can vary porosity. Typical surfactants
exhi bit an anphi philic nature, nmeaning that they can be both hydrophilic
and hydr opfresdr irventidlf noARNtdcIMduASEEPrBadihg forSel dLRtl=RNThE pRIREESESsGibed
hydrophi |l ic head group or groups which have a strong affinity for water and
a | ong hydneehd h%@.sa?ét. AbbisRidnSARIr8EO DBERHt 208 Nd30 BRI 3 Ve Sititledhe
surfactants can be anionic, cationic, nonionic, or anphoteric. Further

cl assi fi cappaaRfandunéMeHs Hr FormPgUtithssdr Sm@t@,ﬁﬁ%bé‘ﬁ’séd ol ek y | ene
oxi de) surfactants, and fluorochem cal surfactants. wever, for the

formation fkie 8lfe kiifcdraorfed ﬁé?éin'b? raiRPdricead it9 Btiref)OFUNABE felstbd f act ant s
are generally preferred. The surfactants used in the present invention may

not behave,rbhébssbe s fsb‘éi Jéeﬁ@é‘h@l?'ﬂ?@miﬂtur%-imchﬁd% SR REHcEMalY indGdeddS

surface active agen? Sui tabl e’ surfactants for use Tn the m xture include,
but_are_nadddig BbekOqraditj- 34hg RASEO RISl AR i BRocbRbTONS
X-114, X-102. >'<-9£15, 1B Wa%cgﬁéysgtﬁ%xg ates Such as BRI J 56 e

(C, 6H33( ekioR I erddsCl ), BRIJO 58 (C, 6H~( OCHZCH2) 200H) (I1Cl), and
acetylenics diols such as SURFYNOLS 465 and 485 (Air Products and

(e}
tho 1 11~ biSERIEGT6S g o e AELAlenie HRbsP el PTbySe BGE e Bro'ey, ™
L101 and RL23» ' . IS '

al cothI ( p%ﬁ%ﬁ%&ﬁar@g I:Isdegggar‘lggrﬁ%é IQ?II?I)IIIIII%In eagé%maﬁéxsété IIII%‘I(@I%H es,mgpgb:g(gfdes,

I id I - I 1),
o ot ner u P SRREs BN rERal sueoENE IR B D nEARRL ) ORE SRR )

reference t cheon lers and

Vanu act uRBrh SOERPACt o 2 Ik TRt HgebBord PR E RaMP IR By 11 i

pr o o 10 i, W] 364 Sl e Gt AL FRERR8,

o B R R R
| Pérlﬁfq .pI'é%rj\?\%dl %rﬁggﬁﬁ‘\aeﬂs e material rﬁ%}? B%?e;.la_ ﬁtIeEI(IjIA %@%@th{fototdl R0mber

exchange colurms®in 1ons can ydrogen 1 ons

0120520l B AR TSRO s [96L kB GO poSs s
L1 on, Py ShoitS L1580 b 0 Bk SR et

concentrat| f alkali 1on inpurities within the filmmaterial are |ess
than 10 pg¢$§3ﬁ§ﬁngﬁﬁ '%n for each alkali el ement. [ 0062] The porogen may

b h , drineri | ) b hed. and dri [
ool ymor o SRR oI g B GL AR ET b egREn K rer A P RBLE Mol SBRCrn cal
i gher ol RH e S4B Greere S R ENTId e Y S HR BPEEC St hirls 888"

deconposahl e nd _.dendri ners

h r.branched. pol yners e.nrovided .in
oDt ehe ARTIPFER O B GE RO TR RS s o0 MRS el 1006,
which is incorporated herein reference.in its entjrety. [Q063]  The
bor ogen’ PPN HE SNPrAdcaEe R YBRE ere g Wi o Betirbiess A RS ene
compound such as pol yoxyal kyl ene non-ionj c_suyrfact ant | yoxyal kyl ene
ol yror's, 5PodRy b e dmettondranod dhs sflredipEResnoR et S 8 o
conbi nations .thereof. An 29 exanpl e of such is a pol yal kyl ene oxi de t hat
i ncl udes SHOSHALS RS AYAWE, VERARFa%, OF ?fﬁ?%fff BEWEch as” pol yet hyl ene oxi de,
pol ypr opy oxi de, .and_ copol rs thereof. 064] I n addition to the
D oy arrent 1N AsGreniarg SN e i oRBe AN TP R Shey S Mey KB Fbe. an
ionic additive, lonic additives are added to nixtur& if the net?l inpurity
content | 8i@jghl SutFARRNRing Jealrix meriahang @ PPF9eNo dNE MigHTE ek furthes
conpound chosen fron1a,8éoup of cationic additives of the genenaL
conposi t i BIFYCENEIg cpngtitients usihag b ROYENitedH) dvRigE $ONEBHSlofNUCTIBRAIGV al ent
organic group containing 1 to 24 carbon atons, or m xtures of hydrogen
at ons and/ or nonoval ent organic groups,1éncluding t et ranet hyl ammoni um and
cetyltrinmethylamonium and A"- is an anion where n is the val ence of the
anion. Preferably, A"~ may be chosen fromthe group consisting of fornmate,
nitrate, oxal ate, acetate, phosphate, carbonate, and hydroxi de and
conbi nati ons thereof. Tetranethyl anmonium salts, or nore generally
tetraal kyl ammoni um salts, or tetraorganoanmoni um salts or organoanm nes in
acidic nmedia are added to surfactant tenpl ated porous oxide precursor

Y




[0066] In enbodinents where the filmis formed through a spin-on approach,
the m xture conprises, inter alia, at |east one silica source, a porogen, a
catalyst, and water. In certain preferred enbodi ments, the m xture further
conprises a solvent, an ionic additive, and a surfactant. In brief,

di spensing the m xture onto a substrate and evaporating the sol vent and

wat er can Zctives NThé et ratid of gt Bf Piobes ketheariigilionpbicgenahe weiHtast ant

and remai ni ng sol vent and water nmay be renoved by curing the coated

substrat e $i0, PiRye8rofPd 8518 OPEhiré pRTe@BR J. 7% 1020.0] Mhe Wefidht of 81T, i§0 produce
t he porous film [0067] The m xture may be deposited onto the substrate to

formthe copifdedtbsithatdtal nliber of H?o%éttﬁtsﬂl%r@mt@&ué@:ﬂﬂ( hersRicA solifcedNY
suitabl e conmposition that is forned before the dielectric filmof the

present i nyitM {k@%:kﬁjr@pﬁn:b@nét%@é}ﬁ/t@Tmﬁlf’fHﬁ?ﬂweﬂéﬁIida%hrdé%rﬁP@%bﬁﬂb%ﬁbly Sui tabl e
substrates that may be used in conjunction with the present invention

I nclude, huhyéiy 1'8%0% | ithé G g%?rat@%ﬁ%ﬁt%rs%a RPARILL 8D v?ﬁt‘?@m%ﬁe ggivbmtum

arseni de (" &As i con, conposi tions containing silicon such as

crystalli nﬁi)ﬁhhm?e é}olw.é'vbé Bati QRGN gerdgeﬁqamee@é.b%f or én'w

silicon dio m Xt ures The m xtUre e applied
to th ted to,

oromine. TAPPER Sfbés@ﬁm@éd%&%s%a'ge&;?ﬁéz?e%w@v oaBRo AP, e or e

m.ay.the“ @eé&é?aﬂ&?ﬁcﬁggaﬁ% OsspreLa&éf GRERYER %rﬁ o JVBdér 5%%@ t8f‘ the

silica so conti nad I Ny process rve o

remai ni ng p%?é@%%géodil%oor'ﬂ?ee:%rar T’e{tB t ' %r bl éjr c ddis B? t?@?é’rﬁpg{f%’?Po?n puch as

CVD based e mxture nmay e vapoti ze orm rticul ates

that coat .} gepé@% 8@6‘31‘0 4 0R88inol ? e c’i}tv&ﬁeﬁH@ﬁ rvajie‘?? IoR IsTor gHﬁE roup

preferably therm cured, to su y renov he por og

oL Sk ARl o 8%’%@%@&1 el R PR PO TEOR R e,

and the de n’(ﬁ 0Dpre vol une. The resultant porous filmhas a void fraction
of 0.4 or greate preferably 0.5 or greater, and nore preferably 0.6 or

gr eal er. r[aofgrtm%s%ne o BRGS0 Rood fh DE! MBS YLE 25160 b GRBACT o0, &t

two or no nper ures rat her COI’]t

tsglrregrn?t ]chr 0up[ %&Hd%@l §¥he §|IC%§I a?grg%atrf%&gégp ifle E SmBUEI o%@grroH {Fﬁ e s econd

e mx ure an er Cross- |nk|n reac

Lemper at UL BB REoh Rl AIPBAS < g%gg% Ay} ﬁqeswc%haa@m'ag%ney@ njiot

necessarll y  conp 0SS eri‘a n certaln prere

or mor 6. SR 3"3825 PR lony HPH 88 nat e P SRRk B T TES) © o
52%32?230{8% e (Eec:gng SubSITRPH mRl bRy el g

m nutes or Ies and nor mnutes or |less. [0069] The

cure s]Eep |n§r?) g’f'@;’}%‘fﬂ W@@ﬁdﬁ@feapﬁfq?rﬂé”ﬁgﬁsn%?%ﬂ% ugn&gh as ahhot pl aée,
Subst r at ¢ i MEet e O MRS EerrrenYn e e STERRS) a?niiSSLZri c

her N2/ 02 tures %

pfesssgﬁumﬂ»&r Jltﬁérﬁﬁ{e%a ok sPaBioaRbiBraidhe B Brmedi %Ehegs'ﬁctfémcs
h

o oct ?Eﬁzt v Botiiss thpyGonliot cenfaig Eogafy ’ﬁ?‘f%‘gﬁ'?ﬁ hﬁ'h HRGeR oer means.

Cu

de:)gndlozgl E‘meﬁ(gr]ast{q?i'u ﬂfﬁ?@fgﬁecﬁr‘cgﬁq ggonq {tn"‘e;ﬂ?%'l’ ateg‘nnﬁdfﬁ@gﬂ&axerﬁﬁ%e{%%rl ng

step is conducted via.a th hod in n air, nitro jnert gas
2t s pher SRS R e “%’é‘&flf’céa griebis udapa0 Ak
concentration of 10%or. lo 0 The por ous terlal or f|In1of t he
present i ROUNES GRS AL Pgiar YaWE? 8”?’6"“5? pause rf"’f“é%cfr}tr'ét?ﬂ consi sting
of exposure to at |east one ionizing radiation soufce 1o rov de t he

di el ectri é‘"fi??”ﬁpblff%‘ﬁfﬂré%r‘sdf’ t%{"@% tdng VARG dihg: Migires ol ie8 845581 ude,
but are not limted to, i ha-particl es, beta- partlcles and

ganma- r ay $"VERURA ﬁ"&iﬁ%@&?i’%@'”rﬁ?@lf inating mgals 'ﬁlaé‘PPUé’FFePa%/ thean VP RERS PSF

m xtures thereof. This treatnent nay for exanple, increase the nechani cal
integrity of the material or decrease tT di el ectric constant by reducing
t he amount of adsorbed water. 32 [ 007 % In certain preferred enbodi nents,
t he exposure step is conducted in an nonoxidi zi ng atnosphere, i.e.,
conducted in an atnosphere having an oxygen concentration of 10,000 ppm or
|l ess, preferably 1,000 ppmor |ess. The exposure step is preferably
conducted in a non-oxidizing atnosphere to mnimze the chance of
OX|d|at|on of the por ous f|In1mh|ch My cause an |ncrease |n d|eIectr|c

o o o o Y .



33 [0074] In certain preferred enbodi nents, the ionizing radiation source
is an el ectron beam Exanples of different electron beam nethods suitably
for use in the process of the present invention include: S. Chattopadhyay
et al., Journal of Materials Science, 36 (2001 ) 4323-4330; G Kloster et
al ., Proceedings of IITC, June 3-5, 2002, SF, CA; and U.S. Pat. Nos.

6, 207, 555 rhiliion ¢ppR), Prfe@blyansk ﬁaa;aao BhAs Pdr bilibe (PpBY! AeNmbenpretdtablpe

exposi ng step nay conprise a singular beamor a cluster of beans. Electron

beam post 1é§secﬁérﬁf¢0bp6OCoﬁQécﬁjetntl%/Qnétéﬂaly@\‘ tHef inRation efsy srefesane containchem cal
species froman organosilicate tilmandlor inprovement of film properties

I s conductcefiamifingtriéalsah laﬁraune 168 Wi 500 %art& If.rer ﬁ‘ﬂh’dr’( Pﬂﬂﬁ")t pr@ﬂ#‘r‘a@? lasacuum
inert (e.g., nitrogen, CQ2, | e gases (He, Xe), etc

oxi di zi Ng thh %0 pARSY S billiH pptsir 'atﬁaenaéw@feraewfrbéemnrosppbe NMAteRge dPegen
envi ronments) ozone, nitrous oxide, etc.), or reducing (e.g., dilute or

concent r atiRenfiyt!pRESEBY S ntally SrRERMatifY ﬁa!?des 'rrF‘aﬁnEUﬁ‘l@'ié%nrhén ‘W.@Fr?' n the

el ectron beanrtreatnen? is conducted in an inert atnosphere, it is

pr ef er abl orgehly 1448 1HARYBD.pp8! aftl HORIGRIGAIP :RA%H & 56dp@sTbodi et s wher ei n

the el ectron beamtreatment step is conducted under a vacuum the degree of

vacuum nayods%} 9 hemohad (EP réids! r?]gﬂ'?esm:)@tfre%ﬁ'f ﬁ&é@étyle%ét%%h%%%ohﬂ:ezﬁ\ 7 Pa.

The tenperature of the underlyi substrate urlng el ectron beam exposure

ranges fraogy c%isc;ug?e“% Gee e%rﬁf _b éb %leng%ll%%? ) andBxfdehdo)ahae for

exposure to ectron eam may ra rom to' 30 mnutes,

pref er ab! $oldO0:oRl Pt P %gjgn{imwtf]ﬁrtﬁh&ﬁé‘tbélé’m%@@uéh Wetb B,

mlnut es a e contl nuous or e exposure to
sorf;;z“rsﬁgr"arﬁ?ro%%&%rd%mﬁu FEAEIVEIA K
f bl 1
S R Bl or i goad o 2
0T OSSR YPGB IS S gt o
penetrati gisberﬂf%%}e%ﬂ 3k 1r¥8t1§'c\érr§d?1 tgHE'é}%rgSr%tdg\'efgr :{?ﬁom {BSI%PH‘ X“”e

of tge pr i hventi on contains a por ous f d
For 1 nst aARare v e 86850 SR0 HERIRLETERFFSH A s?“@%%ha .rfnb’ffh

Chan 17 kDR BRERL Rlerdi?, Ereevﬁrﬁ“aw%re?kéé ésf‘*?ﬁ%%%%%‘ﬁf@f ess
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L v i PO A i
composi 11 SRdeE bt rwamuw%éﬁﬁ%?ﬂ? B Pl enal, T SR e oy
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a density of require an accelerating voltage of 6.1 keV
acceleratPﬁUEVEW?gﬁgeWBF“%%¥F dheRous Sale Egnp03|t|onally i dentical 5,000 ~

t hi ck por ving a wall_densit and a vord fractign of
068 oy U « dPe Aot SedirrighRg eriees ofbiichacy s SEaE i BRI PR “The
preferred dlelectrlc filpg of the |nvent|on are nes

" s opor olbXure AN /el of merpre%%wvremé@ Jortae gh%rgarfﬁartﬁ?%waen??'i% hut 10
A to about 50 r ef er abl rom about 10 A to about 100 A ,a
pref er abl {! ?'#&%‘E%Lﬂfmﬂﬁsih QhOLﬂtdh'atS’SG't’mSO‘ the ‘PE"‘Q‘EC‘%?%‘PSPF’%(?RPH'E%% he
fil mhave pores of a narrow size range and that the pores are honpbgeneously
di stributed throughout the film Filns the invention preferably have a
porosity of about 10%to about 90% nore preferably about 40%to about 85%
The porosity of the filnms may be closed or open pore, preferably open pore.
[0078] In certain enbodi nents of the present invention, the diffraction
pattern of the filmdoes not exhibit diffraction peaks at a d-spacing
greater than 10 Angstrons. The diffraction pattern of the filmmy be
obtained in a variety of ways such as, but not limted to, neutron, X-ray,




radi ation. Sanple filnms nmay al so be anal yzed by X-ray reflectivity (XRR)
data using, for exanple, a R gaku ATX-G high-resolution diffraction system
with Cu radiation froma rotating anode x-ray tube. Sanple films may al so
be anal yzed via snall-angle neutron scattering (SANS) using, for exanple, a
system such as the 30 nmeter NG/ SANS instrunent at the N ST Center for

Neut ron RagRRfdibod ©oQthdle tﬁaﬂhels@bj%eé RigfoUik Rt aIsz Ade V\Ebﬁdﬁt@%@%témbéon
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| cul f f
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single 37 SRR RS SFapRlRLor i SUIRI S 3 SR o lhesg 988 ieg
d | ect Th f
capact t anth S EBLNC bfes %r@?%ﬁ%l fﬁﬁ@égﬁdoi‘eﬁaa DN P T e (C1
t +20 he, .t fil | e. )
e A el e hog! e Rl RS AR Ry ey
(CT - C )) Equation (6) The dlelec’ﬁjrlc contaht of each filmwas.
cal cul at ed@ PREYD M %a?)at\}\??e'sﬁ ane sgconsaleRktnal hag ?%P'@EH@%OUPAC?@WSI’I@

mercury el ectrode area, and eo is the dielectric gnt in vacuum
carbon and hydrogen atoms attached thereto. In preferre em odiments, the compound

may be represented by the following: RaSi{OR')4... wherein R and R' can be

independently the same or different; R represents a hydrogen atom or a monovalent
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C,sd E= Ea A Equation (7) The total error of the dielectric constant of the
filmwas expected to be |less than 6% [0084] The el astic nodulus for each
filmwas taken from 1 x0.4cnRsanpl es cleaved fromthe center of the wafer
and nounted onto an al um num stub using a | ow nel ti ngt enper at ure adhesi ve,
CRYSTALBOND whi ch is manufactured by Arnco Products Inc., of Valley

Cott age, Nrdanit BRRP! Al tPRededtd £ MUREEalBRI SrQANIE Bralip; andAN EANRENEFFaddmaM C
Cont act l\/bd%l e?D_CEA maér?ﬂ?actu_red by MIS %ystgms%Corporapi on with an

ACCUTI PT" "3 k9% SARIYFAEHNSI-IRY- B AP RAewherid RUGKS nlst:aﬁ baafepBRasHRe TENt

("CSM') nethod described in the reference, Oiver et al., "An Inproved

t echni que tf05a e biffefd AndRbEN RSPt £hidrbbén %ﬁbﬂ%ﬂé mdhbidlehtQRgarie d

Di spl acenent Sensing | ndentation Experinments”, Mat eri al Research, 1992,

7 [6j, pp-qrtﬁli{?#]aﬁg:hs daR BRGNS EnAhE IsBridYor R MR dddnirbreBoiti Bety. A
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resul tant ' A YAk ﬁﬂdéﬁ! hePsdnESUGREERPS Each
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@;f*@%; L%»?an&;@%;gf@ﬁfsev;aé%:éﬁ%@oﬁgﬁsjg@gﬁzaéeag%gfiﬂgfm ?Qgisl "
ooy ol AP B FLERBR R BB R LD LT
o o TR A Gl KAl A o
g i VAP TS W Rl AT B

AR g e A b L A
REAGENTS. (8551 WHElcPaliye RRamGERaY P oiPP o1 FF Ay T MR BT hal y zed
b1 2 ey Moo BB o erea R cibereill i gan of ' Bromen.
o 11 e300 e senitPiek S it e ne vesge e SR b el A ™

ot ocedur 8NBL a8 BBRRIAE B aBre PiitRret BHLadeR ofp & B Bxchange

colums in which netal ions are retaijned in the colum and hydrogen ions
are rel eadiqcygent organic group include: met {/]Itrgnetﬁoxya ane, methyltneﬁmoxy}/s(ﬂang,

methyliri-n-propoxysilane, methyltri-iso- propoxysilane, methyltri-n-butoxysilane,
methyltri-sec-butoxysilane, methyltri-tert-butoxysiiane, methyltriacetoxysilane,
methyltriphenoxysilane, ethyltrimethoxysilane, ethyltriethoxysilane, ethyitri-n-
propoxysilane, ethyltri-iso-propoxysilane, ethyltri-n-butoxysiiane, ethyitri-sec-
butoxysilane, ethyltri-tert-butoxysilane, ethyltriacetoxysilane, ethyltriphenoxysilane, n-

propyltrimethoxysilane, n-propyltriethoxysilane, n-propyltri-n- propoxysilane, n-propyltri-

17




inits place. Table A provides the elenental analysis for a variety of
different reagents, as received or after the purification process descri bed
herein. [0087] If the reaction m xture included a surfactant, the
surfactant purification procedure was conducted in the follow ng manner. A
gquantity of surfactant such as AMBERLI TE I R-120 resin was rinsed with high
pressur e |iscHpraporipiianat regroppifis-ntbutblySiland mastopyiai suc-unoxyistiare, ingpropyitri-

contai ner wherein the resin was floated for about 20 minutes. The resin was
decant ed agd-tueddybile@, Aprommiaddionsilat, ngﬁdmdtripﬁem?gmel_ts deep color. A
quantity of 2 Kg of resin was transferred to a 1 gallon w de-nouth Nal gene
bottle. Th@oﬁreﬁylﬁﬂim@ﬁoxgbimgisbpﬁdﬂylkﬂ%%@mﬁ@fe, isBpRIpGIri-h@Progdgsitank, hour, and
then filtered using a 2liter filter flask and a T' dianeter Buchner funnel
wi t h W hatiggdiopdiidoblop@xysilahd li8sprofReitn-blidRydilhhé as@Fop\Bi dbc UidyRilavas
transferred to another 1 gallon bottle. The rinse, soak, and filter steps

ver e repeas@sioptriltbrtibieoxyaipe, fsbﬁu%ﬁyl\%h%eﬁﬂx?ﬁi&héyié%ﬁIdﬁ?Wiﬂ)Hén@Qﬂléﬂéne,Tﬁle resin

slurry was heated to a ténperature of about 70C. e heat-treated resin

slurry was, @i&éxﬁdxygﬂaﬁ@, AttitShBRRIERE rShRPIADréRRGSId, antil no col or

was observed in the'filtrate.” The heat-treated resin Slurry was transferred

to a dry Iy @#iseprapekidiigndhehGykd-niRnigsnee, Wbufyiakeeibuloxysitarl n2@y @t oof

et hanol . The ethanol Ttesin slufry was Soaked at ‘roomtenpérature and

filtered agnbelRySiendis oot IRARIoNSRIURDUMRBRE AkyMBNE] s@a ool or r emal ned

inthe filtrate. [0088] The ethanol resin slurry was added to a 30" ion

exchange Weﬁox@gﬁﬁt@h%?ﬁgtﬂme%%E% J@b&@l%h%o&c?&iién@?s@@' um

reservoir s fille e col urm was capped and | nverted
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prepared in gal'l'on narrow no e contal ni'nitial quantity of
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Silica-based Lowk Dielectric Filnms [0091] Four different reaction m xtures
were prepared using the reagents and qqutities provided in Table I. Each
of these reaction m xtures were deposited via a spin on deposition nethods
onto a 200mm Si wafer with 150.% thernmal oxide (R< 0.02 ohntm) using a
TAZMO nodel #SWL2132HM machi ne. A 3ml volunme of the reaction m xture was

di spensed onto the wafer rotating at a speed of 200 revol utions per mnute
(rpm and then spun at 1800 rpmto provide four filns. After deposition,
the films were thermally cured in an anbi ent atnosphere on a hot plate for
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Tabl e | Exanpl eTECS (g) MTES (g) PGPE (g) Triton X- 114(g)0.1 M HNO3 (Qg)2.4

wt % TMAH

(9g) Ex. 122. 522. 5t 1516. t 241Ex. 222. 522. 5875. 0241Ex. 322. 522. 5906. 5241Ex. 422. 522
.5909. 67241 Table I

El asti cThi ckness, Di el ectri cHar dnessEo' Exanpl eRefracti ve

|ndeXNde|$l§ié'ﬁ@ﬂﬂﬁ1%ﬁﬂix gﬁﬂé(l@ r(tﬁ?léi silafe, 8 erReripoRRMand 912. 070. 36
* 0.0216. 10. O8exposure @é eanAGO%?Len%%41 9(%115"’:%4@|

0. 0542. 30, Briéec-b |
0. 0446, 30.%%§§g@po%laﬁe %ﬁnfﬁﬁ%ﬁ.ﬁ%l[é@ko‘b@n@ i%ec-butoxysilane,

noe- beamd n&lintedbb lﬁnéﬁigoﬁéh’ﬁﬂlﬂ&ééé?%ﬁérﬁ’é’,Swﬁéﬁiyltnﬁﬁenoxysﬂane, neo-

noe- bean¥30 922. 8S40. 710. Sexposur eEx
e- beanB89 49 1ol i adi. 27 _
T es 818 ézé’gﬁég* L Mﬁgﬁéiﬁ@%@ﬁg@wm’ pROJERGSIEAE, neo

e- beam26 ﬂar?e?)ﬁ% ri-rftitoxysilane, neo-pentyitri-sec-butoxysilane,
noe- beamt 6%2242 %4%9480 35 G%exposuryeEx "Ab: penty Y

e- beanB84G L, Henfith freoXdtEl/Siad? nBSpdyifidcédxysilane, neo-pentyltriphenoxysilane

phenyltrimethoxysilane, phenyltriethoxysilane, phenyltri-n-propoxysilane,
phenyltriisopropoxysilane, phenyliri-n-butoxysilane, phenyltri-sec-butoxysilane, phenyltri-
tert-butoxysilane, phenyltriacetoxysitane, phenyltriphenoxysilane, 5-
trifluoropropyltrimethoxysilane s-trifluoropropyltriethoxysilane, dimethyldimethoxysilane,
dimethyldiethoxysilane, dimethyldi-n-propoxysilane, dimethyidiisopropoxysilane,
dimethyidi-n-butoxysilane, dimethyldi-sec-butoxysilane, dimethyldi-tert-butoxysilane,
dimethyldiacetoxysilane, dimethyldiphenoxysilane, diethyldimethoxysilane,
diethyldiethoxysilane, diethyldi-n-propoxysilane, diethyldiisopropoxysilane, diethyldi-n-
butoxysilane, diethyldi-sec-butoxysilane, diethyldi-tert-butoxysilane,
diethyldiacetoxysilane, diethyidiphenoxysilane, di-n-propyldimethoxysilane, di-n-
propyldimethoxysilane, di-n-propyldi-n-propoxysilane, di-n-propyldiisopropoxysilane, di-
n-propyldi-n-butoxysilane, di-n-propyldi-sec-butoxysilane, di-n-propyldi-tert-butoxysilane,
di-n-propyldiacetoxysitane, di-n-propyldiphenoxysilane, diisopropyldimethoxysilane,
diisopropyidiethoxysilane, diisopropyldi-n-propoxysilane, diisopropyidiisopropoxysilane,
diisopropyldi-n-butoxysilane, dilsopropyldi-sec-butoxysilane, diisopropyldi-tert-
butoxysilane, diisopropyidiacetoxysilane, diisopropyldiphenoxysilane, di-n-
butyldimethoxysilane, di-n-butyldiethoxysilane, di-n-butyldi-n-propoxysilane, di-n-
butyldiisopropoxysilane, di-n-butyldi-n-butoxysilane, di-n-butyldi-sec-butoxysilane, di-n-
butyidi-tert-butoxysilane, di-n-butyldiacetoxysilane, di-n-butyldiphenoxysilane, di-sec-

butyldimethoxysilane, di-sec-butyldiethoxysilane, di-sec-butyldi-n-propoxysilane, di-sec-
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CLAIMS W claim A mxture for formng a porous, silica-based materi al
having a dielectric constant of about 2.2 or |ess, conprising: at |east one
silica source having an at | east one silicon atom and an organi c group,
conpri sing carbon and hydrogen atons, attached thereto wherein at |east one
hydrogen atomw thin the organic group is renpvable upon exposure to an

i oni zi ng rb%ﬁlmgb;s}epé@sﬁ&r?e dRBEL-BlitylaRATUISKYSiIaPa! SICR-aiedde-tulexysdne Of
the weight of at |east oné porogen to the weight of the at |east one

porogen anglséhguipmi- @?ttbrtﬁfaxy%h&?e -8 sscagldmcefdi sithe! @astc-ARHIBhéRG@sifkmi! ce

Is 0.4 or greater he 'm xture of aim1l aV| ng a netal 1nmpurity

o oot SR SR AR b P o,

a sol vent 4. tert-buty!diisopropoxysﬂane, dl-tert-butyldl-n-butoxysﬂane, di-tert-butyidi-sec-
butoxysilane, di-tert-butyldi-tert-butoxysilane, di-tert-butyldiacetoxysilane, di-tert-
butyldiphenoxysilane, diphenyldimethoxysilane, diphenyldiethoxysilane, diphenyldi-n-
propoxysilane, diphenyldiisopropoxysilane, diphenyldi-n-butoxysilane, diphenyldi-sec-
butoxysilane, diphenyldi-tert-butoxysilane, diphenyldiphenoxysilane,
methylneopentyldimethoxysilane, methylneopentyldiethoxysilane,
methyldimethoxysilane, ethyldimethoxysilane, n-propyidimethoxysilane,
isopropyldimethoxysilane, n-butyldimethoxysilane, sec-butyldimethoxysilane, tert-
butyidimethoxysilane, isobutyldimethoxysilane, n-pentyldimethoxysilane, sec-
pentyldimethoxysilane, tert-pentyldimethoxysilane, isopentyldimethoxysilane,
neopentyldimethoxysilane, neohexyldimethoxysilane, cyclohexyldimethoxysilane,
phenyldimethoxysilane, methyldiethoxysilane, ethyldiethoxysilane, n-
propyldiethoxysilane, isopropyldiethoxysilane, n-butyldiethoxysilane, sec-
butyldiethoxysilane, tert-butyldiethoxysilane, isobutyldiethoxysilane, n-
pentyldiethoxysilane, sec-pentyldiethoxysilane, tert-pentyldiethoxysilane,
isopentyidiethoxysilane, neopentyidiethoxysilane, nechexyldiethoxysilane,
cyclohexyldiethoxysilane, phenyldiethoxysilane, dimethylmethoxysilane,
diethylimethoxysilane, di-n-propyimethoxysilane, diisopropylmethoxysilane, di-n-
butyimethoxysilane, di-sec-butylmethoxysilane, di-tert-butylmethoxysilane,
diisobutylmethoxysilane, di-n-pentyimethoxysilane, di-sec-pentyimethoxysilane, di-tert-
pentylmethoxysilane, diisopentyimethoxysilane, dineopentyimethoxysilane,
dinechexylmethoxysilane, dicyclohexylmethoxysilane, diphenylmethoxysilane,

dimethylethoxysilane, diethylethoxysilane, di-n-propylethoxysilane,
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5. The m xture of claim1 further conprising water. 6. The m xture of claim
1 wherein the organic group conprises an al kyl group wherein the al kyl

group has from1 to 6 carbon atons. 7. The m xture of claim®6 wherein the
organi c group conprises a nethyl group. 8. The mixture of claim7 wherein
the nolar ratio of the methyl group to siliconis 0.2 or greater. 9. The

m xtur e OfgiSdgbBYBHSARIES) diAbURAbREx/SRAE Mol Baty BRIk BEoMRGRO Si || con
is 0.6 or greater. 10. The

m xture of” claim6 wherein the organic group

conpri ses RuaABRRTIAe, HisHutyiéRox sﬁéne,ﬁhﬁ-ﬁéhﬁéiﬁ@xy@ﬁarfel, @i-g8cl wherein the at

| east one silica 'source Is a product of hydrolysis and condensati on of one

or nore Sideﬂﬁﬁetﬁ&&ew@i—%ﬁ%ﬁéﬁ%%ft%)ﬁ%‘%i@%iiﬁ]&‘ﬁ&ié%%ﬁ@wnds represented

by the fol'l owi ng tornul as: erein R'and R can be

i ”depe”de@iﬂébgteh@l si%{negﬁiﬁuégﬁ&gtgghrﬁagéi%ﬂﬁ?éi@ e?te/féﬂ'gf SRed&n Or a

monoval ent” organrc group; repr a nono é ent organic group; and a
R v 0 5 rgeny o ARRES Orihbodedotincbhas, he preferred compoundeare
organt o gt RASl-G, FREHERLEAIES PelfEASEAIamNET B T e
Che sanp! SRRNTDRARNAENE Ao d S, oyRidnGnslhe e | nePENdent Y

by ( r2) ~ R AEEATRe bR, AR e RS AR e SRS RERER COoT 2L ons

thereof. diethyldiethoxysilane, trimethyimonomethoxysilane, trimethylmonoethoxysilane,

triethylmonomethoxysilane, and triethylmonoethoxysilane, . More preferably, R is -
CHL(CR'3)a., where n = 0 to 3, R’ = H, R’ can be any monovalent organic group, and can
be the same or different. Of these, methyl and neopentyl are preferred. The above
compounds may be used alone or as a mixture of two or more thereof.

[0046] Specific examples of the compounds represented by the formula R%,(R*0)3.,Si-
(R")-Si(OR®);3.R% wherein R; is an oxygen atom include: 1,1,1,3,3-pentamethoxy-3-
methyldisiloxane, 1,1,1,3,3-pentaethoxy-3-methyldisiioxane, 1,1,1,3,3-pentamethoxy-3-
phenyldisiloxane, 1,1,1,3,3-pentaethoxy-3-phenyldisiloxane, 1,1,3,3-tetramethoxy-1,3-
dimethyldisiloxane, 1,1,3,3-tetraethoxy-1,3-dimethyldisiloxane, 1,1,3,3-tetramethoxy-1,3-
diphenyldisiloxane, 1,1,3,3-tetraethoxy-1,3-diphenyldisiloxane, 1,1,3-trimethoxy-1,3,3-
trimethyldisiloxane, 1,1,3-triethoxy-1,3,3-trimethyldisiloxane, 1,1,3-trimethoxy-1,3,3-
triphenyldisiloxane, 1,1,3-triethoxy-1,3,3-triphenyldisiloxane, 1,3-dimethoxy-1,1,3,3-
tetramethyldisiloxane, 1,3-diethoxy-1,1,3,3-tetramethyldisiloxane, 1,3-dimethoxy-1,1,3,3-
tetraphenyldisiioxane and 1,3-diethoxy-1,1,3,3-tetraphenyldisiloxane. Of those, preferred
compounds are 1,1,3,3-tetramethoxy-1,3-dimethyldisiloxane, 1,1,3,3-tetraethoxy-1,3-

dimethyldisiloxane, 1,1,3,3-tetramethoxy-1,3-diphenyldisiloxane, 1,3-dimethoxy-1,1,3,3-
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12. The m xture of claim 1l wherein the m xture further conprises a product
of hydrol ysis and condensati on of one or nore silane conpounds sel ected
fromthe group of conpounds represented by the following formulas i.

Si (ORZ)4, where RZ represents a nonoval ent organic group; ii. RaSi (OR),
wherein R represents a hydrogen atom R represents a nonoval ent organic

group; andeﬁam&hgﬂrsllcﬁﬁa@ﬁeﬂ stdiathokpnges3-tétrimekhjigisikixahk| 1,3-dimethoxy-1,1,3,3-
R3b(R O 3~, Sl - | ( ORS5) 3~R6~, wherein R3 and represents a hydrogen at om

R and RS gpdpHenylbirfeReedmat 1 ¥-dldifoxgare 3@-teftaphéHyRildionask, each represents a
nonoval ent organic group; b 46 and ¢ can be in ependently t he sane or

di fferent f@ﬁﬂjqeagd%clfé SafMplEaR)t theEsthPELinds 98prBsdriled by e foRADIAMREL (FPOS; »Si-

t her eof . he m xture of claim 11 wherein the m Xture further conpri ses

a cat al ystr")Idofhe. AT whetem @J:scl @HD, 13n¥bes: Qﬂ.d@hémnémwswmaﬁm i ses a

non- hal i de cont aining acid catal yst. "15. The silica-based nateri al pr oduced
fromthe iGgthelairky Q#yﬁh@rﬂane1§|s(hgﬁﬁpﬁﬁtoﬁﬁérl?ﬂ)mgfhaﬁéa' m 15 wherein the

diffraction pattern’ o he material does notf "exhibit diffraction peaks at a

d- spaci ng L &Rleoxy @ thyidlyNNgHahe Bis(diethoxymethylsilyl)methane,
bis{dimethoxyphenylsilyl)methane, bis(diethoxyphenylsilylymethane,
bis(methoxydimethylsilyl)methane, bis(ethoxydimethylsilyl)methane,
bis(methoxydiphenyisilyl)methane, bis(ethoxydiphenylsilyl)methane,
bis(hexamethoxysilyljethane, bis(hexaethoxysilyl)ethane, bis(hexaphenoxysilyl}ethane,
bis(dimethoxymethylsilyl)ethane, bis{diethoxymethyisilyl)ethane,
bis(dimethoxyphenylsilyl)ethane, bis(diethoxyphenylsilyl)ethane,
bis(methoxydimethylsilyl)ethane, bis(ethoxydimethylsilyl)ethane,
bis(methoxydiphenyisilyl)ethane, bis(ethoxydiphenylsilyl)ethane, 1,3-
bis(hexamethoxysilyl)propane, 1,3-bis(hexaethoxysilyl)propane, 1,3-
bis(hexaphenoxysilyl)propane, 1,3-bis(dimethoxymethylsilyl)propane, 1,3-
bis(diethoxymethylsilyl)propane, 1,3-bis(dimethoxyphenylsilyl)propane, 1,3-
bis(diethoxyphenylsilyl)propane, 1,3-bis(methoxydimethylsilyl)propane, 1,3-
bis(ethoxydimethylsilyl)propane, 1,3-bis(methoxydiphenylsilyl)propane and 1,3-
bis(ethoxydiphenylsilyl) propane. Of those, preferred compounds are
bis(hexamethoxysilyl)methane, bis(hexaethoxysilyl)methane,
bis{dimethoxymethyisilyl)methane, bis{diethoxymethylsilyl)methane,
bis(dimethoxyphenylsilyl)methane, bis(diethoxyphenylsilyl)methane,
bis(methoxydimethylsilyl)methane, bis(ethoxydimethylsilyl)methane,

bis(methoxydiphenylsilyl)methane and bis(ethoxydiphenylsilyl)methane.
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17. The material of claim 15 wherein the diffraction pattern of the
material exhibits diffraction peaks at a d-spacing greater than 10
Angstronms. 18. The material of claim15 wherein the normalized wall elastic
nodul us (Eo ), derived in part fromthe dielectric constant of the
material, is about 16 GPa or greater 19. The material of claim 18 wherein

t he nor mal[pe48] waldddribasd tHe AT0sHst Uhe Giliga Sourded wWheein the Biich sbueaHaseat
dielectric constant of the nmaterial, is about 22 GPa or greater. 20. The

material aéastloak ®i dbnAgVied Bn ng%nm)graaﬂ: camgriiag C @lcag biamdrathohed th&eto, ,

derived in part fromthe dielectric constant the material, is about 34

GPa or gr apé Aixturélmay iRtheREShpde &dditeinal mola%dﬁr&%s&hat haenel r@cegéarnyc have

constant is 2.1 or less. 22. A process for formng a dielectric film having
a di el ect rdncorg@me gasilp &facﬁe@t&the'S?%ﬁamthl@e RIHAGRSAaf AMBEH Sogkiseld Ovi di ng a

m xture conprising an at |east one silica source having an at |east one

silicon atempalAd Ashreéédadd By HeQbnulg SRR HEr&iRTH?GBpRBENE YihesRRlent
organic group. Specific examples of the compounds represented by Si({OR?), include
tetramethoxysilane, tetraethoxysilane, tetra-n-propoxysilane, tetraisopropoxysilane tetra-
n-butoxysilane, tetra-sec-butoxysilane, tetra- tert-butoxysilane, tetraacetoxysilane, and
tetraphenoxysilane. Of the above, the preferred compounds are tetramethoxysilane,
tetraethoxysilane, tetra-n-propoxysilane, or tetraisopropoxysilane, tetraphenoxysilane.
[0049] The mixture may further comprise a compound represented by the formula
RsSi(OR")..a wherein R represents a hydrogen atom, R' represents a monovalent
organic group, and a is an integer that ranges from 1 to 3. Specific examples of the
compounds represented by R.Si{{OR")... wherein R represents a hydrogen atom include
trimethoxysilane, triethoxysilane, tri-n-propoxysilane, triisopropoxysitane, tri-n-
butoxysilane, tri-sec-butoxysilane, tri-terf-butoxysilane, triphenoxysilane.
[0050] The mixture may further comprise a compound represented by the formula
R%,(R*0)2551-0-Si(OR%)5.R%, wherein R® and R® represent a hydrogen atom, R* and R®
may be each independently the same or different and each represents a monovalent
organic group, and b and ¢ may be the same or different and each is a number ranging
from 0 to 3. Specific examples of the compounds represented by this formula include
hexamethoxydisiloxane, hexaethoxydisiloxane, and hexaphenoxydisiloxane.
[0061] Still further examples of other silica sources having an organic group bonded to
the silicon atom include compounds wherein at least a portion of the organic group is
unsaturated, i.e., has at least one C-C double bond. Examples of such compounds

include: vinyltrimethoxysilane, vinyltriethoxysilane, vinyltri-n-propoxysilane,
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atons, bonded thereto and at | east one porogen; depositing the m xture onto
a substrate to forma coated substrate; 47 curing the coated substrate
with one or nore energy sources for a tinme and at | east one tenperature
sufficient to renove at |east a portion of the porogen and form a porous
film and exposing the porous filmto an ionizing radiation source

suf fi ci entvidyRrilepmpexyailahe amyita-nsutbiyetarsd, vingitri-syctbopeysiaheminyliritteitn t he
porous filmand provide the dielectric film 23. The process of claim 22

wher ei n t iRtGHSITONE, Sitrphehoxysiend; dvirjimbeRxysians, digasheorysiiehect ed from
the group consisting of a thermal source, a-particles, (3-particles,

y-rays, X'eﬂIﬁl?rfeth&i?gifhn%[‘ﬁﬂm-rﬁbr%ﬁbkﬁﬂan@ laggtrisopréansilank] aigitioksitokisgate,
, I'n

visible lig rared I'i ght, m crowave, radio-frequency wavel engt hs,

pl asma, orgliPirkée-BRokRease fallyltftertIhRoBEASRS allRfripheddxystahepher ei n t he
lonizing radiation source in the exposing step is at | east one selected

fromthe giayRiRORSkEIAN PépetyRAmbinekiiand, prowdnyitaétasxysilaria pPopehyltays

hi gh energy électron, electron"beam or m xtures
propoxysilane, propenyltriisopropoxysilane, propenyltri-n-butoxysilane, propenyltri-sec-
butoxysilane, propenyltri-tert-butoxysilane, propenyltriphenoxysilane,
dipropenyldimethoxysilane, crotyltrimethoxysilane, crotyltriethoxysilane, crotyltri-n-
propoxysilane, crotyltriisopropoxysilane, crotyltri-n-butoxysilane, crotyltri-sec-
butoxysilane, crotyltri-tert-butoxysilane, crotyltriphenoxysilane, dicrotyldimethoxysilane,
vinylmethyldimethoxysilane, and vinylmethydiethoxysilane.
[0052] Additional organic groups with carbon-carbon double bonds include acrylates,
unsaturated polyesters, epoxies, and vinyl ethers. Examples of these species attached
to Si include (3-acryloxypropylitrimethoxysilane and
methacryloxymethyltrimethoxysilane.
[0053] In preferred embodiments, a combination of hydrophilic and hydrophobic silica
sources is used in the mixture. In preferred embodiments, the ratio of hydrophobic silica
source to the total amount of silica source is greater than about 0.2 molar ratio,
preferably from 0.2 to 3 molar ratio. The term “hydrophilic”, as used herein, refers to
compounds wherein the silicon atom can crosslink through at least four bonds. Some
examples of hydrophilic sources include alkoxysilanes having an alkoxy functionality and
can at least partially crosslink, i.e. a Si atom with four methoxy, ethoxy, propoxy,
acetoxy, etc. groups, or materials with carbon or oxygen bonds between Si atoms and all
other functionality on the Si atoms being an alkoxide. If the Si atoms do not fully
crosslink, residual Si-OH groups may be present as terminal groups that can adsorb

water. The term hydrophobic source refers to compounds where at least one of the
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thereof. 25. The process of claim 24 wherein the ionizing radiation source
Is an el ectron beam 26. The process of claim25 wherein the accelerating
voltage of the electron beamis 17 kV or |less. 27. The process of claim 26
wherein the accelerating voltage of the electron beamis 10 kV or |ess. 28.
The process of claim22 wherein the curing step is conducted at a

t enper at ursikgxl; fddlionAlitick ©88 bed? replatedMiPCLRsmal 8l-8ioMS2E bahdl igd. Siniehg@r i ng
step is conducted at a tenperature of 40QC or |ess. 48 30. The process of

cl ai m 22 vt rsilghen@usi-a\iioHeR, é18., et tatictibtigehemitd & Apdokyialert 30

m nutes or |ess.
hydrolysis. In these sources, the silicon would crosslink with less than four bridges even
when fully crosslinked as a result of hydrolysis and condensation of Si-OH groups if the
terminal group remains intact. In certain preferred embodiments, the hydrophobic silica
source contains a methyl group or neopentyl group attached to silicon. Under certain
processing conditions, terminal organic groups may undergo beta hydride elimination to
form Si-H bonds that may be oxidized to Si-OH and result in Si-O-Si bridges and/or
residual Si-OH within the compound. In this instance, these silica sources would be
acting as hydrophilic silica sources.
[0054] The at least one silica source may be added to the mixture as the product of
hydrolysis and condensation. Hydrolysis and condensation of the silica source occurs by
adding water and a catalyst to a solvent and adding the silica source at a time,
intermittently or continuously, and conducting hydrolysis and condensation reactions
while stirring the mixture at a temperature range generally from -30 to 100°C, preferably
from 20 to 100°C, for 0 to 24 hours. The composition can be regulated to provide a
desired solid content by conducting concentration or dilution with the solvent in each step
of the preparation.
[0055] The hydrolysis and condensation of the silica source can occur at any point
during the formation of the film, i.e., before adding to the mixture, after adding to the
mixture, prior to or during curing, etc. For example, in certain embodiments of the
present invention, the at least one silica source is combined with the solvent, water, and
surfactant in a first vessel, the ionic additive and catalyst are combined in a second
vessel, and the contents of the second vessel are gradually added to the first vessel and

mixed. It is envisioned that a variety of different orders of addition to the mixture can be

used without departing from the spirit of the present invention.
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31. The process of claim30 wherein the curing step is conducted for a tine
of about 15 mnutes or |less. 32. The process of claim 31 wherein the curing
step is conducted for a tinme of about 6 mnutes or |ess. 33. The process of
claim 22 wherein at |least a portion of the curing step is conducted during
at least a portion of the exposing step. 34. The process of claim 22

wherein t neoi?grcrﬂ{%%am stHuithhie fSURe Fféﬁeﬂt AVERtRE ihdEdeXdHSdrhaNis be MorGarges

from 100 to dielectric filmfornmed by the process of claim22.

36. The digfiesttdse that dBhatalR the BdroelsaifRubfRutdhiltrmh tHeCsifidal sBuR@sInaRe or
nore bond types selected fromthe group consisting of silicon-carbon bonds,

car bon cardederRetvatet AnDOMNEXYAGhsRAMI St twdlics isblif@B 16 YSHO4e8i-00mids . 37.
The filmof claim35 wherein the diffraction pattern of the material does

not exhi biﬂna@%f frha%hiawngt P5RKS aflorghrfl SRR 8! BRIR litied 1ol Quadasdryoms. 38.

The fil m of aim 35 erein the diffraction pattern of the material does

exhi bi t  didchhasibiiUhitR 8RH hydtoxied; SRAHsMNMBRENSr tbiPdethPIafestiiMEmines
such as primary, secondary, and tertiary amines, and amine oxides. The catalyst can
also be an acid such as, but not limited to, nitric acid, maleic, oxalic, acetic, formic,
glycolic, glyoxalic acid, or mixtures thereof. In preferred embodiments, the catalyst
comprises nitric acid.
[0057] The term solvent as used herein refers to any liquid or supercritical fluid that
provides solubility with the reagents, adjusts the film thickness, provides sufficient optical
clarity for subsequent processing steps, such as lithography, and is substantially
removed upon curing. Solvents that are suitable for the use in the present invention may
include any solvent that, for example, exhibits solubility with the reagents, affects the
viscosity of the mixture, and/or affects the surface tension of the mixture upon deposition
onto the substrate. Solvents can be alcohol solvents, ketone solvents, amide solvents,
or ester solvents. In certain embodiments, one or more solvents used in the present
invention have relatively low boiling points, i.e., below 160°C. These solvents include,
but are not limited to, tetrahydrofuran, acetone, 1,4-dioxane, 1,3-dioxolane, ethyl acetate,
and methyl ethyl ketone. Other solvents, that can be used in the present invention but
have boiling points above 160°C, include dimethylformamide, dimethylacetamide, N-
methyl pyrrolidone, ethylene carbonate, propylene carbonate, glycerol and derivatives,
naphthalene and substituted versions, acetic acid anyhydride, propionic acid and
propionic acid anhydride, dimethyl sulfone, benzophenone, diphenyl sulfone, phenol, m-
cresol, dimethyl sulfoxide, diphenyl ether, terphenyl, and the like. Preferred solvents

include propylene glycol propyl ether (PGPE), 3-heptanol, 2-methyl-1-pentanol, 5-
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39. The filmof claim35 wherein the normalized wall elastic nodulus (Er;
), derived in part fromthe dielectric constant of the material, is about
16 GPa or greater. 40. The filmof claim39 wherein the nornalized wall

el astic modulus (Eo ), derived in part fromthe dielectric constant of the

material, is about 22 GPa or greater. 41. The filmof claim40 wherein the
nor nal i zegnh *]112 -8&@Pbi, B-HExEHbIUS-hebfainbl, 20k d2 Brdibathyl-3-pemahbe pibiert ri C
constant of the material, is about 34 GPa or greater 42. The filmof claim

35 wher ei yycbPmeirgl amkbF éé‘eté’t@QPGMEA | &thglehe ?fycblﬂﬁ%tyl"&her HropylEhe ghali aetri c

filmof clam35 wherein the dlelectrlcfl mis an insulation | ayer, an

i nterlayemyg sir@atmssj aytﬂfmxya@prdaaﬁbnwgtrﬁéth?ltzﬁb&&hﬁéa02Jn%fﬁéxyeﬁ1yca@aa@g
| ayer, a chem cal nechanical ‘planarization [ayer barrier ‘ayer, or an

adhesi on '2%6x9@tﬁafhbﬂ 20t bXe Bl 8éAdacdtate U -bentdflol, &@bﬂfp?%%efchof PefAy¥g a

dielectric material conmprising exposing a porous material conprising an at

| east one ggidr! &g ﬁﬂfﬁ"e?@xé}ﬁbflh n inkIG8& lacPhiés, C%}HH\%% 8h@ Biofy1OF @he?r gani ¢

group conprising carbon and rogen atons attached théreto to an I onizing

radi ati on cagbERy SiFdS i ide clfod st AP 419910260 THalsohRrdydr ogen

atoms wthin P € porous m an prow de t electric materlal wher ei n

the di el echliierdBd 864 miBe 288 3 Alond R SO EAGS RS LPRIoREIEUAS! e aroup

consi sti ng o con-car on-car n bonds |conoxygen

bonds, and s @ SRHBUFHAGE o Giigks &%@Ocnxg@sg RS BF Frd? ss|k,gﬁt§wﬂh%:aw§§,e' n

t he porous mater as a vol reater t 46. Th
f
orcator 1ADEhE Aol CE bR R RRYR Eﬁaﬁéﬁmﬁﬁﬁe‘*‘sﬁﬁé@e SHEN RS o

has a voi @uﬁén@ﬁﬁdaﬁ’ﬁo‘gf greater than 0. 6.

[0058] The mixture used to form the films of the present invention preferably further
comprises a porogen. A “porogen”, as used herein, is a reagent that is used to generate
void volume within the resultant film. Suitable porogens for use in the dielectric materials
of the present invention include decomposable polymers, surfactants, dendrimers, hyper-
branched polymers, polyoxyalkylene compounds, organic macromolecules, or
combinations thereof. Still further examples of suitable porogens include those porogens
described in pending patent application, Attorney Docket 06274P2, which is assigned to
the assignee of the present invention.

[0059] The porogen could be a decomposable polymer. The decomposable polymer
may be radiation decomposable, or more preferably, thermally decomposable. The term
“polymer”, as used herein, also encompasses the terms oligomers and/or copolymers
unless expressly stated to the contrary. Radiation decomposable polymers are polymers
that decompose upon exposure to radiation, e.g., ultraviolet, X-ray, electron beam, or the
like. Desirable thermally decomposable polymers undergo thermal decomposition at
temperatures that approach the condensation temperature of the silica source materials

and are present during at least a portion of the cross-linking so that the silicate structure
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48. The process of claim44 wherein the ionizing radiation source is an

el ectron beam 49. The process of claim48 wherein the accel erating voltage
of the electron beamis 17 kV or less. 50. The process of claim44 wherein
the normalized wall elastic nodulus (Eo ) of the dielectric material,
derived in part fromthe dielectric constant of the material, is about 16

GPa or gr eabehot &mapséﬂiheﬂ_ﬂfé?/H’éé?/@e@cﬂfpo@n%rgh@th%@hﬁldh fber ReiE|rgzsd
wal | el astic nodulus (Ep') the dielectric material, derived in part from

the di el egid lifrifiemt BBECRH, cbitfol BRE GBfiid poresiRDaNd dédorfissetdndHiB@ el out 2P .
The process of claim51 wherein the nornalized wall elastic nodulus (Eo')

of the di %@ﬁbfrix(ét'fﬂﬂﬁﬁr@ﬂ)nat@ﬁﬁie%ﬁﬁrddésﬁﬁétEﬂérﬁﬁlb&@t?@'s@'p@ fridrs it ant  of
the material, is about 32 GPa or greater. 53. The process of claim52

wher ei n t BgiyhRt Rt ROk Mbr‘ch@é&éﬁe'tﬁatrﬂ?gﬂbﬁa trzee )dlrﬁénéuﬁﬁl dirgdt@@tduch as,
mat eri al , derlved In part fromthe dielectric constant of the material, is

about 37 GhenANinfe8dd %ﬂock%po%%@ i @C @fto X triblak Mk mBB IRk Ropbigmde! ectric

mat eri al has carbon-carb
star block copolymers; radial diblock copolymers; graft diblock copolymers; cografted
copolymers; dendrigraft copolymers; tapered block copolymers; and combinations of
these architectures. Further examples of degradable polymers are found in U. S. Pat.
No. 6,204,202, which is incorporated herein by reference in its entirety.
[0060] The porogen of the present invention could also comprise a surfactant. For
silica sol-gel based films in which the porosity is introduced by the addition of surfactant
that is subsequently removed, varying the amount of surfactant can vary porosity.
Typical surfactants exhibit an amphiphilic nature, meaning that they can be both
hydrophilic and hydrophobic at the same time. Amphiphilic surfactants possess a
hydrophilic head group or groups which have a strong affinity for water and a long
hydrophobic téii which is organophilic and repels water. The surfactants can be anionic,
cationic, nonionic, or amphoteric. Further classifications of surfactants include silicone
surfactants, poly(alkylene oxide) surfactants, and fluorochemical surfactants. However,
for the formation of dielectric layers for IC applications, non-ionic surfactants are
generally preferred. The surfactants used in the present invention may not behave in the
traditional sense, i.e., to form micelles or act as surface active agents. Suitable
surfactants for use in the mixture include, but are not limited to, octyl and nonyl phenot
ethoxylates such as TRITON® X-114, X-102, X-45, X-15; alcohol ethoxylates such as
BRIJ® 56 (C1gH13(OCH,CH,)1c0OH) (IC)), BRIJ® 58 (C1gHa3{ OCH,CHz)0OH) (ICI), and
acetylenics diols such as SURFYNOLS® 465 and 485 (Air Products and Chemicals,

Inc.). Further surfactants include polymeric compounds such as the tri-block EO-PO-EO
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bonds. 55. A mixture for formng a porous, silica-based material having a
dielectric constant ranging from2.1 to 3.7 and a nornalized wall elastic
nodul us (Eo ), derived in part fromthe dielectric constant of the
material, of about 32 GPa or greater, conprising: at |east one silica
source having an at |east one silicon atom and an organi c group conprising
car bon andcdyyslyragePLAURDRIGE Laghdd 28he3 €81 vieredaml Ri23 (BASF, awe). IStidir ogen
atomwithin the organic group is renovabl e upon exposure to an ionizing

radi ati on fankérexemplly surfacans ireleMtoe(prinvkey end sédundasl) ethoxflatese wei ght
of at |east one porogen to the weight of the at |east one porogen and the

wei ght of #phiAd emoRylatkedgl¥odites, aluchrisds, BoIfetblibhe glyseis] sey(ethy@néghwol-
greater. 56. The mxture of claim55 wherein the normalized wall elastic

nodul us ofcdhepyiBheivadl), ios otie BliridtatEpravidedis Mefeierbrice Mocuithsbnise of

claimb55 wherein the dielectric constant of the material is greater than

2. 4. Emulsifiers and Detergents, North American Edition for the Year 2000 published by
Manufacturers Confectioners Publishing Co. of Glen Rock, N.J.
[0061] It is preferred that the surfactants in the mixture have a metal content less than
20 ppm. While commercially available unpurified surfactants could be used, the final
films may have impurity levels far in excess of acceptable levels, and thus the surfactant
should be purified. Surfactant purification can be performed using commaon procedures,
such as employment of ion exchange columns in which alkali ions can be retained and
hydrogen ions released in their place. These unpurified surfactants may commonly
possess alkali ion concentrations in the range from about 100 to 1000 parts per million.
The goal of surfactant purification is to reduce alkali ion impurity levels to less than 50
parts per billion. Acceptable concentrations of alkali ion impurities within the film material
are less than 10 parts per billion for each alkali element.
[0062] The porogen may be a hyper branched or dendrimeric polymer. Hyper
branched and dendrimeric polymers generally have low solution and melt viscosities,
high chemical reactivity due to surface functionality, and enhanced solubility even at
higher molecular weights. Some non-limiting examples of suitable decomposable hyper-
branched polymers and dendrimers are provided in “Comprehensive Polymer Science”,
2" Supplement, Aggarwal, pp. 71-132 (1996) which is incorporated herein by reference
in its entirety.
[0063] The porogen within the film-forming mixture may also be a polyoxyalkylene
compound such as polyoxyalkylene non-ionic surfactants, polyoxyalkylene polymers,

polyoxyalkylene copolymers, polyoxyalkylene cligomers, or combinations thereof. An
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51 58. A process for forming a dielectric filmhaving a dielectric
constant ranging from2.2 to 3.7, the process conprising: providing a

m xture conprising an at |east one silica source having an at |east one
silicon atom and an organi c group, conprising carbon and hydrogen atons,
bonded thereto and at | east one porogen; depositing the m xture onto a

substrat e dx@mph! & uch ¥4 %Qlyﬁﬂ!?éhé e&iae thatlindehdshd ARALRTety YaSdif@iremVCi i one

or nore energy sources ime and at | east one t enper at ure sufficient
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exposing the porous ‘fil'mto an 1onizing radiation source sufficient to
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provi ethe direl ectric . The process of clalmb58 wherein the

nor mal i zedohakike ghastic SddME! BAicEaBitve®Ebire added to mixture if the metal impurity
content is about 500 ppm or less. Generally, the ionic additive is a compound chosen
from a group of cationic additives of the general composition [(NR,)'],A™, where R can
be a hydrogen atom or a monovalent organic group containing 1 to 24 carbon atoms, or
mixtures of hydrogen atoms and/or monovalent organic groups, including
tetramethylammonium and cetyltrimethylammonium, and A™ is an anion where n is the
valence of the anion. Preferably, A" may be chosen from the group consisting of
formate, nitrate, oxalate, acetate, phosphate, carbonate, and hydroxide and
combinations thereof. Tetramethylammonium salts, or more generally
tetraalkylammonium salts, or tetracrganoammonium salts or organoamines in acidic
media are added to surfactant templated porous oxide precursor formulations to increase
the ionic content, replacing alkali ion impurities {sodium and potassium) removed during
porogen purification.
[0065] Alternatively, the ionic additive may be an amine additive which forms an ionic
ammonium type salt in the acidic precu.rsor mixture. The suitable amine additive is
selected from the group consisting of: triethylenediamine (TEDA); diethanolamine
(DELA); triethanolamine, (TELA); aminopropyldiethanolamine (APDEA); bis(p-
aminocyclohexyl)methane (PACM}; quinuclidine (QUIN); 3-Quinuclidinol; trimethylamine
(TMA); tetramethylethylendiamine, (TMEDA); tetramethyl-1,3-propanediamine (TMPDA);
trimethylamine oxide (TMAQ); PC-9, N,N,N-tris(N’,N'-dimethyl-3-aminopropyl)amine; PC-
77, 3,3 -bis(dimethylamino)-N-methyldipropytamine; CB, choline hydroxide; DMAP, 4-

dimethylaminopyridine; DPA, diphenylamine; or TEPA, tetrasthylenepentamine.
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the dielectric material, derived in part fromthe dielectric constant of
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evaporating the solvent and water can form the films. In certain preferred embodiments,
the surfactant and remaining solvent and water may be removed by curing the coated
substrate to one or more temperatures and for a time sufficient to preduce the porous
film.

[0067] The mixture may be deposited onto the substrate to form the coated substrate.
The term substrate, as used herein, is any suitable composition that is formed before the
dielectric film of the present invention is applied to and/or formed on that composition.
Suitable substrates that may be used in conjunction with the present invention include,
but are ndt limited to, semiconductor materials such as gallium arsenide (“GaAs”),
silicon, and compositions containing silicon such as crystalline silicon, polysilicon,
amorphous silicon, epitaxial silicon, silicon dioxide (“SiO;"}, and mixtures thereof. The
mixture may be applied onto the substrate via a variety of methods including, but not
limited to, dipping, roliing, brushing, spraying, or spin coating. The coated substrate may
then be pre-heated to substantially complete the hydrolysis of the silica source, continue
the crosslinking process, and drive off any remaining solvent, if present, from the film, in
other embodiments such as CVD based methods, the mixture may be vaporized and/or
form particulates that coat the substrate.

[0068] The coated substrate is then cured, preferably thermally cured, 1o substantially
remove the porogen contained therein and form the porous film. Specific temperature
and time durations will vary depending upon the ingredients within the mixture, the
substrate, and the desired pore volume. The resuitant porous film has a void fraction of

0.4 or greater, preferably 0.5 or greater, and more preferably 0.6 or greater. In certain
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method in an air, nitrogen, or inert gas atmosphere, under vacuum, or under reduced

pressure having an oxygen concentration of 10% or lower.

[0070] The porous material or film of the present invention is further subjected to a

post-cure treatment consisting of exposure to at least one ionizing radiation source {0

provide the dielectric film. Examples of suitable ionizing radiation sources include, but

are not limited to, i.e., alpha-particles, beta-particles and gamma-rays from radioactive

nuclei; x-rays; high energy electrons or mixtures thereof. This treatment may, for

exampie, increase the mechanical integrity of the material or decrease the dielectric

constant by reducing the amount of adsorbed water.
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oxidizing atmosphere, i.e., conducted in an atmosphere having an oxygen concentration
of 10,000 ppm or less, preferably 1,000 ppm or less. The exposure step is preferably
conducted in a non-oxidizing atmosphere to minimize the chance of oxidiation of the
porous film which may cause an increase in dielectric constant. Examples of suitable
non-oxidizing atmospheres include inert atmospheres (e.g., nitrogen, xenon, krypton,
heliumn, argon, etc. or mixtures thereof), a reducing atmosphere {e.g., Hz, CO}, or ‘
vacuum.

[0072] Specific temperature and time durations for the exposure step will vary
depending upon the ingredients within the mixture, the substrate, the ionizing radiation
source, and the desired pore volume. In certain preferred embodiments, the exposure
step is conducted at a temperature below about 450°C, preferably below about 300°C,
and more preferably below about 250°C. The exposure step is conducted for a time of
about 30 minutes or less, preferably about 15 minutes or less, and more preferably about
6 minutes or less. In certain preferred embodiments, the exposure step is conducted for
a time ranging from 1 to 5 minutes,

[0073] The exposure step may be conducted in a variety of settings depending upon
the process used to form the porous film. It may be advantageous for the exposure step
to be conducted after or even during at least a portion of the porous film formation (i.e.,
cure) step. For example, in one embodiment, an e-beam exposure may be conducted
while the coated substrate is heated by a hot plate or similar means to cure the film. The
exposure step can be performed in various settings such as, but not limited to, quartz
vessel, a modified deposition chamber, a conveyor belt process system, a hot plate, a
vacuum chamber, a cluster tool, a single wafer instrument, a batch processing

instrument, or a rotating turnstile.
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beam. Examples of different electron beam methods suitably for use in the process of
the present invention include: S. Chattopadhyay et al., Journal of Materials Science, 36
(2001) 4323-4330; G. Kloster et al., Proceedings of IITC, June 3-5, 2002, SF, CA; and
U.S. Pat. Nos. 6,207,555 B1, 6,204,201 B1 and 6,132,814 A1. The electron beam in the
exposing step may comprise a singular beam or a cluster of beams. Electron beam
post-treatment for selective removal of porogens or specific chemical species from an
organosilicate film and/or improvement of film properties is conducted under the
following conditions: the environment can be vacuum, inert (e.g., nitrogen, CO,, noble
gases (He, Ar, Ne, Kr, Xe), etc.), oxidizing (e.g., oxygen, air, dilute oxygen environments,
enriched oxygen environments, ozone, nitrous oxide, efc.), or reducing {e.g., dilute or
concentrated hydrocarbons, hydrogen, etc.). In embodiments wherein the electron beam
treatment is conducted in an inert atmosphere, it is preferably a helium, argon, or
nitrogen atmosphere. In embodiments wherein the electron beam treatment step is
conducted under a vacuum, the degree of vacuum may range from 133 Pa or less, or
preferably from 0.133 to 26.7 Pa. The temperature of the underlying substrate during
electron beam exposure ranges from 25 to 450° C, preferably from 100 to 400° C. The
total time for exposure to the electron beam may range from 0.001 to 30 minutes,
preferably from 0.001 to 15 minutes, and more preferably from 1 to 5 minutes and may
be continuous or pulsed.
[0075] The exposure to the electron beam is conducted at at an energy expressed via
accelerating voltage ranging from 0.1 to 50 keV, preferably from 1 to 30 keV, and more

preferably from 1 to 17 keV in an irradiation dose of ranging from 1 to 10,000 pCiem?,

preferably from 10 to 500 uC/em®. It is preferably to use lower accelerating voltages to

avoid damage to the underlying semiconductor device.
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[0076] The electron beam energy determines the electron beam penetration depth and
ultimately the curing depth of the film. The mixture of the present invention contains a
porogen to provide a porous film when cured. Consequently, lower electron beam
accelerating voltages can be used; for instance, when the amount of porogen is sufficient
to give a film with a dielectric constant of 2.2 or less, i.e., electron beam energies of less
than 17 keV may be required for even the thickest films (3 um). In embodiments
wherein the density of the porous film is known, the relationship between electron beam
penetration depth and electron beam energy may be determined according to the Grun
equation or Equation (5) as follows:

Rg = (0.046/d)V,' " Equation (5)

In Equation (5), R, is the range of electrons in the material (um) or Grun range, d is the
film density (g/cm®), and V, is the accelerating voltage or electron energy (keV). For a
given film thickness, porous films which have a lower density require lower e-beam
energies to cure the film thereby decreasing the probability of the electron beam
damaging the underlying semiconductor device. For example, a 10,000 A thick, non-
porous film having a density of 2.2 g/cm® may require an accelerating voltage of 9.1 keV
accelerating voltage for curing whereas a compositionally identical 10,000 A thick porous
film having a wall density 2.2 g/cm® and a void fraction of 0.65 may require an
accelerating voltage of 5.0 keV for curing. Similarily, a 5,000 A thick, non-porous film
having a density of 2.2 g/cm® may require an accelerating voltage of 6.1 keV accelerating
voltage for curing whereas a compositionally identical 5,000 A thick porous film having a
wall density 2.2 g/cm® and a void fraction of 0.65 may require an accelerating voltage of
3.4 keV for curing.
[0077] The preferred dielectric films of the invention are mesoporous. The term
“mesoporous”, as used herein, describes pore sizes that range from about 10 A to about

500 A, preferably from about 10 A to about 100 A, and most preferably from about 10 A
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to about 50 A. It is preferred that the film have pores of a narrow size range and that the
pores are homogeneously distributed throughout the film. Filmé of the invention
preferably have a porosity of about 10% to about 90%, more preferably about 40% to
about 85%. The porosity of the films may be closed or open pore, preferably open pore.
[0078] In certain embodiments of the present invention, the diffraction pattern of the
film does not exhibit diffraction peaks at a d-spacing greater than 10 Angstroms. The
diffraction pattern of the film may be obtained in a variety of ways such as, but not limited
to, neutron, X-ray, small angle, grazing incidence, and reflectivity analytical techniques.
For example, conventional x-ray diffraction data may be coliected on a sample film using
a conventional diffractometer such as a Siemens D5000 6-9 diffractometer using CuKa
radiation. Sample films may also be analyzed by X-ray reflectivity (XRR) data using, for
example, a Rigaku ATX-G high-resolution diffraction system with Cu radiation from a
rotating anode x-ray tube. Sample films may also be analyzed via small-angle neutron
scattering (SANS) using, for example, a system such as the 30 meter NG7 SANS
instrument at the NIST Center for Neutron Research.
[0079] The dielectric material of the present invention has mechanical properties that
allow the material, when formed into a film, to resist cracking and enable it to be
chemically/mechanically planarized. Further, the dielectric films of the present invention
exhibit low shrinkage. Dielectric films of the present invention generally have a thickness
that ranges from 0.05 to about 3 um. Dielectric films of the present invention may exhibit
a modulus of elasticity that ranges from about 0.5 to about 10 GPa, and generally
between 2 and 6 GPa; a hardness value that ranges from about 0.2 to about 2.0 GPa,
and generally from about 0.4 to about 1.2 GPa, and a refractive index determined at 633

nm of between 1.1 and 1.5. The dielectric constant of the flim is preferably 2.2 or less,

more preferably 2.1 or less.
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dielectric constant stability, cracking resistance, and surface hardness. Suitable
applications for the film of the present invention include interlayer insulating films for
semiconductor devices such as LSls, system LSis, DRAMs, SDRAMs, RDRAMSs, and D-
RDRAMs, protective films such as surface coat films for semiconductor devices,
interlayer insulating films for multilayered printed circuit boards, and protective or
insulating films for liquid-crystal display devices. Further applications include capping
layers, hard mask, or etch stops.
[0081] The invention will be illustrated in more detail with reference to the following
exampies, but it should be understood that the present invention is not deemed to be
limited thereto.
[0082] In the following examples, unless stated otherwise, properties were obtained
from sample films that were spun onto a low resistance (0.01 Qcm) single crystal silicon
wafer substrate and calcined to 400°C. The thickness, film refractive index, and porosity
values of each film were determined by spectroscopic eliipsometry using a variable angle
spectroscopic ellipsometer, Model SE 800 manufactured by Sentech Instruments GmbH,
and calculated by SpectraRay software. The refractive index, film thickness, and
percentage of air values were obtained by simulating the measurement using various
models such as Bruggemann in the wavelength range from 400 to 800 nm with mean
square error of about 1 or less. For the thickness values, the error between the
simulated thickness and actual film thickness values measured by profilometry was
generally less than 2%.
[0083] The dielectric constant of each sampie film was determined according to ASTM

Standard D150-98. The capacitance-voltage of each film were obtained at 1 MHz with a

Solartron Model St 1260 Frequency Analyzer and MSI Electronics Model Hg 401 single
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contact mercury probe. The error in capacitance measurements and mercury electrode

area (A) was less than 1%. The substrate (wafer) capacitance (Csg;), background

capacitance (C,) and total capacitance (C;) were measured between +20 and -20 volts

and the thin film sample capacitance (C¢) was calculated by Equation (6):

Cs=Cs (Cr-Cp)/ [Csi -{C7-Cp )] Equation (6}
The dielectric constant of each film was calculated by Equation (7) wherein d is the film

thickness, A is the mercury electrode area, and & is the dielectric constant in vacuum:

. Csd

Equation (7
2 q (7)

The total error of the dielectric constant of the film was expected to be less than 6%.
[0084] The elastic modulus for each film was taken from 1x0.4cm?samples cleaved
from the center of the wafer and mounted onto an aluminum stub using a low-melting-
temperature adhesive, CRYSTALBOND® which is manufactured by Armco Products
Inc., of Valley Cottage, N.Y. Indentation tests were performed on a NANOINDENTER®
Dynamic Contact Module (DCM) manufactured by MTS Systems Corporation with an
ACCUTIP™ Berkovich diamond tip using the continuous stiffness measurement (“CSM”)
method described in the reference, Qliver et al., “An Improved technique for Determining
Hardness and Elastic Modulus Using Load and Displacement Sensing Indentation
Experiments”, J. Material Research, 1992, 7 [6], pp. 1564-1583, incorporated herein by
reference in its entirety. A small oscillation was superimposed on the primary loading
signal and the resultant system response waé analyzed by means of a frequency-
specitic amplifier. The excitation frequency was held constant throughout the test at 75
Hz (DCM) and the excitation amplitude was controlled such that the resulting
displacement amplitude remained constant at 1 nm (DCM).

[0085] Each indentation experiment allowed for a continuous measure of the contact

stiffness, S. Using the dynamic measure of S, and established formulae for Young's
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modulus and hardness (Poisson’s Ratio = 0.18 for silica, 0.25 for low k films), every
individual indentation experiment yielded Young's modulus and hardness as a
continuous function of surface penetration. An array of 5 to 10 indents was performed
on each sample and a distance of approximately 20 - 25 microns separated successive
indents. The results from each indentation experiment were examined and any “outliers”
were excluded. The results for Young's modulus and hardness vs. penetration for the
indentation experiments of each sample were averaged using discrete displacement
windows of approximately 5§ nm. Using the data in this window, an average, standard
deviation, and confidence interval for each sample were then calculated. The same
statistics were likewise calculated for the rest of the discrete windows. Hardness results
were obtained and averaged in the same manner. Hardness and Young's modulus were
reported as the measured value of hardness at the minimum of the hardness curve (at
about 30-50 nm) and the measured value of modulus at the minimum of the modulus

curve (at about 30-50 nm). The errors of the modulus and the hardness of the film are

expected to be less than 10 percent.

EXAMPLES
PURIFICATION OF REAGENTS
[0086] The reagents used in the following examples were analyzed via ICP/MS using a
Finnigan Element 1, High resolution Inductively Coupled Plasma/Mass Spectrometer
{ICP/MS)}, manufactured by Finnigan of Bremen, Germany, prior to addition to the
reaction mixture. If the level of metal impurities in the reagent exceeded 50 ppb, the
reagent was purified. Depending upon its composition, reagents were purified via
standard procedures such as distillation under reduced pressure or ion exchange

columns in which metal ions are retained in the column and hydrogen ions are released
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in its place. Table A provides the elemental analysis for a variety of different reagents,
as received or after the purification process described herein.
[0087] |f the reaction mixture included a surfactant, the surfactant purification
procedure was conducted in the following manner. A quantity of surfactant such as
AMBERLITE IR-120 resin was rinsed with high pressure liquid chromatography (‘HPLC”)
grade water in its original container wherein the resin was floated for about 20 minutes.
The resin was decanted and refilled as many times as needed to remove its deep color.
A guantity of 2 Kg of resin was transferred to a 1 gallon wide-mouth Nalgene bottle. The
resin was rinsed with HPLC water, soaked for about 1 hour, and then filtered using a 2-
liter filter flask and a 7" diameter Buchner funnel with Whatman Qualitive 1 filter paper.
The filtered resin slurry was transferred to another 1 gallon bottle. The rinse, soak, and
filter steps were repeated until the water rinse was slightly yellow in color. The resin
slurry was heated to a temperature of about 70°C. The heat-treated resin slurry was
then filtered and the heating step was repeated until no color was observed in the filtrate.
The heat-treated resin slurry was transferred to a dry 1-gallon bottle where it is washed
with about 1.5 L of 200 proof ethanol. The ethanol resin slurry was soaked at room
temperature and filtered as before. The ethanol wash was repeated until no color
remained in the filtrate.
[0088] The ethanol resin slurry was added to a 30" ion exchange column at about 17
from the top. The remainder of the column reservoir was filled with ethanol. The column
was capped and inverted thereby filling the top reservoir of column with the resin and
displacing air in the column tube with ethanol. The column was then inverted right side
up while rotating the column to form a vortex of spinning ethanol. This process was
continued until all resin has settled into the column. The packing step was repeated until

no apparent channeling was observed. The ethanol in the column reservoir is allowed to

drain into the column. The effluent is monitored for color bleed. The ethanol rinse was
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repeated until no color was evident. A regulating stopcock set the flow rate of effluent to
35 ml/min.
[0088] A solution of 10% surfactant in ethano! was prepared in 1-gallon narrow mouth
Nalgene container. An initial quantity of 300-500 ml of solution was passed through the
1% ion exchange column and the effluent was checked for color bleed and discarded.
Additional quantities of sciution were passed through the 1 ion exchange column and
the remainder of the effluent was collected in another clean 1-gallon narrow mouth
container. The effluent from the 1 column was passed through the 2™ column ion
exchange column and the effluent was collected after discarding the first 300 ml. The
effluent was collected in either a 2 L round bottom flask (filling 2 full for rotovap
procedure) or a clean (rinsed with 200 proof ethanol passed through ion exchange
column) 1 gallon narrow mouth bottle. This process was repeated until all of the
surfactant solution has passed through the two columns to provide a purified surfactant
ethanol solution.
[0080] The purified surfactant solution was rotovaped by using dry ice and acetone in
condenser and vacuum trap using the slowest rotation speed and a slight crack in the
vacuum line and water bath at room temperature. The vacuum level was adjusted until
ethanol within the solution was condensed and no bumping was evident. The
rotovapping process is continued in a water bath at 30°C by adding additional purified
surfactant ethanol solution to purified surfactant in flask until all of column effluent
solution has been rotovapped. The temperature of the bath was increased slowly to
drive off residual ethanol. Afterwards, the bath temperature was increased to 60°C and
rotovapping was continued until all ethanol has been removed to yield the purified
surfactant. A small sample of the purified surfactant was analyzed for metal content

using ICP-MS BriGF 1ol
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Example: E-beam Treatment of Silica-based Low-k Dielectric Films

[0091] Four different reaction mixtures were prepared using the reagents and
guantities provided in Table |. Each of these reaction mixtures were deposited via a spin
on deposition methods onto a 200mm Si wafer with 150A thermal oxide (R< 0.02 ohm-
cm) using a TAZMO model #8W12132HM machine. A 3ml voiume of the reaction
mixture was dispensed onto the wafer rotating at a speed of 200 revolutions per minute
(rpm) and then spun at 1800 rpm to provide four films. After deposition, the films were
thermally cured in an ambient atmosphere on a hot plate for 60 seconds, 60 seconds,
and 180 seconds at a temperature of 90°C, 140°C, and 400°C, respectively. The
thickness, refractive index, dielectric constant, and hardness for each film is provided in
Table Il

[0092] The films were subjected to exposure to electron beam. Typical parameters for
electron beam exposure may be as follows: wafer maintéined at a temperature of 100°C,
time of e-beam exposure was 60 seconds, using a 2keV beam at a dosage of 100
puC/cm2. The thickness, dielectric constant, and elastic modulus for each film after
electron beam exposure is provided in Table !l. The value of the normalized wall elastic
modulus (Ey') for each film was determined from the values of elastic modulus (E) and
dielectric constant (k) for the films using Equation 4 disclosed herein and applying the re-
arranged Maxwell's equation (Equation 1) and a matrix k of 4.2. Figure 1 illustrates the
relationship between the elastic modulus and dielectric constant for each film prior to and
after exposure to electron beam. As both Table Il and Figure 1 illustrate, the dielectric
films after exposure to electron beam had lower dielectric constants and higher elastic
modulus relative to the porous films that were not subjected to tﬁe electron beam. Thus,

the electron beam exposure improved the mechanical properties of the porous film.
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&' - Example TEOS (g) MTES (g) PGPE {g) Triton X- 0.1 MHNO3 2.4 wit%
g9 g
114(g) (9 TMAH (g)
Ex. 1 22.5 22.5 115 16.1 24 1
Ex 2 22.5 22.5 87 5.0 24 1
Ex. 3 225 225 90 6.5 24 1
Ex. 4 225 225 90 9.67 24 1
Table Il
Elastic
Thickness, Dielectric Hardness Eo
Example Refractive Index Modulus
031 Constant (GPa) (GPa)
(GPa)
Ex. 1a: no
219+
e-beam 5055 1.1 2.07 0.36 £ 0.02 16.1
. 0.08
exposure
Ex. 1b: e-
4056+
beam 4608 1.184 1.9 0.64 £ 0.05 423
0.55
exposed
Ex. ic: e-
4.43 x
beam 4608 1.185 1.9 0.58 + 0.04 46.3
0.22
exposed
Ex.2a: no
e-beam 4196 1.277 3.01 6.48+£0.46 | 1.14:0.11 15.1
exposure
Ex. 3a: no
e-beam 4300 1.292 2.88 4 0.7 10.5
exposure
Ex. 3b: e-
beam 3896 1.269 2.34 9.08+0.17 | 1.40x0.08 42.4
exposed
Ex. 3d: no 4668 1.274 2.68 3.81+0.28 | (.60+0.09 12.1
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e-beam

exposure

Ex. 3d: e-

beam 4269 1.28 2.38 ] 1.4 40.7

exposed

Ex. 4a: no

e-peam 4256 1.224 2.24 2.948 0.358 16.3

exposure

Ex. 4b: e-
beam 3846 1.215 2.17 5.6 0.6 0.2 346

exposed
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CLAIMS

We claim:
1. A mixture for forming a porous, silica-based material having a dielectric
constant of about 2.2 or less, comprising:

at least one silica source having an at least one silicon atom and an
organic group, comprising carbon and hydrogen atoms, attached thereto wherein
at least one hydrogen atom within the organic group is removable upon exposure
to an ionizing radiation source; and

at least one porogen wherein the ratio of the weight of at least one
porogen to the weight of the at least one porogen and the weight of SiO, provided

by the at least one silica source is 0.4 or greater.

2. The mixture of claim 1 having a metal impurity content of about 500 ppm or
less.

3. The mixture of claim 2 further comprising an ionic additive.

4, The mixture of claim 1 further comprising a solvent.

5. The mixture of claim 1 further comprising water.

6. The mixture of claim 1 wherein the organic group comprises an alkyl group

wherein the alkyl group has from 1 to 6 carbon atoms.

7. The mixture of claim 6 wherein the organic group comprises a methyl group.

8. The mixture of claim 7 wherein the molar ratio of the methyl group to silicon is
0.2 or greater.

9. The mixture of claim 8 wherein the molar ratio of the methyl group to silicon is
0.6 or greater.

10. The mixture of claim 6 wherein the organic group comprises a neopentyl

group.
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11.  The mixture of claim 1 wherein the at least one silica source is a product of
hydrolysis and condensation of one or more silane compounds selected from
the group of compounds represented by the following formulas:

i. RaSi(OR")4.a, wherein R and R’ can be independently the
same or different; R represents a hydrogen atom or a monovalent
organic group; R’ represents a monovalent organic group; and a is
an integer that ranges from 1 to 3;

i R%(R*0)s1Si-(R")-Si(OR%)5..R%,, wherein R® and R® can
be independently the same or different and each represents a
hydrogen atom or a monovalent organic group; R* and R® can be
independently the same or different and each represents a
monovalent organic group; b and ¢ can be independently the same
or different and each is a number ranging from 0 to 3; R’
represents an oxygen atorn, a phenylene group, or a group
represented by —(CH,),-, wherein n is an integer ranging from 1 to
6; or combinations thereof.

12.  The mixture of claim 11 wherein the mixture further comprises a product of -
hydrolysis and condensation of one or more silane compounds selected from
the group of compounds represented by the following formulas
. Si(OR?),, where R? represents a monovalent organic group;

ii. R.Si(OR")..., wherein R represents a hydrogen atom; R’
represents a monovalent organic group; and a is an integer
that ranges from 110 3;

i R%,(R*0)3,Si-O-Si(OR%): RS, wherein R® and R°® represents a
hydrogen atom; R* and R® can be independently the same or

different and each represents a monovalent organic group; b
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remove at least a portion of the hydrogen atoms within the porous film and
provide the dielectric film.
The process of claim 22 wherein the energy source in the curing step is at
least one selected from the group consisting of a thermal source, a-particles,
B-particles, y-rays, x-rays, high energy electron, electron beam, uitraviolet
light, visible light, infrared light, microwave, radio-frequency wavelengths,

- plasma, or mixtures thereof.
The process of clafm 22 Wherein the ionizing radiation source in the exposing
step is at least one selected from the group consisting of a-particles, -
particles, y-rays, x—réys, high energy electron, electron beam, or mixtures
thereof.
The process of claim 24 wherein the ionizing radiation source is an electron
beam.
The process of claim 25 wherein the accelerating voltage of the electron
beam is 17 kV or less.
The process of claim 26 wherein the accelerating voltage of the electron
beam is 10 kV or less.
The process of claim 22 wherein the curing step is conducted at a
temperature of 450°C or less.

The process of claim 28 wherein the curing step is conducted at a

temperature of 400°C or less.
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exhibit diffraction peaks at a d-spacing greater than 10 Angstroms.
38. The film of claim 35 wherein the diffraction pattern of the material does exhibit
diffraction peaks at a d-spacing greater than 10 Angstroms.
39. The film of claim 35 wherein the normalized wall elastic modulus (Ey'), derived
in part from the dielectric constant of the material, is about 16 GPa or greater.
40. The film of claim 39 wherein the normalized wall elastic modulus (Eg'), derived
in part from the dielectric constant of the material, is about 22 GPa or greater.
41. The film of claim 40 wherein the normalized wall elastic modulus (Eg'), derived
in part from the dielectric constant of the material, is about 34 GPa or greater.

42, The film of claim 35 wherein the dielectric constant is 2.1 or less.
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44. A process for forming a dielectric material comprising exposing a porous
material comprising an at least one silica source having an at least one silicon
atom and an organic group comprising carbon and hydrogen atoms attached
thereto to an ionizing radiation source sufficient to remove at least a portion of
the hydrogen atoms within the porous film and provide the dielectric material
wherein the dielectric material has one or more bond types selected from the
group consisting of silicon-carbon bonds, carbon-carbon bonds, silicon-
oxygen bonds, and silicon-hydrogen bonds.

45.  The process of claim 44 wherein the porous material has a void fraction of
greater than 0.4.

48. The process of claim 45 wherein the porous material has a void fraction of
greater than 0.5.

47.  The process of claim 46 wherein the porous material has a void fraction of
greater than 0.6.

48.  The process of claim 44 wherein the ionizing radiation source is an electron
beam.

49.  The process of claim 48 wherein the accelerating voltage of the electron
beam is 17 kV or less.

50. The process of claim 44 wherein the normalized wall elastic modulus (Eg') of

the dielectric material, derived in part from the dielectric constant of the

material, is about 16 GPa or greater,
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52.

53.

54.

55.

56.

57.

the dielectric material, derived in part from the dielectric constant of the

material, is about 22 GPa or greater.

The process of claim 51 wherein the normalized wall elastic moduius (Ey’) of

the dielectric material, derived in part from the dielectric constant of the

material, is about 32 GPa or greater.

The process of claim 52 wherein the normalized wall elastic modulus (E¢’) of

the dielectric material, derived in part from the dielectric constant of the

material, is about 37 GPa or greater.

The process of claim 44 wherein the dielectric material Has carbon-carbon

bonds.

A mixture for forming a porous, silica-based material having a dielectric

constant ranging from 2.1 to 3.7 and a normalized wall elastic modulus (Eo’),

| derived in part from the dielectric constant of the material, of about 32 GPa or
greater, comprising:
at least one silica source having an at least one silicon atom and an
organic group comprising carbon and hydrogen atoms attached thereto wherein
at least one hydrogen atom within the organic group is removable upon exposure
to an ionizing radiation source; and
at least one porogen wherein the ratio of the weight of at least one

porogen to the weight of the at least one porogen and the weight of SiO.
provided by the at least one silica source is 0.15 or greater.

The mixture of claim 55 wherein the normalized wall elastic modulus of the

material is about 37 GPa or greater.

The mixture of claim 55 wherein the dielectric constant of the material is

greater than 2.4,
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58.

59.

A procesé. for forming a dielectric film having a dielectric constant ranging
from 2.2 to 3.7, the process comprising:

providing a mixture comprising an at least one silica source having an at
least one silicon atom and an organic group, comprising carbon and hydrogen
atoms, bonded thereto and at least one porogen;

depositing the mixture onto a substrate to form a coated substrate;

curing the coated substrate with one or hore energy sources for a time
and at least one temperature sufficient to remove at least a portion of the
porogen and form a porous film; and

exposing the porous fiim to an ionizing radiation source sufficient to
remove at least a portion of the hydrogen atoms within the porous film and
provide the dielectric film.
The process of claim 58 wherein the normalized wall elastic modulus (Ey’) of
the dielectric material, derived in part from the dielectric constant of the

material, is about 32 GPa or greater.
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