06349USA TITLE OF THE | NVENTI ON: LOW DI ELECTRI C MATERI ALS AND METHODS FOR
MAKI NG SAVE BACKGROUND OF THE | NVENTI ON [ 0001] The present invention

rel ates generally to materials suitable for use in electronic devices.
More specifically, the invention relates to a material and film conprising
same having an inproved elastic nodulus and a | ow dielectric constant and
to a mxture and a nethod for making sanme. [0002] There is a continuing
desire in the mcroelectronics industry to increase the circuit O6848UBH in
multilevel integrated circuit devices such as nenory and logic chips in
order to inprove the operating speed and reduce power consunption. In order
to continue to reduce the size TOFLEIOFI TdHs IMNVENTMCONrated circuits, it has
beconme necessary to wuse insulators having a |low dielectric constant to
reduce the resi st SIEBPATRIGNA ERIAREAND MBETHERDS FOR MAKENESAMEONnect
metal lization and to prevent capacitive crosstalk between the different

| evel s of netallization. Such low dielectric materials are desirable for
premetal dielectric | ayers aBACKQROPUNDEDF dHE IBBMENTIONayers. [0003] Typi cal
dielectric materials for devices with 180 nmline width are materials with
a di el ect r {000dpnTthanpredest weenticbeldte Sgéneaally 16.rRatenals ishidablé for usedn Blectronic
decreases, the dielectric constant should al so be decreased. For exanpl e,
devi ces wi tavida) Mord speeifically]the ineentionaelstasanisahateriat dndifiloh calneprisingcsame
constant between about 2.5 and 3.0. Extrenely |ow dielectric constant
("ELK") nabhavinglas igproeedlelastit mozlulusdingl elovr digiectoio sbastantieaidie emixitre windz 0
and 2.5. Devices with 90 nmline width require materials with dielectric
const ants hestisod foamakRing.safecor ding to the 2001 International Technol ogy
roadmap for Sem conductors (I TRS) interconnect roadmap, the projected

di el ectri c[000R}t Jhere isecgontirving desitoin thahetielkelromes mdustnsiol intrease wid | be

|l ess than 2.1 for the 65 nmnode, less 1 than 1.9 for the 45 nm node, |ess

than 1.7 f cifcuituensdy mmoRikeel inRdrdties sirdUnadeviced sbioh ag hremory and logic chips in
order to improve the operating speed and reduce power consumption. In order to
continue to reduce the size of devices on integrated circuits, it has become necessary to
use insulators having a low dielectric constant to reduce the resistance-capacitance
("RC”} time delay of the interconnect metallization and to prevent capacitive crosstalk
between the different levels of metaliization. Such low dielectric materials are desirable
for premetal dielectric layers and interleve! dielectric layers.
[0003]) Typical dielectric materials for devices with 180 nm line width are materials with
a dielectric constant between about 3.8 and 4.2. As the line width decreases, the
dielectric constant should also be decreased. For example, devices with 130 nm line
width require materials with a dielectric constant between about 2.5 and 3.0. Extremely
low dielectric constant (“ELK”) materials generally have a dielectric constant between
about 2.0 and 2.5. Devices with 90 nm line width require materials with dielectric
constants less than 2.4. According to the 2001 international Technology roadmap for
Semiconductors (ITRS) interconnect roadmap, the projected dielectric constant

requirements for interlevel metal insulators will be léss than 2.1 for the 65 nm node, less
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22 nm node. [0004] The dielectric constant (K) of a material .generally-
cannot be reduced wi thout a subsequent reduction in the mechani cal
properties, he., nodulus, hardness, etc. Mechanical strength is needed for
subsequent processing steps such as etching, CW ("Chem cal Mechani cal

Pl anari zation"), and depositing additional |ayers such as diffusion
barriers fHandcpipsthe 4pprrodesiass tharclyTyor thad2dum npdgand less has 1B e . 1n
sonme of these processes, tenperature cycling of nultiple |ayers may induce
stresses déenioiadge thermal coefficient of expansion msmatch between the
different materials thereby causing cracking or delam nation. Surface

pl anarity [0904] sEhe digleatrcicensiantds) ad@ maltierieloanetally caparidie redueacvithaiy a
processi ng parameters such as those during the filmformation process and
al so t hr ougpbsenment veduciion dmthe meehaniaa) prapertiesi kg n@eduluediasdressi ¢t6; and
shear strengths, may be particularly inportant to survive CMP. It has been
found t hat Mechanicehstrengthisneeded foesutispquent precessingattepscaychiasietehied.&EMEt i ¢,
or Young's, nodulus of the material, along with other factors including
pol i shi ng {@hemizatiMeckarital Mandneatitmih ahd depositinglagditinnehlayprseatich Sscdiffsion
exanpl e, Wang et al., "Advanced processing: CW of Cu/lowK and

Cu/ ul t r al ovarHetsdgecapper, Sopper Betal €Clitc Bnd kap lagerst emtherprod@d 1 |n same of theke |
"Low k Dielectrics Characterization for Danascene |Integration”,

| nt er nat i gpratessest lempenatas cytbedoinolpledaydrs neydeduddsticisagmdes toGhe thenms|
2001. These nechanical properties are also inportant in the packagi ng of
the final qeffitiettof pOfisjonmismEber betivepn thoediferenhmateriabctheeby datising
preparing low dielectric constant filns. Chem cal vapor depostion (CVD)
and spi n- ocrackieg ectielamination) Sprfacephearigisalst yeiuredlapdusadbe mapntaipede t hin
films of insulating |ayers. O her hybrid processes are also known such as
CVD of | i garclghaioytreling basiassing paremictérsaneh @stthges guringitiafiinofor@yon A w de
variety of low K materials deposited by these techni ques have been

gener al | y protesssardd figo tHroogh CHIF, | Iectimidzal e grity, &r gtiffmeasgeororessiveranal s,
ceramic materials, silica 2 based materials, purely organic materials, or

i nor gani c-shegasirendiyg)mhsisbe paRieWasg important to survive CMP. It has been found that

the ability to survive CMP may be correlated with the elastic, or Young’s, modulus of the
material, along with other factors including polishing parameters such as the down force
and platen speed. See, for example, Wang et al., “Advanced processing: CMP of
Cu/low-k and Cu/uitralow-k layers”, Solid State Technol., September, 2001; Lin et al.,
“Low- k Dielectrics Characterization for Damascene Integration”, International
Interconnect Technology Conference, Burlingame, CA, June, 2001. These mechanical
properties are also important in the packaging of the final product.

[0005] A number of processes have been used for preparing low dielectric constant
films. Chemical vapor depostion {CVD) and spin-on dielectric (SOD) processes are
typically used to prepare thin films of insulating layers. Other hybrid processes are also
known such as CVD of liquid polymer precursors and transport polymerization CVD. A
wide variety of low k materials deposited by these techniques have been generally

classified in categories such as purely inorganic materials, ceramic materials, silica-
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vari ety of processes have been used for curing these materials to- deconpose
and/or renove vol atile conponents and substantially crosslink the filns
such as heating, treating the materials with plasmas, electron beans, or
UV radiation. [0006] Since the dielectric constant of air is nomnally 1.0,
one approach to reducing the dielectric constant of a material may be to

i nt roduce pesasmaterialRo possilit grghnis rhaternialsi ortinwdatiedrganic bybritise lLéewides a
materials through a variety of different means. A dielectric filmwhen
made por ousarigty obpivcbsdes| averbedh elsed foricoriog tresemate talapadesbmpose ahgiare
film however, the elastic nodulus of the filmgenerally decreases with

i ncr easi ng rgracvasvdlstile céinporenie ahtl gubstantially ctosslinkpthaditme alictt @ beadinghese | ow
di el ectric conpositions due to the trade-off in dielectric constant with
el asti ¢ nogrehtirgy the GRki€lialOnethgidamedd) elettrbh bepme derddV cadiation. ow K di el ectric
films is the processing or cycle tine. The cure or anneal step, in which
t he coat ed G008t SHice the dislgiteatdnstdre at aid is comidaibotppsee appstbach toereduaing

vol atil e conponents and substantially cross-link the film is a

si gni f i canthes@ibkeeic @bnitaatibfe! inaferiabinkl 88 es itrodiitepomisity.| Pyrosity hasbeard
ultralow dielectric constant films currently nmade have a cure step which

ranges fromu@decdEn bW akisdric MatsHaksthicugh dhairedy ofdimerentesihy/, A dieteutiic on of
the cure step time would reduce the overall process tinme and achieve

hi gher manyfpahbn h%e?ﬂﬂr&wﬂﬁﬁffexhibﬁ)%r dRISERE Eordiie Edmbarehe aldepdd ditrh ON
of low K dielectric filns is the overall thermal budget. Various

conmponent s hgyeldr, @ \EIfdiR MotilPSt the! fimg&herhﬁmr@@désqﬂimm@agiu@jfem@ to
0}

processi ng tenperatures for short tine periods before their perfornmance

det eri or at ggnsélifentip, iR BliABREI 1d LS MHesB I 8RR Eric ddsPosRIoNs BBEE6 tHeor
preparing silica-based low K filnms require curing steps at tenperatures of

450C or hi ghge o#ilalele®afc Qnsith With eiddfic flodul@nger . Signi ficant advant ages
could result 1f the curing step could be carried out at significantly

| over t e”pgn' I et MhcOim iR R bRIGULES -1ow k(IO ic e TRAOPR b BEQRTR
silica-bas low K filns wthout effecting the thermal budget of the
device is RheeNREIUFEot SiflefSlehboR WRAMNe @ukRAdlibbiraRds §pically hdligdes ect ron
decompose and/or remove volatile components and substantially cross-link the film, is a
significant source of production bottlenecks. The majority of low and ultralow dielectric
constant films currently made have a cure step which ranges from greater than 30
minutes to 2 hours. Consequently, reduction of the cure step time would reduce the
overall process time and achieve higher manufacturing throughput.
[0008] Another concem in the production of low k dielectric fiims is the overall thermal
budget. Various components of IC devices such as Cu metal lines can only be subjected
to processing temperatures for short time periods before their performance deteriorates
due to undesirable diffusion processes. Most prdcesses for preparing silica-based low K
films require curing steps at temperatures of 450°C or higher and times of 30 minutes or

longer. Significant advantages could result if the curing step could be carried out at

significantly lower temperatures and or shorter times.



beam radi ation step may be in addition to, or in lieu, of a thermal cure
step. It is believed that the a-beam exposure may inprove the nmechani cal
properties of the filmby renoving nost or all of the organic species from
the film For exanple, U S. Pat. No. 6,042,994 describes a process wherein
a nanoporous dielectric coated substrate is treated with a |arge area

el ectron bd@f¥x poremethgdtoqrpceisasillicebhspdiomk fitonwitinelg effectirerthepgbamil| R
data that the e-beam cure has renoved nost of the organic species fromthe
film WO 9MBQPsRY the deties isshypexpossre thaleationibegma(“elbebm} raidiationt &he @leciooh
as a spin-on-glass (SOG having about 10-25% organi c groups by exposure to
e- beam i r rtmdimatad@iion Smma be h additigrs fos pr inHieu\\® DiHed05B3EurasiEpl dbisitatieved
reports that there are no |onger CH groups attached to the backbone of SOG
starting cdhgidheesbeaft expoasure mgy wnplove ¢hebmeonardctl propentiedrofthééim by. S. Pat .
No. 6,132,814 teaches curing a SOG | ayer by irradiating the layer with a

| ar ge- ar ea reineringemosbeasl af the ciigarde spédiesciramthd dine UF@ dxamplaLes, Patvher. ei n
the irradiating step results in the expul sion of carbon organic groups from
the | ayer .6,040)d9] dédesibes tipedaess Whesdie &,nabopordus didiectric BsHted stbystighé #Ct s on
Low K Dielectric Film Strength and Interfacial Adhesion"” and rel ated

sl i des presmatedwith atdrge brdesibatioroeadm ekpine sysian! THechowpagk: daiémdsence
on June 5, 2002 (referred to herein collectively as Kloster) describe

treating poasss upb®PTIR dataanfthé expam Eirk MasWerbvét MRaNdftas bAfdnspcties
| mprove the nechanical properties of the film by inducing mcroscopic

Si - CH2- Si fronotel filnk W 0710536 a6adhRB & froceiGvEMRing 4 dielectMd rhatekifliesuch as a
mechani cal properties of the film are inproved, the dielectric constant

nmay i ncr easpin-onvglkbe(SOE) BaliRG abSIROIT-35% o?%n’i@ foupl€ By @kbEsur@to 6deBAN W thin
the film U S Patent Application 2001/0018129, teaches the formation of

Si -G Si bongsdidon. 'Uash BT anaysd, the WD 830555 bpbiation foRfistea tRe@Erelrd
provide a filmwith a dielectric constant of 3 or |ower. However, unlike

the ' 994 pajrept CHigroDgs aRatrcaab i ba&kBeRS of 586 $thRINGSHIPoAREs SitdrBUMAS with

carbon content ranging from5 to 17 nole %
e-beam radiation. Further, U.S. Pat. No, 6,132,814 teaches curing a SOG layer by
irradiating the layer with a large-area electron beam at a dose sufficient to cure the layer,
wherein the irradiating step results in the expulsion of carbon organic groups from the
layer.
[0010] - The article, Kloster, G., et. al., “Porosity Effects on Low- k Dielectric Film
Strength and Interfacial Adhesion” and related slides presented at the International
Interconnect Technology Gonference on June 5, 2002 (referred to herein collectively as
Kloster) describe treating porous, low-k organosiloxane films with e-beam radiation to
improve the mechanical properties of the film by inducing microscopic Si-CH,-Si
crosslinking. Kloster reports, however, that while the mechanical properties of the film
are improved, the dielectric constant may increase. Further, Kloster reports a 25-50%
depletion of carbon within the film. U. S. Patent Application 2001/0018129, teaches the
formation of 8i-C-Si bonds by irradiating a silica-based film with electron beams to

provide a film with a dielectric constant of 3 or lower. However, unlike the '994 patent,
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[ 0011] Accordingly, there is a need in the art to provide inproved
dielectric materials having |low dielectric constant and sufficient

mechani cal strength. There is also a need in the art to provide dielectric
materials and filnms that have relatively |l ow netal content yet still

mai ntain the beneficial properties, i.e., lower K and hi gher nodul us, that
hi gh | evel she ShplieBlicH @abRY tHal B fesulfdM HiREhas & REABN N RAGiINgTdMS tar7 t o
provi de processes for nmaking low dielectric filnms at relatively |ow
tenperat ur gs@pgd relatively short cycle times. [0012] Al references cited
herein are incorporated herein by reference in their entirety. BRI EF

SUMPRY OF ) L%@g%&?ﬁ&%ﬂ a He8d K e 1ol fragé irﬁ&o,s&l& biRldctRmaeMRls | f

not all of 't e art by providing a material and a film having

a | ow di el ‘ﬁ?@gbb T&aﬁﬁi@@@rﬁtc garh E-Hu? QiffigicRBMBaRAH str@ﬁﬁﬁ.e"l']bbl%sis AR @ndéainur e

and net hod I ng same. Specifically, in one aspect of the present

| nventi on, uidiak & prévidblidiglat rallddid'af fiffs thef WEBGemibay RiPmeti bbfignbasted

mat eri al havi ng dielectric constant o out ess, conprising: at

cast one_ sl gt e BendlRiél BboRRied! i.d Rk RBRA Hidref AbdBlATIaNfighlevefigant ¢

group conprising carbon an ydrogeh atons attac ereto ein the at

| east one Bym@%@@nlag}iﬁggm Eihfler fHre R SAMFinIAEUR 16 BrdvRIEBBE R el R nakin

exposure to an 1 oni radrati on source; ne porogen wherein

(ne vt o W BHRCEIES o foleb B3 g RS AIACRRR P s e | o

one porogen an e at’ Teast’ one silica

Tovent i on, 1) o 9ERRTHes arPQ hEleuL BRI DORes TSR by letchBleet B ety
having a dielectric constant of 2.2 or less conprising: providing a

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

silicon atomand an organi B§%§§%ngglr§#3ﬂ§g®m@ hydr ogen at ons

bonded thereto and at | east ensi ng e mxture onto a

SubsLr et i B e Aot s S ool e PR e R AL By 1 Lo

to remove %F‘ov% magsg m%tgr?arltainaré fﬁr];'n I"%ar\]f?n 5(1) |’00 Igleglrl]ig c%gétgnfa arP&lan%Lrlgvefdi rjnglhanical
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 sifica source
having an at least one silicon atom and an organic group comprising carbon and
hydrogen atems 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 ratic 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



and exposing the porous filmto an ionizing radiation source sufficient to
renove at |least a portion of the hydrogen atons attached to the carbon
atons within the porous filmand provide the dielectric film [0015] In
yet anot her aspect of the present invention, there is provided a process
for formng a dielectric material conprising exposing a porous nateri al

conpri si ng ok pofdtfeh; digpensing theanistiié eatoaNlbNratd tol iems b cdatedsdubstrate; aliing and
an organic group conprising carbon and hydrogen atons attached thereto to

an ioni zi nghe askted bEHBHARIWRIR 0Rs bf hdr€ Bhergy soliRBB Ve olimé eAgtat ReaDérid On Of
t he hydrogen atons within the porous filmand provide the dielectric

materi al wh@hgératiré eufitieheelremoveat Raked pbidicn @NtheQordgsreamPRimtay/psbus film;
selected fromthe group consisting of silicon-carbon bonds, carbon-carbon

bonds, sil izp@RxpsIEFIhe PHPOESHIMABGNSbhizing tadiitbrPSsUicd siXtlsien] 18QeMbvé Bt BRI | 2
further aspect of the present invention, there is provided a m xture for

formng a RYPRLH ofthé hfdohes sdnBatRichal tdihe dabch StoRisaeitHin theCRir8u@in and
ranging from2.2 to 3.7 and a normalized wall elastic nodulus (Eo ),

derived inpRRide the @MBIAdIA: kel ectric constant of the material, of about 32
GPa or greater, conprising: at |east one silica source having an at | east

one sili CO'roﬂfes?g"nagg aafatr%rr%?éa of R breS ORI HHiIBA), tREfENQ B JVidbd 4pRIcegebrat ons

n
attached t her rein at least one hydrogen atomw thin the organic

group i s reSmYRPA eieﬁ% mafdn %ﬁé&i@?i@%@ﬁ%ﬁtﬁgh@%@@& FiSifg abidds!

| east one porogen ereln the ratio™o east ohe porogen

to the vel Ght sita broBhayh8 28 a8 AAEAOA I IFoMEhR oG] oghiReiff OVl ded

by the at least one silica”source is 0.4 or greater. ese ‘and
Cere ) o5 el Aol RN el AP OR el ORI B R o
LOG1E] % Dol LIS B, e PRI AN RS ALEL BT priRihe™,
af ter eXpOﬁléfe%tﬁcomgtleﬂﬁf WifElein 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

3.7 and a 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 iohizing 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.

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

following detailed description.



beamirradi ati on conpared to nornalized elastic wall nodulus (Eo ).

DETAI LED DESCRI PTI ON OF THE | NVENTI ON [ 0019] The present invention is
directed to low dielectric materials and filnms and nethods for making and
usi ng sanme. The process of the present invention provides a nmethod for
preparing a porous, low dielectric filmthat may exhibit, inter alia,

i nproved nechanical properties, thernmal stability, and chem cal resistance
to oxygen or aqueous oxidizing environnents relative to other porous
dielectric materials of the art. Unlike prior art methods, the method of
the present invention inproves the nmechanical and other properties of the
material with significant retention of the carbon within the film The
terms "dielectric filn and "dielectric material" are used interchangeably
t hroughout this specification. [0020] In one enbodi nent of the present
invention, a mxture, containing a silica source having at |east one

il con atom and afieraSESERRs AN 6P SEVERAOVRINEVE FHE DRXGNRERN at ors

attached to the silicon atomand a porogen, is cured thermally or by other

means to SFH&%ZP%@{%X :lfu?s[%%é% tﬁ%?elﬁfbrngﬂ %e@éﬁ@&?f’e@trfc%h?ﬂaﬂt andlelbgfien a

por ous er war e porou material |'s exposed to one or nore
I oni zi ng rﬂ'ﬂ:‘dﬂh’sg& va?BEé ﬁﬁ-ﬁs[ oﬂihg pFe%%m Qé}{tBH%efférlerQnchﬁ g?ﬁ&é‘ﬂﬁe Lkt as
used herein nay descri & OseaP Spen, | MCer connect e porosity. Wile

not i nt endpagn o fedhOuith g wﬁ%uz%d;@azw@%@aswggs%)ge oni i ng

radi ati on source renbves eas on o en contai ned
within the porous material and fornms a radical internediate. This radical
internediate reacts with the Si atom and/or the C atomto format | east one

resul tant e bPCil brdBhe,Blyd-SUBBACRRS Bqo i AL AERD N o2

and ot her operti exposure I"oni zing tadiation

Four e, B o oSS Rb s TR Al o e B P b
method for preparing a porous, low dielectric film that may exhibit, inter alia, improved
mechanical properties, thermal stability, and chemical resistance to oxygen or aqueous
oxidizing environments relative to other porous dielectric materials of the art. Unlike prior
art methods, the method of the present invention improves the mechanical and other
properties of the material with significant retention of the carbon within the film. The
terms “dielectric film” and “dielectric material” are used interchangeably throughout this
specification.
[0020] In one embodiment of the present invention, a mixture, containing a silica
source having at least one silicon atom and an organic group comprising carbon and
hydrogen atoms attached to the silicon atom and a porogen, is cured thermaily or by
other means to substantially remove the porogen contained therein and form a porous
material. Afterwards, the porous material is exposed to one or more ionizing radiation
sources. The term “porous film” or “porous material” as used herein may describe

closed, open, or interconnected porosity. While not intending to be bound by theory, the

ond, or st CZ‘nSL'X‘ySZE 5%33@%5@@%0@3*’3’5'? RN, crial . he -



[ 0021] As nentioned previously, it is advantageous to inpart porosity to a

material to reduce its dielectric constant. However, once a material wth

the desired amount of porosity and dielectric constant is obtained, it is

difficult to inprove its nechanical properties, i.e., hardness and el astic
nodul us. The present invention provides a way to inprove the hardness of

the materi adxpaBgte® e iBhizRl rabiBtieMESIEa rerbldstat BN hFoRidhlofke hidogehng its
dielectric constant. Wiile not intending to be bound by theory, it is

believed tdQataifedPRBh ShedporBus Hatéri BAG RIMRY RdRaRiRfriedlate. MRS Radias!
organi c species having a carbon and hydrogen bonded thereto, to an

ionizing raﬁﬂeﬁﬁé@&esaaggewmqﬁ@ Sﬁﬁto%aﬁd/ﬁ%é@atoﬁ?@%ﬁﬁ‘ét Rasi S Eodiesi@ay al

of hydrogen atoms ther formng radical Internediates I n enbodi nment s

wherein the Qﬁ&ﬁ%a@bérpﬁ&ﬂc?%ln@&'ﬂ m?ctirBBHﬁ g?d dFPéat‘rM&n BbAYRr sliBbs-okpgert 2!

I ntermedi ate forns cross-| |nks I ntermedi ates to provide

the fol I owigagy b&ﬁ&éthe e ibkife sl T értgﬂ?taﬁ die@BflicPharthat remEHROS1bEs Of

t he coupl ed products to e lonizing ra |at|on renoves additional hydrogen
fromthese Jed LR th
cross-1link b\?\nﬁﬂﬁyeac @&ﬂ fg{rgﬁ%ﬁd&%ﬁg?{esrg@ﬁ éQP | S rrg?\én@éao\é’ﬂtér:\% p8r05| ty

the. mat eri o VARo ﬁ%@?@’?ﬁ’p‘f ?z‘lffer?‘?‘f 12 %E%??Cgve%‘s’{gﬁaa'[{%f HE/geLrsmera 2 ©
ratio, and g dhe AABRLCOARRLI NN WY Wihorbld Ml gl na m xture my be

optimzed t oster gree’o conn and 8 cross-1linking

upon eXPOSHhatio AR @5}%@@9\,@5 2 aHLEs gé“qu‘{BHrflﬁ L BRRRHL 9 pdlegiat o

the exposure ng rra over al

gconnect i vi t%d&c%Qtsbc"?e!th% %ﬁ §§rl)tb¥-ic§wnetv%9 ro%ntc' grpét%?a@ﬁ@ﬁﬁéro%s%tg B ‘Mumoif 'I'm

form ng m xtures con gani c EXPOSE TooR zi ng

adi ati on @ﬁ%ﬁ&%ﬁé.&&ﬁ%s%%sﬁ%gt%s&g ggsﬂs S QORI Gl i  adi cal

i nt er medi at can su connéctivity that

can e ob B0 SIS BNt S e b

g(r)ﬁ\ljgfg OE?@%PO%%WD%E@dh%V} ofthd Ih%(’%gl’lia(i anB A 'c%?us ot tﬁae ma‘ier}éi whiid H%int&ajﬁﬁ'ng or
lowering its dielectric constant. While not intending to be bound by theory, it is believed
that exposure of a silica-based porous material, having an organic species having a
carbon and hydrogen bonded thereto, to an ionizing radiation source such as an electron
beam may promote the removal of hydrogen atoms therby forming radical intermediates.
In embodiments wherein the organic species bound source is a methyl group, this radical
intermediate forms cross-links with other radical interrmediates to provide the following
products: Si-CH>-CH.-Si, Si-CH,-8i, and Si-O-Si. Exposure of the coupled products to
the ibnizing radiation removes additional hydrogen from these products and forms further
radical intermediates which cross-link with each other and other species. In this manner,
the porosity of the material is substantially unchanged but the mechanical properties of
the material is improved.
[0022] It is believed that the location, molar ratio, and type of organic species within the

film forming mixture may be optimized to foster a greater degree of connectivity and



depend on the fraction of nethyl groups that are in close enough proximty
to cross-link if radicals formin the electron beam Lower nethyl

contents, however, may nake it unlikely that all nmethyl groups have a

met hyl nei ghbor to formthe product Si-CH2-CH2-Si upon exposure. [0023] In
certain preferred enbodinents, the dielectric material of the present

i nvention cids-imking UpdRrexposurats mivingpladiation ebbee. Py fopket aspechst iategegdinbt  of
t he exposure to the ionizing radiation source. The inprovenent in

properties thagxpiButxHes 36 ¢ im-tbmeing Rtatetd! iz et Wghér @leaslt connaviility wan bigo' ) .
Pending U. S. Pat. Application Serial No. 10/158,511 which is incorporated

herein by retaf@neeintdyratirg B8 ekpitre sipSetrstigsiottiag migtura doneninglorgariiast i c
nodulus (EO') and its relationship on the naterial properties. Two

measur ed a?«édd&%@ﬁmﬁén éxporud & RhRfig raBiafibh afd Slsceplitté &ctheiremovdistiant and
el astic nodulus, are correlated into one figure of nerit, the normalized

val | el ast ingdrgReH latmé Efotm radiad! it@Anediftey 804 ckA sLissdtiuehtly eoSs-fsw Badithe

i nproved | ow dielectric nmaterials. Inproved dielectric materials are

materi al s hayhétGivly Ihaycal B 8bfalried Wepaithel thetdtamd tedraiatbure|pacddse wildul us

to tol erate subsequent processing steps such as packagi ng and CWP

processes. yhdbeldthanic g,ﬁw&e@r eRFosuf@iCibh2ing rabialiors WHﬁézﬁfllﬁésfiﬂ drijahié Yrdupsal

normal i zed wal | €l astic nodulus values Dbelong to a famly of materials

hose di el §EHhbng8IPhRradfE sBLASt ke MR H5u63e Renyadlish 28 b1, Ky ng

the porosity. once ric matertal 1s identi

B e T
e " THAESS L o 854 FROHL e UMESSBI o A miRb o 2511 ©
constant oy niPhF Beul?oPa ikl 5516 Ry SURLPBicPh e PR RS e,

a material BLE )r(reasuured, the nornalized wall elastic nodulus (EO) can be
cal cul at ed "PTREMETY6Y the material is calcul ated usi ng Maxwel|l's

:nggbir ggscgﬁqig?; Arﬁn cé agn %ireef!er(afg {ali'n%gdiﬁpetl)’lltsi, r(tje ;[:h%ie%glrcongteﬁglto%rtljleaﬂar%Seﬁtnﬁvention
may have improved mechanical and other properties as a result of the exposure to the
ionizing radiation source. The improvement in properties may be expressed by the
normalized wall elastic modulus (Ey’). Pending U. S, Pat. Application Serial No'.
10/158,511 which is incorporated herein by reference in its entirety, discusses the
normalized wall elastic modulus (Ey’) and its relationship on the material properties. Two
measured attributes of a low dielectric material, dielectric constant and elastic modulus,
are correlated into one figure of merit, the normalized wall elastic modulus (Eo'), that can
be used to identify and develop improved low dielectric materials. Improved dielectric
materials are materials having a low dielectric constant yet high enough elastic modulus
to tolerate subsequent processing steps such as packaging and CMP processes. In this
connection, materials with substantially identical normalized walt elastic modulus values

belong to a family of materials whose dielectric constant and elastic modulus can be

adjusted by varying the porosity. Thus, once an improved dielectric material is identified,

9



dielectric constant (K), a wall KsiO2 of 4.2, Day's 2-d circular hol e nodel
for elastic nodulus extended to 3-d cylindrical pores with the nodul us
nmeasured perpendicular to the pore axes, and the nmeasured val ue for E.
While the derivation for the nornmalized wall elastic nodulus is based upon
cylindrical pores in.the extension of the Day nodel and spherical

i ncl usi ons jleNohd KithRHIgHEr NBRARIzed ivialll fastio ich&dulad, @k faRft dRlidtiiic Eordantad

forms or porosity, i.e., non-cylindrical, open porosity, closed porosity,
etc., woul thef Hthindd biivaninda ?g%g yof the present invention. [0025] A void
fractlon value is first cal culated fromthe Maxwel | equation using the

observed vahoga)l Ofmeterth “ﬁ%a’ﬂfécﬂ%l%!a@!‘@nﬁdtﬂ@b“ 8sgéd h@félﬂ‘@é helwalf eldsti®

corresponding to the dielectric constant of dense, anorphous silica. The

di el ectri c RoMHiLHa :%tetnaﬁha%%hﬁanzeu%o BRIIRKEDA Widitric écﬁh%ﬂarfio?4 9, WprnK
1r0, is 4.2. The Maxwel| equation was rearranged to solve for porosity or

void fracti ffhe dSiedib H?ﬁétér?&f %fs@eﬂ%'éee&iéfe ARt bnj(‘e tk@de%@fﬂb%ﬁstﬁﬁ%x) )1

Equation (1 32 +3X ,, 0Z - Equat i on

3 3xKt; o, "Mﬁ@rtﬁe ela8%mogulfiis %E)]& (gmfténépér@ rﬁé:%%éd)ghé’ ﬁ+rH?ahZ€d walleRstE ed

val ue of di e ectr| c constant e normalize el asti c nodul us may

then be calg '[Péér??%%lc iéds Tie Sfthﬁ%é’:fené(l‘?% EalBRERH s éf P"{g ALARS

nodul us using quaf e equatlon IS va Vol ctions | ess

than g, t h?elﬁfuéﬁéh@k P\%féa‘asdlé%ctﬁése %@i%@ i rF‘S‘ca.\ro‘?.f%rrﬁét EQH t}ﬁ n?éh@uﬁ@’% fo\f"”' ch

the nmodulus s pr materla
this dielectric constant (k), a wall kg2 of 4.2, Day’s 2-d circular hole model for elastic

modulus extended to 3-d cylindrical pores with the modulus measured perpendicular to
the pore axes, and the measured value for E. While the derivation for the normalized
wall elastic modulus is based upén cylindrical pores in the extension of the Day model
and spherical inclusions in the Maxwell model, it is anticipated that other types and forms
or porosity, i.e., non-cylindrical, open porosity, closed porosity, etc., would fall within the
scope of the present invention.

[0025] A void fraction value is first calculated from the Maxwell equation using the
observed value for k of the material and a value for the wall x of 4.2, corresponding to

the dielectric constant of dense, amorphous silica. The dielectric constant of the material

is preferably less than 4.2 since «,, is 4.2. The Maxwell equation was rearranged to

solve for porosity or void fraction, as a function of measured x and wall k, as provided in

Equation (1):

2 + ! X (K —K)
37 3xren, 502

Xp= 5 Equation (1)
[:+ ! ]x(xmz—x)-l-ic—l
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_deternmines a minimumK value = 1.23 for conposites with E > 0. Day et al.
2-d circular hole nodel: ]+ 4 +aB9 )+rcl;]-B 91 Equation (2) Eo ~(]+gl ng,
g, 19, gc, where q = void fraction q, = 0.9069 = percolation threshold,

void fraction at which circles overlap and nodulus goes to zero g, =1 /3
=initial slope m= 1.5 = critical exponent a = -0.251 = paraneter to get
correct critical,amm)did # Bai e1 83 = free fitting parameter [0027] The
Day 2-d circul ar ’holelm)%alOn . | astic nmodul us is extended to 3-d

cylindrical porés wﬁn?ﬁsqrﬂev%a@ﬁaeqeﬁmw"ber pendicul ar to the pore axes
as provided in the Equation (3). The normalized wall elastic

be cal cul af@¥P8lsiTihg nav@alizes wall elegtie pefus F‘é&tth%b‘?/ﬁ‘?lﬁ@aﬁepcﬂﬁsﬁﬁatb@rﬁ %‘1)
the elastic nmodulus for 2-d circular holes _from Equation (2), bserved
val ue for B cirgdlar Rolganerel faselasyic saasivius ysing %ql(aﬁpnd% of hesequatign é%ff@ﬁg?fon
perpendicular to the cylinders: E v- + 1-v- Equation (3) o Esdl 1-q E2d /E
where v = Poidemstions leas thangothesritiepl potasity af wa@hltfampgesiows@b ANQ PE¥IN

modul us 11 [0028] Wien g is set equal to the void fraction value ,fin
obt ai ned f wéyahtthe mashidlisrie gredicted to be zero. For materials with a wall k of 4.2, this

determines a minimum x value = 1.23 for composites with E > 0.

Day et al. 2-d circular hole model:

. 2 3 "
Evi _ [ 1-9/4. 1+-L +m9[i} +afl- B{ij Equation (2)
EO ] + q/mql Qc qc qc _

where

g = void fraction

g. = 0.9069 = percolation threshold, void fraction at which circles overlap and
modulus goes to zero

g, = 1/3 = initial slope

m = 1.5 = critical exponent

a = -0.251 = parameter to get correct critical amplitude

&= -1.83 = free fitting parameter

[0027] The Day 2-d circular hole model for elastic modulus is extended to 3-d
cylindrical pores with the modulus measured perpendicular to the pore axes as provided
in the Equation (3). The normalized wall elastic moduius can be calculated using the
calculated void fraction value from Equation (1), the elastic modulus for 2-d circular holes

from Equation (2), the observed value for £, and a value for Poisson's ratio (v} of 0.25.

3-d extension perpendicular to the cylinders:

E, v 1=V’

= +— Equation {3)
Ey, 1-9 E,/E,

where

v = Poisson's ratio = 0.25
g = void fraction

E, = wall elastic modulus

11



val.ue of K and Equation (1), and E;dj is set equal to the neasured val ue of
el astic nodulus, E, then EO beconmes Eo, the nornalized wall elastic

nodul us, giving the follow ng equation, Equation (4), for Eo': | Ero' =Ex
1,2 +(1- V ')xq/ql+9+a~gl L+a(1l-B~41 3 )J"~Equation (4) 1-q qql q, q, fl
[0029] The low dielectric material of the present invention has a
dielectric constant of about 3.7 or less, preferably about 2.2 or |ess,
and nore preferably less than 2.1. In enbodinents wherein the dielectric

mvent 1 on' BYPL, Hpa i Rioct Sgp Ml B8 Taben FAT T, S AOF Y FRBBlreg,

16 GPa or greater, nore preferably about 22 GPa or greater. In certain

enbodi ment galué bek adltl Eqeaticn ¢ ) @i EL 3l isweyedal ¢ thednedstesd value ohelastic t hat
ranges from2.1. to 3.7. In these enbodinents, the low dielectric materi al

of the prg@g@g,ruggggg h 2 baBGmes Be! fﬁ@lar]fogr‘rﬁgﬁ’%l Jé%igﬁ%ﬁ?#@ﬂ?%mgg {3') of

about 32 rOr e pr a or eater.

Further, i ' t resent invention, the materials have
al kal i irrp@r"?%ale:‘@‘gﬁ%l" B iofl Loyl 7 ERY 250 ppm [0030] The material of the
present invention may be formed into a filmfroma precursor4, conposition

or m xture using azxvari et dj ent_ met . Some Ahpl s of

processes tHatE s e(lu—séﬁx el—ﬂgjm mﬂf%b{%‘ﬁEHW@ e ied (4)
chem cal vapor sition |[\ipecwmr), Hi gh ity PECYD, jphpton assi sted
CVvD, plasnma-phot'en assisted CVD ("PPECVD'), CVD of a liquil d polyner
precursor, or transport polynerization ("TP"). U S. Pat. Nos. 6,171, 945
and 6, 054, 206 provi de sone exenplary CVD nethods that nmay be used with the
present i nfA28] oifhe I eielgsiriscostessl ofthe pasgnbiaventivedas s diglepiricigenstantof

I ncl ude spin-on deposition nethods. In certain enbodi nents of the 12
present i nekeiitiSohor lnes-preiptaiiy abnvd @oker Isps. aadimereroeieeabhsigehthas 3 helpr ocess
described in pending U S. Pat. Appication Attorney's Docket 2001-030 - SMX
3122 enti t emiodiments wherein the dielectric constant is 2.2 or iess, the low dielectric material of

the present invention preferably has a normalized wall elastic modulus (Ey’) of about 16
GPa or greater, more preferably about 22 GPa or greater. In certain embodiments, the
dielectric material may have a dielectric contant that ranges from 2.1.10 3.7. In these
embodiments, the low dielectric material of the present invention has a normalized wall
elastic modulus (E;’) of about 32 GPa or greater, and more preferably about 37 GPa or
greater. Further, in some embodiments of the present invention, the materials have
alkali impurity levels less than about 500 ppm.

[0030] The material of the present invention may be formed into a film from a precursor
composition or mixture using a variety of different methods. Some examples of
processes that may be used to form the film include plasma enhanced chemical vapor
deposition (“PECVD”), high density PECVD, photon assisted CVD, plasma-photon
assisted CVD ("PPECVD"), CVD of a liquid polymer precursor, or transport
polymerization (“TP"). U. S. Pat. Nos. 6,171,945 and 6,054,206 provide some exemplary
CVD methods that may be used with the present invention. Other processes that can be

used to form the film include spin-on deposition methods. In certain embodiments of the
12



" Appar atus and Methods for Form ng Filns on Substrates”, nmay be used to
apply the mxture, which is incorporated herein by reference inits
entirety. Further related processes may be used to apply the m xture

i nclude oscillating non-contact induced spreading forces, gravity-induced
spreadi ng forces, wetting-induced spreading forces, or conbinations

thereof . [ Qfaskht ilREntiBH Abhbhtaef inbiiePERESdhg N ¥cPasRhe bRIcbS HessibRti Se
silica. The term "silica" or "silica based", as used herein, is a materi al

that has siih befting §i9. FRRdASBIYARR Atfdney?s DBBket 20011080S iSMy seeitlbhtvenal
substituents such as, but not limted to, other elenents such as H B, C

P, or hali dﬁgﬁér@fﬁ@ Es .v\gftaa@; for FoRHIPY ﬁl%%rﬁsuﬁdtééyésﬂ,%hgy B8 UBEd &Y aiply BeOups.

Preferably, the materials of the présent invention have at |east one silica

source haykingrAWHRIHGEHdOrsralél HepdlR by Shidterfcalin RS erfidn/ 1 lip@eRIAEy ached to

the silicon atom In certain preferréd enbodinents, the material may have

a nol e rat ip%%fé@ﬁa%ﬁbﬁseam%ig i mﬁt?@iﬁc‘é&r"%%édﬂlaﬁiﬁ& nbﬁ%@hta@ﬁﬁ?@c’eépf Si

atons of O. e ratio or greater, preferably rangihg fromabout 0.2 to

about 3 nol | . : | elnﬂ?; Qiq indPicuUbr 3
nol e rati O_Sﬁféggg*g]%cf:%é, #}IB?@ @P E%ﬁ@%%%%:@%f& F%(;Jntl nﬁlas pr%fr %daitbq)y for'mred
froma thcHﬁl%inaiQﬁsthgi'égfure may be prepared prior to formng the filmor
the m xture may formduring at least a portion of the filmformng

S O TR 8 g a0

ot her addi that var pe | ma ocess 1s used.

B Ll TS

substrate as ‘a : . gas, 'or aeros ( : |

rent oned B B taoh SR eSO S8 A B o
IR R R R U
201990 L0kl 2o O A M BT BVREE L Bt

having an organic group comprising carbon and hydrogen attached to the silicon atom.

In certain preferred embodiments, the material may have a mole ratio.of the total number

of 8i-C bonds to the total number of Si atoms of 0.2 mole ratio or greater, preferably

ranging from about 0.2 to about 3 mole ratio, or more preferably ranging from about 0.6

to about 3 mole ratio.

[0032] The film of the present invention is preferably formed from a mixture. The

mixture may be prepared prior to forming the film or the mixture may form during at least

a portion of the film forming process. The mixture comprises the film matrix material, a

porogen, and other additives that vary depending which formation process is used.

Depending upon the film formation method, the mixture may bedeposited onto a

substrate as a liquid, vapor, gas, or aerosol of the mixture.

[0033] As mentioned previously, the mixture generally comprises the matrix material,

preferably a silica-containing matrix material and a porogen. The mixture may further

include other constituents such as, but not limited to, water, solvent(s), and/or iohic

13



calculated fromthe total nunber of noles of silicon introduced by the
silica sources wthin the mxture. This is not neant to inply that the
silica sources are conpletely converted to SiQ2. The weight ratio of
solvent to silica is about 30:1 wherein the solvent may include water. The
wei ght ratio of weight of porogen to the weight of porogen and the weight
of Si Q2 pr addilieds.byhé height Fdtioaf @ight of peroded totheeatghitesf pofugehanalweigit.d or
greater, and nore preferably 0.6 or greater. The weight ratio of base to
wei ght of 905 aHees en0.851©03, mbhe predérably!ars  ®E. Rhe Wleight @8BIE; is
constituents, to Si ranges from0.2 to 3, preferably 0.6 to 3. The nol ar
rati o of wahRUlsted febin the 58 ridbes ofosst Biligod InrdBucdPBESR dilRasoutdesn

t hrough an oxygen atom e.g. ethoxy functionality on TECS, ranges from 40

to 1. [0034|ithit theedigtur® Mehiefs hdienddrt k&%pﬁf;ﬂa@ﬂfe Midahdoirdddar8ichingletelpas at
| east one organic group bonded to the silicon atomthat is susceptible to

t he renpvalcopberttidb@men TROWeighkRAIS &t Solventad siiedizartit Bodi widreiR thedbient
Preferably, the silicon atom has one nethyl group bonded to the silicon

at om such @saytiRGuES WRRY N Fhe WRidht lritid SLVGYMSIT pBRKyeh Y 1) weiBht of porogen and
met hytri acet oxysil ane (MIAS). ‘Alternativély, the silicon atom may have nore

than one RANYE ARSRE : lehi unds
I e b R R A A L S

(0035] The grdatétIbRd RiPE BicierabR'D.6 B §realtd! TRBHeidH fatCStdse s WeRyHobsf t he

}
el ectronics industry Jﬁ)ecause t hey go not contal n contam nants "whi ch reduce

the effici gBmgeffis 0BMERAMTRHe RBaPFatib™ #0bAbRfANK! ddn¥iithents FNSi rhdddatom bike
I gs, déﬁ%l (fgn

hal ogen-contai'ni ng m neral aci cationi ¢ surfactants with h counter

ions, and gnbQiibforsii bf%ctﬁ%?f['ﬁwe%&llég?ét%adf iwéi%‘t@'OR,%‘rﬂ?& oR .soé?iso@éﬁg group

preferably avolded 1'h the m xture because they may contri bute st rabl e

counter 1o : | Ny ' gl resent
i nvention g?re“?éehrltg[ﬁﬂ 'fgﬁgﬁ@g{ naggﬁi{%ﬁeﬁgﬁ’ %E ﬁg{ﬁgy y}lﬁﬂa?é%r%észF;essg@negn 500
parts per j4-mdijen ("ppnt), preferably |ess than 100 parts per billion

(

"ppb"), and nore preferably I|ess than 10 ppb. Consequently, materials of

the invent iﬁﬁﬂm)ﬁd &.ra%{ 85@81] the Cﬁffgaaéd@rces within the mixture has at ieast one organic

group bonded to the silicon atom that is susceptible to the removal of hydrogen upon
exposure to an ionizing radiation source. Preferably, the silicon atom has one methyl
group bonded to the silicon atom such as the compounds methyltriethoxysilane (MTES)
or methytriacetoxysilane (MTAS). Alternatively, the silicon atom may have more than
one methyl group bonded to the silicon atom such as the compounds
dimethyldiethoxysilane (DMDES) or tetraethoxydimethyldisiloxane (TEDMDS).

[0035] The mixture employs chemicals that meet the requirements of the electronics
industry because they do not contain contaminants which reduce the efficiency of
preparation of integrated circuits. Constituents like halogen-containing mineral acids,
cationic surfactants with halide counter ions, and anionic surfactants with alkali metal
counter ions are preferably avoided in the mixture because they may contribute
undesirable counter ions to the materials of the invention. The mixtures of the present

invention preferably contain contaminating metals in amounts less than 500 parts per
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contam nating netals in anounts | ess than 500 parts per mllion ("ppm),

" preferably less than 100 parts per billion ("ppb"), and nore preferably

| ess than 10 ppb. Materials of the invention preferably contain

contam nating halides in anounts |less than 1 ppm preferably |ess than 750
ppb, and nore preferably | ess than 500 ppb. [0036] As nentioned previously,

the m Xt ur eniReNPHpHeS pAdfelaBRIEsOMBN 0DIpERS ?@Hbiﬂi@n é‘fbpb"),shhdl froré prefeably as
used herein, is a conpound having silicon (Si) and oxygen (0) and possibly

addi tional |su4lgdd §&'epb.S CoOHEE LRty HHateRAE of 1HE ib@shtbA m&)f preferabigBBitam Such as
H B, C P, or halide atons and organic groups such as al kyl groups; or

aryl grou ki I ' i d
yi g p%ontg_ﬁf_ﬁnea%][n rﬁéalslﬁﬁk"érr@%ggqéssamaﬁ r?@@'ﬂa?ts DePHRIGH { ?;;}‘th, preferbBI9 less

silicon atom rm"a used erein includes ear, branched,

or cyclic ?{E{W-Iodgﬁé}&g%r EARSH: g'&;su;;g%nhrrﬁs??leprréfera%‘i& fe8s fah 10965;5Hg;|}naﬂéﬁsis%f@rbéy

from1l to 12 carbon atons, a re pre ably from1l to bon atons.

This term mbii&??rg#eggbr ggﬁ{?wkor{ﬁ@ﬁat%gf%hag&@ BRfuhfS 184 BEn 9IRS such as

hal oal kyl, "al'kary _ _ further applies to alkyl
noi eties t Bﬁég%'%hgé 35!7%52059; ?'{’)é)ﬁ.'to\ﬁé(e & rfgr%méég F35 E@@wr)bj unctinality. The

term™aryl’ erein srx ) ber carbon rings having
oo o AP Ao b Y| Rk ek B B i T o
lr)"rJ inggras ?f Sisg-ir&?9 ‘%8’%2’: asgx!ﬁleg _ o%i girst%l&{@cg%#g% ,?ring'rsjigoﬁ'(gﬁ rﬁhg .%_%?qenls@)p%ng} err ed
D o e bR sbbiua TR LR b RNl B G Bl gy 7
comonent s f o AURRSHEhASps N SoBRERTE piolR: Bep Pl BED IR abd
CraD! 2 ofb s SHATE AR L kB ieb el R g TR
chert ool 1 S5/ BRSO o B4 ol T DHRIPLIRS bbono
e S8 5 T B e b reS 851 o 1 o

atoms. This term applies also to alkyl moieties contained in other groups such as

haloalkyl, alkaryl, or aralkyl. The term “alkyl” further applies to alkyl moieties that are

substituted, for example with carbonyl functinality. The term “aryl” as used herein six to

twelve member carbon rings having aromatic character. The term “aryl” also applies to

aryl moieties that are substituted. The silica source may include materials that have a

high number of Si-O bonds, but can further include Si-O-Si bridges, Si-R-Si bridges, Si-C

bonds, Si-H bonds, Si-F bonds, or C-H bonds. It is preferred that the at least one silica .

source imparts a minimum of Si-OH bonds in the dielectric material. The silica source

may further include residual components from processing, such as organics, that were

not removed after formation of the porous material.

[0037] The following are non-limiting examples of silica sources suitable for use in the

mixture and method of the present invention. In the chemical formulas which follow and

in all chemical formulas throughout this document, the term “independently” should be
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relative to any additional species of.the sanme R group. For exanple, in the
formula RaSI (OR )4,Si, when ais 2 or 3, the two or three R groups need
not be identical to each other or to R. [0038] Oher exanples of the at
| east one silica source may include a fluorinated silane or fluorinated
si | oxane such as those provided in U S. Pat. No. 6,258,407. [0039] Another
exanpl e of uatelstmsito@efoR thaidhe SObECER GROUP IS Gbtidisly daitpendeitiytdaiictedretutivee a
Si -H bond upon elimnation. [0040] Still further exanples of the at | east

one SI |'i ca 16 ethet & @bapd Bekithg diffidrbet duperseeipts, bids alsptihdeptineantyt seledted hods
described, for exanple, in the references Hay et al. "Synt hesi s of

Or gani c- | negIgfid © dryRidddionil shekide oNeHE il &l hbigs. s@ﬂempiernﬁm&mmuﬁhem
Mater., 13, 3396-3403 (2001) or Hay, et al., "A Versatile Route to

O gani cal | v, MROR, o8, whbh G828 oRBUHBANBLS 11Fek iFe qu Aebd AoNidEGH=D o/ Bach
Sol - Gel Process", J. Mater. Chem, 10, 1811-1 8 (2000). [0041] Yet

anot her ex%mgr@,rgjgat | east one silica source may i ncl ude col |l oidal silica,

fumed silica, or silicic acid starting materials. [0042] Still other
exanpl es ofpgag) Qﬁhé:oék{a%‘?p‘ieé mhe«a?;easi SRSSIEOIANES mdY Gritiitfe USRI silane
si | sesqui oxanes (HSQ OL.5) and nethyl silsesqui oxanes (M5Q RSi OLl.5

where R i s o didid snﬂ;&é’r‘:@%uch':ég thbes Bﬁi@ﬂﬁﬁ'uﬁ@ @f PN bl dspbdgy, silica
sources i nclude those described in Pat. No. 6,271,273 and EP Nos.

1, 088, 868 1dogkp fihor BSimie’d Bt B2 oh ORI ool B iRUIG BUAKRUE o a1

| east one e silica solrces W|t In the mxture’is a conpound whi ch has

at | east Op?oo%'cle'acém-l BBWH;B&%M%?N&P organi ¢ group conprising carbon and

hydr ogen atons attached ereto n preferred enbodi ments, the conpound

may be r epgmt ] Wnﬁe?%x%ﬂﬂeg% tH atE@a?,t O shida %ouv‘@ﬁ%é"fdhn@ iR L Re rﬁvﬁ” be

| ndependen he same or erent; epresents a hydrogen atom or
R e e S S L L
wher ei n m"@\?}ﬂh&@s S%rggﬁlc-lﬂgr%%ﬁﬂq%ybﬁ'iw via the Non-hydrolytic Sol-Gel Process”, Chem.
Mater., 13, 3396-3403 (2001) or Hay, et al., “A Versatile Route to Organically-Modified
Silicas and Porous Silicas via the Non-Hydrolytic Sol-Gel Process”, J. Mater. Chem., 10,
1811-1818 (2000).
[0041] Yet another example of at least one silica source may include cofloidél silica,
fumed silica, or silicic acid starting materials.
[0042] Still other examples of silica sources include silsesquioxanes such as hydrogen
silsesquioxanes (HSQ, HSiO, 5) and methyl silsesquioxanes (MSQ, RSiIO, s where Ris a
methyl group). Further examples of the suitable silica sources include those described in
U. S. Pat. No. 6,271,273 and EP Nes. 1,088,868; 1,123,753, and 1,127,929.
[0043] As mentioned previously, at ieast one of the silica sources within the mixture is
a compound which has at least one silicon atom that has an organic group comprising
carbon and hydrogen atoms attached thereto. In preferred embodiments, the compound
may be represented by the following: R.Si(OR")4.., wherein R and R’ can be

independently the same or different; R represents a hydrogen atom or & monovalent
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the sane or different and each represents.a hydrogen atom or a nonoval ent
organic group; R4 and R5 can be independently the sane or different and
each represents a nonoval ent organic group; b and c¢ can be independently
the sane or different and each is a nunber ranging fromO to 3; R7
represents an oxygen atom a phenyl ene group, or a group represented

by- (CH2) , OBQHW @bﬂp;rﬂ" @pritehfdl £RRoVAE IoAghrfic roub; &fd 8is a1 integBrbamgibg ons

t hereof. [0044] The term "nonoval ent organic group” as used herein rel ates
to an orgamom 1 & QUR #gnﬁl_@g_bSp(F&gsﬁbﬂﬁ}gQR%pivhemrenéahd RS ¢ah basndeipentedlly
through a single C bond, i.e., I -C or OC Exanples of nobnoval ent organic

groups i NckyidgarAd ofdittétenPhndBadH dhprdtiefttia hydrBgerbiti o4 RitRo@¥ntsganiti near
branched, or cyclic alkyl group having from1l to 5 carbon atons such as,

for exanpl grop; ABRRY R® cah BElinddpeRB¥tly tﬁé”s%'ne d?rdiffl%?@ﬁﬂdndgé’ééﬁﬁeprbgemg grtain

enbodi mrents, one or nore hydrogens wthin the al kyl group nmay be

substi tut eﬁmn%él@n@&g%@ig%& 3 B'anﬂ?c‘ﬁﬁn%@ihd@%er%ef\ﬁ* triEsM@ Bt ditferent and each

fluorine), or an oxygen omto give a carbony unctionality. Exanples of

aryl grou i | vat ' i ,
et hy b phonsi € MBS Bnding fefn TRY3 A RBesenfiadh Gy olh i) Aphefifere idlib ova e

conpounds p@bﬁ%ﬁ%&%%ﬁ;?b@?ﬁéﬁei%% §r'm [hté%er%ﬁ’giﬁi%fr%et 76 for

i ndependen e sanme o fent a east one of Ris a nonoval ent

organi c -gr Q&Hbinﬁﬁér‘r{sdtﬁ' rd et hyttri met hoxysil ane, nethyltriethoxysil ane,
met hyl tri-n-propoxysi Fane’, methyltri-iso- propoxysilane,

nethyl tri !‘bedrit'aj gmﬁéké/@?ﬁ%%%ﬁiﬁg?hyabEcisgggfg?‘&sq}%?iiHe?é\ﬁ’relates to an organic

met hyl tri 0 oxysl I ane,

ot U1 PRRDBILLANEan Sl Of ARE BRI 20610005 il h S I € b,

ethyltri-n? OpOXYSi _ I'50-propoxysi’l ane

o DSPEBLE, S Bbt RO B9 ol r e 9, ¢

D TP RN SRABE bl PR 1 105

Fert - but ox R PR A STy ro B RRY 2 bah B bR Hiror nBl SR, 1
certain embodiments, one or more hydrogens within the alkyl group may be substituted
with an additional atom such as a halide atom (i.e., fluorine), or an oxygen atom to give a
carbony! functionality. Examples of aryl groups suitable as the monovalent organic
group include phenyl, methylphenyi, ethylphenyl and fluorophenyl.
[0045] Specific examples of the compounds represented by ReSi(OR")4.a wherein R
and R’ are each independently the same or different and at least one of Ris a
monovalent organic group include: methyltrimethoxysilane, methyltriethoxysilane,
methyltri-n-propoxysilane, methyltri-iso- propoxysilane, methyltri-n-butoxysilane,
methyltri-sec-butoxysilane, methyltri-tert-butoxysilane, methyltriacetoxysilane,
methyltriphenoxysilane, ethyltrimethoxysilane, ethyltriethoxysilane, ethyltri-n-
propoxysilane, ethyltri-iso-propoxysilane, ethyltri-n-butoxysilane, ethyitri-sec-
butoxysilane, ethyltri-tert-butoxysilane, ethyltriacetoxysilane, ethyltriphenoxysilane, n-

propyltrimethoxysilane, n-propyltriethoxysilane, n-propyitri-n- propoxysilane, n-propyltri-
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| sopropyl trinmet hoxysil ane, isopropyltriethoxysilane,

| sopropyl tri-n-propoxysilane, isopropyltriisopropoxysilane,

i sopropyl tri-n-butoxysilane, isopropyltri-sec-butoxysilane,

| sopropyltri-tert-butoxysilane, isopropyltriacetoxysilane,

| sopropyl tri phenoxysilane, n- butyltrinethoxysil ane,

n-butyl t ri édchoopsiisiarse, nApropyisin-hibudaypilareo xysopyitnesecrbutoxysilane, n-propyliri-
butyltriisopropoxysilane, n-butyltri-n-butoxysilane,

n-butyl tri tsrBbuloMyilass, n-propyitiiacettxysilanie; nipesgdyithiphanoxgsilansg,

n-butyl triacetoxysilane, n-butyltriphenoxysil ane; sec-

but yl tri metsaprysittimemoxpstiandlisyirbpyirietiokysiianaNgopropyltr-n-propoxysilane,
sec-butyltri-n-propoxysilane, sec- butyltriisopropoxysilane,
sec-butylt idoprd?ﬂﬁi@dp‘@Fb@%ﬂanéﬁ RopRspyIHin buts RSN, opsépyitiecPrtoxysilane,
butyltri-tert-butoxysilane, sec-butyltriacetoxysilane,

sec- but yl t [dopRspyRiYsrt-baRysitRé tlisoftbpyHriab EaRy 1B, SisbpByltriphenoxysilane, n-
tert-butyltriethoxysilane, tert-butyltri-n-propoxysilane, tert-

butyl triisegfRnesiokysiane, ﬁ-BﬁtS(ltflR#ﬁdiy%ﬂéneDnm&)ﬂ?ﬁyﬁb}oﬁﬁﬁ¥silane,_ n-
tert-butyltri-sec-butoxysilané, tert- butyltri-tert-butoxysilane,

ert-butyl t pLgRaESPBEOYENEhe, heddt¥tbpﬁ-bbio&' SRAB O BalyltA3Be-butoxysilane, n-butytiri-
i sobutyl trinmethoxysi| ane, isobutyltriethoxysilanég,

i sobut yl t 1 terlb REQRAXNS Ir-BinFitriack&RAPSIaRk! AbLERRSIMOEYSiahE Soc-
| sobutyltr ie: n- bu’ta)g‘f()ysi I a%g,?l rilas(,:obu?yl tlrgl - se??ﬁ%t oxysi | ane, ©

L sobut yI tr bed Rfitelbidkysikng,| RRGbutiFe ?(?‘éiltah'ﬁaé‘&t fHi-h-BRSpoxysilane, sec-

i sobutyl tri phenoxysi1ane, n- pentyltrimethoxysilane,

n-pentyitrj | it e ! Izl b : .
Sebeot V| | EEHIRESSh R SEBLHbF v AU el Bt utonysiane, e

n-pentyltrpg ﬁﬁ-té?%%)(iéiIbﬁé‘,esecfb@;ug)ﬁtt%ﬁéé(thiﬁiléﬁéTsteb%ﬁ%‘i}ﬁﬁéﬁcﬁ&?uane, tert-

n-pentyl triacet oxysi | anhe, n-pen ri phenoxysil ane;” sec-

pentyltri ”E&tp[??ﬁ%éfhbi%‘ﬂan§,ﬁ8ﬂ$ﬁﬂﬁt¥éﬁ1&. _ 'IQH%,%@&-!bﬁg)glr’i-n-pro oxysilane, tert-

sec-pentyl tri-n-propoxysi’lane, 'sec- pentyl'trii sopropoxysilane,

sec-pentyl| %é#ﬁiﬂ%ﬁ’r&@ﬁﬁé%@‘Fen—ﬁ&?ﬂﬁﬁm&ygﬂlér%?fe'rpbtrrl%ﬁéé-ﬁﬁ't%xysifane, tert-

sec- pentyl si'lang,

P, PO LA MR PS8 ol BAA K Ereronysiane,

L1 L Det kbl REABRBhS 2 Poliox Y] SOMIRRERBIOLRDE:

[ PEL Y bRl W RO ARELOANS ooy,

e BB Rk N BB RS o P eporsiane.

I sopentylt ﬁéﬁtﬁlﬁ'ﬁﬁa%%}fﬁé,%Dp?entyitriethoxysilane, n-pentyltri-n-propoxysilane, n-
pentyltriisopropoxysilane, n-pentyltri-n-butoxysilane, n-pentyltri-sec-butoxysilane, n-
pentyltri-tert-butoxysilane, n-pentylitriacetoxysilane, n-pentyltriphenoxysilane; sec-
pentyltrimethoxysilane, sec-pentyltriethoxysilane, sec-pentyltri-n-propoxysilane, sec-
pentyltriisopropoxysilane, sec-pentyitri-n-butoxysilane, sec-pentyltri-sec-butoxysilane,
sec-pentyltri-tert-butoxysilane, sec-pentyltriacetoxysilane,sec-pentyltriphenoxysilane,
tert-pentyltrimethoxysilane, tent-pentyltriethoxysilane, tert-pentyitri-n-propoxysilane, tert-
pentyltriisopropoxysilane, tert-pentyltri-n-butoxysilane, tert-pentyltri-sec-butoxysilane,

tert-pentyltri-tert-butoxysilane, tert-pentyltriacetoxysilane, tert-pentyltriphenoxysilane,
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| sopentyltri-tert-butoxysilane, isopentyltriacetoxysilane,

| sopentyl tri phenoxysil ane, neo- pentyltrimnmethoxysi | ane,

neo- pentyl tri et hoxysil ane, neo-pentyltri-n-propoxysilane, neo-
pentyltriisopropoxysilane, neo-pentyltri-n-butoxysilane,
neo-pentyl tri-sec-butoxysilane, neo-pentyltri-neo-butoxysilane,

neopentyl t rlécﬁfeﬁﬁﬂﬁh‘l%’(l’ld'i?ﬁban@e@oﬁ&ﬂ%ltﬁeﬁﬁdx?&%ﬂgxﬁé,@béﬂﬂﬁﬂ n-propoxysilane,

phenyltrlnethoxy5|lane phenyl'tri et hoxysilane, phenyltri-n-pfropoxysilane,

phenyl trii 5!%@{9@%?%% Bﬁ’ys:lB@f '?éléﬁehiy?tﬁ rpbﬁtef))éﬁhﬁ@%pengyltn—sec—butoxysnIane

phenyl tri - ut oxysi 'ane I'tri- tert-butoXysil

henyltria | t -
'Ito _ri fl>/uor op(r?fc%(é %gﬁirtrg? %8?32&%5 Ig%@%}ﬁ?%uor Ogéaggiﬁ?%eg %tgg?gﬁxgsnane nee
di met hyl di rﬁ%hsﬂﬁ%éfﬂo lvanedhé(}:e é]%fk!ﬂ'i gﬁd@ﬁé%b' ﬁ&f"gemgltn n-propoxysilane, neo-

di met hyl di ropoxysi T ane Opr opoxy

di met hyl di ' | 5 t il

di ot Pyl di PEEHEERpLARTane “@Baf%ﬁ*h PRI oAy oc-buoxysiene

di et hyi di | Bﬁﬁélté@e”e

di et hyl di - 91@3:]) ﬁfﬁym gnnué Vg."%%%@@%ﬁ%“é’g\?ﬁ' eaﬂ]éeeot IE%tﬁhﬁPgR

but oxysi | a | oxysi | ane, :

di et hyl di a@ﬂ{eoﬂgﬁeﬁﬁén&g“%l Pﬁ%ﬂi@%"gﬁ' gg?cyer{%‘e-lwk H pr& %’ ,P#, [ met hoxysi | ane,

di -n- pr opy) . .

di - n-pr opy g@ ng%’% &tﬁﬁgﬁﬁ%‘ Y“'%%g‘?f%’gﬁ'%’.e?hﬂg&%x%?g | a%%fsrlane phenyltri

'di-n-propyld sec- but ox ro I.-.tert-hut oxysil ane,

i - - br opyletBEFsigass Arvidceiys BB ARminenee g ¥
d||sopropyld|nethoxy3|lane di i sopropyi di et hoxysi | ane,

di i sopr opy ifiuornseRtEmEs ey Riane f-irluorpBIopY S IRRREIANS Pingthydimethoxysilane,

di i sopropyl di - n-but oxysi | ane, diisopropyl di-sec-butoxysilane,

di i sopr opy Idimethgdiethaxysitangs fimetyididi-propprysiignal idipethyidieanraprxysilane,

di i sopropyl di phenoxysi |l ane, di-n- butyl di nethoxysi |l ane,

di - n- butyl @F@thﬁﬁy@r mSllaaer@rrmhm@ecﬁumxwmsﬂtrreaﬁ@f!dldeﬂﬁmxy&lane

butyi di i sopropoxysi | ane, -n- but}/I di - n- but oxysi | ane, ]

di - n- but yl @lm@éﬂdﬁgﬂ@xy@aﬂmmem dﬂphemm!lane,tmthyismeimmﬂl%nee,

di - n-butyl di acet oxysi | ane, di-n-butyldi phenoxysilane, di-sec-

but yl di et Higkpddiethasysilgne siethpidi-gpeinexysilepsi diatwgldiisopropoxysilane, diethyldi-n-

di - sec- butyl di - n- propoxysi | ane, di-sec 19 butyldiisopropoxysilane,

di - sec- but pHigixysilabat dirthyidi-aeebutgkysilene diethyidi-tesdatogisianssi | ane,

di -sec-butyl di-tert-but oxysilane, di-sec-butyl di acet oxysil ane,

di - sec- but dlethyiacetsopsilang aiethyldiphenoxysilane, di-n- propyldimethoxysilane, di-n-
propyldimethoxysilane, di-n-propyldi-n-propoxysilane, di-n-propyldiisopropoxysilane, di-
n-propyldi-n-butoxysilane, di-n-propyidi-sec-butoxysilane, di-n-propyldi-tert-butoxysilane,
di-n-propyldiacetoxysilane, di-n-propyldiphenoxysilane, diisopropyldimethoxysilane,
diisopropyldiethoxysilane, diisopropyldi-n-propoxysilane, diisopropyldiisopropoxysilane,
diisopropyldi-n-butoxysilane, diisopropyldi-sec-butoxysilane, diisopropyldi-tert-
butoxysilane, diisopropyldiacetoxysilane, 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-
butyldi-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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di -tert-butyl di met hoxysilane, di-tert-butyl di et hoxysil ane,
di-tert-butyldi-n-propoxysilane, di-tert-butyldiisopropoxysilane,

di -tert-butyl di-n-butoxysilane, di-tert-butyldi-sec butoxysilane,
di-tert-butyldi-tert-butoxysilane, di-tert-butyidiacetoxysilane, di-tert-
but yl di phenoxysi | ane, di phenyl di met hoxysi | ane, di phenyl di et hoxysi | ane,

di phenyl di pinIdRESREPNS/sHEHE di-ShdP MI AibuipsirpeXyissdcn fyidi-sec-butoxysilane,
di phenyl di - n-but oxysi I"'ane, di phenyl di - sec- but oxysi | ane,

di phenyl di gi&ddbRABEEHISH iard, Bh@éb‘b Bi’a@@fﬁk}@la'nén@ursec butyidiphenoxysilane,
met hyl neopent yl di met hoxysi I'ane, net hyl neopenty dlethoxy5|lane

met hyl di megh@xvsi X@ﬁb«hcﬁ&gﬁﬁn@' Hﬁbhmalbﬁﬁﬁysnﬁnér&ﬁéh%bﬁ&!amgﬁrbéb*ﬁnﬁae

i sopropyl di net ho ane but yl di met hoxysi | ane, sec- butyl di net hoxysi | ane,

tert- but yhidgeﬁq;,jy Pg%h}@ggys,;bﬁgwlté@t gufmiﬂw&&sm di-tert-butyldi-sec-

n- pent yl di met sec- pentyl di met hoxysi'l ane,

tert- pent yLgi gptihoxy 'téréaﬁ ch RABREM AL i Bl Ritctorysiane, o tert

neopent yl di net oxyS| ane, |net oxysi | ane,

cycl ohexyl g, fﬂh%ws'a&% d;y@@?]@ﬁ%}b%}gﬂ&ﬁ@%.dr%ﬂg!dné?ﬁé»g iléHeerbﬂéMﬁHiLﬁ-”e

etyldlethoxy ane, n- pro ané, 1 sopropyl di et hoxysi | ane,

sobut yi ci BERSE S HpRES i Sl Uheh(in oS aiee P ERAIES) .
tert

nEgpeFt:w é#&?ﬁ%xgégﬁé’!ﬁ@m’%g ég&ﬁﬁgtéﬂ%ymﬁjed%gs%ﬁ“aﬂﬁxyI di Ft hoxysi | ane,
Eenlyprggsmgﬁgﬁgﬂwgﬁ%ﬁ&ﬁ@ﬁfmiﬂg@% B

ut yl met hoysi b ANl SiRRE- BT ERS Ao liteBidxyBiting) et hoxysi | ane,

di i sobutyl H’éﬁ% §V1° 2 % Y "{Et‘% g(%lo &?pne, _ XYSIES,

§: |23Eeﬁ? ?{sﬁgﬁ%@%lt é*y%%r&sf He%%glaingﬁtﬁés}ﬁ Aﬁgegggﬁﬁﬁﬂ&itﬂgﬁvoxysilane htert- |

ai ot by ot REXETH R %ﬁ%ﬁa}?ﬁﬁﬂcﬁgéﬁo Eﬁ@gx%ﬁe*‘@%‘ﬁﬂasﬁp%?%ﬁés ‘baﬁéys'zoa”e

O oDt O R Fane s AR PRI petbidmentrblnoryo!  ane

di-n-penty| gfgp%?\)t(y)@meﬁwn sifiane, neohexyldlmethoxysslane, cyclohexyldimethoxysilane,

phenyldimethoxysilane, methyldiethoxysilane, ethyldiethoxysilane, n-
propyldiethoxysilane, isopropyldiethoxysilane, n-butyldiethoxysilane, sec-
butyldiethoxysilane, tert-butyidiethoxysilane, isobutyldiethoxysilane, n-
pentyldiethoxysilane, sec-pentyldiethoxysilane, tert-pentyidiethoxysilane,
isopentyldiethoxysilane, neopentyldiethoxysilane, nechexyldiethoxysilane,
cyclohexyldiethoxysilane, phenyldiethoxysilane, dimethylmethoxysilane,
diethylmethoxysilane, di-n-propyimethoxysilane, diisopropyimethoxysilane, di-n-
butyimethoxysilane, di-sec-butyimethoxysilane, di-tert-butylmethoxysilane,
diisobutylmethoxysilane, di-n-pentylmethoxysilane, di-sec-pentylmethoxysilane, di-tert-
pentylmethoxysilane, diisopentylmethoxysilane, dineopentylmethoxysilane,
dineohexylmethoxysilane, dicyclohexylmethoxysilane, diphenylmethoxysilane,

dimethylethoxysilane, diethylethoxysilane, di-n-propylethoxysilane,
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pentyl et hoxysi |l ane, di-tert-pentyl ethoxysilane, diisopentylethoxysil ane,

di neopent yl et hoxysi | ane, di neohexyl et hoxysi |l ane, di cycl ohexyl et hoxysi |l ane,
and di phenyl et hoxysil ane. O the above conpounds, the preferred conpounds
are nethyltrinethoxysilane, nethyltriethoxysilane, '

met hyl tri-n-propoxysilane, nethyltriisopropoxysilane,

et hyl t ri medhsoprspyistiexysaamy ldi-hitrihenygsiians: di-set-tatyiuthskysiineouyeit ane,
di met hyl di et hoxf/%% I aney, di et hyl dishrrgt h)?xysi | ane, diethyldiethoxysil ane,

tri met hyl mpogrehdessie, aneobutyidtiBhRIANE) BRAlPeaNNhd3RRane, di-sec-
tri et hyl nononet hoxysi | ane, and triethyl nonoet hoxysilane, . Mre preferably,

Ris CH' pehtyiRiroxydiftpesditert-penhyletRoxySilare, iisdpentAsthbfysagne, nonoval ent

organi c group, and can be the same or different.” O these, nethyl and

neopentyl gnRop&R{BiHR s'la-ﬁg,ediﬁbélﬂ@'gleﬂfﬁigglaﬁﬁsdi okyledRskysilamecand as a
m xt ure of tmporpﬁoregt'hereof. [ 0046] pecifigwexarrgl es gf t he conpounds

repr esent edighntBokiaHk A CRAY AL oRlouniEThe BdGRS) dofbanieren R i's an

oxygen atom i nc , 1,1, 3, 3- pent anmet hoxy- 3- et hyl di si | oxane,

1,1,1,3, 3 %ﬁﬁ%@ﬁ@%@%% 'uﬁéﬂhg%ﬁnsme,Jméméxlxrﬁn%rrmm%hoxy- 3-

phenyl di si | oxane, 1, t aet hoxy- 3- phenyl di si |'oxane,

L2 3 i b B0 syt

1,1,3,3-tetra ane, T, -t'et ranet hoxy- 1, 3-
50 gt SRR Sabsihibor e
i phenyl drebidcxS ke, gl ARES sidne! b RresNtsine’
T3 i ot hogYvménchdhok S B GhpiHe R Erysjane, . More preferpbiy, B e -
et apheny Ll aLk o age A0 AIRPLIR R chin by i ARAEBNaHIc b 5 3 oo

hose, pre se0

t
t
1,1, 3, 3-t th -1.3-di | di si 1.1 3-t { -1, 3-
5 ot o b LAY iy "B sk AR S neebhE R Rl ol e o
1, 3-di th -1,1, 3,3 21 ¢t t hyl di si

1 5 G ot hosdounas T3y BF uasd RRUE G 56 PURAHES oF o of mtEBRROt 1 3 3.

1

[

chraneny e} | ang anch bl hont ek el T BRI A8

R3b(RA0) 3—H§5-Si(OH5)3.3HSC wherein R; is an oxygen atominciude: 1,1,1,3,3-pentamethoxy-3-
methyldisiloxane, 1,1,1,3,3-pentaethoxy-3-methyldisiloxane, 1,1,1,3,3-pentamethoxy-3-
phenyldisiloxane, 1,1,1,3,3-pentaethoxy-3-phenyldisiioxane, 1,1,3,3-tetramethoxy-1,3-
dimethyldisiloxane, 1,1,3,3-tetraethoxy-1 ,S-dimethyldisiloxéne, 1,1,3,3-tetramethoxy-1,3-
diphenyldisiloxane, 1,1,3,3-tetraethoxy-1,3-diphenyldisiloxane, 1,1,3-frimethoxy-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-
tetraphenyldisiloxane 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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(R7)-Si (OR5) 3, Reawherein R7 is - -(CH2), - include:

bi s( hexanet hoxysi | yl ) met hane, bi s(hexaet hoxysilyl) net hane,

bi s( hexaphenoxysi |l yl ) met hane, bi s(di met hoxynet hyl silyl) net hane,

bi s(di et hoxynet hyl si |yl ) met hane, bi s(di net hoxyphenyl silyl) et hane,
bi s(di-et hoxyphenyl silyl)nmethane, bis(nmethoxydi nmet hyl silyl)nmethane,

his(et hOXY@émﬁéiﬁ*léibilddahﬁ?i ,bﬂi?&hoxﬁ?,&é&‘!@-ﬁétﬁﬁ?ﬁéihﬂb@ﬂ&aﬁbl Y 13 diiefRg-1,1,3,3-
bi s( et hoxydi phenyl si | yl ) met hane, "bi s( hexanet hoxysilyl) et hane,

bi s( hexaet ' i [ '
b: ZE di )r(ret hg%)@r@tb 'lﬁwl)ssﬁ’%ﬁ)@ gtnﬁglr%%,e !bi :s?gfie'g’tg ﬁ%ﬁéﬁﬂi’?%?%t hane,

bi s( di met heyouerdesis L sl | . (RO)e.Si-
bi s met hoxvdi mét %E'F'F%%‘@P%g%iheﬁ?ﬁ%@?lﬁ{gg%ﬁgﬁ% Ehﬂﬁ 3@?92@““ OlseSi

b s et hox e ese s WGt AARSs Ch SLRNGh ISR hoblNReage

bi s( hexamet hoxysi | ysl*') pr opane, _ exaet hoxysi | yl') propane, 1,

R e i o e
bi SE et hoxﬁ%@?‘%ﬂ@%ﬂ?ﬁ@gﬁ%@a”‘%@S(E!@ﬁﬁﬁmsﬂwﬁ%%@, I );;I g Br ogane’ ana
L3t PR e AR el bASh bERgr comPounds are
e e i TS

bi SE met hoxy%#'ﬁﬁﬁéﬁ%ﬁ@édéﬁ&%ﬂ@irﬁ%ﬁgnedﬁ%ﬁéﬁéo?g@%@é%ﬁIQ%’@%@F}SQ%'I) yl) met hane. 22
sour ce.hasB(oxpdRLioRABeane caSine B Sl iuTHE, EEMANRBh G beRadel N
Sourceq. t nabCmS ARy ELdRAR NETaE R eI e, °2 Tached 1o the S -
atom The H?si(él reﬁmo@ﬁ'hefn%}fsw?erthacn%, irsi(&gth%xyphenytsi!yl)ethane,

bis(methoxydimethylsilyl}ethane, bis{ethoxydimethylsilyl)ethane,

bis(methoxydiphenylsilyljethane, 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(dimethoxypheny[s_ilyl)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(hexaethoxysilylymethane,
bis{dimethoxymethylsilylymethane, bis(diethoxymethylsilyl)methane,
bis(dimethoxyphenylsilyymethane, bis(diethoxyphenylsilyl)methane,
bis(methoxydimethylisilyi)methane, bis{ethoxydimethylsilyl)methane,

bis(methoxydiphenyisilyl)methane and bis{ethoxydiphenylsilyl)methane.
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conpound represented by the formula Si (OR2)4 wherein R2 represents a
nonoval ent organi c group. Specific exanples of the conpounds represented
by Si (OR2)4 include tetramethoxysilane, tetraethoxysilane,
tetra-n-propoxysil ane, tetrai sopropoxysilane tetra- n-butoxysilane,
tetra-sec-butoxysilane, tetra- tert-butoxysilane, tetraacetoxysilane, and

t et r aphenoxyo4g] ane adfion firethak® wast bhesiitesaureedwhemnomadiicaisburce has at
t etramet hoxysil ane, tetraethoxysilane, tetra-n-propoxysilane, or

t et rai sopr eRexysd SRASm KBINEEN SRR sq]rba;meempﬁéi@gl@] antd aférné EtechHedthétetd,her
conprise a conpound represented by the formula RaSi (OR )4.a wherein R

represent s tie MKEire 494y fHAGR cdipriseicRRRARPsilfcaFVLPOER! tREL map heEdces gy Paveand
ais an integer that ranges from1l to 3. Specific exanples of the

conpounds GARE §@tp RitaBie?l lo@Whe BfammTBRemikiite RAY AFPRF Sordpiieds ogen at om
I nclude trinmethoxysilane, triethoxysilane, tri-n-propoxysilane,

triisopr 0p%ﬁ‘xébuﬁ’d"r%préée‘ntélfbﬂ%%%ﬁhé aner?, rvalrhe?&ﬁﬂ?l%bﬁﬁé\ééhtb%ﬂﬁonovalent
tri-tert-butoxysilane, tripHenoxysil ane. 6 he m xture may further

conprise ag 'BRC% r %), includ
R3b( R40) 3. br?a 8?"0?%?&&%8*%@%93&% Cflgg{ﬂaar:\ihasR%eprr%%ernées%tr)\ Slaoﬁyar"é)cg%ne atom

R4 and RS dfRyndifo ﬂ‘é?'ne' RACRERAGE Y, fetia- rﬁ Jghé ft@frﬁ@épr@ﬁ&y%ﬁ&ﬁb tetra-

represents a npbnov ent or ganl group, C nmay e sane or

the compoungs FagPes e iohS o‘“"'r1 St éar‘?'?f??tﬁis'%ﬂgf‘%ﬁ%?ﬁ%ﬁxﬁ”w e
hexact hoxy g %Ph@%cﬁ@@ﬂar%”cbﬂﬁé%@ W Bl Q1800 RS S el

exanpl es o iT1ca sources avi an organlc group on

aroup is EH%?S%?E’L‘E?EBEWW%Q%?%QﬁE‘%ﬁe LS @bﬁﬁaé@g’#%@s of
such comPOllsy el o HpHbic: BEBAN SickARBurY FaNHeLEA G4 B Sl

vinyl tri-n=propoxysilane, vinyl tTrii sopropoxysr |

A el el

butoxy5|lané enox ane

al lyltrimep g;r%mé ()gi(r @land s lq%llb{egg% {Pu%%‘%ﬁmplaé%n»l # o ) ¥ BpLaific BrMneY 8t tne:

aIIyItrllso I’lI"ane,

allyltri- Qy In ér%é e%gﬁfed%lylﬁdsi(biﬂ" 4.arv3hel?é|ﬁ(ﬁ(%%'rés%rﬁ?s a hydrogen atom include

aIIyItrlpheno
trimethoxysilane, triethoxysilane, tri-n-propoxysilane, triisopropoxysilane, tri-n-

butoxysilane, tri-sec-butoxysilane, tri-tert-butoxysilane, triphenoxysilane.

[0050] The mixture may further comprise a compound represented by the formula
R2,(R*0)41Si-0-Si{OR®),..RE.. 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 O to 3. Specific examples of the compounds represented by this formuia include
hexamethoxydisiloxane, hexaethoxydisiloxane, and hexaphenoxydisiloxane.

[0051]) Still further examples of other silica sources having an organic group bonded to
the silicon atom include compounds wherein at ieast 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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di al I yl di met hoxysi | ane, propenyl trinethoxysilane, propenyltriethoxysilane,
propenyl tri-n- propoxysilane, propenyltriisopropoxysilane,

propenyl tri-n-butoxysilane, propenyltri-sec- butoxysilane,
propenyltri-tert-butoxysilane, propenyltriphenoxysilane,

di propenyl di net hoxysi |l ane, crotyltrinethoxysilane, crotyltriethoxysilane,

crotyl tri - ymylfieRRsySiysiaid, vilyRiNlEUthtyE a0 RPN SsbaBatoxysilane, vinyitri-tert-
crotyltri-n-butoxysilane, crofyltri-séc- butoxysilane,

crotyl tri - pefdkyaisheXVisyirpReno/sMng, H{vﬁr@hﬂrﬂ@ﬁ%ﬁ&éﬂﬁﬂé; allyitrimethoxysilane,

di crotyl di met hoxysilane, ' vi nyl net hyl di'met hoxysi | ane, "and

vi nyl met hyQilﬁ&%%?%ia@gﬁﬂgtﬁﬁhpgﬂghéﬁﬁ?'&ﬁi{ltrﬁ‘i@%ﬂ&ygﬂa‘h\épﬁlI)Nﬁitr{flbutoxysilane,

car bon-car bo de "acryl ates, "unsafurated 'pol yesters,

epoxi es, a i 0 ) : Pl Tto o
oD (MR bR, SATRLAD byt aAtpheRoRsias)

et hacryl QXnmg%&apgﬁﬁ%gla'rggﬂggn@%@gg%}laﬁa.p%ﬁérﬁﬁm@ﬂoﬁ;gaaﬁé,rﬁa,swta-n-he

conbi nation o c silica” sources is used’in't

e o B R  eion e GUOR R b T o0

preferably . l,an | h - | c", as used
herein, r e]b Q{I:OS '%ng’c%rﬁggﬁr@stgﬁh%@%ﬁ%éﬁ rs#?f‘@éﬁ“éﬂ %ﬁ&g%ié’cr osslink through
at |east faqur . qg§ﬂ; I dotl o | n-
al koxysi | aﬁ@o;ﬁe&o& %""‘ﬁﬁ%"ﬁﬁ%y ﬁ@p%g@éﬂ%@@?ﬁé}&ﬁ@%ﬁ&%& ﬁ%‘gég fd tggﬁ] lally
crosslink, |.e | at om.w t - AT L eapdCet Oxy,
etc. gr oupg i %ﬁﬁ%’r?rgﬁ’g}' i érﬁpé’g'%g%ﬁrgg rC gﬂyag’ﬁfnﬁgﬁ}@ snlg bg'?’%)eﬁnse i atoms and
all other  functi onal i .on.th | o) ' . (0)'4] J £ S _at ons
do not 1l PYSHETBRET kit bl aydiaR By RBR ibo R Bpg bR cirericiyaiiner |
groups that. can .or wat er. The. ter lc source refers to
conpounds m@%@e@ﬁam@g@){ya eofm? H@y%@lﬁﬂ%ﬁg Bér:'lc':efl onalities has been
i " phony! . 14gh2f, BefdoSuic orues i iper-wBon SruPReRNgs iyl atepe
hydrol ysis. In these sources, the silic would crossl,J ith.le n
our bt i dgHEsByEFS TR ITS: Fapieo 2l MRERNES: Sl oghesy sneisrentechid
condensati ?onSﬁLctgaé %a%%li?grob{ﬂ)tFirQ}%thoxysilane 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 atkoxide. 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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termnal group remains intact. In certain preferred enbodi nents, the

hydr ophobi ¢ silica source contains a nethyl group or neopentyl group
attached to silicon. Under certain processing conditions, term nal organic
groups may undergo beta hydride elimnation to form Si-H bonds that nay be
oxidized to Si-OH and result in Si-OSi bridges and/or residual Si-CH

W t hin t he agnpaiHdtdondifies RES bbéts fepiiead wWilheS@ndinal SRC TR Si-Fasondie. Silieethyl,
acting as hydrophilic silica sources. [0054] The at |east one silica source

nmay be addegleti, @i@h@ﬁwsﬁt@cmek;ﬂ,eetex a5 Goukf not @édé@ltelaingd:@aﬁ: girndensat i on.

Hydrol ysi s and condensation of the silica source occurs by adding water

and a cat a'h%féﬂolyrs%. an fseRdurc@RdthadlicBe wolRl &bbdIpR wiUesEthah féurlbridBes even
intermttently  or continuously, and conducting hydrolysis and condensati on

reactions ywagh |ﬂ§l%y§fr@)§§!ihﬁ@d 598 rédutia rhYdr%ia(s% érﬁm&ﬁéhéﬁt%nr&@@mﬁ%bahf'tuef rom
-30 to 100C, preferably from20 to 100C, for O to 24 hours. The '

COMPOSI t1 Oy rfrfidhl foupt@aiisS IRTcRUhAGréfer@8 BtRAIirMEMs Ahe PERBhobIX silica

it Lf
conducti ng concentration or (?i ution with the solvent 1n eaCh step of the

preparati OQourkggéﬁﬂainE@m%ﬂ ﬁ:‘g&?'ﬁz nggé’enrgfl F@?&'E?ﬁédﬂ@d?é f’?}?&' Uhd&rEepaii ce

can occur at any point i'on ‘of the fi |.e., before

adding to @%Eggrm BBﬁdiﬁicﬂ'Tst, ?émﬂ%ﬁibgq%rr]ﬁcgq{%% %Ek;ﬁbli%@o HRkd Afdride dimiiionis.

curi ng, et xanple, 'In cert t he resent 1 nvention,

the at | ea?c;nnoé‘ig? EEH%&@E&? Rllép%%t SR B! g dl%& PeduitSn %?—b‘-@rﬁridlg\é@%ﬂaﬁorand

surfactant 1n a first vessel, eronc a Ive and catal yst are conbi ned

N 8 SeCconfLErsehy il WL SARNGAL Sn e hiRrRECARte YRSPEburBLewalRAtNAl | ¥

"added to t vessel an envi srone at a variety of

di fferent géﬂ%%w rﬁﬂ‘ﬁﬁééiﬁé&%&r&é&e m xture can be used w thout departing
rt-o q ep I NVE

fromthe spi resent 1 nvéntion. 25 [0056] The catal yst suitable

o PR TR o SRS B YRR e RSGR S el ose, |

e oS ncehBh, i R AP e e g ol i,

not limt egd&igg w%‘tjé%ta%rcjnaaééltalyst 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 generé!!y from -30 to 100°C, preferabty
from 20 to 100°C, for © 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, L.e., before adding to the mixture, after adding to the
mixture, prior to or during curing, etc. For example, in cerfain embodiments of the
present invention, the at teast 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. Itis 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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amoni um sal ts and hydroxi des, such as ammoni um or tetramet hyl anmoni um

am nes such as primary, secondary, and tertiary am nes, and am ne oxi des.
The catal yst can also be an acid such as, but not limted to, nitric acid,
mal ei c, oxalic, acetic, formc, glycolic, glyoxalic acid, or m xtures
thereof. In preferred enbodi nents, the catalyst conprises nitric acid.

[ 0057] The [bese] SHevRtdly@suissig fdrane presehf iBUéntiol imddds 81 stgaic or inorganic
supercritical fluid tha¥ provi des solubility with the reagents, adjusts

the film thickkslasmse tit@uhdafaleithe ﬁk&ﬂtys@ﬁif isgBdtitutehrfidny tHeOdilicaUdhmess pnthe
processi ng steps, such as lithography, and is substantially renoved upon

curing. Solg¢éddinge bhakteR! #hcsH thaBbRadn@btidrnst tWoilicA sblReBE it art SENSIi on may
i nclude any solvent that, for exanple, exhibits solubility with the

reagents, %friﬁéé.t $hé EEtaly%‘i 8564 by o&{anﬁchf‘as@i StcH 28, b Mt Ahited fcﬁ,ghﬁtehhaﬂys urface
tension of the m xture upon deposition onto the substrate. Solvents can be

al cohol = solaygRbfumtsah® BRd POUERIIES, sURAT8nSRbMEMLSH tetr&the P lafimSrlineBinthes! N

certain enbodi nents, one of nore solvents used in the présent 1nvention

have rel at isygh %s Eﬁmaﬁf?}sééé}ﬂia iRk §ertiérly%min9§,:cdﬁw ahiA&oxilBES §he BhiR)at 8an

include, but are not' imted to, tetrahydrofuran, acetone, 1,4-di oxane,

1, 3-di oxol %Ps%’be?ri‘é{éid 2684 8t But naﬂﬁni@#tﬂ}’hnr@té}:\(&, nihdie) a\tig&%‘ﬁc,ﬁ%ﬁi@!‘t S,
e use ut h bol

that can b I n the present |Invention ave I'ng points above

160G, 1 nel Ygost BRLRA| ShdY niifured diEleBY | ARERILISmidairiEiSthe BYIRY | done,

et hyl ene ¢ propyl'ene carbonate, gl'ycerol an I vati ves,

napht hal en i ed versions, acetic acid anyhydri de, propionic
acid and %?@Eﬂ%e;sllj@ﬁgc%cg&'anhydri de, dinethyl sul fone, benzophenone,

di phenyl s hdede ThBNERR Lot £ 238 her hPa{eg%iaﬁg}@@gioggu%g.if%&w{nd% er,

t er phenyl, "an he ' referre ol 'ven 0 ene glyco

propyl et thovch ?s%%@(@ﬁ@ﬁ@%{aﬁg%@%%ﬁﬁg ﬁ%@@ghfg?ﬁéss Bro%ﬁ:les sufficient optical

met hyl - 2- héxano

2 o D PR en SRS o K50k o BABHRoR) N ESRARARSIE |

o 2 R e b Sy RSBl AR YR e MR Fgen s

glycol et ri}'}é:llude 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 ketoné. 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, benzophencne, diphenyl sulfone, phenol, m-

cresol, dimethyl sulfoxide, diphenyl ether, terphenyl, and the like. Preferred solvents

include propylene glycol propyl ether {PGPE), 3-heptanol, 2-methyi-1-pentanol, 5-
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ether. Still further exenplary solvents include |actates, pyruvates, and
diols. Further exenplary solvents include those solvents listed in EP
1,127,929. The solvents enunerated above nay be used alone or in

conbi nation of two or nore solvents. In preferred enbodi nents, the sol vent
may conprise one or nore solvents with relatively |ow boiling points,

i.e., boil inghyg-Ré:anbE B xhROC2-hebidnbl, 2tixBRs!, 3 BLditetHyl-8Peneitol,ipshHeas
supercritical CO2. [0058] The m xture used to formthe filns of the present

i nvention pnebematlyyethtf 4dtRbte (PCNEA)SEhyRNE Bfye8BNburi ctPerF, pasHVienedglysts d
herein, is a reagent that is used to generate void volunme within the

resul tant hiynethek{RG@BEE 1%&@?@&5&%09?ﬁnétﬁytltélseﬂbﬁbl?glnﬁétﬁomftm hdéfate, Of

the present invention include deconposabl e polymers, surfactants,

dendri mer s 2.k iefethaPbR BCARGyRSyY %téac&&byg?ixﬁt:ahw, 8 pRpRMeUiool RIeURN C

macr onol ecul es, "or conbi nat’i ons t hereof. further éxanples of

sui tabl e PRERGCEEI fUMHeH EferhPasAsARNAIRERde (HpAEs, BRFVaTes) BRE i, PRGSREr
application, Attorney Docket 06274P2, which is assigned to the assignee of

the pr esemexérﬂ}éﬁﬂ} scWentd Q\Qﬁn% t%g?e SNNEERsEPH P B zébgég? OHRAARNEs POl yrer .

The deconposabl e "pol yner e radi at1on deconposable, or nore

preferably enbﬁ@?ﬁ?c?}éb’o&%gﬁﬁﬁééé 8tond %?gi cgc{rﬁBiné{tfb‘ﬁ' ARG ‘or nitFe YSRENRENR! N,

al so enconpasses e terns” oligoners an copolymers unl ess expressly

tated t - Lt § t hat
stated 1o E@eﬁéﬁ‘&ﬁ%&lmeﬁf’s@‘tﬁé é&%ﬂ?ﬁé&;&&g&?@h;Bpg(yrﬁcﬁ?ét%?ﬁ%tsgﬁ%lwgéé%{al a

deconpose upon exposure to radration, ravi r on

beam or t%b&iiiﬁpoi%ﬂ.éﬂ?&éﬁn @@%ﬁgﬁs&w Wﬁ%@m‘oﬁne‘?%ﬁé@é SaivBhifihbildes

t hermal deconposition a roach the condensat |
temperaturg, of fihey8H i ca source materials and are present during at |east
a portion o%"?% ﬁe crosé-linking so that the silicate structure 27 does not

col I apse wifhgl Naoliaaes AR 1B HISNRs S e 1035 Wchllof Bl Ganh AIRRAL | N0

of the vi ron reaction, I he pore s econpose

and 1 U ES st pollien TRUEhioBl, LOGCBPRLAN oL Fod PylolichIB6 55 it

Exanpl es o ese rs i orymers S R BRI EFUFE'S hat

provides a, LGl mﬁitﬁ@%lsuﬁér{t“ﬁ'ﬂ.u Shitabis Bo%@éns for use in the dielectric materials

of the present invention include decomposable polymers, surfactants, dendrimers, hyper-
branched polymers, polyoxyalkylene compounds, organic macromolecuies, or
combinations thereof. Still further examples of suitable porogens include those porogens
described in pending patent application, Attomey Docket 06274P2, which is assigned to
the assignee of the present invention.

[0059] The porogen couid 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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but not limted to, block copolyners, i.e., diblock, triblock, and

mul ti bl ock copol yners; star bl ock copol yners; radial diblock copol yners;
graft dibl ock copolyners; cografted copolyners; dendrigraft copol yners;

t apered bl ock copol yners; and conbi nati ons of these architectures. Further
exanpl es of degradable polyners are found in U S. Pat. No. 6,204, 202,

which is i BBﬁs!e ROY RAISSE\GREH thelYedvef %’L@:ﬁ%!}&ﬁbrﬁ bfe BBEE Which fost8PEMpIdH®R of

porogen of 't present invention could also conprise a surfactant. For

silica sol tﬁe\htrfé’é“‘t% rbhdtlBh, EShtHN RE dEfiRe ﬁ&é%‘ﬁéet ¥ndl SebdsthposaRIbiBysddsut of

addi tion o surfactant that is subsequently renmoved, varying the anpunt of

surfact ant yfARAHRIaY tr@%@ﬁbﬁr}’ate H%léﬁh?ﬁclce%éigé aEﬁ b!‘és%%ﬂié%b?o%é%%lm lic

nature, meaning that t can e bo Fophilic and hydrophobic at the

sarre i me. o APRIPING hiveolt SRAARGS RIIEAGeda tRLEIARBIdiera OasuE Uth
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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 iong
hyd-rpphobic tail 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 phenol
ethoxylates such as TRITON® X-114, X-102, X-45, X-15; alcohol ethoxylates such as
BRIJ® 56 (C15Ha3{(OCH.CH,)1,0H) (ICH), BRIJ® 58 (C1eHa3(OCH2CHz)20H) (ICH), 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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Enul sifiers and Detergents, North Anerican Edition for the Year 2000
publ i shed by Mnufacturers Confectioners Publishing Co. of Gen Rock, N J.
[0061] It is preferred that the surfactants in the m xture have a netal
content less than 20 ppm Wile comercially avail able unpurified
surfactants could be used, the final filns may have inpurity levels far in

excess of @sGRRMANS PLURGNIE® BIEh, 1HES, LHeL 8111184 aatp128BasE, he.)pstilf | ed.
Surfactant purification can be performed using conmon procedures, such as

enpl oyment fnginer 8ReBRIBRAEHECER IS FRRdE IcHAbLRriflakphnd s&UdhdaR ebRxyigleal ned and
hydrogen ions released in their place. These unpurified surfactants may

commonly  RRHHESH fgh&@ls,i gu'% id“éé[‘(liﬁeér"nﬁfeis. ety IEREqIyERE SHdy(emyRRe Wychf0 to

1000 parts per mll1on. e goal of surfactant purification is to reduce
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be a hyper branche rinmeric polymer. Hyper branched and dendrimeric
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reactivity due to surtface ftunctionality, and enhanc solubility even at
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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 Fess 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 oligomers, or combinations thereof. An
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content is about 500 ppmor less. Generally, the ionic additive is a
conpound chosen froma group of cationic additives of the general
conposition [(NR4)']" A, where R can be a hydrogen atom or a nonoval ent
organic group containing 1 to 24 carbon atons, or mxtures of hydrogen
atons and/ or nonoval ent organi c groups, including tetranethylamoni um and
cetyltri ”%k!é{r‘ngm RL,EMs RPSlyAiiiSnsBxiad kil indRfee d diifyl hithety YalgigRomiCA foe
anion. Preferably, A - may %e chosen fromthe group consisting of fornate,

nitrate, Oé%'st@ Kas §@5¢1g@nem§mp 8iSrop§iahE RAIE Candh&sh i) Akrethéteorand

conbi nati ons ere tranmet hyl ainmoni um salts, or nore generally
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acidic nedia are a to surfactant tenplated porous oxide precursor
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I mpurities 'um and potassium renoved during porogen purification.
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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 precursor mixture. The suitable amine additive is
selected from the group consisting of: triethylenediamine (TEDA); diethanolamine
(DELAY; triethanolamine, (TELA); aminopropyldiethanolamine (APDEA); bis(p-
aminocyclohexyl)methane (PACM); quinuclidine (QUIN); 3-Quinuclidinol; trimethylamine
(TMA); tetramethylethylendiamine, (TMEDA); tetramethyl-1,3-propanediamine (TMPDA);
trimethylamine oxide (TMAOY); PC-9, N,N,N-tris{N’,N'-dimethyl-3-aminopropyljamine; PC-
77, 3,3"-bis{dimethylaminc)-N-methyidipropylamine; CB, choline hydroxide; DMAP, 4-

dimethylaminopyridine; DPA, diphenylamine; or TEPA, tetraethylenepentamine.
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the surf actant and remaining solvent and water may be renoved by curing
the coated substrate to one or nore tenperatures and for a tine sufficient
to produce the porous film [0067] The m xture may be deposited onto the
substrate to formthe coated substrate. The term substrate, as used
herein, is any suitable conposition that is formed before the dielectric

filmof tNegpsRLmbBARRORbS 1AERIr) Aok AR 4 SHITRA S the

conposi tion. uitabl e substrates that may be used in conjunction with the
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such as gal I'i um arseni de icon, and conpoOsitions containing

stiicon SufflcitaifbiRiid érﬂﬁ%clﬁﬂg)k(er%gﬂvﬁ,@?gé')fddr%ﬁgom RSB 2BaentShh G

epi t axi al | con, con , xtures thereof. The
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I ncl udi ng, I'm I ng, brushing, spraying, or
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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 1o, dipping, rolling, brushing, spraying, or spin coating. The coated substrate may

then be pre-heated to substantiaily 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, to 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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present invention, the .coated substrate is heated to one or nore
tenperatures ranging from about 250 to about 450C, or nore preferably
about 400C or below. The heating or thermal cure step is conducted for a
time of about 30 m nutes or |ess, preferably about 15 minutes or |less, and
nore preferably about 6 mnutes or |ess. [0069] The cure step is preferably

conduct ed ¥mBodihrhteR themkhnsiusdIsiepas condietedutaive or nre emperatideeratiiert he
| i ke. For thermal nethods, the curing of the coated substrate may be

conduct ed ipadercontbliétdnfslocsiatl tTheriastagmbertural (YPRAMEDSIGWIB0OE Unay beitdg
nitrogen, inert gas, air, or other N2/02 m xtures (0-21% 02), vacuum or

under redug@shvaitRs Mafe? anBRt isBEBeROMIM Ghd RikIGREYGRITO GRS REds’tinRidg reactions.
Alternatively, the cure step may be conducted by el ectron-beam ozone,

pl asma, X- TRy seddhbitémbelafire mdl) 5d imnﬂfveqﬁégbrogeara&d_t@an@starman ligt@as such
as tinme, tenperature, and atnosphere may vary dependi ng upon the nethod

sel ected. hdrcRESIPESRBICRIP AWbSEIHKIhe MiRefdl! i \Eerfdif BrefdaPafbsdif@nS & the
thermal nmethod ih an air, nitrogen, or inert gas atnosphere, under vacuum

or under 1 edueQdnvadfies IHE BoldYisiBsitie FXHERBd EPHFEBE ndkd féﬁwdé?at&n%%rﬁﬁ%ihg"\er-
[0070] The porous material or filmof the present invention is further

subj ect ed o0 aboR0S0 oWbBUl a@@br,r%mngg@p%feﬁiabg%%t BHPLIHRIG Phe h8aflg one

ionizing radiation source to provi he diélectric film Exanples o

sui tabl e | Qihzinflg clRALEH i&&q&ﬂﬁeﬁ?&réﬁﬁblﬁiﬁboﬁ% mitiufes KHlleds, Prdi€dblyOabdut €

al pha-particles, beta-particles and ganmma-rays fromradi oactive nuclei;

x-rays: Nl RO IBLEChE e Srelabhy 8 diibER or ik Lreatment may. for

exanpl e, increase the rechanic I nt o} e material or decrease the
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certain pr ed e nt's, exposure step 1s conducted I n an non-
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I ncrease | iHerq iggg’%,t, roi' GthaP Rﬁf@%lmuﬁé@(@éﬁ% (5’25, @Hbﬁrﬂpbreunder reduced pressure
having controlled oxygen concentration. Alternatively, the cure step may be conducted
by electron-beam, ozone, plasma, X-ray, ultraviolet radiation or other means. Cure
conditions such as time, temperature, and atmosphere may vary depending upon the
method selected. In preferred embodiments, the curing step is conducted via a thermal
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 1o at least one ionizing radiation source to
provide the dielectric film. Examples of suitable ionizing radiation sources include, but
are not limited to, i.e., alpha-particies, beta-particles and gamma-rays from radioactive
nuclei; x-rays; high energy electrons or mixtures thereof. This treatment may, for
example, increase the mechanical integrity of the material or decrease the dielectric

constant by reducing the amount of adsorbed water.

32



non- oxi di zi ng at nospheres include inert atnospheres (e.g., nitrogen, Xxenon,
krypton, helium argon, etc. or mxtures thereof), a reducing atnosphere

(e.g., H2, CO, or vacuum [0072] Specific tenperature and tine durations
for the exposure step will vary depending upon the ingredients within the
m xture, the substrate, the ionizing radiation source, and the desired

pore vol ungpo7M] GRELRHIA pRITEE] ERBOSIRAE RN EposhifEste) ROSIHIBCted i Bn indn-
conducted at a'tenperature bel ow about 450C, preferably bel ow about 300C,
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time of about m nutes or |ess, preferably about 15 m nutes or |ess, and

or e pr ef e6AR Ko@BOMor IesdThIMERBIOT 00 Bim or sk ThleknBiit i pRitbilyTeNt S,

the exposure step Is con me ranging from1 to 5 m nutés.
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| east a poffion o e porous firlmformtion .e., cure) ‘step. For
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single wafer 1T nstrunent, a batch processing instrunment, or a rotating
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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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post-treatnment for selective renoval of porogens or specific chenica
species froman organosilicate filmand/or inprovenent of filmproperties
i s conducted under the followi ng conditions: the environnent can be
vacuum inert (e.g., nitrogen, C02, noble gases (He, Ar, W, Kr, Xe),
etc.), oxidizing (e.g., oxygen, air, dilute oxygen environments, enriched
oxygen envi[poraTerh eertGit Preierrad brbddintetitsiahe iinizing radiative dooroeds Ge efgctrodi | ut e
or concentrated hydrocarbons, hydrogen, etc.). In enbodi nents wherein the
el ectron beram. tEeaipi@nst difereaislogitdtbddin afethotsrduitabiydemiseria the process of
preferably a helium argon, or nitrogen atnosphere. In enbodi nents wherein"
the el ectr efe prRENtINRMLIBRE Mciidee 8. ChattGstiyay edallddamaboMaaierals Sdienciegbee
of vacuum may range from 133 Pa or less, or preferably fromO0.133 to 26.7

Pa. The tempsraueps-4850;Gekiuadeet A, Pocddaiigsali A T DLMY3-50 002, ISH) Greamd
exposure ranges from25 to 450 C, preferably from 100 to 400 C. The total

time for exposHAENDS. 6,567,85584 " ©RroheoMBTBANd 6118814 AM TheGledt@ndibam mihes,
preferably from0.001 to 15 minutes, and nore preferably from1l to 5

m nut es angxpBding H8p KAV cdPkisHER PéinBihSBshm bPA CRistel e bBARSS Blettrion beam
el ectron beamis conducted at at an energy expressed via accelerating

vol tage rapgkigedtinghl Br delbivalekRVal &rp%_f'd;;[ef?@ loY shéciie dnenfical&peai¥s fr@ﬁﬂarj[irgr e

preferably from1l to 17 keV in an irradiation dose of ranging fromi

10, 000 pC GREanosHEAE §irR Bhd/of IMifodénb cgglﬂn (fefes ib Cohdudéelfdatlthy to use

| ower accel erating voltages to avoid mage to the underlying

sem conduckafwieyVidfRitioRs: ting%Zﬂongﬁt%hﬁ%r\&eu.p@%bﬁqs.@%ﬁﬁeﬁr BOIEsoBIa e

el ectron beam pénetration dep timte the ‘cdring 'depth of the
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porous fil cure nsequent ctron beam “accel erating

vol t ages C%ﬂﬁ%d@gggn %ﬁfﬁﬂﬁ%rﬁé@%anMoﬁﬁ&@é@W} of fedRRirRA.! r"i clﬁlute or

sufficient to qi I €l ectric constant of 272 0 ess, i.e.,
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fiimis kngutmdi% SSHARHANS ShhELARRBnECH ¢ 8183 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 puised.
[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 pClom?,

preferably from 10 to 500 pC/cm?. It is preferably to use lower accelerating voltages to

avoid damage to the underlying semiconductor device.



penetration depth and el ectron beam energy may be determ ned according to
the G un equation or Equation (5) as follows: RO = (0.046/d)Val. 75
Equation (5) In Equation (5), Rg is the range of electrons in the nmaterial
(m or Gunrange, dis the filmdensity (g/cm, and V. is the

accel erating voltage or electron energy (keV). For a given filmthickness,

porous fil (076l dheldettron Heanweenalgy Béteymines tha sletteorebesm peasirationedeptieand o
cure the filmthereby decreasing the probability of the el ectron beam
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thick, non- porous filmhaving a density of 2.2 g/cnB may require an

accel er at i pgrogeh t@provitle Ppdrokie Mim Ahee Lefed! iCthsegldrapcioher cRdlrbmBeshier eas a
conpositionally identical 10,000 A thick porous: - filmhaving a wall density
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of 5.0 keV for curing. Simlarily, a 5 000 A thick, non-porous film having
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accelerating voltage for curing whereas a conpositionally identical 5,000

A thick pofpst 7 itdvinBg be8q@redWer bveHaRg thivkesdt Rintl (Enﬁn)anﬁm ém¥&dihehfsact i on of
0.65 may require an accelerating voltage of 3.4 keV for curing. [0077] The

preferred @heleffine denkity BBthBTpotdlR fiRYSRAGAT 158 ReIARPRRR N Reen BIBCFE BRam
"mesopor ous”, as used herein, describes pore sizes that range from about 10
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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 gfcm® 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, neutron, X-ray, small angle, grazing incidence, and reflectivity

anal yti cal techniques. For exanple, conventional x-ray diffraction data
may be collected on a sanple filmusing a conventional diffractometer such
as a Sienens D5000 8-8 diffractoneter using CuKa radiation. Sanmple filns
may al so be analyzed by X-ray reflectivity (XRR) data using, for exanple,

a Rigaku Apgdaubsg i rlﬁ§@ré¥bir@@tl€ﬁtflﬁé fAft have Sored 612 Wakrbw Glzelratigerbndthalt tram a
rotating anode x-ray tube. Sanple filns may al so be anal yzed via

smal | - angl gora8dtd Rimo 8iyididrithu N troughdil the 1. PiiAEdIehe RVEMIIrem such as
the 30 neter NG/ SA instrfument at the NI ST Center for Neutron Research.

[0079] The r@l‘e%l%hé{r&a%h%‘ ty%lf aBbutt 108 By mbowvﬁm& ipfilefaBR dHRGNA0Q8!
propertles that ~allow the material, when forned into a film to resist

cracking %&@g@' erid ?&Qﬂgﬁ‘of tﬁ@ﬁmscahy}sér&fsaawr %Eé.h )Soﬂ%' pRAraBbpehiydrder ,

the dielectric present invention bit Iow shrinkage.

Di el ectri C;nbghggun%ﬁagger% ﬁ{éhté &Wﬁ@@w&@n{a@o?ﬁr;sﬁshl heltiractior prtekResthe t hat

ranges fro ut tric of the present invention

may exhi bi M&'E@bﬁ’ﬁwﬁé ﬁ%h%é’aaégalsgﬁﬁﬂg??eefté%ﬁ'?@%ng@tr@m&oTﬁBOUt 10

GPa, and generally tween ess val ue that ranges from

about 0.2 4, a%{?&‘l‘f; % %fﬁm@ﬂ%ggpﬁgﬁéd’l Jﬁﬁbﬁ}j&%agﬁ s‘ﬂlcﬁﬁs, lr')“ot ﬂmﬁec@p a,

and a refractive erm ne
2 5 or | eqsr RERIRENAEY. RS i) drfe Rl it ﬁ%&%ﬁf{"ﬁtgﬁﬁw (f% %%5{?2%
| nsul ati nopfy QAR SanaltioRar £ £l Aok a.a/n h BlilndPid bRl oﬂgﬂg%mﬁlbwm .

filmalso provi ageous un| ectric constant sta

i of 1 Hecprentree RbesBiEle?Sf SHEh %%r%eﬁrsnsr pFpRAS T, PR el BRpordicd e
eSS AR e AT T B R,
o CeS. - AR 2 Bl b b S S REE i B B
devi ces. Fr%EatnﬁSran%@Q lxlrg:? EdboenSSalmqglle Fe cae alsogbe 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 pm. 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 fllm is preferably 2.2 or less,

more preferably 2.1 or less.
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| ayers, hard nmask, or etch stops. [0081] The invention wll be illustrated
in nore detail with reference to the followng exanples, but it should be
understood that the present invention is not deenmed to be limted thereto.
[0082] In the foll ow ng exanples, unless stated otherw se, properties were
obtained fromsanple filns that were spun onto a | ow resistance (0.01 Ocm
si ngl e cryH080] siThe &in of thefreesant byentiorepranidics gketlisstinsulatiap@opgies and a

t hi ckness, filmrefractive index, and porosity values of each filmwere
det er mi nedreiativelydigh owdolisof elastigityo Merfimusaprodides atedritegenugusiformity,
spectroscopic el lipsoneter, Mddel SE 800 manufactured by Sentech

| nst r unent giet@etrld, conatadt stabilityl atagking yesistaote, &Rd\sudfete hendeessThBuitable act i ve

i ndex, filmthickness, and percentage of air val ues were obtained by

si mul at i ngapplieatmrador thedimn of iengresentiinentiombdhlde isledhyardndiatpgdimafor n t he
wavel ength range from400 to 800 nmw th mean square error of about 1 or

| ess. For s$dmicomducitoradeyicealsuels as LBEs, system LSis vibRAMsh8DRAMs, REIRMSs harekites s
and actual filmthickness values nmeasured by profilonmetry was generally

| ess t han BERAMY)dBjtedtive fillnelsech as surtapestoan filnef foe serhicondquter devicesas
determ ned according to ASTM Standard D150-98. The capacitance-vol t age of
each fil m werayehhsulaty tims¥olvinnitisyetredrprinted airduitdvahdydehd Protdcivd ofFr equency
Anal yzer and MslI El ectronics Mddel Hg 401 single 37 contact nercury probe.

The error insuletwmptiivisSociy 1=k oRplay devideseFotier apiphcdtivns ihclurleamppiy was
| ess than 1% The substrate (wafer) capacitance (Cs;), background

capaci t anclayérebhardngadiobpbichapagl t ance (CT) were neasured between +20 and
-20 volts and the thin filmsanpl e capacitance (CS) was cal cul ated by

Equati on (@081 gTre fevenlidilwili Heolustiatésdlin-mdéredetailGhith lefdraned iodthe f&lowlip

dielectric constant of each filmwas cal culated by Equation (7) wherein d
i s the fil&raniples; bueRshodidibe UndersiBsbyihel Redard dRedticthis N dedied fo bde

dielectric constant i n vacuum s = C7- “d Equation (7)
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 ellipsometry 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 sample film was determined according 1o ASTM

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

Solartron Model Sl 1260 Frequency Analyzer and MSI Electronics Model Hg 401 single
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cOA The total error of the dielectric constant of the filmwas expected to
be less than 6% [0084] The elastic nodulus for each filmwas taken from
1x0. 4cnRsanpl es cleaved fromthe center of the wafer and nounted onto an
al um num stub using a lownelting- tenperature adhesive, CRYSTALBOND(r)

whi ch is manufactured by Arnto Products 1Inc., of Valley Cottage, N.Y.

| ndent at i oBort@sttrierdBfyerroBE f PhaeaoPin capbiitddchRbddEaRiments Byid amarcurandaiide
Modul e (DCM nanufactured by MIS Systens Corporation with an ACCUTI PTm
Ber kovi ch dicampdabildssifan 9%, MnLaitistrateopaiér) cpanancd ity batkgrdund’ CSM')

met hod described in the reference, Aiver et al., "An Inproved technique

for Deter Wbéba{wanééa(oiggﬁétcﬁa%a hatdnice (Ypduverasnmdiiune batadenndo@napbasoment
Sensi ng | ndentation perinments", J. Material Research, 1992, 7 [6], pp.

1564- 1583, ahd 4R AR heGniiié Baphdi¥nce &f.$WaBeaicuRtdd By Bfldtioat(g). A smal |
oscillation was superinposed on the primary | oading signal and the

resul tant system respepsecy 208} pred (Gy- opgns of apquesse@yy- specific
anplifier. The excitation trequency was hel d constant throughout the test

at 75 Hz ¢RCMeiceith ddpRt f LAl AR WAPLAIEHER W ERRBbA @?'vﬂfbréiﬂ@isttﬁ@ﬁlnﬁ he

resulting displacenment anplitude remal ned conStant at nm (DCM . [0085]

Each | nden{h@khggﬁ,%ieﬁﬁée H?Fy urf eledBde G, apﬁg‘itsitﬂé’e% stan®in J@uRpent act

stiffness, nam c nmeasure o and establi1shed fornulae for
Young's 38 nodul us and rdness (Poisson's Ratio = 0.18 for silica, 0.25
for low K films), every.Hsfidi vi dual indentation expeggnBisn ¢ryel ded Young's
modul us and hardness as &,d4continuous function of surface penetration. An
array of 5 to 10 indents was performed on each sanple and a distance of

appr oxi mat ¢hy 18 errof of fHediQBetrie SRAsEHES tRYARERES ‘égpec@té@%é lesd Bfar@RUl t's

from each indentation experinent were exam ned and any "outliers" were

excl uded. 4] ©THe biashio notiidoPedtpiHiiniiRaXaReh ROAIBRU T salBRe tvean  of

the indentation experinents o ach sanpl e were averaged using discrete

ginsgllgf ggg%rgtt}g% gg{rﬂgﬁ ofthe IRPEBHITRbE D Bl Bn Aldhiislrh BRibARIRY 4 Pow-ieRingt ndow,
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, Oliver 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 was analyzed by means of a frequency-
specific 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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devi ation, and confidence interval for each sanple were then cal cul at ed.
The sane statistics were |likew se calculated for the rest of the discrete
wi ndows. Hardness results were obtained and averaged in the sanme nanner.
Har dness and Young's nodul us were reported as the neasured val ue of
hardness at the m ni mum of the hardness curve (at about 30-50 nm and the

neasur ed VajodfiuefanddirdintssaboisB6h RALGED. 8 fdr RAicADBIEE w7 low KITAs)( 8lergbout
30-50 nm. The errors of the nodulus and the hardness of the filmare

expect ed t QoRfiaf Hlch{ifBn L2pEHAERTelddE ARIgRSmoBUIRS Bh @B AsORs BEAGENTS

[ 0086] The reagents used in the follow ng exanples were anal yzed via | CP/ M5

using a  Framindels EnefiBnbs é(tfﬁég%%)néﬁ%nmﬂirpﬂnéﬁgf@fd WEinde 8 Wilsqsériormed

Pl asma/ Mass Spectromnet er manuf act ured by Fi nni gan of Brenen,

Cermany, pgh 8hcH SaPd! drdOdiRinkE i ap ﬁHg@él¥ EBXtE‘Srrﬁicrdnfs seP8rat@y lccaésivet al

inmpurities in the-reagent exceeded 50 ppb, reagent was purified.

Dependi ng pa@As! the egm@%'r&rh QHeh I grﬁﬂélz g)?ﬁérgné}\{r\@écré elamindd anbAMY 26 GHiers”

procedures such as distillation un uced pressure or ion exthange
I . . o 1 . ‘ .
are rol eaot L GRRLE THBERI G kBl S Riod b RS VERRHAIGRRT RS,
brocess qelBeilRindEHiL bheasRteie HetEeudigdd Lihy WRErdtobjsplecameAr
factant. . L . .
ol | ow ng. WirkiEs BYRbERiRHeR S ieh, Ringie BRI indli ARl el il e |
. d i hi O " \ ¢
PR s or eiabr Y sPRERRGR el oReSCH S oAl Morfedidied. THE Sa5g"! ©f
nutes. T . ‘ . Y
rnutes. | Bl e RS ARl BB bl S BRGNS B dBCiC |
OO0 I bR 45 b e e B RS, Y Rt
and a 7' di et et BHChRELuEY VARl rbRindia LR AMRhinh!of thelndrihd cURPR
about 30-50 nm) and the measured vaiue 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 1o 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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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 yellowin color. The resin slurry was heated to a tenperature of
about 70C. The heat-treated resin slurry was then filtered and the heating
step was repeated until no color was observed in the filtrate. The

heat - t r eat pdtsiphsde) TeW A?r&‘ﬁ&est tha Sdresntachrialysis 1@F ¥ varigg|df diffehatt réagentmr e it
is washed wth about 1.5 L of 200 proof ethanol. The ethanol resin slurry

was soakedagfeckRBHor LREMAE PukficatiBAProddst elesetitrg Heebiar e. The ethanol wash
was repeated until no color remained in the filtrate. [0088] The ethanol

resin_slurfoesyRsiiaskiRfclich Midde ihddaX4 BanaRanoihesuriattapbeurfication from t he
top. The remai'nder of the columm reservoir was filled with ethanol. The

col um o bpMed irefheliBRVARY nfanhkt, NG qLBRLY BPsurkfeiteluch 86 col um
wth them?%rgieﬁ&ja?ﬁda% iggltgct?ng gir inlb?lhe col urngI tubg wi th ethanol. The

col um wasajaesk 1y 4496 gfé’iﬁ Was $ind€d witR hidH préssué %ﬁbiﬂ@:h?d?ﬁat@?ﬂagr(? (HPL®y M a

vortex of spinning ethanol. This process was continued unti resin has

settled i n@@gé ';x%ltjgsrg.lr\ yggrigi}ﬁﬁgcogﬁké%ébﬁﬁhé‘@ésiﬁ %8 AbSRd Y&t ddout PO nARREE eNt

channel i ng anol 1n the colum reservoir is allowed to

drain int %ﬁ@%s%ﬁ%ﬁecaﬁ@%{ %Tflda téfh@?c? a%] @d@g@“é&r%éﬁecﬁ‘icﬁf k@hoW iBeseepldtfor.

et hanol rinse was rep ' or was evident. A regulating

k f : f I\ ARHEL, ' f
e e AR PN o ot

10% sur f act repare on narrow nouth Nal gene

oL 1ET oAb Ukl BTl S0, Bl SRR 83508 4 00"

the 1s' io0On ex uent was chec r col of bl eed

1 A T2 S T SR e

151 ion exchange C renaln 0 uent was collected in

croLher oL FRLUBAR RS M R R ORP caldEBALl ¥hohnts Sl

o e i SRS Pt AR R iy SRl il R fetent v
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 bieed. The ethanol rinse was
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procedure) or a clean (rinsed with 200 proof ethanol passed through ion
exchange colum) 1 gallon narrow nouth bottle. This process was repeated
until all of the surfactant solution has passed through the two colums to
provide a purified surfactant ethanol solution. [0090] The purified
surfactant solution was rotovaped by using dry ice and acetone in

condenser and vacuumtrap using th IsRtheRACrainNel ¢flsdntaht
crack infﬁw%ate@aﬁtﬂlﬁ’ﬁ\qogoﬁévaérﬁi" &‘e‘g r%é\lﬁwmég%%ktsgnperature. The vacuum

| evel was adjusted until ethanol within the solution was condensed and no
bunpi ng WRIMERIdent . The rot ovappi ng process is continued in a water bath

pur 11 ol [08lach dakvomot 186 euliiet el aF bR PR D e
oS! Bt oerare Y B 145,59 DU mspdant bl e 1 e
Vi o0 thaihon ekermroesohramenpihe oim e gl coRpeRF A BRERIRA, D,
T et et e e s TS i hepaER S oo
| Tabl o tbe remelnder ofthe SEPELNRS BRIeRE N AR TREF o daiop B4EH eRR POV e
e o b s P B R BT T 2
o e comags cohavonc hoafarmes shles i AR feTfedonnae gl 200
L SR KON NI 08 W T P T
o T act i vprcoadare) ov cleeninsscostsederoonrars Aaeed Miaydriaf EATee, ¢
provi ded L;]ium-;??lgzltjnl narrow mouth bottle. This process was repeated unti all of the
surfactant solution has passed through the two columns to provide a purified surfactant
ethanol sclution.
[0090] 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 untit alt of column effiuent
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 1o yield the purified

surfactant. A small sample of the purified surfactant was analyzed for metal content

using ICP-MS BaGEId

1
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[0092] The filnms were subjected to exposure to el ectron beam Typi cal
paraneters for electron beam exposure nmay be as foll ows: wafer naintained
at a tenperature of 100C, tinme of a-beam exposure was 60 seconds, using a
2keV beam at a dosage of 100 pC/cnR. The thickness, dielectric constant,
and el astic nodulus for each filmafter electron beam exposure is provided

in Table | Th I f th I d L1, el i Cea DU EO) f
cach 111 m EXaTRE: ERsAmtreprEmRt e e Tarae b GeBRT B is (B and
di el ectri tant (k) f the f d | h d
o 55 CWORFS: P Sl P e BBk e LT
4.2. Fi | | ustrat th I t th I d
i o cot i cORBIEBAYGH 1 8Her: (EAFbeT BIsebaian MIFPers SRBoRHre T TgIAd? on
b As both Table I d F 1 il.lust d ft
exposur o t 81 PRI MEbaHS ﬂabga“%ﬁmmhél et o m%@;&eﬁ?&gc@wﬁ 792t o
nodul us rel ative to the porous fil ren ectﬁto the
el ectron b&AMSARAS, MMQ@@%&?M?‘@%@M ‘Eﬁi\‘ﬁg%ré f & rﬁ%‘%ﬂ’?&m cal

t f th fil 42 Tabl e |
o5 oo s il o ]S eE?o% o5k e
16.1 24 1 Ex. 2 22.5 22.5 87 5.0 24 1 22.5 22.5 9Q 6.

22.5 22.5 @meamﬂm spunp4ABR0 1pm 9 groavide fOWﬂ@kné‘%@fdﬁP‘éﬁ'm I""Iecﬁﬂér"tﬁ@ss EFo

Exanpl e Refractive Index Mdul us pm Constant (GPa) (GPa) 8
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 1l

[0092] The films were subjected to exposure to electron béam. Typical parameters for
electron beam exposure may be as follows: wafer maintained at a temperature of 100°C,
time of e-beam exposure was 60 seconds, using a 2keV beam at a dosage of 100
uClcm2. The thickness, dielectric constant, and elastic modulus for each film after
electron beam exposure is provided in Table Il. The value of the normalized wall elastic
modulus (Eo") 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 illusirates 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 the electron beam. Thus,

the electron beam exposure improved the mechanical properties of the porous film.
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Ex. 1 a: no 2.19 t e-beam 5055 1.191 2.07-0.36 x 0.02 16.1 0.08 exposure
Ex. 1 b: e 4.05 beam4608 1.184 1.9 0.64 t 0.05 42.3 0.55 exposed Ex.
lc: e 4.43 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 6.480.46 1.140.11 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
9.080.17 1Tabe.l08 43.4 exposed Ex. 3d: no 4668 1.274 2.68 3.810.28
0.600.09 12.1 43 e-beam
Example TEOS {g) MTES (g} PGPE (g) Triton X- 0.1 M HNO3 2.4 wt%
114(g) {9) TMAH (g)
Ex. 1 22.5 22.5 115 16.1 24 1
Ex. 2 22.5 22.5 87 50 24 ]
Ex. 3 22.5 22.5 80 6.5 24 1
Ex. 4 22.5 22.5 20 8.67 24 1
Table i
Elastic
Thickness, Dielectric Hardness Eo’
Exampie Refractive Index Modulus
pm Constant (GPa) (GPa)
(GPa)
Ex. 1a:no
219+
e-beam 5055 1.191 2.07 0.36 =+ 0.02 16.1
0.08
exposure
Ex. 1b: e-
4,05+
bearn 4608 1.184 1.9 0.64 +0.05 42.3
0.55
axposed
Ex. 1c: e-
443 =
beam 4608 1.185 1.9 0.58+£0.04 46.3
022
exposed
Ex. 2a: no
e-beam 4196 1.277 3.0 6.48:0.46 | 1.1420.11 15.1
: | exposure
Ex. 3a: no
e-beam 4300 1.282 2.88 4 0.7 10.5
exposure
Ex. 3b; e-
beam 3896 1.269 2.34 9.0820.17 | 1.40:0.08 43.4
exposed .
Ex. 3d: no 4668 1.274 2.68 3.81:0.28 | 0.60+0.09 12.1
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exposure

e- beam 4256 1.224 2.24 2.948 0.358 16.3
2.17 5.6 0.6:0.2 34.6

Ex. 3d:

e beam 4269 1.28 2.38 9 1.4 40.7

exposed 44 CLAI M5

exposur e

exposed Ex. 4a:

Ex. 4b:

no

e beam 3846 1.215
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nole ratio of Si-C bonds to total nunber of Si atons that is 0.2 or
greater. 2. The process of claim1 wherein the energy source in the curing
step is at |east one selected fromthe group consisting of a thermnal
source, a-particles, g- rays, x-rays, electron beam ultraviolet |ight,
visible light, infrared light, mcrowave, radio-frequency wavel engths,

pl asma, or mxtures thereof. 3. The process of claim| wherein the ionizing
radi ati on source in the exposing step is at |east one selected fromthe
group consisting of a-particles, y- rd&AMS-rays, el ectron beam or

m xtures thereof. 45 4. The process of claim 3 wherein the ionizing

radi ati on s¥N&@@ams an electron beam 5. The process of claim4 wherein
the accelerating voltage of the electron beamis 17 kV aor |ess. The

process of claini5 whdPEcass iesforpingadigestigfirdiavinge delestie cansiant b2 Fheam
Is 10 kV or less. 7. Theﬁgrocess, of claim1l wherein the curing step is
conducted at a IE&i8 BOGPSS BMPHIOE or | ess. 8. The process of claim7
wherein the curing step .i.s conducted at. a taz erature of 400C gglel ss. 9.
The process of cl ai m AOWADA & MXUFR.CoMprising ag; E%F'so'l?d?‘ﬂﬁ’ﬁ@f’gﬁelaﬂ? e of
about 30 mnutes or less. 10.. The process of claim9 wherei i .ng
step i s conduct e %qro%el}wl?géele;{he %fg%alff QQ%siﬁqarﬁ?y@ 088"9{'3 ssst @?E Q%]éhgp?rn ocess
of claim 10 whergipn .t curli S | ra’rél' t 6
m nutes or | ess.gtﬂ%_ r?%%gfﬁé}rﬁ%cc%@@p %&"@% g‘%m%&&\?\'h%;aen n %’ H?%ognistbogﬁ%%rt i on
of the curing St @Brete*and wherein a mole ratio of Si-C bonds to total number of Si atoms in the
at least one silica source is 0.2 or greater,
depositing the mixture onto a substrate to form a coated substrate;
curing the coated substrate with one or more energy sources for a time
and at least one temperature sufficient to remove at least a pottion of the
porogen and form a porous film; and
exposing the porous film to an ionizing radiation source sufficient to
remove at least a portion of the hydrogen atoms from the organic group within
the porous film and provide the dielectric film, wherein the dielectric film has a

mole ratio of Si-C bonds to total number of Si atoms that is 0.2 or greater. -

2. The process of claim 1 wherein the energy source in the curing step is at
least one selected from the group consisting of a thermal source, a-particles, y-
rays, x-rays, electron beam, ultraviolet light, visible light, infrared light,

microwave, radio-frequency wavelengths, plasma, or mixtures thereof.

3. The process of claim 1 wherein the lonizing radiation source in the
exposing step is at least one selected from the group consisting of a-particles, y-

rays, x-rays, electron beam, or mixtures thereof.
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conducted during at |east a portion of the exposing step. 13. The process
of claiml wherein the tenperature of the substrate during the exposing
step ranges from 100 to 450C. 14. A process for formng a dielectric film
having a dielectric constant ranging from2.2 to 3.7, the process
conprising: providing a mxture conprising an at |east one silica source
and at | east one porogen wherein the at |east one silica source conprises
at | east one silicon atom having an organi c group bonded thereto and
wherein a nol e réti o Tfe MBoeaSs ohdaits3 whenein the ionizinggrdigforGiousredsdni n t he at

| east one silica source is 0.2 or greater; depositing the m xture onto a
substrate to foreleciroodgamd substrate; curing the coated substrate with one
or nore energy sources for atime and at |east one tenperature sufficient
to renove at |east a portion of the porogen and forma porous film and
exposing the porous filmto an ionizing radiation source sufficient to
renove at | east @ porTheqmoasiss pheaimiwberein the aerslerating voliegenfdhmelectinoups
within the porous filmand provide the dielectric film wherein the
dielectric fil mheamig17kylaslasati o of SI-C bonds to total nunber of Si atons
that is 0.2 or greater. 15. The process of claim 14 wherein the normalized
wal |l elastic nmodulus (Eo ) of the dielectric material, derived in part

fromthe dielectric constant of the material, is abou} 32 %Da or c%reater.
47 6. The process of claim 5 wherein the accelerating voltage of the electr

beam is 10 kV or less.

7. The process of claim 1 wherein the curing step is conducted at a

temperature of 450°C or less.

8. The process of claim 7 wherein the curing step is conducted at a

temperature of 400°C or less.

g. The process of claim 1 wherein the curing step is conducted for a time of

about 30 minutes or less.

10.  The process of claim 9 wherein the curing step Is conducted for a time of

about 15 minutes or less.

11.  The process of claim 10 wherein the curing step is conducted for a time of

about 6 minutes or less.
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12.  The process of claim 1 wherein at least a portion of the curing step is

conducted during at least a portion of the exposing step.

13. The process of claim 1 wherein the temperature of the substrate during

the exposing step ranges from 100 to 450°C.

14, A process 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 and at least
one poregen wherein the at least one silica source comprises at least one silicon
atom having an organic group bonded thereto and wherein a mole ratio of Si-C
bonds to total number of Si atoms in the at least one silica source is 0.2 or
greater;

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

curing the coated substrate with one or more 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 pdrous film to an ionizing radiation source sufficient to
remove at least a portion of the hydrogen atoms from the organic groups within
the porous film and provide the dielectric film, wherein the dielectric film has a

mole ratio of Si-C bonds to total number of Si atoms that Is 0.2 or greater.

15.  The process of claim 14 wherein the normalized wall elastic modulus (E;’)
of the dielectric material, derived in part from the dielectric constant of the

material, is about 32 GPa or greater.
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