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| NVENTI ON:  LOW DI ELECTRI C NATERI ALS AND METHODS FOR MAKI NG SAVE  BACKGROUND
OF THE I NVENTION [0001] The present invention relates generally to
material s sMWMH@NﬁMNMMMuse in electronic devices. Mre specifically, the
invention r terials and filns conprising same 5 having an
i nproved el astisgowmdul es and a | ow dielectric constant expressed through a
hi gher normalized wall elastic nodules and to nmethods for nakiggbggaisa
[ 0002] There is a continuing desire in the mcroelectronics industry to
increase the circuit density in nmultilevel integrated circuit devices such

as nmenory and |l ogic chips in orgeE G THEANYERTION: operati ng speed and
reduce power consunption. In order to 10 continue to reduces the size of

devi ces on i nt egoRy BIEIEETRIC RATERIALESSARDMEPHOBSTFORMARINGUSAMENS Ul at or s
having a | ow dielectric constant to reduce the resistance-capacitance
("RC'") time deray of the interconnect rnetallization and to prevent
capacitiv between the different levels of netallization. Such
| ow di el e ,@,’@mmn’al s are desirable for prenetal dielectric |layers and
interleve | ay er BACKGROMNII DFTTBE ¢NVENTKONCt ric nmaterial s for
devices with 180nmline width are materials with a dielectric constant
bet ween aljoog1] 3. Theqreseht tverttont relatds gemerallgttd mideriatsos dtabletftreusai ie lelectronic
constant should al so be decreased. For exanple, devices with 130 nmline
wi dt h r equdevieesrakere spetificaityn the idverition relates tonaterials drel fivee Bomprising 8arheand
3.0. Extrenely low dielectric constant ("ELK'") materials generally have a
di el ecsri hacingshamprdvet wketic Addalueahd 2.16w alietectricconsmnt exresdedithi@agha | i ne
width require materials with dielectric constants | ess than 2.4. According
to the 20GigHenhemisizednall elbetihimololgy and &simetholis for Seakirepseinet or s (| TRS)

i nterconnect roadmap, the projected dielectric constant -1 requirenments
for interl[eood] MHedd isiancantinhing desird in themicssedttomitsandustrgto Inteagé them node,
|l ess than 1.9 for the 45 nmnode, less than 1.7 for the 32 nm node, and

| ess t han circéit density iremdRilave inedeated Offlit|devibes dich aschemoncanisibgioichipKlin of a
mat eri al generally cannot be reduced wi thout a 5 subsequent reduction in
t he nmecharirgatlto imppes tHeasperating.spes dud tsduch poarvesshsuptighniessderad t he
material. Mechanical strength is needed for subsequent processing steps
such as etcohiim® tocdMide"thb et alcitashomintegtatét sircuits Zbhasipechomeaistesseppsi t i Ng
additional |ayers such as diffusion barriers for copper, copper netal
("Cu"), andetsuidiersdiasinga Ibheligaiticdnstdnn terRoacofhetrbsistancy-caeeiasce
tenperature cycling of nmultiple |ayers may induce stresses 10 due to the
thermal cqed) amerdelf of eipRiFthedl rastRllieétidnedntae préveat cafakitive otosstatier i al s
t hereby causing cracking or delam nation. Surface planarity is also

requi red dativeanythb aiffeacm ieverast nidializegibnc Sath W dislgctpic otaerdinaredesaaieer s
such as those during the filmformation process and al so t hrough CWVP.
Mechani calfor premetdl tielectric laydr§ Bineé ierlevel digieetsislayers.ari d shear strengths) nmay
be particularly inportant to survive CVMP. It has 15 been found that the
abi |'i t1g t qos0s]viTpicaMhielkByiclheatenals fr dbeideswittn 180 amdine Width ar@ madéeriarsgwith
nmodul us of the material, along with other factors including polishing

par anet er s giglebtris Sohdtantdsamedrodinrit 8/8chridl A2 .eAs #ReiR@. wibedectaases taapl e, Wang
et al., "Advanced processing: CW of Cu/lowK and Cu/ultral ow-K | ayers",

Solid St atdgeld&@ad bestdrmRhewt also bétietiedsed. Fbr élamplé, ldevice& with @Beai lines
Characterization for Damascene Integration”, International 20 Interconnect
Technol ogywigenéglireateBels with, a digieetric 20AdtantBetweematsiua RiScald 0.0BRrémely ar e
al so inportant in the packaging of the final product. [0005] A nunber of
pr ocesses | dieldotidicanstmt (“ELKT) megterials generalychave acdieiectric comdtanttbetwdens .

Chem cal vapor deposition (CVD) and spin-on dielectric (SOD) processes are
typi cabl y avsar2.0@naremabevieds witl 90 N liné width wbquirengatersls with digidatric hybri d
processes are also 25 known such as CVD of |iquid polynmer precursors and

transport deabtanAiréssthan 2.4 AecoRing @ehs 200 interndtionaldchielogy radldmapeppsi t ed
by these techni qgues have been generally -2 classified in categories such

as purely gdmieariticforsBTRE) mtercorfReBrBaamEp, the pPdjscted tieleetieadastantt er i al s,
purely organic materials, or inorganic-organic hybrids. Likew se, a variety
of processes have been used for curing.t4hese materials to deconpose and/or
remove vol atil e conponents and substantially crosslink the filns such as
heating, 5 treating the materials wth plasms, electron beans, or W

radi ati on. [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 ntroduce porosity. Porosity has been introduced in |ow dielectric
naterlals t hr ough a varlety of dlfferent means. A dlelectrlc f|In1mhen nade
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g_  in part fromthe dielectric constant of the material, that ranges
from between about 5 GPa to about 15 GPa, and a netal inpurity |evel of
about 500 ppmor less. In one enbodinent, the dielectric material is
porous. In a particular enbodi nent of the present invention, the materi al
does not exhibit a diffraction peak at a d-spacing greater than 10 5
Angstrons. [0024] Another aspect of the present invention is directed to a
met hod f orrequiesragnts (orantbtavell metat distiator milnbelays than@, i teces he reeskast of
about 3.7 or less and a nornalized wall elastic nodulus (Eo'), derived in
part from tbe 1d fot Betds im ©O8S ek theh 117her 1het3a2rrnhodé)fanahedsithd® 1 @Har v
greater. in one enbodinent, there is provided a process for preparing the
10 fil m copmrmsiode;: providing a m xture conprising the product fromthe
hydrol ysis and condensation of at |east one silica source and at | east one

por ogen V‘Qpbﬂ]” TH@dlélb?StfnUrcSnitaﬁt ® Mrﬂbte’nﬁl@%’e?&ﬂy‘é@ﬁﬁcﬁ% r@&u@'&%ihoﬁpg ppm
or less; dispensing the mxture onto a substrate to forma coated

subst r &t e; subBequEnt FeticlidteinGRa rRen St bFctefics 0l & NBo@lilusHafdiea8PBlghndsss and
for atime sufficient to forma dielectric film In certain enbodi nents of

15 the presems matdyiaNtMedhanicabstfahgtig neb8&Y fof sGHRALERtfoddssmglstspasieh ase Of
no greater than about 450C and for a time of about 30 m nutes or |ess.

[ 0025] Yetetghifg, emP aepReica? Mcchanitd F8aalizativne)) bh® Bepdssitigh RiehtRaligyets et hod
for preparing a lowdielectric film In one enbodi nent, there is provided a

process f jucRuSRMHUSRE tahfers fdr fébﬁﬁé’fpédpijeﬂﬂwetél’(%")dhﬁ'&cé’p falyesstonfthe Bragee from
a mxture conprising at |east one :a} porogen and a product fromthe

hydrol ysi gp %BﬁleC&ﬂﬁ%Q%%de@&soierﬁﬁerE@?é cyiifig & hhﬁ?leﬂ%r@ﬁ} R strBskdshe
el astic nodulus value and the dielectric constant val ue o the first film

cal culgt i Rfedo WY tﬂeFrﬁél%ém@le?{%fl&p&ﬁsﬁmﬁ|sfrﬁartéﬂ bdtive&h tHeddraRt Abteligst ri c
constant; determning the normalized wall elastic nodulus of the first film

fromthe ghagby Gamwrﬂ&lﬁd‘& d’é?érﬁunﬁﬂ@rPtS%c\éEHIMIt i8R odeh Rl 4Hl rhippy Oi d

fraction value for a second filmto 25 increase or decrease the elastic

modul us ofmé.h@uﬁaq%d%m b&rmdM?@r;ﬁbchsfsiﬂ@ paPrh @ sadhcR as WRSHeRFIRE tiRd s i C
nodul us is acconpani ed by an increase or a decrease in the dielectric -10

constant QqbrmidiRn HRscRBSl ahdi bidb tﬁrB@gﬁ@Wq\AEéHdﬂﬂdéﬂ%té%thsBp%f*%tsé ally the sane
normal i zed el astic nodulus as the first fil 6] Still another aspect

of the pregfipredsiberid Q*ibdr§tréndtﬁélvn%}%ee§érhbtﬂaﬂﬁﬁﬁbhéﬁt t6 QURAVESEMD: 1tHas! east
one silica having a plurality of Si-C bonds wherein the total nunber 5 of

the Siy5C hRBHSIR thi¥ahé abifly 18 4IRRE P FhayXOEBird 6@ Gith HOMAROBE Yath é)
about 80 nple percent; an élastic nodulus that ranges from about O.

about 6. 5:1@&vlusaof%é9rln§%tn%l %Io%@%iha&ﬁeﬁéct%%'éluﬁngpé‘l&ﬂ r@%&%e@@s&h%t aI

impurity level of about 500 ppm or |ess et a further aspect of t he

present i RNeRbWRbrESafR blgi@n@p‘ébécééé qoﬂ&ia%p!l@'WS dISFAdliangéd brRREdsIMY:
silica having a plurality of Si-C bonds wherein the total nunber 10 of the

Si - C bondopeees/idw-R %a@um:traewt.aa?éreusoﬁ@s@é ¢e&ﬁfoq: eQépteﬁdele |2@§i 116n
nodul us that ranges from about 1 about 6.5 G Pa; and a dielectric

constant @ apPPY- K DRFecHS @ﬁir%nia@@@%r dﬁuﬁéércéﬁ@fntébﬁm iaferhdiRnalr esent

invention is directed to a method for preparing a |ow di electric film

havi ngoa ghiglcBRkadt TefREIdR Corérel® Wurihghn R CASFne2PEoR TRESEMbdRMiaMp! | 15
el astic nodulus (Eo'), derived in part fromthe dielectric constant of the

material, padnerUire hRo F!or‘?&nt%%t;f‘a%kadlﬁb Qﬂﬁeﬁﬁa%c‘l@m there is provided
a process e preparing I m conprising: providing a mixture conprising

the pr Odugéoo‘s}j OIR hitRodhe pRIckSses H%R/Q beeR 488 Rl E%aﬂﬁ B diBReHric @BRstant | Ca

source an | east one por ogen,; |spenS| ng thne mx ure onto a substrate to

forma cogfRsl EhbibERaBor @dlbsAoH (VD) A GRRbE HiefithRt (BB dreedBedR@ OF nore

tenperatur-s, no greater than about 450C and for a tlrre sufficient to form

a diel ect gy Jﬁctaflly L8d {ooﬁé’ﬁare/fmﬁtmnhé ofquédlé}ﬁfg |BFERE COtHRE nihiR ;%6@&@& at¥iggt i on

is directe o"a method for preparing a l'ow dielectric filmhaving a

di el egiri QnG@ﬁ‘%éH"és e{/p! s 98uit '&%pn%bﬁkgcu?so% ari iPespBHipaffhar@hfioreCast iaC

nodulus (Eo ), derived in part fromthe dielectric constant of the 25
material, WidtAfarfel/ W9 kateat UEGLIBEBY thete EehriquedPaud bdéh (Eiralyn one
enbodlnent there i's provided a procesS for preparing the f|In1conpr|S|ng
providing a m xture -11 conprising the product fromthe hydrolysis and
condensation of at |east one silica soufce and at |east one porogen;

di spensing the m xture onto a substrate to forma coated substrate; and
curing the coated substrate to one or nore tenperatures and for a tine
sufficient to forma dielectric film 5 (0030] These and ot her aspects of
the invention will become apparent fromthe follow ng detail ed description.
BRIEF DESCRIPTICN OF SEVERAL VIEMB CF THE DRAMVNGS (0031] FIG. 1 prOV|des a
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15 they are not heated to tenperatures above 1000C. Therefore, elastic
nmodul us data for spin-on filnms prepared fromtetraethoxysilane ("TECS")
(E=24.9 GPa) and TECS/ nethyltriethoxysilane ("MIES') (E=11.1 GPa) were
added to provide the nodul us attai nable using the standard condensati on
technology, limted to densification tenperatures around 400C. These val ues
al so give an indication of reasonable values 20 for the wall nodulus if

por osi ty vassifiedtin catageribsi such as ipessdy inbtgamic aledas FdeBamit redtsnals reilicades a
theoretical curve for wall E equal to 11.1 GPa and wall K equal to 3.43.
The di el ediased meaterisisa pureiparganiednateridlé eor TEOBANFE ahicl hybritls. hidkéwiss,iang
surfactant, or a relatively dense TECSI MIES film is 3.43. This curve is

i ncl uded tvaristy@ivptdratsed hidve belee used for codng these materistd to décompssd ampdr fi | s
wi th incorporated porosity 25 might be |ower than the wall K of dense
silica w tramowe volpiie abmgopenmte and pubstantiallyccrosslinkltbes filmstsesh aslheatiitgpe of t he
curve for wall E equal to 11.76 GPa and wall K equal to 3.43 is simlar to
t he shépe tefatihdtheanatedals withyitddmds, elgoiabn beards) ool mntioal | K equal to 4. 2.
-16 Based upon this, it appears that regardl ess of the inherent wall
modul us arfoioas] elShede the disdesiticacdnstamabf alefsinvenidallyur®,@neappalach te saslubiagf ound
for wall Ewith a wall rc equal to 4.2 that provide essentially the sane
curve. Thehedieleetricidonstanpsfssimbietialraayieé tondtraduverpoaddity e Povadity has Beén C
nmodul us that represents all conbinations of wall E and wall K that give the
5 sane curmsdased ndow lidsaiic Saterialsl throabhatvacietyrd diffesensnidane. K didlectri@. Thus,
the two neasured attributes, dielectric constant and el astic nodulus, of a
mat eri al ditre wheniphaviecarausomay extilgit leweatieectriddonstahtsi compaked toed derse filme can
then tailor a material with beneficial dielectric constant and el astic
modul 48 phopevérn e aastiolnyoduusastjthistiimgerichetly\decbabesaith ineredsinghrosityer i al .
10 [0044] The low dielectric materials have a dielectric constant of about

3.7 or | esnspqueingly,abingy BB atpradtical & udethsse BAcHi¢IBEEC podbesitdnsydueas shd han
1.95. The materials of the present invention also have a normalized wall

el asti c ngdbes it BRigctrictinsentwitieRstid mbagns.t RertislrebRs; fitris efterndificalto of t he
material, of about 15 GPa or greater, preferably about 20 GPa or greater,
and nor e deptigriaplived e trlectritaddnioeliibn® uétthishiadeldr in didlectitEonbiant

enbodi nents of the present invention, the materials have alkali inpurity

| evel s | essthtdidstic alitusS00 ppm | n ot her enbodi nents of the present

i nvention, the materials may have a dielectric constant of about 2.0 or

| ess, ia nQooorli Zdd ralatidnshipasdtiveentigiektties cohstant artrsodityavinires wesdriahhagit 5
GPa to about 15 GPa, and have a netal inmpurity level of |ess than about 500
ppm 20 [ Beé’hpgragintadcdini rinteralis Wiy, pe&I6méxample Ikingety 8¥al., itrddatigectoi nt o
films froma precursor conposition or mxture using a variety of different
met hods. Sem@miesathhevileyf& BoRs, ess co70Nad. JuayI4s “Kisgeshyt) odieotorhd Bigficlitiesn

i ncl ude plasma enhanced chem cal vapor deposition ("PECVD'), high density
PECVD, phat peaswbigehe detidldielpttas songid iob thearsterale dhe pRiSiEMHJdel<CVD of a

| i quid pol ymer precursor, or transport polynerization 25 ("TP"). U S. Pat.
Nos. 6, 17 HeSdtbeaniiKingei‘conbidepihe\digkectsonaterincagd deing \ioptbbe daxtuteadf may be
used with the present invention. O her processes that can be used to form
-17 20 heiddal deledrics.d Eosthi pufitcde poapgroximatiieg perdsity, bin haeing aidielefthedi nent s

of the present invention, non-contact induced spreading forces such as the
process desmdtamed 1i0magbé iviegel.aS.onBalf the/\ftnponhisaf freymixtupec FRése2MBiurésS0 -
SMX 3122 entitled "Apparatus and Methods for Form ng Films on Substrates”,
may be usedn be vRiedyn E&&raliwdyd! @newrdyCib td Siel thé arixtpreraatiegbrs of waterial
reference in its entirety. Further related processes nmay be used to apply
the m xt uhavihg tyeeepnall td Bbkicapaditonplatat ddiotton wag éxtosfuve tdi |agers of ces,
gravityi nduced spreadi ng forces, wetting-induced spreading forces, or

conbi nat i egeridnas aoimal i@ hédapatifor PR« i adtanothet Way Rriosppl thanvgatithaic
preferably conprise silica. The term"silica", as used herein, is a

mat er2sl  hivatretar whith gioss (Sugs iRtmedinasetivédn BleqaRallehant Ashmanegidmhas.

addi tional substituents such as, but not |limted to, other elenents such as
H B, C i aséfil faghédeaynMeimicll bk vbri@daliRftionshipfotla Qssaigion of sphedicdlai n
preferred enbodi nents, the material may further conprise silicon-carbon
bonds having a total nunber of Si-C bongs to the total nunber of Si atons
rangi ng from between about 20 to about 80, and nore preferably from between
about 40 to about 60 nole percent. 15 [0047J The fil mof the present
invention is fornmed froma m xture. The m xture conprises the filmmtrix
material, a porogen, and other additives that vary dependi ng which
formati on process is used. In preferred enbodinments, the matrix materi al
conprlses at Ieast one silica sour ce. However , the natrlx may conprlse
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5 source materials and are present during at |east a portion of the
cross-l'inking. Such polyners are those which foster tenplating of the
vitrification reaction, control and define pore size, and deconpose and
diffures out of the matrix at the appropriate tinme in processing. Exanples
of these polyners include polyners that have an architecture that provides
a three-di nensional structure such as, but not limted to, block

copol ymer spariicles ip aipatixbiiick approaphesdke legadthmic mbduregklecwias thendispersedar

bl ock copol yners; radial diblock copolyners; graft diblock copol yners;

cogr af t ed phepe haserdiglectrinconstard muchdyighley thanghe treatrix redtebialo bt veopologertr s; and
conbi nations of these architectures. Further exanples of degradable

pol yner s dhe nbuoal dayiered mode! viven. thédispérsed phashasihdietectris donstanpoueh ed
herein by reference in its entirety. 15 [0066] The porogen of the present

i nvent i on lower thaa theonatonmadteriala surfactant. For silica sol-gel based fil ns
in which the porosity is introduced by the addition of surfactant that is
subseq&entPQ08]enxikectlie relatigriship wittedialeotnetcon$tash tifearelationshimbetwaey ef@stiosi ty.
Typi cal surfactants exhibit an anphiphilic nature, neaning that they can be
bot h hydr opdduluscarahebrbsityrfops otateriah comprisirgameltiplerphaséerpés alao been sur f act ant s
possess a ?0 hydrophilic head group or groups which have a strong affinity
for wat er appcbximateddn yeropbelays, seaj for ekarpie| iSingeryan pphi13-Z77and twepel s

wat er. The surfactants can be anionic, cationic, nonionic, or anphoteric.
Furt her clphase bystarhs,chs oedrall mrakdalusdort smiatetialttiat is ial mictune falls bbtvwedenrths

pol y(al kyl ene oxi de) surfactants, and fluorochem cal surfactants. However,
for the f clastitinodutbf thedbve @ahd highl ragaiiss d¢amnpdnE€ntsp plingeay destsibes arvarietyiof
surfactants are 25 generally preferred. The surfactants used in the present
i nventiDon difgremonodedd) aueh asVoige Reuas, anddtedhirsands@htrikmen, which ttemptrtocel | es
or act as surface active agents. Suitable -25 surfactants for use in the
m xt ur e i niefinelthe Upper anclowet bbiindstof dhddnli farc mixtueed The eytremé easd inetddowgy | at es
such as TRITON X-114, X-102, X-45, X-15; al cohol ethoxylates such as BRI J
56 (C, 6H33 I6whidctdh)s, raédeljial(ds@ $ecoBRIphassSto((CoddeH MEHREMAthImtEp4deSithat and
acetylenics diols such as SURFYNOLS 465 and 485 (Air Products and

Chemi cal s,habe kzemm.Hulk frodalber Indhisfcase,dviacKanaiel hadalepiodd ar expressioptaunds such as
the tri-block EOG PO EO co-pol yners PLURONI CO L121, L123, L31, L81, L101 and
P123 ( BASkepresentthe Sianigk it alastivity fencirseld poyessio af cpotisudus matdk upléo porosities
(primary and secondary) ethoxyl ates, am ne ethoxyl ates, gl ucosi des,

gl ucanbdesf apadtyp@ehyl ene gl ycol s, pol yet hyl ene gl ycol co- propyl ene gl ycol),
or other surfactants provided in the reference McCutcheon's 10 Enulsifiers
and Det er Jeonsy, THerrtfereheer Dayret Bt ‘The Eldstic Mdaali deaBSha&Tomaibing Ciedlaby

Manuf acturers Confectioners Publishing Co. of den Rock, N J. [0067] The
sur f act antHoded" ek tMegthhBlsysO Sofldsp Vol. d8siNo 18, et Gll-§1,8092¢ ‘rayl)edasscrinesianor e
preferably 10 % or |ess wei ght percent of ethylene oxide ("EO"). It is

bel i eved tniethod osiey covepuytbt sipelation techoiquEiaabtaip thelelagtiomobduli aflesmatnid i | s

t hat have higher Eo' values. 15 (0068] It is preferred that the surfactants
i n the m xbot@ingeieutar heleal Dayapplids the sssutth aithd Ginpyationidtd éoramegelaci al | y
avai | abl e unpurified surfactants could be used, the final filnms may have

i mpur R0y lzeraglof cifauta: innlest a $tangulanaorapgerhérd th av eéltarpolatich fdnmsa!atthat sur f act ant
shoul d be purified. Surfactant purification can be perfornmed using common
pr ocedur edncoguthtes thesknowoyresuits, Dé., ihernitial clupegibe pereoiationicongdritiaiomldaal i 1 ons
can be retained and 20 hydrogen ions released in their place. These

unpur i f i ethestriticaicdx@bhentnasywelbasrafiey fifting pasametbkil dbtain thecretatieatybahg'sns i n
the range from about 100 to 1000 parts per mllion. The goal of surfactant
puri fi cat iMoiulus B/B,, wiheue E isthea dungsmodybus ofttlye bearell matevial, asd B lisathe50 part s
per billion. Acceptable concentrations of alkali ion inpurities within the
fil m mat etYioahg'anmoduksof tHeamatti®. parts per billion for each al kali el enent.
25 [0069] The porogen may be a hyper branched or dendrineric polynmer. Hyper
branck®d #0010]eTteireferance Guidamestal. gBesigaingyPdravel dvovk Bielagtricety and nel t

vi scosities, -26 hi gh chem cal reactivity due to surface functionality,
and enhan&eehicmidutibl international, May20gh €tGottdrd); desaribee iagplying tisoBriggemahi ni ti ng
exanpl es of suitable deconposabl e hyperbranched pol yners and dendriners are
provi ded in "Conprehensive Polymer Sciepce", 2"d Suppl enent, Aggarwal, pp.
71-132 (1996) which is incorporated herein by reference 5in its entirety.

[ 001 0] The porogen within the filmformng mxture may also be a

pol yoxyal kyl ene conpound such as pol yoxyal kyl ene non-ionic surfactants,

pol yoxyal kyl ene pol yners, pol yoxyal kyl ene copol yners, pol yoxyal kyl ene

ol i goners, or conbinations thereof. An exanple of such is a polyal kyl ene
oxi de that includes an alkyl moiety ranging fromC2 to 10 C6 such as
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EXAMPLES [0088] The follow ng table, Table I, provides a list of acronyns
that are used in the 25 exanples and t hroughout the application. -33

TABLE |: CHEM CAL ABBREVI ATIONS 5 10 Acronynteneric NaneSilica

sour cesTASTet r aacet oxysi | aneTEOSTet r aet hoxysi | aneTMOSTet r anet hoxysi | aneTBOS
Tetr a- n- but oxysi | aneMIESMet hyl t ri et hoxysi | aneDVDESDI net hyl di et hoxysi | anePTE
SPhenyl tri et hoxysi | aneFTESFI uor ot ri et hoxysi | aneHDTMSHexadecyl t ri net hoxysi | a
neMTASMet (effectiveceedinyppsménihiivdHosdeto hredit Hiel effeshef TEDMI et dislecttioxydi met hy
| di si | oxaneTMDEDSTet r anet hyl di et hoxydi si | oxanepol y- TECSPol ydi et hoxysi | oxane
TMCTSTet r aopstapl. c e Bruggeasin| raotsDptedichsthRrOS 885t rpatsiy with ednweck baluathad
TMA+TSE- POSSt ri si | anol et hyl - POSS Sol vent s PGQVEA propyl ene gl ycol nethyl

et her acetS0ewhGREepd tasg|ponasity ity achievertbe ydwast tasgetBacdise. TROXiexample, up to

Tet r amet hyl ammoni um hydr oxi de Surfactants X1 i4Triton X-114 (octyphenol

et hoxyl at &p%updrogigsSSneégetbio obdlin (o€ 8t0ydtaning frdimod matrixongtedald)avirglaPk ardadi ¢
L121 (EO-PO-EO tri-block co-polynmer)L101Pluronic L101 (EO-PO-EO tri-bl ock
co- pol §nerithe&aRedondense lsdita) Wereas &y 220 pdrosity is oepdadyimery £ 215 atrani ¢ L31
(EO-POEO tri-block co-pol ymer) GENERAL PROCESS FOR PREPARI NG ARRAY
ELEMENTS +@tghiat] Léssporbsityanayabe pettgrdoradaiatairiag mechardcdl pdopepties! if thesi | i ca
sou; cc ~n~.1 cne or nore hydrophobic silica sources. To the silicates, a
guant ity ofechadicdl properties ofdhe dende mddevantd thex = RiS5fraateaaitareeduigalentt i onal

sol vent was added. After the organic conponents were added to one anot her)
t he cat al Realistizalty, hawveverythee|@stid @tbdutustforetheioe 25anatarialtiselofvelr thanitheg or der :
wat er, acid catalyst , and ionic additives. Follow ng the addition of

wat er, t helastixmodelus@$ thegizthisabxite o witheughetha modalusaf tHe t & 21D mateniat shobf t er
which the aging step was -34 repeated after the addition of the acid

cat al y8t dacreasad in theldame wmouAf hyethedhtrodubtion efe@pehperosity as sdhechodulue ofi xt ur e
was agitated for less than about 5 m nutes and aged at room tenperature for
a period tngense oxiderbythe thtidudtion o Spenshrogitv i thie inbaulue apibetks= (i5trvaterialhe

m xture. 5 [0090] A silicon wafer having a dianeter of about 125 mm was

pl aced i niglbe thbkgiawitf tharoverdlirhedulusaftoretd intteduation de22%i gaeskity tobiiGe 3 of
pending U S. Pat. App., Attorney's Docket 2001-030 - SMX 3122 entitled

" Appar at uswan thdvith8 ederafl efodulusror i derlseroxidie fieb tHeriatrahictiod bES5E% potasity.
novenent device was operated to nove the wafer at a speed of about 2200 rpm
al ong an Gohséqlenthgiitis nasieagwisichiref the hex natefalsbdteut =£.Gwilrhazadetierm nor 10
axis of about 2.25 mm [0091] Wihile the wafer was noving along its orbital
pat h, 13 he ngehasicdl ipeopetites. CEhisnaa a@itiealditty hahe prioradrt: yhedinapittyde usddrstagdent
sanples of liquid on the wafer in a generally square pattern (e.g., a

mat ri X of ahd qearititytheafadkioficbeaRagn € ane amidlius\d bl abledo daEmtifyr a natetiahigh

spaci ng between adj acent sanples being about 17.5 nrn. The vol une of each

| i qui d 15ins@rovdcpavtemiancd.he range of about 2-5 microliters) Dispensing of
the Iiquid sanples on the wafer occurred over a period of about 12 m nutes)
and the s[0gdt} aSemsadesigneacofdow dietectridrnbiztialsdiabe Bitemptetiad abrrelateahe on of
about 15 mnutes (e.g., about 3 mnutes |onger than the tine at which the

| ast | i quiddatiomshibdetveeathapielatitie domsiarthaastidrmbduiis and pbtasity whordbr tor bi t al
novenent of the substrate was stopped. Orbital novenent of the wafer

subj e20 edutHieve?d)iow djeletirid nsaienidl @dth igood mrehacioaltprogertey. CErd reéprémoece ~C
facilitate spreading of the liquid sanples on the wafer surface to form
films theRemos eThk “Mechanicdl ahd Blectival Prdpeetiesdf IMANDGLOAS $Mallanapor@@C for 90
seconds, 180C for 90 seconds, and 400C for 180 seconds in an air or

ni trogen gfiiod®apbdudctidmerRbysifyd (“Rangds)plousdbh yhe wetsitp anenhohdywellfdoliys. The
films produced through this process could then characterized directly to
det er m nedisbiesétbthaethe agdduiLes fonteNANIDELASE™ matdiaiktvaries propdrtional tolfar fness,
and normalized wall elastic nodulus. -35 EXAMPLE 1- 14: Sel ected Array

El enent s ahe@oneEbt Mie kFxathpéeemateiaSwas ddpadtedibf-thamgirfgd@®amotangdl e il ns
were prepared in the sanme manner as the general process for 5 preparing

arr ay2®| essvdrs. Holevarmthese redulte ache empiealy dirivpe i edyivert setioh thavéridisadnd
mcrotiter wells is provided in Table Il. The solutions were di spensed,

agi t at ed, anibt gaheraeekiandibla td bihep elassesl of piztertelsir e t o prepare array
elenments to filnms. The properties of each filmare provided in Table I11.

10 TABLE II: COWPCSI TI ON OF ARRAY ELENENTS ExHydrophilicHydrophobic 4:1

Vol unoSol vent (NI )WaterNitri cTMAHSource (NI)Source (NI) ~

Solvent: (NI')Aci d(NI')Surfactant (Nl)_Ratio (N)1138.2144.4 M 'ES329.9

PGVEA: 573. 2 PGVEAO. 0247.2 0.1 MpTEOCSL1012.4 wt.2_ 121.0126.2_ _
177.2207.50.0119.9 0.1 MbTEOSMIESpent anol : Xi 14: pentanol ;2.4 wt.204.7261.8
PGVEAMEA: X114 PG__ 368.571.5_ 163.4 PGPE: 274.8 PGPE93. 726.3 0. 025
MbTEOSMIESL1011. 2 W 468.571.5163. 4 PGPE: 274.8 PGPE58.761.2 0.2

R A= g g n pympe—s~t A N A A e AP SN~ A PANA VNN PN NN NN N NN/ s NN = R A e pe— e R AT N



. _412.7694.066.312.621S '17 -E2 . ~) ' 0180.6
MIESPGPE: LI01PGPE236.50. 025 ML.2 W% -
_412.7694.0154.612.62 .?. ~TE OS . 9 i 72180.6 M.’ ESPGPE: L101PGPE148. 20. 2
ML. 2 wt % _183.9 MIES; 570. 9815. 189. 615. 1_23

~ 149 . 5 T EU S 29.1 DVDESPGPE: X114PGPES_0.90.2 ML..2 wt % %}. 8 MES:;
430. 7679. 7161. 313. 224ECS 195 .7 T49.5 HVDSPGPE: L101PGPE154. 70.2 ML.2 W %
_ _ 1. 43mpot#Znitherrefetdn@s Brérbimif) A INelwz StasEGShsdiating Materials: Emergence of
MIESPGPE: L101PGPEM 0.025 ML.2 wt%  1.43 mM 3.43 m5.76 nl 1.231.28 nm 0. 10
m 26T ECSlultrdlowd k VBoheGekte | TérhREIBGH] Sepl. 2dD13“Brefimel’) AdesatiBesiidorddmpdment 2. 57
mLO0. 05 ml2| TECS1. 50 ml MIESPGVEA: L101PGVEAO. 1 M2.4 wt% 5 10 -38 TABLE V.
PROPERTI ESnédeddnal spfpedsiragtel prepdrigeafigureliandisiectfid materizs:t Thediekosicanhsbatst i C
Modul us (GPa) Normal i zed Wal | El astic Mdul es

GPal51. 233iaAsedictbushiylBimlplie pivdiklcdiaditdarca4adel 2Ad HEGDEAUILSBEE 2722 _

181. 198152922. 152. 9719191. 196946151. 962. 8326201. 182847181. 942. 4223 21

1. 1276582 ladhiéidy WaL Aiatdxir28DiIN08 oW8Riud&tibarat Jlm porosity. Bremmer provides plots
1.216443832. 032. 4619241. 198462701. 912. 5826251. 200848252. 032. 3118 26

_1. 21074524 E 39K fat BldifferdritlpatddSavhidiialsting. diihde shizd\viak typify the’matrik GvBSrialiSanpl e

films were prepared in the sane nmanner as Exanple 15 except that the 5

types and/memaierdit ot @fovidd 1AB aRRY FETeS S Ki.f:2 @ha M, thé pbWédoeffRittht fAt al yst
in the mxture v~rerE~ varied. These variations are provided in Table IV.

The pr operdpbrskirfite Eagdyraddtioh 2 Farthe0 Brélafet did TebleactYthat 88 Galuésor FightecofV

illustrates, under sonme conditions, materials with high Eo' were obtainEd

at pHs gr eadrif cdulbiie adultb chafictdiizk RECIPE VBOKEGRS. t hat generate acetic acid
during 10 hydrolysis and condensation. [009p Conparison of Tables IIl and V

i Il ustipat qoo183t ArtfrP ebhdigeratibrami thg pforlustionvétlidw Bietic mMateralsiangdnevai |
r~nsti c nodul es, produced in an aa~.a~; format using alternaaive

evapor at i vgsuigaifinds e leval ohmasal #ip@ities prdseDMene Matehal | IB@rdérdor HRw
reproduced using conventional spin coating techniques. 15 -39 ARRAY

ELEMENTS 2fidctds fillOB Rl suabie liér Ihiegrited\elréuiP{IE) fibpigatidh, It iCossHhaBletRaIRE as
Exanpl e 1 except that the types and/or anmounts of silica sources,

sur f act antflm $as ¥eBhtrolRAde R bfilnprkitiéd) IhRheFiwdrdd, theMARtshoRld @d?ﬂaﬁé@
variations are provided in Table VI. Al of the filns obtained were 5

t ranspar efifsing iGteBEARRALiHATe AiniARE Rvéls lofMéariwiatledripdffied thatlmBY Be Yhtmful 0099]
As Table VII illustrates, array exanples 28 through 34 have a dielectric

cont ans t hyatilicoh Gege-bdsea ks datbCfilds in Aittodlettiiniteddviced. WalHe |€liddisty, ifRdul es
that ranges from15 to 17. Exanples 35 through 47 have a dielectric contant

that rangeellfkhewh Zhat alkali Ahedalddtis such@isabiuAtshd\sdthsshlr sholld BB@sbiaged hat
ranges from 15 to 17 GPa. Exanples 48 through 10 56 have a dielectric

contant t bk sifdtBefoideoiing. Usell @s Anetaldilieseificonautoe dM@E”) trehdigtbd ¢ nodul es
that ranges from 15 to 17 GPa. Exanpl es 57 through 67 have a dielectric

contant t hdulter8 @P8 mMulREvel infercOnrddBoh inbuBtar§l dTRed? positivalyickBfhedddds fightt i C
nodul es that ranges from 15 to about 17 GPa. Exanples 68 and 69 have a

di el ectri GeeoHit AWbIIO WheH eRPEHEY td elechitdicfisuNd Bt ARH fHsth theBdRRIVE bidedd| es
that ranges from 15 to 17 GPa. 15 [ Q100] Exanples 70 and 71 have a

di el egdri gk Hidridte dnBadwirdnBe fed4tREl DidbcHdin inferfitd causing BBpackadcawal |

el astic nodules that ranges from 17 to 20 GPa. Exanples 72 through 78 have
a di el ect hbga Nt that ranges from2.1 to 2.4 and a normalized wall

el astic niodulus that ranges from 17 to 20 GPa. Exanples 79 through 85 have

a diel ect r[b@lqorsoﬁretcdnhtﬂércramgge&|abret>¢nehi<9a|fréa ntb uded irtherodicidedf v |
el astic nodules that ranges 20 from'l'' ,~ 20 GPa. Exanples 86 through g0

have a di leisdtrid ime@BnAiH alkdlfthefafifguritiSs. f TiiSe Impurites nd) RBAIt RoMqbsdlidized
wal | elastic nodules that ranges from17 to 20 GPa. Exanples 91 through 93

have a di ¢\RftdficataR@NLsdd ined MWnafaetite df the BRemRalneEmbbrZe8geis.| RENGRSIH C
nodul es that ranges from 17 to 20 GPa. [00101] Exanples 94 through 97 have

a di epgct pigsc0BEAthot dNaOHMRS, drNHOEH LotafcoBolard reBléhtfy ket WihedRdeal |
el astic nodules that is greater than 20 GPa. Exanples 98t hrough 103 have a

di el ectri ‘éa@%é@@iho&ﬂéﬁorfé\‘rwﬁﬁatfcre%ﬁhlals,gaﬂégpﬁeri'olsﬁ,l%daaﬁ}%di@.lgé%(,je\!g@J| - 40
el astic nodul'us that is greater than 20 a. Exanpl es 104. through 107 have
a dielectric contant that ranges from 1,7 to 1.9 and a normalized wal
elastic nmodulus that is greater than 20 GPa. Exanples 108 through 111 have
a dielectric contant bel ow about 1.7 and a normalized wall elastic nodul us
that is greater than 20 GPa. 5 [00102] Exanples 112 through 115 have a
dielectric contant that ranges from1.8 to 1.95 and a nornmalized wal |
elastic nodulus that is greater than 26 G Pa. Exanples 116 through 121 have
a dielectric contant bel ow about 1.8 and a normalized wall elastic nodul us
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production of TFiITONT"’I X-114, an alklyphenol ethoxylate with an average 7.5 moles of
ethoxylate per mole of alcohol, may result in 214 ppm of sodium in the final product.

5  Such levels of residual catalytic impurities are often of little consequence in typical
applications of these chemicals because the surfactant is often used at such low levels
that the catalytic impurities imparted by the surfactant become insignificant in the final
formulation. A polymer such as polyethylene glycol (PEG) may be made using different
catalyst systems depending on the desired molecular weight. For molecular weight

10  below 20,000, base or the Na* or K" alkoxides of methanol or butanol are used as the
catalyst. See, for instance, Glass, J. E. “Water-Soluble Polymers”, Kirk-Othmer
Encyclopedia of Chemical Technology, John Wiley & Sons, Inc. (1988). Solvents, like
surfactants, can also contain residual catalytic impurities. For instance, the formation of
ethers, such as propylene glycol propyl ether (PGPE), through the reaction of propylene

15  oxide with an alcohol, is often base-catalyzed when high selectivity to the primary alkyl
ether over the secondary ether is desired which can result in residual impurities. See, for
instance, Brown, et al., “Glycols: Ethylene Glycol and Propylene Glycol”, Kirk-Othmer
Encyclopedia of Chemical Technology, 3rd ed., John Wiley & Sons, N.Y., (1980), Vol.
11, p 953. A further source of impurities may result from an inattention to detail, such as

20 packaging or handling outside a clean room, because such stringent purity requirements
are not needed for typical applications.

[0015] Alkali metal impurity specifications for chemical precursor solutions for

integrated circuit applications typically set the allowable impurity levels to approximately

20 parts per billion maximgm for each type of alkali metal and less than 50 ppb total. To
25 meet these limits, the material supplier to the IC industry may purify the surfactants. The

reference, EP 1,142,832, assigned to the assignee of the present application, discusses
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films may be adversely affected by the purification of reagents even if surfactant is not
present.

[0016] Yet another concern in the production of low dielectric films is the processing or
cycle time. The cure or anneal step, in which the coated substrate is typically heated to
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
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.

[0017] Another concern 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 processes 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.

[0018] Accordingly, there is a need in the art to provide improved dielectric materials
having low dielectric constant and sufficient mechanical strength. To achieve that end,
there is also a need in the art to provide a means to correlate dielectric constant,
porosity, and elastic modulus to identify and develop low dielectric materials. There is
also a need in the art to provide dielectric materials and films that have relatively low
metal content yet still maintain the beneficial properties, i.e., lower Kk and higher modulus,

that high levels of metals may impart. Further, there is a need in the art to provide

-8-
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[0019] Ali references cited herein are incorporated herein by reference in their entirety.

5 BRIEF SUMMARY OF THE INVENTION

[0020] The present invention satisfies these needs in the art by relating two measured
attributes, dielectric constant and elastic modulus, into one figure of merit, the
normalized wall elastic modulus (Ey’), that can be used to identify and develop improved
low dielectric materials having a low dielectric constant yet sufficient mechanical

10  strength. In this connection, materials with substantially identical normalized wall 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, i.e. one with a higher normalized wall elastic modulus, the target
dielectric constant can be obtained by varying the porosity.

15 [0021] The present invention is directed, in part, to low dielectric materials and thin
dielectric films comprising the same. Specifically, in one embodiment, there is provided
a dielectric material having a dielectric constant of about 3.7 or less; a normalized wall
elastic modulus (Ey’), derived in part from the dielectric constant of the material, of about
15 GPa or greater; and a metal impurity level of about 500 ppm or less. In certain

20 embodiments of the present invention, the material comprises a plurality of Si-C bonds.
[0022] A further aspect of the present invention is directed to a low dielectric material
having a dielectric constant of less than about 1.95 and a normalized wall elastic
modulus (E,'), derived in part from the dielectric constant of the material, of greater than
about 26 GPa. In one embodiment, the dielectric material is porous.

25 [0023] A still further aspect of the present invention is a low dielectric material having a

dielectric constant of less than about 2.0, a normalized wall elastic modulus (Ey'), derived

-9-
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15

25

embodiment, the dielectric material is porous. In a particular embodiment of the present
invention, the material does not exhibit a diffraction peak at a d-spacing greater than 10
Angstroms.

[0024] Another aspect of the present invention is directed to a method for preparing a
low dielectric film having a dielectric constant of about 3.7 or less and a normalized wall
elastic modulus (E,'), derived in part from the dielectric constant of the material, of about
15 GPa or greater. in one embodiment, there is provided a process for preparing the
film comprising: providing a mixture comprising the product from the hydrolysis and
condensation of at least one silica source and at least one porogen wherein the mixture
has a metal impurity content of about 500 ppm or less; dispensing the mixture onto a
substrate to form a coated substrate; and curing the coated substrate to one or more
temperatures and for a time sufficient to form a dielectric film. In certain embodiments of
the present invention, the curing step is conducted at a temperature of no greater than
about 450°C and for a time of about 30 minutes or less.

[0025] Yet another aspect of the present invention is directed to a method for preparing
a low dielectric film. In one embodiment, there is provided a process for preparing the
film comprising: providing a first film made from a mixture comprising at least one
porogen and a product from the hydrolysis and condensation of at least one silica
source; measuring the elastic modulus value and the dielectric constant value of the first
film; calculating a void fraction value of the first film from the dielectric constant;
determining the normalized wall elastic modulus of the first film from the elastic modulus
and void fraction values; and adjusting the void fraction value for a second film to
increase or decrease the elastic modulus of the second film wherein the increased or

decreased elastic modulus is accompanied by an increase or a decrease in the dielectric
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elastic modulus as the first film.
[0026] Still another aspect of the present invention is a low dielectric material
comprising: at least one silica having a plurality of Si-C bonds wherein the total number
5  of the Si-C bonds to the total number of Si atoms ranges from about 20 to about 80 mole
percent; an elastic modulus that ranges from about 0.5 to about 6.5 GPa; a dielectric
constant of about 2.5 and below; and a metal impurity level of about 500 ppm or less.
[0027] Yet a further aspect of the present invention is a low dielectric material
comprising: at least one silica having a plurality of Si-C bonds wherein the total number
10  of the Si-C bonds ranges from about 20 to about 80 mole percent; an elastic modulus
that ranges from about 1.3 to about 6.5 GPa; and a dielectric constant of about 1.95 and
below.
[0028] A further aspect of the present invention is directed to a method for preparing a
low dielectric film having a dielectric constant of about 3.7 or less and a normalized wall
15  elastic modulus (Ey’), derived in part from the dielectric constant of the material, of about
15 GPa or greater. In one embodiment, there is provided a process for preparing the
film comprising: providing a mixture comprising the product from the hydrolysis and
condensation of at least one silica source and at least one porogen; dispensing the
mixture onto a substrate to form a coated substrate; and curing the coated substrate to
20 one or more temperatur2s no greater than about 450°C and for a time sufficient to form a
dielectric film.
[0029] A still further aspect of the present invention is directed to a method for
preparing a low dielectric film having a dielectric constant of less than about 2.0, a
normalized wall elastic modulus (E,'), derived in part from the dielectric constant of the
25 material, that ranges from between about 5 GPa to about 15 GPa. In one embodiment,

there is provided a process for preparing the film comprising: providing a mixture
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sufficient to form a dielectric film.

5 [0030] These and other aspects of the invention will become apparent from the

following detailed description.

BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS
[0031] FIG. 1 provides a comparison of E vs. k for various values of wall elastic
10 modulus and wall k.
[0032] FIG. 2 provides a comparison of the theoretical modulus vs. k curve for a wall k
of 4.2 and a wall elastic modulus of 12.9 GPa to the data points from Table Vil that
illustrates the effect of varying the amount of surfactant on the material.
[0033] FIG. 3 provides a comparison of the theoretical modulus vs. K curve for a wall K
15  of 4.2 and a wall elastic modulus of 41 GPa to the data points from the literature thai
illustrates the effect of varying the amount of solvent on the material.
[0034] FIG. 4 provides a comparison between the dielectric films of the present
invention from Table VIl and the dielectric films of the prior art using the values provided

in Table IX and theoretical curves based on E,’ of 15, 20, and 72 GPa.

DETAILED DESCRIPTION OF THE INVENTION
[0035] The present invention is directed to low dielectric materials and films comprising
same. Two measured attributes of a low dielectric material, dielectric constant and
elastic modulus, are correlated into one figure of merit, the normalized wall elastic
25  modulus (Ey'"), that can be used to identify and develop improved low dielectric materials.

Improved dielectric materials are materials having a low dielectric constant yet high
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CMP processes. In this connection, materials with substantially identical normalized wall
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

5 dielectric material is identified, i.e. one with a higher normalized wall elastic modulus, the
target dielectric constant can be obtained by varying the porosity. Moreover, the
dielectric materials of the present invention have relatively low metal content and allow
for ease of manufacture in comparison to other materials in the art.

[0036] The term “normalized wall elastic modulus”, as used herein, is the wall elastic

10  modulus of a material that is normalized to a wall with a dielectric constant of 4.2, which
is the dielectric constant of a SiO; dense oxide material. Once the dielectric constant (k)
and the elastic modulus (E) of a material are measured, the normalized wall elastic
modulus (Ey') can be calculated. The E,' of the material is calculated using Maxwell’s
relationship for mixed dielectrics applied to porous materials, the measured value for

15 dielectric constant (k), a wall ks,02 0f 4.2, Day’s 2-d circular hole moael 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 upon cylindrical pores in the extension of the Day model
and spherical inclusions in the Maxwell model, it is anticipated that other types and forms

20  or porosity, i.e., non-cylindrical, open porosity, closed porosity, etc., would fall within the
scope of the present invention.
[0037] 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 k of 4.2, or the dielectric

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

25 less than 4.2 since x,,, is 4.2. The Maxwell equation was rearranged to solve for
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L X (K g0y —K)
3 3XKS1()2 .
Xp =1 5 1 Equation (1)
—+ X (Ko, —K)+Kx—1
3 3xKgp ‘
5 where:
Koy =4.2

X, = void fraction value
x = measured value of dielectric constant

10
[0038] The normalized wall elastic modulus may then be calculated based on Day’s 2-

d circular hole model for elastic modulus using Equation (2). The equation is valid for
void fractions less than g, the critical porosity at which the pores touch, and beyond
which the modulus is predicted to be zero. For materials with a wall k of 4.2, this

15  determines a minimum k value = 1.23 for composites with E > Q.

Day et al. 2-d circular hole model:

. 2 3\ 1"
By _ ( 1-q/q, J 1+_‘1_+a9(_‘1_] +a(1_0{_q-j Equation (2)
E, 1+g/mg, g, g, q,

20 where
g = void fraction
g. = 0.9069 = percolation threshold, void fraction at which circles overlap and
modulus goes to zero
q;= 1/3 = initial slope
25 m = 1.5 = critical exponent
a = -0.251 = parameter to get correct critical amplitude
8= -1.83 = free fitting parameter

[0039] The Day 2-d circular hole model for elastic modulus is extended to 3-d
30 cylindrical pores with the modulus measured perpendicular to the pore axes as provided

in the Equation (3). The normalized wall elastic modulus can be caiculated using the
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o

3-d extension perpendicular to the cylinders:

5
E 2 _ 2
L= 4 + 1. i Equation (3)
Ey 1-¢ E,, /Eo
where
v = Poisson’s ratio = 0.25
10 g = void fraction

E, = wall elastic modulus

15 [0040] When g is set equal to the void fraction value y ,obtained from the measured

value of k and Equation (1), and E,,, is set equal to the measured value of elastic

modulus, E, then E; becomes E,', the normalized wall elastic modulus, giving the

following equation, Equation (4), for E,";

. 5 T

E'=Ex —"—2—+(1—v2)x[(ﬂ-/i){1+l+ae(% +a(1—0)[l) ]] Equation (4)
1-q I+q/mg ) q, g 9.

20 [0041] In order to better understand the value of using Eg' to characterize low dielectric
constant films, it is instructive to consider curves of E vs. k that can be generated as a
function of porosity using the two physical models. FIG. 1 provides the elastic moduius
vs. K for materials having different porosity or void fractions for various values of wall
elastic modulus. The modulus was calculated for different void fractions with a wall

25 elastic modulus E, = 72 GPa, the elastic modulus for dense silica, and a value for
Poisson’s ratio (v) of 0.25 using Equations (2) and (3). Dielectric constant was
calculated using Equation (5) for different void fractions using Maxwell’s equation for

porous materials with a wall dielectric constant equal to that of dense silica, «,,, = 4.2.
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Equation (5)

K =

5
where
K‘AQ’OZ = 4-2
X, = void fraction
10

[0042] FIG. 1 further provides theoretical curves calculated with a wall k = 4.2 and with
several different values for wall E, including wall E equal to 15 and 20. The theoretical
curve for wall E equal to 72 GPa approximates the wall E for dense silica. Materials
prepared by sol-gel chemistry often do not show the values for dense silica, particularly if

15  they are not heated to temperatures above 1000°C. Therefore, elastic modulus data for
spin-on films prepared from tetraethoxysilane (“TEOS”") (E=24.9 GPa) and TEOS/
methyltriethoxysilane (“MTES”) (E=11.1 GPa) were added to provide the moduius
attainable using the standard condensation technology, limited to densification
temperatures around 400°C. These values also give an indication of reasonable values

20 for the wall moduius if porosity were introduced into these films.
[0043] FIG. 1 also includes a theoretical curve for wall E equal to 11.1 GPa and wall k
equal to 3.43. The dielectric constant measured on the TEOS/MTES film without using
surfactant, or a relatively dense TEOS/MTES film, is 3.43. This curve is included to
show that, like the wall modulus, the wall k of sol-gel films with incorporated porosity

25 might be lower than the wall k of dense silica with incorporated porosity. As FIG. 1
illustrates, the shape of the curve for wall E equal to 11.76 GPa and wall k equal to 3.43

is similar to the shape of the curve for wall E equal to 20 GPa and wall k equal to 4.2.
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that provnde essentlally the same curve. Therefore, it is possible to define a normalized
wall elastic modulus that represents all combinations of wall E and wall k that give the

5 same curve as the theoretical wall elastic modulus with a k of 4.2. Thus, the two
measured attributes, dielectric constant and elastic modulus, of a material are combined
into a single value. Usihg this information, one can then tailor a material with beneficial
dielectric constant and elastic modulus properties simply by adjusting the void fraction of
the material.

10 [0044] The low dielectric materials have a dielectric constant of about 3.7 or less,
preferably about 2.7 or less, and more preferably less than 1.95. The materials of the
present invention also have a normalized wall elastic modulus (Ey), derived in part from
the dielectric constant of the material, of about 15 GPa or greater, preferably about 20
GPa or greater, and more preferably greater than about 26 GPa. Further, in some

15  embodiments of the present invention, the materials have alkali impurity levels less than
about 500 ppm. In other embodiments of the present invention, the materials may have
a dielectric constant of about 2.0 or less, a normalized wall elastic modulus that ranges
from between about 5 GPa to about 15 GPa, and have a metal impurity level of less than
about 500 ppm.

20 [0045] The materials of the present invention may be formed into films 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 (“PPECVD”), CVD of a liquid polymer precursor, or transport polymerization

25 (“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
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Methods for Forming Films on Substrates”, may be used to apply the mixture, which is

5 incorporated herein by reference in its entirety. Further related processes may be used

to apply the mixture include oscillating non-contact induced spreading forces, gravity-

induced spreading forces, wetting-induced spreading forces, or combinations thereof.

[0046] The materials of the present invention preferably comprise silica. The term

“silica”, as used herein, is a material that has silicon (Si) and oxygen (O) atoms, and

10  possibly additional substituents such as, but not limited to, other elements such as H, B,
C, P, or halide atoms; alkyl groups; or aryl groups. In certain preferred embodiments,
the material may further comprise silicon-carbon bonds having a total number of Si-C
bonds to the total number of Si atoms ranging from between about 20 to about 80, and
more preferably from between about 40 to about 60 mole percent.

15 [0047] The film of the present invention is formed from a mixiure. The mixture
comprises the film matrix material, a porogen, and other' additives that vary depending
which formation process is used. In preferred embodiments, the matrix material
comprises at least one silica source. However, the matrix may comprise other materials
such as, but not limited to, polymers, hybrid materials, zeolites, or polyborazylenes.

20 Depending upon the film formation method, the mixture may be applied to a substrate as
a liquid, vapor, or aerosol of the mixture.

[0048] As mentioned previously, the mixture generally comprises the matrix material,
preferably a silica-containing matrix material, a porogen, and water. The mixture may
further include other constituents such as, but not limited to, surfactants, solvents, and/or

25 ionic additives. The weight ratio of weight of surfactant to the weight of surfactant and

weight of SiO, ranges from 0.85 to 0.1, more preferably 0.75 to 0.2. The weight of SiO
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weight ratio of solvent to silica is about 30:1 wherein the solvent may inciude water. The
weight ratio of base to weight of surfactant is 0.5 to 0. The molar ratio of R, or organic
5 constituents, to Si ranges from 2 to 0. The molar ratio of water to OR, where OR is an
organic group bridged to silicon through an oxygen atom, e.g. ethoxy functionality on
TEOS, ranges from 40 to 1.
[0049] The mixture employs chemicals that meet the requirements of the electronics
industry because they do not contain contaminants which reduce the efficiency of
10  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
15  million (“ppm”), preferably less than 100 parts per billion (“ppb”), and more preferably
less than 10 ppb. Consequently, materials of the invention may preferably contain
contaminating metals in amounts less than 500 parts per million (“ppm”), preferably less
than 100 parts per billion (“ppb”), and more preferably less than 10 ppb. Materials of the
invention preferably contain contaminating halides in amounts less than 1 ppm,
20 preferably less than 750 ppb, and more preferably less than 500 ppb.
[0050] As mentioned previously, the mixture preferably comprises at least one silica
source. A “silica source”, as used herein, is a compound having silicon (Si) and oxygen
(O), and possibly additional substituents such as, but not limited to, other elements such
as H, B, C, P, or halide atoms; alkyl groups; or aryl groups. The term “alkyl” as used

25  herein includes straight chain, branched, or cyclic alkyl groups, preferably containing

from 1 to 24 carbon atoms, or more preferably from 1 to 12 carbon atoms. This term
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“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 at least one silica
5  source may include materials that have a high number of Si-O bonds, but can further
include Si-O-8Si bridges, Si-R-Si bridges, Si-C bonds, SiF bonds, Si-H bonds or a portion
of the material can also have C-H bonds. It is preferred that at least one silica source
have a minimum of Si-OH bonds. The at least one silica source may further include
residual elements from processing, such as organics, that were not removed after

10  formation.

[0051] Other examples of the at least one silica source may include a fluorinated silane
or fluorinated siloxane such as those provided in U. S. Pat. No. 6,258,407.

[0052] Another example of at least one silica source may include compounds that
produce a Si-H bond upon elimination.

15 [0053] Still further examples of the at least one silica source are found in the the non-
hydrolytic chemistry methods described, for example, in the references Hay et al.,
“Synthesis of Organic-inorganic Hybrids 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,

20  1811-1818 (2000).

[0054] Yet another example of at least one silica source may include colloidal silica,

fumed silica, or silicic acid starting materials.

[0055] Still other examples of silica sources include silsesquioxanes such as hydrogen

silsesquioxanes (HSQ, HSIiO, s) and methyl silsesquioxanes (MSQ, RSiO,s where R is a
25 methyl group). Further examples of the suitable silica sources include those described in

U. S. Pat. No. 6,271,273 and EP Nos. 1,088,868, 1,123,753, and 1,127,929. In
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10

15

20

25

monovalent organic group; R’ represents a monovalent organic group; and a is an
integer of 1 or 2; Si(OR?),, where R? represents a monovalent organic group; or
R%(R*0)3.,Si-(R")¢-Si(OR®%)5..R®:, wherein R® to R® may be the same or different and
each represents a monovalent organic group; b and ¢ may be the same or different and
each is a number of 0 to 2; R’ represents an oxygen atom, a phenylene group, or a
group represented by —(CH,),-, wherein n is an integer of 1 to 6; and dis O or 1; or
combinations thereof. The term “monovalent organic group” as used herein relates to an
organic group bonded to an element of interest, such as Si or O, through a single C
bond, i.e., Si-C or O-C.

[0056] 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 approximately 20-80 molar percent, and
more preferably, 40-60 molar percent. The term “hydrophilic”, as used herein, refers to
compounds that can crosslink through four bridges. 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 bridges between Si atoms and all other functionality on
the Si atoms being an alkoxide. If the Si atoms do not fully crosslink, residual Si-OH
groups may be present as terminal groups that can adsorb water. The term hydrophobic
source refers to compounds where at least one of the alkoxy functionalities has been
replaced with a terminal Si-C or Si-F bond, i.e. Si-methyl, Si-ethyl, Si-phenyl, Si-
cyclohexyl, etc., that would not generate a hydroxyl after hydrolysis. In these sources,
the silicon would crosslink with less than four bridges even when fully crosslinked if the

terminal group remains intact. In certain preferred embodiments, the hydrophobic silica
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COC9~ y OO0%nayJ68XXidized fo §1-OH and result in Si-O-Si bridges and/or residual Si-OH within the
compound. In this instance, these silica sources would be acting as hydrophilic silica
5 sources.
[0057] The at least one silica source may be added to the mixture as the product of
hydrolysis and condensation. Hydrolysis and condensation of the silica source occurs by
adding water and a catalyst to a solvent and adding the silica source at a time,
intermittently or continuously, and conducting hydrolysis and condensation reactions

10 while stirring the mixture at a temperature range generally from -30 to 100°C, preferably
from 20 to 100°C, for 0 to 24 hours. The composition can be regulated to provide a
desired solid content by conducting concentration or dilution with the solvent in each step
of the preparation. In certain preferred embodiments, the at least one silica source is
one or more sources that generates acetic acid when hydrolyzed.

15 [0058] The hydrolysis and condensation of the silica source can occur at any point
during the formation of the film, i.e., before adding to the mixture, after adding to the
mixture, prior to or during curing, etc. For example, in certain embodiments of the
present invention, the at least one silica source is combined with the solvent, water, and
surfactant in a first vessel, the ionic additive and catalyst are combined in a second

20 vessel, and the contents of the second vessel are gradually added to the first vessel and
mixed. It is envisioned that a variety of different orders of addition to the mixture can be
used without departing from the spirit of the present invention.

[0059] The catalyst suitable for the present invention includes any organic or inorganic
acid or base that can catalyze the hydrolysis of substitutents from the silica source in the

25  presence of water, and/or the condensation of two silica sources to form an Si-O-Si

bridge. The catalyst can be an organic base such as, but not limited to, quaternary
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Sample films, having four different surtactant |evels and 3 different
ratios of Si sources, were prepared in the same manner as Exanple 1 and the
normal i zed wall nodul us was cal cul ated for each fil musing the procedures
descri bed herein. Each filmwas formed froma m xture having TRI TONT"'
X-114 as the surfactant, TEOS and MIES as the silica sources, PGPE as the
solvent, and TMAH as the ionic additive. The 10 follow ng rati os were kept
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constant was nmeasured on the filmafter_ posttreatnent. Only the Conp. Ex. 2
films were reported to have netal cont'éfts | ess than about 500 ppm 15
[00111] For films with dielectric constants below 1.95, the Conp. Ex. 6
films had an Eo' of 4.2 GPa, the Conp. Ex. 8 filnms have Eo' as high as 25.8
GPa, and the attenpts to calculate Eo' for the Conp. Ex.3 filns were

i nconcl usi ve as di scussed above. None of these filnms were reported to have
metal contents | ess than about 500 ppm Therefore, it could not be
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provides a three-dimensional structure such as, but not limited to, block copolymers, i.e.,

10  diblock, triblock, and multiblock copolymers; star block copolymers; radial diblock
copolymers; graft diblock copolymers; cografted copolymers; dendrigraft copolymers;
tapered block copolymers; and combinations of these architectures. Further examples of
degradable polymers are found in U. S. Pat. No. 6,204,202, which is incorporated herein
by reference in its entirety.

15 [0066] The porogen of the present invention could also comprise a surfactant. For
silica sol-gel based films in which the porosity is introduced by the addition of surfactant
that is subsequently removed, varying the amount of surfactant can vary porosity.
Typical surfactants exhibit an amphiphilic nature, meaning that they can be both
hydrophilic and hydrophobic at the same time. Amphiphilic surfactants possess a

20  hydrophilic head group or groups which have a strong affinity for water and a long
hydrophobic 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

25 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
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acetylenics diols such as SURFYNOLS® 465 and 485 (Air Products and Chemicals,

5 Inc.). Further surfactants include polymeric compounds such as the tri-block EO-PO-EO
co-polymers PLURONIC® L121, L123, L31, L81, L101 and P123 (BASF, Inc.). Still
further exemplary surfactants include alcohol (primary and secondary) ethoxylates,
amine ethoxylates, glucosides, glucamides, polyethylene glycols, poly(ethylene glycol-
co-propylene glycol), or other surfactants provided in the reference McCutcheon’s

10  Emulsifiers and Detergents, North American Edition for the Year 2000 published by
Manufacturers Confectioners Publishing Co. of Glen Rock, N.J.

[0067] The surfactant selected has 90 % or less, preferably 60 % or less, and more
preferably 10 % or less weight percent of ethylene oxide (“EO”). It is believed that lower
weight percents of EQO may produce materials and films that have higher E,' values.

15  [0068] Itis preferred that the surfactants in the mixture have a metal content less than
20 ppm. While commercially available unpurified surfactants could be used, the final
films may have impurity levels far in excess of acceptable levels, and thus the surfactant
should be purified. Surfactant purification can be performed using common procedures,
such as employment of ion exchange columns in which alkali ions can be retained and

20 hydrogen ions released in their place. These unpurified surfactants may commonly
possess alkali ion concentrations in the range from about 100 to 1000 parts per million.
The goal of surfactant purification is to reduce alkali ion impurity levels to less than 50
parts per billion. Acceptable concentrations of alkali ion impurities within the film material
are less than 10 parts per billion for each alkali element.

25 [0069] The porogen may be a hyper branched or dendrimeric polymer. Hyper

branched and dendrimeric polymers generally have low solution and melt viscosities,
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CLAIMS1. A low dielectric material, the material having:a dielectric
constant of about 3.7 or less;a normalized wall elastic nodulus (EO),
derived in part fromthe dielectrich constant of the material, of about 15
GPa or greater; anda netal inmpurity |evel of about 500 ppm or |ess. 2. The
material of claiml wherein the dielectric constant is about 2.7 or

| ess. 3. The material of claim2 wherein the dielectric constant is about 2.4

or less. 4. {igs cHahRrAl Rhctiity BLidtdRi3iasb AirktiondiRe afd @hR&ddedGoft®ii) &t dts about
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25  constant by reducing the amount of adsorbed water.
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[0081] The dielectric material of the present invention has mechanical properties that
25  allow the material, when formed into a film, to resist cracking and enabile it to be

chemically/mechanically planarized. Further, the dielectric films of the present invention
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the center of the wafer and mounted onto an aluminum stub using a low-melting-

temperature adhesive, CRYSTALBOND® which is manufactured by Armco Products

Inc., of Valley Cottage, N.Y. Indentation tests were performed on a NANOINDENTER®
20 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
25 reference in its entirety. A small oscillation was superimposed on the primary loading
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10%1 ,& ()-4q 10% 1 , & ()- V TS| H 0 10% 1 . & ()-4q 10%1 & ()-4q
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, & () - A OB REPRUT Frdh |eﬁclﬁhn%l@9(ﬂaﬂion @x;{e)rrrrﬂéﬂmt were examined and any “outliers”

were excluded. The results for Young’s modulus and hardness vs. penetration for the

indentation experiments of each sample were averaged using discrete displacement
windows of approximately 5 nm. Using the data in this window, an average, standard

15  deviation, and confidence interval for each sample were then calculated. The same
statistics were likewise calculated for the rest of the discrete windows. Hardness results
were obtained and averaged in the same manner. Hardness and Young'’s modulus were
reported as the measured value of hardness at the minimum of the hardness curve (at
about 30-50 nm) and the measured value of modulus at the minimum of the modulus

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

expected to be less than 10 percent.

EXAMPLES
[0088] The following table, Table I, provides a list of acronyms that are used in the

25 examples and throughout the application.
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PGMEA propylene glycol methy! ether acetate
PGPE propylene glycol propyl ether
Bases
TMAH Tetramethylammonium hydroxide
Surfactants
X114 Triton X-114 (octyphenol ethoxylate)
Surf 485 Surfynol 485 (acetylenic diol ethoxylate)
L121 Pluronic L121 (EO-PO-EOQ tri-block co-polymer)
L101 Pluronic L101 (EO-PO-EO tri-block co-polymer)
L81 Pluronic L81 (EO-PO-EO tri-block co-polymer)
L31 Pluronic L31 (EO-PO-EO tri-block co-polymer)

GENERAL PROCESS FOR PREPARING ARRAY ELEMENTS

5 {00389] A mixture was prepared containing a hydrophilic silica source and one or more
hydrophobic silica sources. To the silicates, a quantity of a 4:1 volume ratio of solvent to
surfactant and additional solvent was added. After the organic components were added
to one another, the catalysts and water were added to the mixture in the following order:
water, acid catalyst , and ionic additives. Following the addition of water, the mixture

10  was aged at room temperature for 5 to 10 minutes after which the aging step was
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10%1 , & p
1008 1 10((201&&& é(%b;ﬁdso 8sr(49<34§2 éﬁf’fﬁeh A%&r)atﬁ%n&%@tﬁod%«fg@ﬁﬁﬁwq'ﬁ;g%

&' ()-49 D¥tared. (?he“o%ﬁ%%@?ﬁeﬁ J,rhéb \?«95/ }Jeraf%d(té nﬁﬂe%ﬁ’e/w&fer%té)a 48h 4% 1
& ()-4q 10%1 &' () - AAAAAAAAGDY T 0% L & () -4 10% 1

& ()-4q % 11220(@ rfagn g}%ﬁ%ﬂouta a?ﬂ hé\ﬁn Q%l r’e&ls(%f a%ﬁ%é"ﬁﬁn'é?{d ffofl 10% 1

, & () - 4q ) -4q 0% 49 10% 1 ,& ()-49 10% 1
&: @) :@BB% aﬁa’ﬁéut-r%{zﬁn%.lo% 1 ,&()-49 10%1 ,& ()-4q9g 10% 1 , & ()-49 10% 1
& ()-4q 10% 1 , & ()-4q
[0091] While the wafer was moving along its orbital path, the deposition device was
operated to serially dispense subsequent samples of liquid on the wafer in a generally
square pattern (e.g., a matrix of five rows of five samples each), with the center-to-center
spacing between adjacent samples being about 17.5 mm. The volume of each liquid
15  sample was in the range of about 2-5 microliters. Dispensing of the liquid samples on
the wafer occurred over a period of about 12 minutes, and the substrate was moved on
its orbital path for a total duration of about 15 minutes (e.g., about 3 minutes longer than
the time at which the last liquid sample is deposited on the substrate), after which orbital
movement of the substrate was stopped. Orbital movement of the wafer subjected the
20  liguid samples to a non-contact spreading force te facilitate spreading of the liquid
samples on the wafer surface to form films thereon. The array of films were heated on a
hot plate at 90°C for 90 seconds, 180°C for 90 seconds, and 400°C for 180 seconds in
an air or nitrogen atmosphere, thereby forming optically transparent thin films. The films
produced through this process couid then characterized directly to determine the
25 refractive index, dielectric constant, modulus, hardness, and normalized wall elastic

modulus.
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. & () - 43B6B8B: B<B>B@ ?Yq 10% 1 ,q 10%1 ,& ()-4q 10% 1 , & ()-4q 10% 1
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& ()-4q 10% 1 , & ()-4LBVBOBPBQBRBNR6?Yq q 10% 1 , & ()-4q 10% 1 , & ()-4q
10%1 ,& ()-4q 10% 1 , & ()-4Y T$| H RBSBTBUBVBWBXBYBt X<q q q 10% 1 , & ()-4 q
10% 1 . & (GseLEq%4: sciodda sy ERfhchia & b Wxdmpfs(d Sban oot
& ()-4q 10% 1 ~& ()-4YBIB B\ B BaBnN t x<q 1006 1 . & ()-4q 10% 1 . & ()-4Y
TS| H q 10%de & ()-4q 10% 1 , & () - 4aBcBeBgBj Bl BnB_?<q 10%) 10% 1 , & () - 4q
10% 1, & ()-4q 10%1 , & ()- 4q 10%1 ,& ()-4q 10% 1 ,& ()-4q 10% 1
, & () - 4“Bq86%5y§ir1%r§ﬁ%<sqwé@%ﬂ eddie %th&sﬁ%e%r%@%@theggérkré?rd&% for, & () 4q

TSR T e B B SRR
et g g g
&-()'23 & %BZP -4q 10%1 ,& ()- BBBBBB]J*’?<q 10% 1
10% 1q 103 ETe D) 1 éﬁeaﬁ%%%ce?y@w ey i e CREgBaESS

&'() 49 19%3 é)e 4 TR H g 10%1 & ()-4q 10% 1 ,& ()-4q 10% 1
()-4q 18@%‘ '@' f p%@%@% sl g 1001 . & ()-4q 10% 1 . & ()-4q 10% 1

&' ()-4q 10% 1 .& ()-4q 10% 1 ,& ()-4q 10% 1 , & ()-4BBBBBBB ?Y T$| Hq 10% 1

& ()-4q 10% 1 .& ()-4q 10% 1 . & ()-4q 10% 1 . & ()-4q 10% 1 , & ()-4q 10% 1

& () 1 PR 7 YCSMHOSTIONCF ARRRIELEMERTS - & )-4a 10% 1. &) ~4q 10% 1
Ex | Hydrophilic | Hydrophobic : 4:1 Volume Solvent (ul) Water | Nitric TMAH
. Source (ul) | Source (ul) Solvent: (ul) Acid {1])]
Surfactant (ul)
Ratio {y!}
1 138.2 144.4 MTES | 329.9 PGMEA: | 573.2 PGMEA | 0.0 247.20.1 M 5
TEOS L101 2.4 wt. %
2 121.0 126.2 177.2 207.5 0.0 119.90.1 M 5
TEOS MTES pentanol:X114: | pentanol; 24wt %
204.7 261.8 PGMEA
PGMEA:X114
3 68.5 71.5 163.4 PGPE: 274.8 PGPE 93.7 26.30.025M | 5
TEOS MTES L101 . 1.2 wt. %
4 68.5 71.5 163.4 PGPE: 274.8 PGPE 58.7 61.20.2M 5
TEOS MTES L101 1.2 wh. %
5 49.6 61.0 189.3 PGPE: 270.6 PGPE 26.8 29.702M 5
TEOS MTES; 9.7 X114 1.2 wt. %
DMDES
6 74.3 67.9 163.5 PGPE: 258.0 PGPE 58.7 61.302M 5
TEOS MTES; 18.8 L101 1.2 wt. %
HMDS
7 57.2 39.3 139.6 PGPE: 147.2 PGPE 49.4 28.30.025M |5
TEOS MTAS X45 1.2wt %
8 54.0 84.2 163.7 PGPE" 276.3 PGPE 78.4 2¢.40.025M | 5
TEQS MTAS X445 ) 1.2wh %
9 57.2 39.3 139.6 PGPE: | 259.6 PGPE 49.4 26.30.025M | 5
TEOS MTAS X45 1.2 wt. %
10 | 69.9 71.7 139.7 PGPE: 445.6 PGPE 85.7 26.30.025M | 5
TEOS MTAS X45 1.2wt %
11 | 54.0 84.2 139.5 PGPE: 276.3 PGPE 81.6 26.20.025M | 5
TEOS MTAS X45 1.2wh %
12 | 69.8 71.7 139.6 PGPE: 445.3 PGPE 42.4 26.30.025M | 5
TEOS MTAS X45 1.2wt %
13 | 69.8 71.6 139.5 PGPE: 276.4 PGPE 42.4 26.20.025M | 5
TEOS MTAS X45 1.2 wt. %
14 | 85.8 59.0 139.7 PGPE: 445.4 PGPE 89.7 26.30.026M |5
TEOS MTAS X45 1.2 wt. %
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10% 1 , & |() - 4+C, C. CR@iacH@ ChThicknesy ] Dlgldctrict’ (| Motiylub0 Y, [1Elastic( ) - 4 10% 1
, & () - 4&d Bemple | & Inflexiq 100440 | & () 1 Sgnstant 1 | (@PJ)) - 4q 1I\Mt4us
L& () - 450ZCRC C, CoC>Cangk+ql 10% 1, &1()-4q 10% 1 & ()- & ()-4q
10% 1 , &N -4q 10% 1 1.2951) - g 8685 1 [&' (31%1q 1004455 16
L& ()- 4@ wr‘r‘r‘nr‘l:r‘nl:}ﬁlr$f2f7m 1083 R (VL8 1004 125% (). 4g Aok 1|, & ()-4q
10% 1 , & [B-4Y T$HH- EcBe oy rch @11 g8l ad 100821 gl ()-4q
10% 1 | & {9 4q-10051 11869 lg % g (A% 100,884 o [y 4161 gof
L& () - 4TGY M%(C\./czmﬁffg?g Tol-H-4230% k290 —4d 1084 & e 2D% 1
& () - 4q %18 l)14288 o o} R cha PV 10%-129%: (\] 4a Whoea| | & () - 4q
’ AR e 11865y o 9 7 ot (h674 100s 256 of 7N 4521 Ao n
10% 1 , & {H-4g-10% 1 y-Ug 99 1 e (WO7ng 1005390 o [y 4P21004 1
, & () -4gQi (}:rf‘n(‘ n:r*aﬁﬁ»{m 168001 g (\rﬁ&,?q 100/,}1‘2-?(33.- -4 1 | & ()-4q
10%1 , & % 1 17,962)- Ag 8688 1 | & (3O CuRERCK(NREZRYq 1 % 1
,&0~m'@@LﬁxyWWMM1S®LLM1m%1,QQNWTMH%WWHMIMW
10% 10%[ 11, & ()-4q 1P92a & ($99% g [10%2110 & () - 4810%[1 , &9) -4 10% 1
L& ()-4q [18% 1 . & |()12eg000ocke®g 10% 2118 ( -4@@@% & 35) - 4q| 10% 1
, & ()-4q18% 1 . & () -14g87 6362 2.13 3.16 21

14 1.2259 6034 2.23 4.36 25

10

15

EXAMPLE 15: SPIN COATING

[0093] A mixture was prepared containing 317.9ul of TEOS and 326.3ul of MTAS. A

quantity of 635.7 pul of a 4:1 volume ratio of PGPE: Triton X-45 and 2027.3 ul of PGMEA

was added to the mixture. Next, additional reagents were added to the mixture in the

following order: 390 pl of water, 119.6 ul of 0.025 M HNO3, and 22.8 pl of 1.2 wt. %

TMAH in water. After the addition of water the mixture was aged at room temperature

for 5 minutes. The subsequent addition of HNO3; and TMAH were also followed by

individual 5 minutes aging steps. Once all of the reagents have been added, the entire

solution is aged ict 5 imvintes at room temperature aric agitated for 2-3 minutes to

thoroughly mix the solution. The resulting clear solution was then aged for 1-24 hours at

room temperature prior to spin coating.

[0094]

The sol was dispensed onto a low resistivity P type <100> Si wafer spinning at

500 rpm for 7 seconds and then accelerated to 1800 rpm for 35-40 seconds. The film

formed during the spin coating process was then calcined on a hot plate at 90°C for 90
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Hisaateeshdir

()- 4CCCCCCt cGtqg 10% 1
°C @r (180 g%gmq%%ag airg@r nitrogen 1094 1
Gtg 10% 1 , &
REQPTEYIRA

()-49 10% 1
dJgd olRPle V-

()-4g 10% 1 , & ()-4q

10%1 ,& ()-4q 10%1 , &'() 4CCCCCCR2tX<q 10% 1 ,& ()-4Y T$|Hq 10% 1
& () - 4q 10% 1 ,& ()-
, & ()-4q 10%/’1BLE&V()Q

GBHIAN OF N EOATRY e

’?<q

2 10% 1 ,& ()-4q 10% 1
§() 49 10% 1

, & ()-4CCCCCCCC<g ¢ 10% 1 & ()-4q 1noz,l }—4e—10%1 1?3 46—10%1
’&'()'4q 10% 1 () - 1 )- 0% q(J
& ()-40 100, %@"'{%‘% &%i 7&53’ b+ u@% 71”&“5"&’/@"@ ot
& ()-4q 10%1 -4q 10% 1 &() ‘RS fp6 1 | & ()-4q 10% 1, & ()-4q 10% 1
& ()-4 O P_C<q 10%]1q 0% T, & ()53dg 10%4 2027&' () - 49 LOWEB ,|& 238 4q
12:’/%)1 21&' (1 %;/4? g%é-sﬂees()aza:ﬂ K10A% 1 .wé%%X@'D 2 PID)_DeA25 Moy hewikhd, 1
, & ()-49 10% '()-49_10% 1 & o 4d 10% 1L 1 d
' & () - 41DADGMEDREATRTEOS | 3R MTAS gP Xy SPEbE. 2055 g@%&)e% w0 1
(& ()-40 10%1 | & () -4 DDz 9% i (g 0% 10 &| 6hoehdl |1
& ()-4q 10%'% thcc ngu%’%?f % ¢95 el é i&5:h f’}?,ifq P-agf‘%
& () - AFDHIV [ DNGBD: 765 10%80lo melag 0% I?‘GPg‘X 4CI Péﬁ% 328.1( ) 0685 M0%.d wt%
& ()-4q 10 & (=40 10% L . & () 40 413.0 7175 3095 | 6.3 2.4
10 | 173.0TEOS | 180.8MTES | PGMEAL101 | PGMEA 0.1M W%
260.7 305.2
pentanol:X114; [ pentanol;
301.3 385.3 176.4 | 7.4 2.4
| 20 | 178.0TECS | 1857 MTES | PGMEA:X114 | PGMEA 0.1M wt%
412.7 694.0 66.3 12.6
21 | 1729 TEOS | 180.6MTES | PGPE:L101 PGPE | 236.5 | 0.025M | 1.2 wt%
4127 694.0 154.6 12.6
22 | 172.9TEOS | 180.6MTES | PGPE:L101 PGPE | 148.2 | 02M | 1.2wi%
183.9 MTES; 570.9 815.1 89.6 15.1
| 23 | 149.5TEOS | 29.1 DMDES | PGPE:X114 PGPE | 809 | 02M | 1.2wi%
174.8 MTES; 430.7 679.7 161.3 13.2
24 | 1957 TEOS | 49.5HMDS | PGPE:L101 PGPE_ | 1547 | 02M | 1.2wit%
B 1.43 ml 3.43 ml 576ml | 1.96 | 0.55ml | 0.10ml
25 TEOS 1.50 m| MTES | PGPE:L101 PGPE ml_ | 0.025M | 1.2 wt%
1.43 m 3.43 mi 576 ml | 1.23 | 1.28ml | 0.10ml
26 TEOS 1.50 m| MTES | PGPE:L101 PGPE ml 02M | 1.2w%
1.44 m| 3.43ml 5.96 mi 257mi | 0.05ml
27 TEOS 1.50 ml MTES | PGMEA:L101 | PGMEA 01M | 24wt%
5
10
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{0095] Sample films were prepared in the same manner as Example 15 except that the

types and/or amounts of silane sources, surfactant, solvent, and catalyst in the mixture

were varied. These variations are provided in Table IV. The properties of each film are

provided in

Table V.

[0098] As Table V illustrates, under some conditions, materials with high E;’ were

cbtained at pHs greater than about 4 or using Si sources that generate acetic acid during

hydrolysis and condensation.

[0097]

Comparison of Tables Ill and V illustrate that compositions having relatively

higher normalized wail rlastic modulus, produced in an ar-ay format using alternative

evaporative techniques, such as an orbital movement device, can be reproduced using

conventional spin coating techniques.
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modulus that ranges from 15 to 17 GPa. Examples 57 through 67 have a dielectric

contant that ranges from 1.7 to about 1.9 and a normalized waill elastic modulus that
ranges from 15 to about 17 GPa. Examples 68 and 69 have a dielectric contant below
about 1.7 and a normalized wall elastic modulus that ranges from 15 to 17 GPa.

15  [00100] Examples 70 and 71 have a diclectric contant that ranges from 2.4 t0 2.7 and a
normalized wall elastic modulus that ranges from 17 to 20 GPa. Examples 72 through
78 have a dielectric contant that ranges from 2.1 to 2.4 and a normalized wall elastic
modulus that ranges from 17 to 20 GPa. Examples 79 through 85 have a dielectric
contant that ranges from 1.9 to 2.1 and a normalized wall elastic modulus that ranges

20  from 17 tn 20 GPa. Examples 86 through 90 have a dielectric con*ant that ranges from
1.7 to 1.9 and a normalized wall elastic modulus that ranges from 17 to 20 GPa.
Examples 91 through 93 have a dielectric contant below about 1.7 and a normalized wall
elastic modulus that ranges from 17 to 20 GPa.
[00101] Examples 94 through 97 have a dielectric contant that ranges from 2.1 to 2.4

25 and a normalized wall elastic modulus that is greater than 20 GPa. Examples 98

through 103 have a dielectric contant that ranges from 1.9 fo 2.1 and a normalized wall
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0.0016 mole fraction formamide
0.0026 mole fraction formic acid
0.0064 mole fraction formic acid
0.00015 mole fraction formamide

1 = 0.063 mole fraction formamide
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3
4
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31 1.2289 6049.7 3.85 0.54 2.46 15.8

32 1.2437 6879.3 4.61 0.63 2.62 15.7

33 1.2281 10738.0 3.65 0.53 2.45 16.2

34 1.2293 5137.1 3.92 0.40 2.51 15.0

35 1.1938 4412.2 2.91 0.44 2,20 17.0

36 1.2178 5173.9 3.05 0.42 2,24 16.9

37 1.2027 7635.6 2.62 0.49 2,15 16.7

38 1.1563 3258.9 2.65 0.23 2.17 16.3

39 1.2334 6557.3 3.13 0.41 2.28 16.2

40 1.1530 4369.4 2.85 0.27 2.22 16.2

41 1.1694 8437.0 2.38 0.27 212 16.1

42 1.1929 6775.2 2.40 0.38 2.12 16.0

43 1.1917 7714.7 2.43 0.36 2.14 15.8

44 1.2001 9389.3 2,67 0.41 2.20 15.6

45 1.1634 8022.7 2.38 0.32 2.14 15.5

46 1.2104 8368.7 2.34 0.37 2.13 15.3

47 1.1882 4139.2 2.29 0.32 2.13 15.1

48 1.1980 9413.3 2.20 0.37 2.05 16.9

49 1.2070 6072.6 2,11 0.35 2.03 16.8

50 1.1516 8763.7 1.88 0.32 1.97 16.7

51 1.1736 8012.5 1.78 0.30 1.95 16.6

52 1.1504 3730.1 2.10 0.22 2,06 15.8
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69 1.1153 5136.9 0.68 0.11 1.62 16.8

70 1.2473 4567.5 4.96 0.72 2.47 19.9

71 1.1754 6747.4 4.53 0.31 2.51 17.4
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77 1.1668 4531.9 272 0.33 215 17.2
78 1.1926 3979.9 275 0.35 217 17.0
79 1.1716 8731.7 2.68 0.36 2.06 19.9
80 1.1944 5046.3 2.44 0.38 2.02 19.6
81 1.1860 11003.4 2.51 0.42 2.05 19.3
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83 1.1616 12550.5 2.42 0.40 2.06 18.1
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85 1.1961 9667.3 227 0.38 2.06 17.4
86 1.1737 8101.1 1.68 0.30 1.86 19.1
87 1.1673 6889.2 1.64 0.33 1,87 18.4
88 1.1724 10696.4 1.51 0.26 1.84 18.1
89 1.1107 5736.0 1.06 0.10 173 17.7
90 1.1800 5639.7 1.57 0.28 1,88 17.0
91 1.1434 4925.0 1.07 0.16 1,70 19.6
92 1.1382 4777.4 0.72 0.11 1.60 18.8
93 1.1127 4569.7 0.68 0.08 1.59 18.5
94 1.2293 4433 8 3.63 0.50 211 24.9
™ o5 1.2180 7107.7 3.53 0.42 214 22.8
96 1.1741 4192.8 3.65 0.29 2.21 21.1
97 1.1811 11205.3 3.00 0.48 2.12 20.1
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101 1.1968 6666.4 2.46 0.38 1,97 21.9
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103 1.1661 11837.0 2.08 0.38 1.97 20.2
104 1.1584 2311.4 3.23 0.22 1,90 34.0
105 1.2347 6800.1 | _ 2.70 0.50 187 30.5
106 [ 1.1813 12854.2 | 243 0.45 186 | 277 _|
107 11714 10789.4 1.50 0.29 1.79 20.7
108 1.1929 4896.7 2.03 0.30 158 63.6
109 1.1955 9906.3 2.56 0.40 1.67 51.6
110 11571 6805.2 1.79 0.21 1.62 427
111 1.1224 4064.3 1.12 0.09 1.64 24.7
112 1.1657 3126.1 3.62 0.47 1.04 35.0
113 1.2347 6800.1 3.03 0.22 1.90 34.0
114 1.1813 12854.2 2.43 0.45 1.86 27.7
115 1.2046 7420.7 2.54 0.40 1.91 26.0
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CLAIMS

A low dielectric material, the material having:
a dielectric constant of about 3.7 or less;

a normalized wall elastic modulus (E0’), derived in part from the dielectric

constant of the material, of about 15 GPa or greater; and

10.

11.

12.

13.

a metal impurity level of about 500 ppm or less.
The material of claim 1 wherein the dielectric constant is about 2.7 or less.
The material of claim 2 wherein the dielectric constant is about 2.4 or less.
The material of claim 3 wherein the dielectric constant is about 2.1 or less.
The material of claim 4 wherein the dielectric constant is about 1.9 or less.
The material of claim 5 wherein the dielectric constant is about 1.7 or less.
The material of claim 1 wherein the normalized wall elastic modulus is about
17 GPa or greater.
The material of claim 7 wherein the normalized wall elastic modulus is about
20 GPa or greater.
The material of claim 1 wherein the material comprises at least one silica.
The material of claim 9 wherein the diffraction pattern of the material does not
exhibit diffraction peaks at a d-spacing greater than 10 Angstroms.
The material of claim 9 wherein the material comprises a plurality of Si-C
bonds.
The material of claim 11 wherein the ratio ot ihe total number of Si-C bonds to
the total number of Si atoms ranges from between about 20 to about 80 mole
percent.
The material of claim 12 wherein the ratio of the total number of Si-C bonds to
the total number of Si atoms ranges from between about 40 to about 60 mole

percent.
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14.
15.

16.

17.

18.

19.

20.

21.

22.

23.
24.
25.
26.

27.

28.

29.

The material of claim 1 wherein the material is porous.

The material of claim 14 wherein the material is mesoporous.

The material of claim 14 wherein the material has a porosity of about 10 to
about 90%.

The material of claim 14 wherein the material has a porosity of about 40 to
about 85%.

The material of claim 1 wherein the metal impurity level is about 100 ppb or
less.

The material of claim 18 wherein the metal impurity level is about 10 ppb or
less.

A low dielectric film comprising the material of claim 1.

The film of claim 20 wherein the thickness ranges from between about 0.05 to
about 2.0 ym.

A low dielectric material having a dielectric constant of less than about 1.95
and a normalized wall elastic modulus (Ey’), derived in part from the dielectric
constant of the material, of greater than about 26 GPa.

The material of claim 22 wherein the dielectric constant is about 1.9 or less.
The material of claim 23 wherein the dielectric constant is about 1.7 or less.
The material of claim 22 wherein the material is porous.

The material of claim 25 wherein the material is mesoporcus.

The material of claim 25 wherein the material has a porosity of about 40 to
about 85%.

The material of claim 22 wherein the material comprises at least one silica.
The material of claim 28 wherein the diffraction pattern of the material does

not exhibit diffraction peaks at a d-spacing greater than 10 Angstroms.
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The material of claim 28 wherein the diffraction pattern of the material does
exhibit diffraction peaks.
The material of claim 28 wherein the material comprises a plurality of Si-C
bonds.
The material of claim 31 wherein the ratio of the total number of the Si-C
bonds to the total number of Si atoms ranges from between about 20 to about
80 mole percent.
The material of claim 32 wherein the ratio of the total number of the Si-C
bonds to the total number of Si atoms ranges from between about 40 to about
60 mole percent.
The material of claim 22 wherein the material has a metal impurity level of
about 500 ppm or less.
The material of claim 34 wherein the metal impurity level is about 100 ppb or
less.
The rnaterial of claim 35 wherein the metal impurity level is about 10 ppb or
lese.
A low dielectric film comprising the material of claim 22.
The Tilm of claim 37 wherein the thickness ranges from between about 0.05 to
about 2.0 ym.
A lrw dielectric material, ths material having:

a dielectric constant of about 2.0 or less;

a normalized wall elastic modulus (EQ’), derived in part from the dielectric

constant of the material, that ranges between about 5 GPa and about 15 GPa; and

40.

a metal impurity level of about 500 ppm or less.
The material of claim 39 wherein the normalized wall elastic modulus ranges

from between about 10 GPa to about 15 GPa.
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The material of claim 39 wherein the dielectric constant is about 1.9 or less.
The material of claim 41 wherein the dielectric constant is about 1.7 or less.
The material of claim 39 wherein the material is porous.

The material of claim 43 wherein the material is mesoporous.

The material of claim 43 wherein the material has a porosity of about 40 to
about 85%.

The material of claim 39 wherein the material comprises at least one silica.
The material of claim 46 wherein the diffraction pattern of the material does
not exhibit diffraction peaks at a d-spacing greater than 10 Angstroms.

The material of claim 46 wherein the diffraction pattern of the material does
exhibit diffraction peaks.

The material of claim 46 wherein the material comprises a plurality of Si-C
bonds.

The material of claim 49 wherein the ratio of the total number of the Si-C
bonds to the total number of Si atoms ranges from between about 20 to about
80 mole percent.

The material of claim 50 wherein the ratio of the total number of the Si-C
bonds to the total number of Si atoms ranges from between about 40 to about
60 mole percent.

The materia! of rlaim 39 wherein the metal impurity level is ahotit 100 ppb or
less.

The material of claim 52 wherein the metal impurity level is about 10 ppb or
less.

A low dielectric film comprising the material of claim 39.

The film of claim 54 wherein the thickness ranges from between about 0.05 to

about 2.0 ym.
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57. The process of claim 56 wherein the porogen is selected from the group
consisting of labile organic groups, solvents, thermally decomposable
polymers, surfactants, dendrimers, hyper branched polymers,
polyoxyalkylene compounds, small molecules, or combinations thereof.

58. The process of claim 57 wherein the porogen is selected from the group of

—A
[&]]

polyoxyalkylene compounds consisting of polyoxyalkylene non-ionic
surfactants, polyoxyalkylene polymers, polyoxyalkylene copolymers,
polyoxyalkylene oligomers or combinations thereof.
59.  The process of claim 56 wherein the at least one silica source is selected
N from the group of compounds represented by the following formulas:
i. R.Si(OR")4.., Wherein R represents a hydrogen atom, a
fluorine atom, or a monovalent organic group; R' represents a
monovalent organic group; and a is an integer of 1 or 2;
i Si(OR?),, where R? represents a monovalent organic

25 group;
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i R3%(R*0)35Si-(R")¢-Si(OR®)3..R®;, wherein R® to R® may be
the same or different and each represents a monovalent organic
group; b and ¢ may be the same or different and each is a number
of 0 to 2; R” represents an oxygen atom, a phenylene group, or a
group represented by —(CH,),-, wherein n is an integer of 1 to 6;
and d is O or 1; or combinations thereof.

The process of claim 56 wherein the mixture further comprises a catalyst.
The process of claim 56 wherein the mixture further comprises a surfactant.
The process of claim 56 wherein the mixture further comprises a solvent.
The process of claim 56 wherein the curing step is conducted at a
temperature no greater than 450°C.

The process of claim 63 wherein the curing step is conducted at a
temperature no greater than 400°C.

The process of claim 56 wherein the curing step is conducted for a time no
greater than about 30 minutes.

The process of claim 65 wherein the curing step is conducted for a time of no
greater than 15 minutes.

The process of claim 66 wherein the curing step is conducted for a time of no
greater than 6 minutes.

The process of claim 56 wherain the dispensing step involves non-¢:ontact
induced spreading forces.

The process of claim 68 wherein the dispensing step involves spin coating.
The process of claim 56 wherein the dispensing step involves one or more
processes selected from the group consisting of oscillating non-contact
induced spreading forces, gravity-induced spreading forces, wetting-induced

spreading forces, or combinations thereof.
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71. The process of claim 56 wherein the mixture has a metal impurity content of
about 100 ppb or less.
72. The process of claim 71 wherein the mixture has a metal impurity content of
about 10 ppb or less.
73. The process of claim 56 wherein the mixture further comprises an ionic
additive.
74.  The film formed by the process of claim 56.
75.  The film of claim 74 wherein the film has a metal impurity content of about
500 ppm or less.
76. A process for forming a film with a low dielectric constant, the process
comprising:
providing a first film made from a mixture comprising at least one porogen
and a product from the hydrolysis and condensation of at least one silica source;
measuring the elastic modulus value and the dielectric constant value of
the first film;
calculating a void fraction value of the first film from the dielectric
constant;
determining the normalized wall elastic modulus of the first film from the
elastic modulus and void fraction values; and
adjusting the void fraction for a second film to increase or decrease the
elastic modulus of the second film wherein the increased or decreased elastic
modulus results is accompanied by an increase or a decrease in the dielectric
constant of the second film, the second film having substantially the same normalized
elastic modulus as the first film.

77.  The process of claim 76 wherein the mixture further comprises a surfactant.
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78. The process of claim 77 wherein the adjusting comprises varying the amount
of the surfactant in the mixture.

79. The process of claim 76 wherein the mixture further comprises a solvent.

80. The process of claim 79 wherein the adjusting comprises varying the amount
of the solvent in the mixture.

81. A low dielectric material, the material comprising:

at least one silica having a plurality of Si-C bonds wherein the total
number of the Si-C bonds to the total number of Si atoms ranges from about 20 to
about 80 mole percent;

an elastic modulus that ranges from about 0.5 to about 6.5 GPa;

a dielectric constant of about 2.5 and below; and

a metal impurity level of about 500 ppm or less.
82. A low dielectric material, the material comprising:

at least one silica having a plurality of Si-C bonds wherein the total
number of the Si-C bonds to the total number of Si atoms ranges from about 20 to
about 80 mole percent;

an elastic modulus that ranges from about 1.3 to about 6.5 GPa; and

a dielectric constant of about 1.95 and below.

83. The material of claim 82 wherein the material has a metal impurity content of
about 500 ppm or less.

84. A process for forming a low dielectric film having a dielectric constant of about
3.7 or less and a normalized wall elastic modulus (E,’), derived in part from
the dielectric constant of the material, of about 15 GPa or greater, the process
comprising:

providing a mixture comprising a product from the hydrolysis and

condensation of at least one silica source and at least one porogen;
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dispensing the mixture onto a substrate to form a coated substrate; and
curing the coated substrate to one or more temperatures no greater than
450°C and for a time sufficient to form the dielectric film.
85. A process for forming a low dielectric film having a dielectric constant of about
5 2.0 or less and a normalized wall elastic modulus (E.'), derived in part from
the dielectric constant of the material, that ranges between about 5 GPa and
about 15 GPa, the process comprising:
providing a mixture comprising a product from the hydrolysis and
condensation of at least one silica source and at least one porogen;
10 dispensing the mixture onto a substrate to form a coated substrate; and
curing the coated substrate to one or more temperatures and for a time

sufficient to form the dielectric film.

15
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