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Nanoporous Films

One material with a low dielectric constant are nanoporous films prepared from silica, i.e.,
silicon-based materials. Air has a dielectric constant of 1, and when air is introduced into

25  a suitable silica material having a nanometer-scale pore structure, such films can be
prepared with relatively low dielectric constants ("k"). Nanoporous silica materials are
attractive because similar precursors, including organic-substituted silanes, e.g.,
tetracthoxysilane ("TEOS"), are used for the currently employed spin-on-glasses
("S.0.G.") and chemical vapor disposition ("CVD") of silica SiO,. Nanoporous silica

30 materials are also attractive because it is possible to control the pore size, and hence the
density, material strength and dielectric constant of the resulting film material. In addition
to a low k, nanoporous films offer other advantages including: 1) thermal stability to
900°C, 2) substantially small pore size, i.¢.. at least an order of magnitude smaller in scale
than the microelectronic features of the integrated circuit), 3) as noted above, preparation

35 from materials such as silica and TEOS that are widely used in semiconductors, 4) the
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20

Nanoporous silica films have previously been fabricated by a number of methods. For
example, nanoporous films have been prepared using a mixture of a solvent and a silica

precursor, which is deposited on a substrate suitable for the purpose.

25  When forming such nanoporous films, ¢.g., by spin-coating, the film coating is typically
catalyzed with an acid or base catalyst and additional water to cause

polymerization/gelation ("aging") and to yield sufficient strength so that the film does not
shrink significantly during drying.

30  Another previously proposed method for providing nanoporous silica films was based on
the observation that film thickness and density/dielectric constant can be independently
controlled by using a mixture of two solvents with dramatically different volatility. The
more volatile solvent evaporates during and immediately after precursor deposition. The

silica precursor, typically partially hydrolyzed and condensed oligomers of TEOS, is
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applied to a suitable substrate and pol yneri zed by chem cal and/or thermnal
means until it fornms a gel. The second solvent, called the Pore Control
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Protecting the Surfaces of Nanometer Scale Pores

As the artisan will appreciate, a useful nanoporous film must meet a number of criteria,

25  including having a dielectric constant ("k") falling within the required value range, having
a suitable thickness ("t") (e.g., measured in Angstroms), having an ability to effectively fill
gaps, such as, e.g.. interconductor and/or intercomponent spaces, on patterned wafers,
and having an effective degree of hydrophobicity. Ifthe film is not strong enough, despite
achieving the other requirements, the‘pore structure may collapse, resulting in high

30  material density and therefore an undesirably high dielectric constant. In addition, the
surfaces of the resulting nanometer-scale pores carry silanol functional groups or
moieties. Silanols, and the water that can be adsorbed onto the silanols from the

environment, are highly polarizable and will raise the dielectric constant of the film. Thus,
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the requirenent for hydrophobicity arises fromthe requirenment for a
reduced range of dielectric constant relative to previously enpl oyed
mat eri al\go obRis3k hi S reason, preparation of nanoporous di gt@gishd/fo2id | & has
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preparing 30 an integrated 2% Y egradabl e conponent is

then is t | : : t ~l.eaving behind
nanomet er h@c%é egt&%/%l% ?ﬁ?%&tvﬁgle %@g?ﬁbﬁs@gggm%{déglﬂ%ﬁ%ﬁ nc’otbgor at ed
nanonet er iagdhtien provides sicelitAopdicusdilies diclkcwit filhewitas Bwditledtti@tonstast (Vi de

the desired low dielectric properties. 4 WD 00/ 61834
e.g., typically ranging from about 1.5 to about 3.8, as well as novel new methods of producing

20 these dielectric films.

Broadly, the dielectric nanoporous films of the invention are prepared by mixing a non-
volatile thermally degradable polymer with an organic and/or inorganic silicon-based
material or mixture of such materials suitable for forming dielectric films. Such suitable
25  organic and/or inorganic silicon-based material or materials are referred to herein, for
convenience and without limitation, as spin-on glass ("S.0.G.") material(s). The
resulting mixture of the base material, i.e., one or more S.0.G. materials, and the
thermally degradable component can optionally form a co-polymer, but, in any event, this
mixture is applied by any art-known methods to a substrate suitable for use in preparing
30  anintegrated circuit. The thermally degradable component is then is then subjected to a
process of thermal treatments, leaving behind nanometer-scale voids in the solidified base
material. The incorporated nanometer scale voids reduce the density of the base material

to provide the desired low dielectric properties.



PCT/ USO0/ 10214 Broadly, it has been found that a variety of solvent systens
are readily enployed in preparing filnms according to the invention. In one
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value of n ranges from about 100 to about 800. Other suitable S.0.G. materials for

preparing the dielectric films of the invention can include, simply by way of example,

20 hydrogensiloxanes, hydroorganosiloxanes, alkylsiloxanes and polyhydridosilsesquioxanes, to

name but a few.

Further, a thermally degradable polymer or mixture of polymers suitable for the
compositions and processes of the invention range in molecular weight from about 200 to

25  about 2,000,000 Daltons, but preferably from about 1,000 to about 30,000 Daltons.
Within these general parameters, a suitable component for use in the compositions and
methods of the invention includes one or more of the group consisting of a polyalkylene
oxide, an aliphatic polyester, an acrylic polymer, an acetal polymer, and/or combinations
thereof.

30
When the thermally degradable component is selected for solubility in a nonpolar solvent

system, a suitable component includes one or more of the group consisting of a

polyalkylene oxide, a poly(caprolatactone), a poly(valeractone), a poly(methyl

methacrylate), a poly (vinylbutyral) and/or combinations thereof. Preferably, when the
5



WO 00/ 61834 PCT/ US00/ 10214 conponent is a pol yal kyl ene oxi de, that conpound
includes a C, to about C6 al kyl, ens., polypropyl ene oxide. Wen the
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const ant . e property ‘el ectric constant is 6 WD 00/ 61834
PCT/ USO0/ 10214 advant ageously achi eved wi thout the need for further surface

nodi f i cat i WhHerSthe psodeSsel 8N thRNinvention include a curing step, curing is accomplished by

20  heating the baked film at a temperature of at least 400°C and for a time period ranging
from about 10 to about 60 minutes.

The invention also provides for a substrate, e.g., an integrated circuit, that includes at
least one low dielectric nanoporous film formed by the processes of the invention.
25  Further, the invention provides for methods for producing the above-described low

dielectric nanoporous films on a substrate.

DETAILED DESCRIPTION OF THE PREFERRED EMBODIMENT
Accordingly, nanoporous silica dielectric films having a dielectric constant, or k value,

30 ranging from about 1.5 to about 3.8, can be produced by the methods of the invention.
The films produced by the processes of the invention have a number of advantages over
those previously known to the art, including improved mechanical strength to withstand
the further processing steps required to prepare integrated circuit on the treated substrate,
and a low and stable dielectric constant. The property of a stable dielectric constant is

6



the filmsurface hydrophobic, thus confirmng that the silica dielectric
films as produced by the processes of the invention are sufficiently
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prepar at i QRe fih sitf#e Rpdropsotid, this o’a;ﬁaﬁnhﬁ\ggmt thy siliélr A¥B&fc dins adjbeided
Application Ser. Nos., 09/046,475 and 09/046,473, both filed on March 25,
1998; U. S.byrhe processppof thainverticbeare snidicieody bgdropigsbic ainftiallpfbroed.Apri | 3,
1998; and U. S. Patent Application Ser. Nos. 09/055, 244 and 09/ 055, 516,

both filed on April 6, 1998, fhe disclosures of which are_ incorporated by
Cof or erice ASRBRTEZR 1 15 DelHPRoROf 06, P AT 10 b BIHEE D! BEPPSUPERe ( he

M
scope of t ' | | Noateles ‘{”ﬂﬁ e 5 "Si 02"
functi onalﬂ}%agd&%ﬁ:agh%gg%ﬂoﬁ @%ﬁ%ﬂsﬁ%ﬁ% | one%gﬁot ett?éééﬂm ﬁx:a}ddilﬁgg,"ali S

enpl oyed, ruitbet €fvariitivink arsbimpesementdo figse geherdilp knexanpiheds for the prepamtionce t o
nanoporous dielectric films, is intended to refer to dielectric filns
prepar ed (B naRePorqys difs aye tayglitiby g8-ovmed\Lh: Rt Applicgtion $e5oNeB 190461443 s base
materi al , , i I 1q - e [ : I

under st oo EIATHHES Sl B GFOBERISC 0oL, Plier AniERH e N QoR81 262 o0
limted, DbflédonApriles, 2H8aaml 08! Patbt, ApplicationSen oz SEHGS 5t 14¢ apd 09/855,586, 0. ,
exenpl ary processes of the invention nmay be described as applying to and
produci ng beth filed an Aprit 6,198, she disclosures of Which aaglindomasated bywsfesenee thereihipoduced
by the deS@r.i brgd i exenplified and cl ai med processes, as desired. Broadly,

t he proces gEe ?‘é{eﬁ'e i nvention are conducted by m xing a first conponent,
formed of 25 a suitable base material, such as a silicon based S. O G

mat eri al : ] | : : ' tible
ot her mal e e e e e BIEST e o
a substs at 'Si@sidundtmnelegoly isrsgedifi¢ally nentieaddeathacthe tatimilkca” i lempjnyed.abhses
described bel qw. Further, the second canponent is fornmed of one npr e

rel ati vel yteABnsilicas|ag ppqdchergip,fox VVHE@ NS Ie Bangperausekiclectiic By Ier s
and/ or ol | il S0 4t | E St &R %nﬁ:

sol vent s, %&gﬁ%‘f%)oﬁa%?t%gw%ﬁ%;ﬂgg? ?gdﬂ#g§9 eVE‘létEr‘%ﬁ%%%ﬂ%i n ttdﬁg’t m%ur e.
Furt her st inbtganichtast basemmdtényal,ceg( agjaduitable silipombiaed intatgriadbf Rishilldalso be
substanti al | n(()invol atile_at typical anmbhient environnental tenperatures,

e.g., fro t the use ef singulag trems bereinpignot iended i be sodimited\ b oY&ES on from

2
sol | i) catPeypBle bt erBE R Bl e 4 ShombBS HhER KT plhEbh By B0
PCT/ USO0/ 1§eddribediias gpplﬁtig?t@ ahdh Brodutifig 4 OfitAT" Bt ifisdirterided tHat MBRibledilindXan be
S

art-standard nethods to the substrate, the )
produced by the described, exemplified and claimed processes, as desired.

Broadly, the processes of the invention are conducted by mixing a first component, formed of

25  asuitable base material, such as a silicon-based S.0O.G. material or blend of materials, with a
second component that is susceptible to thermal degradation after the film-forming mixture
has been applied to a substrate and the resulting film is heated according to the processes
described below. Further, the second component is formed of one or more relatively non-
volatile, but thermally degradable, polymers, copolymers and/or oligomers, and is miscible

30  with the first component and any solvents, e.g., polar or nonpolar, that may be employed in
that mixture. Further still, the thermally degradable component is preferably substantially
nonvolatile at typical ambient environmental temperatures, e.g., from about 20 to about
200°C, so that no significant evaporation from the applied film will occur prior to heat

induced volatilization and solidification of the surrounding film composition.
7



substrate and the resulting filmis heated to a tenperature and for a tine
period sufficient to thermally degrade and/or vaporize the second
CONPONeRYo §661354 L O | eave behind nanometer 5 scale pore sid¢pgédefghal N t he
film In one preferred enbodinment the filmis then cured. Optionally, the
heati ng steps can be conducted in a plurality of stages, each stage
utilizing.,simla iffering tines, and te ratures, or cqonbined into a
singl e pré@@%é’n%et'éﬁgﬂq' %m‘ﬁﬁﬁaﬁlﬁagﬁ?ﬂ%&{@aﬁm&m%&%ﬁe %0 be

conduct ed Sﬁ%&@% g_g%fﬂg‘?%itﬂg R R Hebtell Afa &glg)@zlaﬂﬂgaﬁmr a Y@%@ﬁ@@npfo the

thermal |y second conponent. e conpositions and processes of
t he i nventheomallyrdegrids and/dradporizefthe schend caipanént saas fodédve behindSTaABhElst>

MATERI ALS Substrates 15 Broadly speaking, a "substrate’” as described
her ei n°i néFakRYe SENFIEES ‘E‘é‘lﬂémcé%%"sﬁ’rﬁ eﬁ‘ﬁ‘?emm%ﬁ“b@? Blmpis ghene¥esdor ous sil i ca

filmof t ' | i ' k . t I tion. For
exanpl e, Igfpsdgﬁ%ﬁ]%% g&lluggt y%%:a%‘?’%&gd“g@ﬁi“g@‘%@?s@g?st %F‘g"’ggr pr &duci ng

an i nt egr aingildr 61 diffétin tins énd fempbrateesot @nmbided finito Bsinbile odelitstdpa 10 B Alrehies
silicafilmis forpmed is applied onto the substrate by conventi onal

met hods, , OPHeM e heatingtaps gt alseobe Gopducted sogs tq erambing the Aing sapand e of
spi n-coat i . (. m;' ”%Pi B | ] and/ or spraying. Prior to
applicati ﬁn‘g%rfzg{[l(ﬁleo bastg&?i%%jg?l S gge‘rf’glrircrg) enelignoporous silica film the

substngte surface is optionally prepared for coating by standard, art-known
cl eani ng THRIEABSsitiohs anetibrbOeR of HRHVeRlidiSart sl iPhEHE et ¥EBHG)
non-excl usi vel y i nclude sem conductor naterials such as gallium arsenide
("GAs"), silicon and conpositions containing silicon such as crystalline
silicon, STARTINGMATERIAI$ous silicon, epitaxial silicon, and silicon

di oxide ("Si2") and m xtures thereof. On the surface of the substrate is

an opti onaﬂllbm ern of raised lines, such as netal, oxide, nitride or
oxyni tiki dey | j i ch ned . L. known |ithqgraphic.techni ques.
Sur taitbe Taphff Speiifa Rk RS ucsieed R nbflO% s RRBD AR TT A

nitride, tfomhed Befordiatnahéiforod s1iGarBlim of dhd i EHiionad pplisd t¢& ARPE formEPHP iat
all oys, tantalum tungsten and silicon oxynitride. These lines formthe

conduct or somppsitiar.uFer exesplst a substgteds typicatly eisilicom wafesgaitable for pyqsiuciag | vy

o 0961 il o Rgk Bt o BREER ShomBBl) ok AShTELS S

][ne) ; ;a ’ P re gf g?ait@éﬁneﬁs bp SR e the QuberatObypkentondl HEATES 8o, ifdiiEhg, ARt homal
20  limited to, the art-known methods of spin-coating, dip coating, brushing, rolling, and/or
spraying. Prior to application of the base materials to form the nanoporous silica film, the
substrate surface is optionally prepared for coating by standard, art-known cleaning

methods.

25  Suitable substrates for the present invention non-exclusively include semiconductor
materials such as gallium arsenide ("GaAs"), silicon and compositions containing silicon
such as crystalline silicon, polysilicon, amorphous silicon, epitaxial silicon, and silicon
dioxide ("SiO,") and mixtures thereof. On the surface of the substrate is an optional
pattern of raised lines, such as metal, oxide, nitride or oxynitride lines which are formed

30 by well known lithographic techniques. Suitable materials for the lines include silica,
silicon nitride, titanium nitride, tantalum nitride, aluminum, aluminum alloys, copper,
copper alloys, tantalum, tungsten and silicon oxynitride. These lines form the conductors
or insulators of an integrated circuit. Such are typically closely separated from one
another at distances of about 20 micrometers or less, preferably 1 micrometer or less, and

8



surface of a suitable substrate include an oxide |ayer, such as an oxide
| ayer fornmed by heating a silicon wafer in air, or nore preferably, anSi 02
oxi de | y$bof1854med by chenical vapor deposition of such mituswaenni zed
materials as, e.g_, plasma enhanced 5 tetraethoxysilane ("PETECS') silane
oxi de and_conbi i t e I, r vi ouslyformed
anopor oulol PeREl BpmaBBHEDs i Rdtt mRFork, el Biorll BB e
i nvent i onsifide BEa siibleaiib&tatd nclidle &8 \oRidedbr Oduch @s a6%ile BifeSeRedBy | Onal
el ectronic surface features, , circuit elenments and/or conduction 10
pat hways héasing awilichm Wwafds deair,ranore ps¢fgrablys A §iQcoxider layer dormedebysabomicabt e.
Such optional . substrate features. can al so be applied ove. t he nanopor ous
o1 cart i PRCSACRRE TS A i Enized Pl fe BURTB AR S er . o hat L he
| ow di 2l e?&fab&ogyéﬂ% PREEOSO) iR bRAE afll 8oRbinBRUIR therff, s Wellhdbhd o Of
el ectrically and/or electronically functional I|ayers of the resulting
i nt egr at ethoet previously Tormed nanepdreuy siliea dieledridifilgs.t o t he i nvention optional |y
includes a 15 silicon nmaterial that is forned over or adjacent to a
nanoporous_silica film of thg i nvention, _during the manufacture of a
mul ti | ayedbeaapoperopsistice §im ehthsinyentian can bejarplied 50 8s to gpver adendier option, a
substrate | < Sl ' f |
nvent | onPaeeh A rARRARRRUSC S b it ds B LU CIASERE Ot ddbdblifon | o,
| ayer 10 eapathways thet phyphsvedt@pn pryiuslyformdd feanpsfiic subSirdte.c SucBaptichal
Pol ymers In one enbodi nent, the starth% materials, 1.e., the first

¥

conponent substrate; featares samalse heaprlicd mbayq By napenoreusrfdicafilm@f thednysniendtes of
t he i nventj ' ' | ' e '

sur tabl o PoERSoRERANASH B8R D BB Bh SORLAE M sERECOTRAR BconBie o ¢ oy
are suitabte pil@éﬁt?dﬁﬁelaariczﬁl?i dndRR elcasiesly foRttbnallagiras@e réstitiagG ) are
silicon-based dielectric materials that are prepared in a solution formto

be used f dregratedicaewibnThysl asubstratedeoprdingdodhpinventionmptionallyHincludestar i cat i on

of in rated ciycuits .on a suitable.substrate . fer). Q G .solution
mat er 151 StgsaopleREl bt i el V67 S AP o palous Ml il PhiLe FSeron

i ncl udi ng gdHRPiHRInankifa¢alé BPa niuRilhyed dnd/3PmuRicBiipBAent Ribgraled cifb@t. typically
applied by spin-coating. Suitable S.O G materials for use in the methods

of the invention are silicon based materials that can be prepared from
appr opr i atigaffurtet optied, awabdtmte berating dimagopdrous shaanfimer fiins havosdingtethef  t he

follow ng.. 9 WO 00/61834 Si 02 ési,l lca unit) ; QSiO3/2 (silsesquioxane
unit): invention can be further covered with any art known non-porous insulation layer, e.g., a

20  glass cap layer.

First Component - Silicon-Based Polymers

In one embodiment, the starting materials, i.., the first component, or silica starting material(s)

for conducting the processes of the invention, includes organic and/or inorganic base materials
25  suitable for use in coating a substrate. These are typically materials that are suitable for use as

spin-on-glasses. Spin-on-glasses (S.0.G.) are silicon-based dielectric materials that are

prepared in a solution form to be used for insulation, planarizétion and gap-filling in the

fabrication of integrated circuits on a suitable substrate (e.g., wafer). S.0.G. solution materials

can be applied onto a substrate by any art-known methods, including dipping, brushing, rolling,
30  spraying, but are most typically applied by spin-coating.

Suitable S.0.G. materials for use in the methods of the invention are silicon-based materials
that can be prepared from appropriate functional units, including, for example, at least one of
the following.



Q@S 2 (siloxane unit); and Q@@QSi O (end group) 5 PCT/ US00/ 10214
wherein Q1, @, B, A4, & and ® are organic, and can be the sane or

di fferenfyooplefsskerm "organic" enconpasses any suitabl e opgfRRuéRRE! Y.
i ncludi ng al kyl, which can be straight, branched and/or cyclic al kyl, as

wel | as arylal kyl, any ofS. i ch can(slfz]% ?#“g tituted or unsubstituted, and
conbi nati ons thereof. The ™gdrganic"\{ P dl’so enconpasses aryl and 10 ,
het eroaryl, substituted agtﬁlgﬁrsubst(silﬁﬁsﬁ'&omah@t)hoi eties. Thus, in another
embodi ment of the inventiQ@f:Sien a(siloxdne@nit);@ad B, U, & and B are
organic, it is preferred QEMQSi@h (mdgroupe an al kyl, preferably a Cl-6

al kyl . 51 n another enbodi nent, any of QL, @, @G, 4, & and B can

i ndependent be, a y i e 15 prefergbly a C6-Cl2 ajyl. In yet a

i 11 ar t WS RoBe i (e 8t DerF elRend i b csarr o it TR term

Eydri Flosi I’Wgwm;dﬁfeiﬁaﬁnptfsseghyxﬁ rsixitébﬁé éx@l@dlﬁ@o%t%hnélﬁlﬁn%g%gg&tc{aﬁ% ldfr@ig?tf, |
ormula I,, as WS, | - | Yo" | ln Fornmul a

wher ei n Rl?r%egﬁﬁ%cya?ﬁ%aﬁﬁ%gﬁﬁéﬁ%ﬁ@éﬁ@'g@ét@&hﬁw éi\éﬁ’&te AT or gani ¢
noi ety, bunsabstihwed tand combimhtidis, thézofiritheRdrganid terfn albe eadoinypasdel aryb aghni ¢

noi etyjg S I se . erial is suitable for use

as an lg. Q%@erﬁa grs?%ﬁ‘ﬁg&sgahn‘gg}é#%tgg&&?g eﬁglreﬁ.g&’l\/bre preferably, the base

material is a Cl1_C6 al kg(lédl and 25 x, y and z each independently range in
val ue fronThus; iy angther embedimentjofithginyention; when-any off QuiQie; ha®s andyQgzares 1. 0.

In a pref egrpfdlc an peiremad thaf‘sdcﬁ'?xﬁkﬁ@txolfbé%maﬂ(ggﬁef%%gggagclaﬁ%& Iﬁ%?th)éf el ding a

nol ecul ar i ght of fr bout 5,000 to a € preferably, n
ranges fr ot Fnt oAy Of%],@@y@b@m&s@sé%mmdﬁger@emle%m%wlmenegym of from
about 154, OfiefetablyadQLHC, 3ayN00. Further, particular types of base materials
each have a preferred range of values for the above described paraneters
of Formula I, as follows. 35 Wien the base material is a

PR BT T TN AP G MR 2
pOl Yt Ny Bidtia GGG ¥ Ghe genkidl sirudfift JF Fobfulf BB dllowd? VIO 00/ 61634
20 [(8i02)« - (R;SiOy 5)y - (R2R3S10), 1, Formula I
wherein R,, R; and R; are independently selected from H and/or an organic moiety, but at least
one of R;, R; and R3is H. Preferably, the organic moiety is an alkyl selected so that the base
material is suitable for use as an S.0.G. material, as understood by the art. More preferably,
the base material is a C,.Cs alkyl; and y
25 x,yand z each independently range in value from 1 to zero, i.c.,
12x20;12y>0;1>2>0
provided that x+y+zis 1.0. ‘
In a preferred embodiment, n ranges from about 100 to about 800, yielding a molecular
weight of from about 5,000 to about 45,000. More preferably, n ranges from about 250

30  to about 650 yielding a molecular weight of from about 14,000 to about 36,000.

Further, particular types of base materials each have a preferred range of values for the above

described parameters of Formula I, as follows.

35  When the base material is a polyhydridosilsesquioxane ("PHSQ), y is 1 and R, is H.
When the base material is a silica, x is 1.
When the base material is a polymethylsilsesquioxane, y is 1 and R, is methyl.
10



When the base material is a polynethyl hydridosil sesquioxane, y is 1 and R
is a mxture of H and nethyl. 5 Wien the base material is a nethylsiloxane
such asyo (W4Y83«B, (Accuglass T-12B(r)), x, y and z > 0 mngu&bnofzd and R3
are nethyl. Wen the base material is a net hyI si | oxane such as, e.g_,
AMMB11, (Accugl ass T-11(r)), x, y >0 and z = 0 and R is nmethyl. 10 In

one parti nbodi nent of th ti.on, .as exenplifi erein, e

30 G ml T & ey PSS B r Y ol ot BRER S H ont ai n
or incl udgnc{rﬁgtlﬁ | si | oxanes, and that are suitable for use as S. O G base
materials, are rteadily available comercially, and include, for exanple,
such products as AW 311 (Accuglass T-11(r)); and 512B 15 (Accugl ass

T- 12B(5 ) ) When the basaneatéridl . a rhhgBilanaae sushmy egglAMMNAB| abl e from Advanced
Mcroelectronic Materials, a subsidiary of the Electronic Materials

Di vi si on (Acduglasy hel2B ),Oa,rao@mbz P Orand Run Ry and B; aganéthpl ni a) . The perti nent
properties of AMM 311 and AMM 512B are set forth in Table 1, as foll ows.

1 WD 00/61834 PCTI USOQ/ 10214 Table 1 Material Pro ert| esAWM 311AWM 512B

Obt ai nabl éVhﬂmthtzh@@I@s@m&me ysé@@nmqqhazsk%s H.Metal Inpurities <
10 b5 20 Shefblrlf@ an;[aeaﬁa Mont hs at 4OCF|Itrat|on01n01m
% sol i d10(Ageheas X0 Rii& @5l ectri c Constant 3. 83. 1

Refra%ive | ndex1. 391 38 Sol vent Systemw9% -- ethanol, 2332 --

2-pr opanolh,l ?’)ge?’ 8artlcu19rcetl§)o%hen§ 0% the invention, as exemplified herein, the S.0.G. materials
include methylsiloxanes. Useful compositions that contain or include methylsiloxanes,

and that are suitable for use as S.0.G. base materials, are readily available commercially,
and include, for example, such products as AMM 311 (Accuglass T-1 1%); and 512B
15  (Accuglass T-12B®) S.0.G. materials. These are commercially available from Advanced

Microelectronic Materials, a subsidiary of the Electronic Materials Division of Honeywell
Corporation (Sunnyvale, California). The pertinent properties of AMM 311 and AMM
512B are set forth in Table 1, as follows.

11
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In a further embodiment of the invention, base materials useful for the invention also include:

hydrogensiloxanes polymers which have the structure of,
[(HSiOLS)(a)O(b)]n
hydroorganosiloxanes which have one of the following formulae,

[(HSiO1 5)@O@(RSiO1 5)c)Jn

Formula Il ;

Formula I11

In each of polymer formulae (II and III), (a) ranges from about 6 to about 20, (b) ranges

10

from about 1 to about 3, (c) ranges from about 6 to about 20, n ranges from 1 to about

4,000, and each R (in Formula III, when n>1) is independently H, C,-C; alkyl or C4-C;;

aryl. The weight average molecular weight may range from about 1,000 to about
220,000. In a preferred embodiment, for Formulas I, IT and III, n ranges from about 100
to about 800, yielding a molecular weight of from about 5,000 to about 45,000. More

15

about 14,000 to about 36,000.

12

preferably, n ranges from about 250 to about 650 yielding a molecular weight of from



10 hydr ogenpropyl sil sesqui oxane, hydrogenbutyl sil sesqui oxane, hydrogentert -
but yl si | sesqui oxane and hydr ogenphenyl si | sesqui oxane. In a preferred

enbodi meRy o@E1s8he i nvention, as exenplified below, the S frfusevrloers al s
i nclude pol yhydridosil sesqui oxane ("PHSQ') base materials. Porous

pol yhydri dosi | sequi oxane 15 (PHSQ filmis produced fromthe deconposition
of the thernal. egradabl e organi ¢ .conponent in a .

pol yhydr i salspg ﬁﬁﬁ?‘gfﬁ‘ﬁ‘gﬂg‘?&ﬁ i 'EXPE'P%%@@?%WW% a&?Bﬂqhédgd’éf%ﬁ%fhe i's
prepared fiR/Ribkied) ¥6ihk Ysitsty Bﬁf“%}%b%)!ﬁﬁfﬁ)é,s 'h}y&x‘é%eﬂheﬁl?lsﬁ&aﬁf,os' lane in a

controlled reaction condition e chem ca nposition of the
pol yhydr i dusirégssethylsidoxana hydrogeepropylsilesamt, dyidroggnbutgsitodahe biydepgbarerrul a: 20

(HSi@3/2)", Farnul a LV.wherein.n is an jnteger, rangi ng. from about 10 to
Sbout 4 DoRFIpKaSe, DR FaheRyBlnsRaaA Compliations HEFACLgoroames fGH A 1 om about
20 to about 1,000. Second Conponent - Thermally Degradabl e Polynmers 25 The
second co il Y. .for use i.n the

o ocesses T pel s EBSIRelorHEhAHAN, e ORE MRy et

pr ef er abl ypriot&sds bl the Wivehtidntifcliide] folr exapiPRIRGdensiesignept i onal |y form a

co-polymer therewith, The thermally de&r adabl e component is al so
suf fi ci ent hydregeamethyisilsesayjpxansbhysdroganethylsileesqiiaxaneg condi ti ons enpl oyed

accor dj g he invention, faor, form -usef.ul nanoporous dielectric film
on a siu stf?ygdtrgeg,e%g%)pggﬂsfﬁqlfl%x%' ’ nggqg?pgﬁgﬁﬂﬁ_eﬁ%ulmﬁyg?gﬁe %F an integrated
circuit. ThaykikesdiEddate SRUARRSEINBh&HIHRGHbxareS al SO optional ly selected to
be soluble in either a polar or nonpol ar solvent. The terns, "degradable"

or "thermally degradabl e" as enployed herein, in reference to the

conponent Inregirefesed embwelihént pfithk inventiogy acacmplifitd belbive the Sa® i) gnaepiBiidchwes of

the inventiv 3 00/.61834 [ USOO 10214 process, includes both physical
evapor at i oPPlgTyéﬂd‘?VS@eéﬂq“V@P?/f}gggé ) base materals.o B Obqu&méylvﬁ@@ﬁ&ﬁqqywxa@gr adabl e

conmpongqt § i t . r i e monent (s)
o o oL QPTE pAREELT Bom e LabrRthilh o AARLAS el SARRE 0V 0y
theory or tymgdnessing, polyhydiidosiisdquitwaat/digatic sfterie The pelyhy@Rivsiliegiiaget he
organi ¢ pol yner conponent by either direct 5 vaporization or chem cal

di srupt i oniS@renard frnyhechydsolysinef tglkoxyslangen trichlorasilage ip micontrolled; reection
| b , Ve .species . i fi|mstruct by th
ot i od postiltids b bhEREhBRbAELARE pbniatfioslce R OHE KA B BARSEREL) yrer

conponent bptheoh@nagidraiulscal e voids in the filmstructure. 10 It is also

i nportant that the thermal Ig/. degr adabl e conponent be substantially
nonvol file prior (HSiOs12)a Formula IV

wherein n is an integer ranging from about 10 to about 4,000. In a preferred embodiment,

n is an integer ranging from about 20 to about 1,000.

Second Component - Thermally Degradable Polymers

25  The second component is a thermally degradable component for use in the processes of the
invention. The thermally degradable component is preferably miscible with the first
component, and can optionally form a co-polymer therewith. The thermally degradable
component is also sufficiently thermally degradable under the heating conditions employed
according to the invention, for forming a useful nanoporous dielectric film on a substrate, so as

30  to be useful for the manufacture of an integrated circuit. The thermally degradable component
is also optionally selected to be soluble in either a polar or nonpolar solvent.

The terms, "degradable” or "thermally degradable" as employed herein, in reference to the
component that is to be thermally degraded under the heating conditions of the inventive
13



to the heating step, i.e., at roomtenperature. Thus, the thermally
degr adabl e conponent is not so volatile as to significantly evaporate

prior teudfisikisme during the heating of the filmwhen thasusdoaoiis
pol yner (s) begins to achieve cross-linking. As confirnmed by the Exanples

provi ded _bel ow, ,i Lani fi.cant evaporat | oes take place tpo early in
the proc egré’f:esfﬂ‘éd?({eeg ﬁ?&ﬂip hﬁSl‘fa??‘}r?P%?g%'é% st ]ie%?ivecai%&g’?tﬂ% ﬁg‘ftg’Pé)%ﬁﬁéﬁed?’gﬁyect ric
const ant, d¥irhdable@ompaikest dirlhaiheRidtich SEHSY AL dEBadiof UERE comporeR@s) ifitb! M
Thus, w thout neaning to be bound by any theory or hypothesis as to how the

i nvent i onmopeyadatidesmoleeulgr fragments. Withowawishing tosherboind by anycthedry onbppothesis,

- heat i ' ' ' t hat tak | [ to th
Cr oss. 1 niHEleRa i 8 heptiae sfcpdBRkrdle (i otgaf poff ey e eyt el iest
D1 OBOTS | OQeqlizhi oR RGN dlhiibn SR8 Bol el 8K ko bl URAbh B! an

undesirably 20 dense dielectric fi e olymer" as enpl oyed
her ei n al polymechyapy ssetvet Speci¢sandrsedini thofilpr gruatudd oy the eppliod hieatr By anyeivent.s

expressly state o the contrary. 25 Preferred thermally degradabl.e
o yor s B BRSBTS AP COMYEH BT TRt TSt YO 1 56 ¢ ange
that is efieahiciget 0 be thermally degraded in the tenperature range of the

heating steps, but the nol ecul ar wei ght should not be so low as to all ow
significant evaporation prior to the baking step(s), for the reasons

di scussed_gbove, Preferabl t her nal | degr adabl e pol yner(s) enpl oyed
accor 3‘? ng Lt 1HalsEpoRgE télP‘Fy t\hﬁ’q"?a?lﬁ s aéal?lﬁ, PIBRRANSHL Bttty noaKefatle PROTom
about 200 0, :h a
pol ymer vvit(f Pﬁeﬁgé\?%&éa (l%e,ggfbg)?n Vet gﬁ{u??. gﬁ“& ’T}]}%I}P ?IJ(})%H gg%@ﬁ%%g%}f}%ogéfgg%ut
30, 000 Damhbisosvolatite as & significaatly edapoitatehridd @ the tiftle dutingl the BeAinPal the film whe\O

00/ 61834 PCT/ US00/ 10214 Nonpol ar, Sol vent Systens Thermal |y Degradabl e
Pol ymer s  thepsilicon pelyaperes) degingfosghiag cosdinkine.aAs senfipmed bypthe g proyided m

the th - ' | L SCi Lot | d
sol vent - aueoNsf SEAAARe poRRbl Bl ol it Gl ft BouBstint Rsfiife A ©V°©
pol yallky| demsitgnd heretore tistedicladtriaddtiglant)Wiltheyhigheathgh R@ulddbtherivis@ B frodhded about

C6. More preferabb%, when the first conmponent is a PHSQ the degradable
conponent i tat fjmy %mﬁbyuten@nmmbebowwm@mmbmfmsesww@m y

d dabl ! i nel i th li.0i.Lat i, l.i phati c..pol ,
el o g ERoRTpERk iFls Wifeved ol el idbic it - h b BBheGrTRYy > ©'
acrylic pekapdedtion thah takesiplae priofto B SiER-Bkid I HBORY. mdAt@lah AG0M £Ea8) andand

acetal polyners, including, for exanple, poly (vinylbutyral), to name but a
few. The tlmwhamrqpommtﬂpphqﬂcﬁlmagt@mwa%s&medmnbnbﬁamrydemblded to the

sili €99 badser(las% dielectric film.

The term, "polymer" as employed herein also encompasses the terms oligomers and/or

copolymers, unless expressly stated to the contrary.

25  Preferred thermally degradable polymers according to the invention will have molecular
weights in a range that is effective to be thermally degraded in the temperature range of the
heating steps, but the molecular weight should not be so low as to allow significant
evaporation prior to the baking step(s), for the reasons discussed above. Preferably, thermally
degradable polymer(s) employed according to the invention will have a molecular weight

30  ranging from about 200 to about 2,000,000, or more, Daltons. More preferably, such a
polymer will have a molecular weight ranging from about 1,000 to about 30,000 Daltons, or
even from about 2,000 to about 10,000 Daltons.

14



15 polyners to forma copol ynmer, including, sinply by way of exanple,
PHSQ pol ypropyl ene oxi de copol ynmers, PHSQ pol ycapr ol act one copol yners
and/ or &wartu/¢1834 ons t hereof. Nonpol ar Sol vents In this engqdusmntiaef the
i nvention, a suitable solvent or cosolvent optionally enployed in the 20

fllmformng mxture that is appl igg te will, broadly, be a
nonpol ar solvent that has a boili fr Sier 8 -, 200C or less, and
preferably_t ] point will range from about 80 to about 160C,
Si nply by “wey— A2 wi thout Iimtation, nonpolar sol vents useful

according to the i nvention incl ude acetat es (et hyI acetate, isopropyl
acet at @, ot processeserploying agonpelar sphzmmrysolvmt Ispstom, then dhdmnby]ésgr@m one,

Crbodi ment O PR kREkle BF b i B oys%@ﬁ?e%as%@té?@%ﬁ%l A Pk
acet at es. oRidef BfePé?éBg fﬁr%l;aﬂcglaﬂé 6xid@in8ihdesh alkyEmbEss td3‘ C to

C6 al kyl, a 12 aryl and or derivatives or ¢ombrn tlons thereof As

zlhownI i ndtah@ut ékﬁMﬂr@Bref@eabbvahgméle fm&pbmw@nps?fgiﬁﬁmheed@adgbﬁeomﬁﬁ@m iss
ccetat e, FavBio e G CEPGN- Ry Rulhbls el nciradAl pobmecanger al 1 y

bot 428“%%‘%9?%‘62%4%6%m*19 PR e i Smp o &Séaﬁ I "
n- but yl acpety(rt@rdhctah@uacﬁlil: ﬁlﬂyménut ihvlugdling sfor esatnply, ;ﬁﬂy(hﬁu@ﬂme&ﬁcx‘yﬁté)w 61834

PCT/ US00/ 10 he t hernal | gradabl e pol yner is dissolved i n t he sol vent
in a percé‘ﬁ% PR md'é‘{“l‘ﬁal wa}éyp%lw(&@&%%al ), ftp same bBla fe3.wt % t o

about 50 vvt%or nor e partlcul arIy in a percentage rangl ng from about 5 wt %

to about | vient st The ble P rs For

processes %g]ﬁ\{)\qh e/Pma% d% b§9p0131n3r§5¥ngﬁn§’8 5 %&ﬁ? Silicen %ﬁ%lqge

degr adabl @og@{eymrfonha cspd)mleﬁ uSHludiihgis %mlahﬁ by Wal R e RIFRIOR S %lﬁmpyle'ﬁed s

e& , a polyal kyl ene oxi de. | 'ene” oxi de 1 ncl udés an al k

moi ety, r @isiersgpolymers PHﬁQaplmap@bstme %polﬁnmplayd/pycomhmatmfnse]mupﬂ e, |n one
enbodi ment, the thermally degradable component will include a polyethylene

oxi de and . pol ypr | ene oxi de and copol ymers thereof. CQther thermally
degr adabl &%&@é@ﬁc@%—%u table for use in polar solvent systens include,
wi thout | irfhicnli®RimenPOH Y inRthiof| £ @RAM1e bt iGhafh? ;
oxi de/ pol ypropyl ene egx?ﬁ(}}e‘ copoof/}’rrers 5 n%h% lgérﬂégBJ[ ere !?{ﬁ&@éu?&g
20  film forming mixture that is applied to the substrate will, broadly be a nonpolar solvent that has
a boiling point of, e.g., 200°C or less, and preferably the boiling point will range from about 80
to about 160°C. Simply by way of example, and without limitation, nonpolar solvents useful
according to the invention include acetates (ethyl acetate, isopropyl acetate, butyl acetate),

ethers (dibutyl ether), and ketones (acetone, methyl ethyl ketone, methyl isobutyl ketone).

25
In one particular embodiment the acetate solvent is an organic acetate or mixture of

acetates. Preferably, the organic moiety of the organic acetate is a C; to Cs alkyl, a Cs to
Ci2 aryl and or derivatives or combinations thereof. As shown in the examples below, the
employed polypropylene oxide (PPO) is dissolved in ethyl acetate and/or a mixture of

30  ethyl and n-butyl acetate. The useful ratios of ethyl- to n-butyl acetate range generally
from about 20:80 (wt/wt) to about 80:20 (wt/wt), and more preferably from about 50:50
to about 60:40. As exemplified below, a ratio of ethyl- to n-butyl acetate of about 70:30
(wt/wt) is readily employed.

15



Pol ar Solvents In this enbodi nent, a suitable solvent or co-solvent
optionally enployed in the film formng mxture that is applied to the
subst r atwo vd/d1834 broadl y, be a pol ar solvent that has a 2&bosdorogiapoi nt of
200C or less, and preferably the boiling point will range from about 80C to

about 160 | L | Jim ' r

ol vent s PR dBfeale SpIRECRISoIvETh e RO ho Bl BhiolOparile. o
et hanol osimpldprwastdxampkt fromsaboueZwt¥awedtbones0 ank drinidrd pagtidubelydnh. 25
Process Paraneters I.n éhe rocesses of the invention, a m xture of the

S. O G | Perceniageirangipe 8%’#?3’0565 Y toabou3Wtkoner mal | y degr adabl e

pol yner (s) and/or oligoners and optional solvent(s) is prepared in a
suitable ratio. The prepared m xture of S.O G and degradabl e pol ynmers

and/ or5 ol i goners and optional sol P Ss)ventSystemisi ed to a suitable
substrate by an appropriate art-known neans. 30 When the m xture is applied
to the subgitai [ tion, i.e., when it is spun-on, the

condition"“‘*‘%’ L | ugh | i.cati o h

ubst r at o st app oIt EPOGP B of GRat s 6 ABRS Bekflai pber

appr eci at g sbiible of fxeiblel i tHe@Rpldyed Bslvén®rand BiY.¢. Capo1Pdlkylérne kidd/DFha at e wi | |
depend upon the selected materials, substrate and desired nanoscal e pore 35

st r uctQr epolxalkylene exddi ingludes asy atkyl aepiey, repgingreeg nEamdud tatabont 6§ Simpdeby
t . 16 WD 00/.61834 /[ USOQ/ 10214 T Lied fil br.oadl h
P oot £1 BAY PheramRl it AR D, e DIk S AR famenen BB & 1 o
W % i 0 0 i
rangi pglyEhAhAOAM arwp%wpsneﬁ@@sefde @Ha & g8ty Ds ?ﬂleggfﬁ 'qtuérameﬁ.gﬁlgwgﬁo 0%

k
about 15 WMt%to about 70 w and even nore particu y froma
t o about Begtodubld polyreerapwitabledfof nbeninipelar lselveltaystdma irtlude.ewitladut dimitatiogd t o
formthe nanoscal e pore structures Lthin the film by thernmally induced
v apor at | BRVBP (RS FrhsalsbIE R PRI Yige pakpioniaty sxgs FpRiymers

conpopent @ﬂ%&&% tdgtg is done at a tenperature and for a time period 10
effectlfvea?o egrade and/ or vaporize the degradabl e conponent,, PPO, PEQ

etc., and cause such nanoneter scale pores to form Preferably, the
heat i ng spgpsSavéntsonducted on a hot plate and/or in a oven, and
optionall¥ on a conveyer belt noving through a suitable hot zone. In a
pr ef er r ed lethioembasiment b iuitabletsehpat erragrsedvenp aptéorally employed ingbcfity about

350C M0 RLEL SRl iEPR e 198 AP RIoaIROG Shokef URERTA HEOS tO
20  boiling point of 200°C or less, and preferably the boiling point will range from about 80°C
to about 160°C. Simply by way of example, and without limitation, polar solvents useful
according to the invention include water; alcohols, e.g., ethanol or isopropanol; ketones,

€.g., acetone, and mixtures thereof.

25  Process Parameters
In the processes of the invention, a mixture of the S.0.G. i.e., silicone-based polymer(s), and

thermally degradable polymer(s) and/or oligomers and optional solvent(s) is prepared in a
suitable ratio. The prepared mixture of S.0.G. and degradable polymers and/or oligomers and
optional solvent(s) is applied to a suitable substrate by an appropriate art-known means.

30
When the mixture is applied to the substrate by centrifugation, i¢., when it is spun-on, the

conditions are those conventionally used for such application, e.g., the substrate is spun at
about 2,000 to 4,000 rpms. The artisan will appreciate that specific conditions for application
to a substrate will depend upon the selected materials, substrate and desired nanoscale pore

35 structure, as is readily determined by routine manipulation of these parameters.
16



Baking tinmes wll depend upon the nmaterials selected and the desired
results, but will generally range from about 30 seconds to about 10
m nut es W@ ob/bRzabout 60C to about 350C tenperature rangepctiQogmpaut 0.5
to about 6 mnutes in the about 70C to about 300C tenperature range; and
fromabout 0.5 to about 3 mnutes in the about 80C to about 250C 20

tenperaturge ra ~Jhe artisan will. apprecjate that cific tenperature
ranges anﬁ’sﬁRﬁr’lﬁaﬁé{ﬂgﬁalyi‘ﬁ%?ﬁ‘a“@&ﬁ‘w%@“ ?h‘eﬂ%@%g@&ﬁﬁepﬂ%& ect ed
mat eri al S100ﬁi;55§énf BB B BB IFoRHabBN AP & f S0 RBYLE 86 WS et Epar@ilart§ frohfadi |y
determ ned by routine manipul ati on of these paraneters. nerally, the

curing st egpo@d Soutfrpto abest Hewt%,ragd even heregdrticiilarly fromabowtBentdé toraboutf  at
| east 300% and for a tine period ranging fromabout 10 to about 60

m nut es. rOB‘iS rties O the Produced Nanoporous Silica Filnms Nanoporous
dielectric filnms formed on a substrate according to the invention are

N : Cout
056 | wo R RATR  ReP LA LT (5D, CRMAP Yl 0 200
pref er abl ywittiotie &b by tRermallyt indwbd apdfitionor debompdsfis dfthOfheinily

silicon-containing conposition, including the pores, ranges fromabout 0.1
to about 1degragablapolymsr eorpparreat: diakingfousng isidone ate temperatupgnapdtforia gngpesied, and

nost r ef bly firo 0.4 1 bout, .1.2 g/cnB. 17 61834

T/ udBhr 1Bt HEHBONE vt e B3P 4barde ForfoBi e 8P G) BEOPAE P
produced kyudehaciiinb@eer Qhaletpoes tb RN Préfrabl dthe Béfing SBHLFE B RitcteY o @1 d
space, i.e., nanoneter scale pores, can range, e. . fromabout 10 to about

70 per centhot plategand/ar tya ovgnchnd ogtienally by a temieyertbolt moridg trougloausuitalge ha
percent. The refractive index i not her indi cator of, t relativ gnsity
of diel ect?PE ﬁq%}elﬁ‘ggﬂléo ’ft@g’ln%tt%‘@at%f @P%%ff%‘.n aﬁ'g%gi(gjfoe%bﬂ’ﬁ of> t he

hydri dosi | 56 e frss GoRfabiBIL 1 to Muf F609C IR KBRLAbSLESIPE R abitR 850°e! s that are
exenplified hérein range fromabout 2.5 to about 10 3.3. The refractive

i ndex 16f dielectric filnms produced by the inventive methods range in val ue

f r om aboutBakirpTines vl defiend ugon the ehatepinie s¢ksctddednd theydebiededullts Hut Wilbgeherathbout
1.31. Gven the low densities achieved by the nethods and conpositions of

t he i nventiBe fromaboud 3@ pecends te abeyi 4P mpautesyin kheahpwtch” @ teabent 330h@bl e, rangi ng

more prof carsft AL ot doull FIFHRN fmpnyr SR BRE 0T 0 bBuIHRHE 2 O AN

temperature range; and from about 0.5 to about 3 minutes in the about 80°C to about 250°C

20  temperature range.

The artisan will appreciate that specific temperature ranges and baking and/or curing conditions
will depend upon the selected materials, substrate and desired nanoscale pore structure, as is
readily determined by routine manipulation of these parameters. Generally, the curing step

25  comprises heating the baked film at a temperature of at least 400°C and for a time period
ranging from about 10 to about 60 minutes.

Properties Of the Produced Nanoporous Silica Films

Nanoporous dielectric films formed on a substrate according to the invention are generally

30  formed with a pore size that ranges from about 1 nm to about 100 nm, more preferably
from about 2 nm to about 30 nm, and most preferably from about 3 nm to about 20 nm.
The density of the silicon-containing composition, including the pores, ranges from about
0.1 to about 1.9 g/cm’, more preferably from about 0.25 to about 1.6 g/em®, and most
preferably from about 0.4 to about 1.2 g/em’.
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Exanpl es 1-6 For Exanples 1-6, below, the exemplified S.O G base materials
are the nethyl sil oxanes, AMM 512B and the AMM 311, discussed above. The
exenpl i fw8dopisaani ¢ conponent is pol yethyl ene oxide ("PEpEYusddzayti san
will appreciate that PEGs and/or a m xture of PEGs, are selected for use
in the inventive processes to thernmally degrade in a 25 tenperature range

that is relatiyely |ow compared to the thernmal to] erapnces of . the npl oyed

Subst r at e Ly 8 efieees O manatonpgosabelbstih Pl PSPy erouheds o ar &

conpat i bl enyin{iBn tHA€ ale PEFRENG B RAE SHRS,; L.ANhnbM IS p irhdpel 88,

sel ected S. O.né . mat eer i gligs .n Pr%{:essigﬁés%t_eps anﬁgglﬁFgggﬁ\#ﬁg%ehg EO in

t he S. O G fram aboutdpo apoutaiOepercenty ongreatdncandoareferably fromm abbutt 20 ® abotin5@ he

substrgteé)%qﬁsggi nni ng, and then baking and 30 optionally curing the spun
a

filma rature range and for a tine period or periods appropriate
for the selected SO G material. The followng non-limting exanples serve

Formed by ThaRabsae Rl iR od e e iorai e et rpodeet | ™

Mat eri al s frorB&@.Gratatérialsredier dieledrit batheflgarbdilsesqapkhe e méthylhe nanopor ous
foams were S.O.G nethylsiloxanes AW 512B and 311. Table 2, below, lists
t he pr operdilpesquigkaneftartingveterials {hat pregsxamplifiedrhgseia ranganNiving aboyyid Stooabows

lidLQ. 514, 7 . ' t1Q wtod4d, wt % Di. el ' .
Const A% 3. 53 THREHEV Ba e RaEohduida by nf el B hehodmngg i
al cohol ,  efan frérfi @P6RAYI5 @ 0601 .4, B1dGAGR! preREBORERTEBYIt BY 6Pt 1336t One

Given the low densities achieved by the methods and compositions of the invention, low
dielectric constant or k values are attainable, ranging from about 1.5 to about 3.8, preferably

15  from about 2.0 to about 2.8, and more preferably from about 1.8 to about 2.8.
EXAMPLES

Examples 1-6
20

For Examples 1-6, below, the exemplified S.0.G. base materials are the methylsiloxanes,
AMM 512B and the AMM 311, discussed above. The exemplified organic component is
polyethylene oxide ("PEO"). The artisan will appreciate that PEOs and/or a mixture of
PEOs, are selected for use in the inventive processes to thermally degrade in a

25  temperature range that is relatively low compared to the thermal tolerances of the
employed substrate and S.0.G. materials, to be soluble in polar solvents that are
compatible with the inventive processes, and to be miscible with the selected S.0.G.
materials. Processing steps include dissolving the PEO in the S.0.G. in an appropriate
amount, then casting the mixture onto the substrate by spinning, and then baking and

30  optionally curing the spun film at a temperature range and for a time period or periods

appropriate for the selected S.0.G. material.

The following non-limiting examples serve to illustrate the invention.
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10 A) Thermal |y Degradabl e Conponents Three pol yet hyl ene glycols with
di fferent nol ecul ar weights were used: (i) (ii) (iii) 15 MM 200 (PEOC 200)

- liqui dvo W& (PEOC 600) - wax MAE7500 ( PEO 7500) - crypepukiongzmol i d
(mp=72C) A) Preparation of the Spin-On Solutions Different anounts of PEO

were enpl oyed, in anpunts ranging f'E‘?fBl@IP 2 percent by weight, relative
to the nethyl sil oxane Igl utl ons,. F‘%}ZL—‘IO 7?100 t.g solzl(J)t I on was
[ ‘ S E——F 0om

heat ed to ghbove 60C. Fo FF ,

t enper at ur@—%&isuffl cient to conplete di ssol ution. Synbol designated to
describe tAeBa&ORairBOMaRYHIsi ONS is (base matrix)-(MVof PEQ-(w. % of PEQ
I n as-spun Torm For exanple, 512B-7500-26 represents a conposition of 26
wt % of SPEO- 7 Bag: matfix niateridlshaf fdiﬂJZBe backbbae asthe paiogossus foamsplete S.10.Gi n

Table 3, belo fFor co n.description, each conbination is also
gi ven an al p%ﬁ?@@%@%%ﬁ%?@ﬁ’ 12%4%51:{)6’&}% ligts thg @§P%V\lgég%?§?ggzd as
listed in Tahl opertles of Meth |siloxanes 19

Table 3 PCT/%%%BWQ)&&HA; ‘e Base W Base W of PEO No.Matrix Solution MV
PEQ( gr ans) (Sunmary) Sol utionrans)

Table 2
Properties of Methylsiloxanes

AMM 311 ' AMM 512B
% solid 10.5 14.7
% water 8 10
Organic Content 10 wt% 14 wt%
Dielectric Constant | 3.8 3.1
Refractive Index 1.39 , 1.38
Additional Solvents | Isopropyl alcohol, ethyl | isopropyl alcohol,

alcohol, acetone ethyl alcohol, acetone

10 A) Thermally Degradable Components
Three polyethylene glycols with different molecular weights were used:
) MW= 200 (PEO-200) — liquid
(ii) =600 (PEO-600) — wax
(iiiy MW=7500 (PEO-7500) — crystalline solid (mp=72°C)
15
A) Preparation of the Spin-On Solutions
Different amounts of PEO were employed, in amounts ranging from 1 to 22 percent

by weight, relative to the methylsiloxane solutions. To dissolve PEO-7500, the

solution was heated to above 60°C. For the other two PEOs, stirring at room

20 temperature was sufficient to complete dissolution. Symbol designated to describe the
coating solutions is (base matrix)-(MW of PEO)~(wt. % of PEO) in as-spun form.
For example, 512B-7500-26 represents a composition of 26 wt% of PEQ-7500 and
74 wt% of 512B in the as-spun form (sample "I" in Table 3, below). For convenience
in description, each combination is also given an alphabetic designation. The

25 following samples were prepared, as listed in Table 3, below.
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A31110. 102000. 55311-200- 34 B31110. 212001. 18311-200-51
C31130. 006001. 71311-600-35 D31130. 676003. 15311- 600- 49
E31130. Gb3 90)6834834311- 7/500- 10 F31121. 7875002. 31311- 7500- 49pCT/US00/10214
G31116. 9975002. 61311- 7500-57 H31119. 5075004. 43311- 7500- 65

| 512B30. 0075001. 55512B- 7500- 26 J& % 3L, 6875002. 17512B- 7500- 32
K512B28. 9775004 355128— 7500 4é !1.[ 1075006. 40512B- 7500- 56 The
ur; nhnun wWere—t hnn ean onto
prepared g JaR s—des 2 Bbe—S—above; _
sui t abl e @gi s UBESS at ek \#ﬁsﬁh vvere flal wafers of (SWBWEN) of 6 inch
oxi de- coat|@¥-si | | “?‘vvaf%?lé‘?lo% Bake/ Cur e| QYePESEQY pl ate bake
t enper at urles _wer e bitionsp(grams) 250EMREO2 | i (euares af each tenperature. The
as-spun fill nreAwene RBary,| bu0.1Ohe|fi 1200 becanegsbear | 3ftapoilae R50C bake.
Hovever, therg was supking 10y ng t hgel50] and; 750C bakerphens, | resul tltﬂg 10
fromthe VoI |||za31pn NG TR0 al & The PE 1nu—: B‘i‘ﬁ%’d n§ | ns were en
d at MH6GCH et A—] EEP  Anal ysi s
o E 1y for A VI DA PR 1 1l A B
sanpl es were b plnaré d(-sgqul bed Zé@ﬁ/e n EQéfh)l e ilhﬁ?ﬁﬂ@rlﬂhe F and J
starting fatdfialls. 3The spRA-78n fi | AS0@wer ¢ t h2Alt r eaBet-7600H98D, 150 and
250C, as QoatGn M xBures| 16.99 7500 2.61 311-7500-57
H 311 19.50 7500 4.43 311-7500-65
I 512B 30.00 7500 1.55 512B-7500-
26
J 512B 21.68 7500 2.17 512B-7500-
39
K 512B 28.97 7500 4.35 512B-7500-
48
L 512B 29.10 7500 6.40 512B-7500-
56
The prepared samples, as described by Table 3, above, were then spun onto suitable
test substrates, which were flat wafers of about 4 or 6 inch oxide-coated silicon
wafers.
5
Bake/Cure Cycles
Hot plate bake temperatures were 80, 150, and 250°C for 2 minutes at each
temperature. The as-spun films were hazy, but the films became clear after the 250°C
bake. However, there was smoking during the 150 and 250°C bake steps, resulting
10 from the volatilization and removal of the PEG. The baked films were then cured at
400°C for 30 minutes in flowing nitrogen.
EXAMPLE 2
Analysis of Films by Fourier :
15 Transformed Infrared ("FTIR") Spectroscopy

The film samples were prepared as described a‘bove in Example 1 using the F and J

starting materials. The spun-on films were then treated with 80, 150 and 250°C, as

20



20 WO 00/61834 PCT/ US00/ 10214 baki ng steps and were subjected to FTIR
anal ysis [spectra not shown] after each baki ng step. A broad absorption

peak wasy@lbgissged bet ween 2800 cm' to 3000 cm' that copétiRerhobiye
presence of the organic PEOin the film The peak |nten3|ty, i.e

baki ng 5 st el ?%%%?%%Sa“’ﬁ%ﬂﬁ?ﬁ‘iiﬁ%%ﬁlﬁvp&é f%*ems‘f@i. < Poak

H h Ratio B oall aB eak Qvak Ut B p Ganpl e
J (311- 7500- 4592&)6%‘;%12% TEosdas Seehiciped ght Arrp'ﬂwtblfctiegéé "?\'I‘n‘gl oS0 en Deg.
0. 3220. 243 164 cbagnneraahem@emsbfﬂmo@mgc PEDYnQhe FAEhS peak nehiie, blove

baseline ** Mnor bunp in nearly |level curve at approxi mately 2970 cnml -
this is indi cmpliudest theyREQsignal, sermaines gssentighy ﬁmt@lmn@rthﬁiiéCA@kHEovm in
Tabl e 4 abov eak nea t nfirmed that PEO was still present in
the fil m in 55? s?%’ﬁtr? %nlﬂel‘r{’gg 4Sfbflg’ "'the bake at 150C, but was al npst
conpletely 10 renoved after the | ast bake at 250C. Therefore, it is
believed that the porous structure took shape during the third bake step.
Additional HATIR of the filns produdable#rom F and J, after they were cured
at 400C, showed virtually no trEFIR Ahalysie PEO conponent in the 2800 cn to

3000 cri band 15 }(e‘%iﬁclﬁ@bﬁa@iﬁ E’et &p&kg%ﬁjogmgtmaﬂgro%mtel y 2970 cnl).

g S

Thus, the 4 cored fIr s |—||r< bpt‘btld. poph—the 311 and the
512B deri ved ﬁﬂi Wﬂl ch are °’§§l he s ggv ’Lo pure AMVB11
and AMVB12B.| 20 EXAMPLE iﬁ or Th| cK 9 é‘) =8 duc=d Fi | ms
Peak Helght Amphtude* Peak Amplitude*
80 Deg. C 0.322 0.243
150 Deg. C 0.332 0.257
250 Deg. C O** O**

*Absolute value above baseline
** Minor bump in nearly level curve at approximately 2970
cm’ - this is indicative of the organic moiety from the 311 or
512B

As shown in Table 4, above, peak measurements confirmed that PEO was still present in
the film in substantial amounts after the bake at 150°C, but was almost completely

10  removed after the last bake at 250°C. Therefore, it is believed that the porous structure
took shape during the third bake step.

Additional FTIR of the films produced from F and J, after they were cured at 400°C,
showed virtually no trace of the PEO component in the 2800 ¢cm™ to 3000 cm™ band
15  (except for a miniscule blip at approximately 2970 cm'l). Thus, the 400°C cured films

yielded FTIR spectra for both the 311 and the 512B derived films which are essentially
the same as those of pure AMM311 and AMMS512B.

EXAMPLE 3
20 Measurements Of Thickness Of Produced Films
Film thickness was measured using Nanospec, Tencor, and Gaertner instruments. Data

from Nanospec and Tencor appeared to give inconsistent results. A more reliable film
thickness can be obtained from the Gaertner machine in double-angle mode. Thickness of

one selected film was measured in SEM. The SEM thickness was in line with the result
21



Fil mthi ckness was neasured usi ng Nanospec, Tencor, and Gaertner
instrunments. Data from Nanospec and Tencor appeared to give inconsistent
resul t Sywéofbrsss rel i able film thickness can be obtai ned p¢&pisédi@2faaert ner
machi ne i n doubl e-angl e node. Thi ckness of one selected filmwas nmeasured

in SEM The SEMthickness was.in Iinewth.the result 21 WD 00/61834

PCTI USOQY f%ﬂ%wo%%%?’ﬁer@a%ﬁflﬂ%@ér The F‘aéqfisg‘%‘f?ﬁfé’ﬁcuﬁfﬁ’emﬁ%ﬁ é,?o gﬁﬂ‘*?\kage
occurred 'sfbtpt hiehe 286nBR 6T theShRBporbi§ il itteH ?@sﬁﬁe@gﬂér%cmﬁﬁggsgﬁlg%e dsif@ t hat
resulted after each processing step using mxtures F a , respectively,
are |i st ednikwresdbansl 5 respsctivelyl asedisted in Table 5, as follows.

Sanpl eTot al Spi nThi cknessThi cknessThi cknessThi ckness No. sol i dSpeedaft er
80Cafterafterafter in(rpm 150C250C400C Solutio n (99 F19.1300012860 A12350
A7770 A7156 A J22.5500012550 A121004,48400A7880 A 5 EXAMPLE 4 Mepsurenents

O Refractive Index 10 R i 313% ("R.1.") were neasured using a
Gael’tnel’ e|$ E éyﬁl.nl ot §\S m%gfs\tr hCI O Tha e ract| ve

DO YITcil | ' 1.CT VUT AU CTU LT T 1 oCTT L' TTITT
i ndexes of '%ﬁi‘é;lr’g‘ﬁa as Rt o rigkpessyy S¥id | ARolsaess {ubhiskest e} i ned by
this nmetho™NPo bel Pidg gmpesd 3gfter 8&Epeaftex el y. | EBVPLE pafl& Meashr ement s
O Diel ectfic Consiant TH&P®) ¢l ectric ¢anetant (R50%f the4eoiced ff | ms was
cal cul at ed| f rom t|h¥olutapaci t ange of eag¢h filmwth thickpess (t) under

al um num dpt, usilg(%) Hew ett {Packard ILCR neter | nodel HP4275A. The

di el ect ri c[Eonst anfo (K) |wsun0C4/1oRbeACT | 38555 A NG 757 KM€ P9i3eok! O ng
equati on: K= C T ALE M| SHITI280 R TIoRER O] ghiran sk C 15 the

CapaCi anc rar-at) Tt st ffr—t e e sS—64+9
permttivity of free space (8.85419 x 10-14 F/cm).

EXAMPLE 4
Measurements Of Refractive Index

10 Refractive indexes ("R.1.") were measured using a Gaertner elipsometer and are
tabulated in Table 6, below. The refractive indexes of the cured base materials
AMM311 and AMMS512B were determined by this method to be 1.39 and 1.38,
respectively.

EXAMPLE 5
15 Measurements Of Dielectric Constant

The dielectric constant (k) of the cured films was calculated from the capacitance of
each film with thickness (t) under aluminum dot, using a Hewlett-Packard LCR meter
model HP4275A. The dielectric constant (k) was calculated according to the

20 following equation:
k = Ct/(E, A),
where A is the area of the Al dot (cm?), C is the capacitance (Farad), t is the film
thickness (cm) and E, is the permittivity of free space (8.85419 x 10™* F/cm).

Dielectric constants with an error bar of about +0.1 are listed in the last column of
25 Table 6, as follows.
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Dielectric constants with an error bar of about 0.1 are listed in the | ast
colum of 25 Table 6, as follows. Table 5 Bake/Cure Film- Thickness in
Angst r onwoda/6M8y 00/ 61834 PCT/ USOO' 10214 Table 6 Refracti vpctideoodnd
Dielectric Constant W W% Sanple %EO PEO Refractive I ndexDielectric
No.in In as- constant S.O G spun fil m]glé -¢/©00311-200311- 600311- 7500

: .372--* B10. 4511. 314- - . 4351, = D9. 5491, 224-- DO. 5491. 2192. 63
B 1i01 5 %@ﬁg&? Zhi ° Jislestriconsiant 5571 192 19

E1l. 1101. 326- - (39549343864 =2 285491 243 . -
H18.5651. 1732] 11 |4]9261. 3098%73] J9. 1391 ReHagtivgdndex Dielectric
Sample| Wt PEO constant
No. |[%PEO| Inas-
in |spun film
S.0.G.
512-7500{311-200{311-600] 311-7500
A 5.1 34 1.372 --*
B 10.4 51 1.314 --
C 54 35 1.268 --
D 9.5 49 1.224 --
D 9.5 49 1.219 2.63
E 1.1 10 1.326 --
E-1 9.5 49 1.186 2.32
F-2 9.5 49 1.202 2.43
G 13.5 57 1.19 2.19
H 18.5 65 1.173 2.11
I 4.9 26 1.309 2.73
J 9.1 39 1.235 2.36
K-1 13 48 1.228 2.18
K-2 13 48 1.214 2
L 18 56 1.197 2.02
* "_." no data
Analysis

As can be seen in Table 6, above, the resulting films have dielectric constants ranging
from 2 to 2.73. The degree of porosity of each film can be estimated from the weight
5  percent of the thermally degradable component (PEO), in the as-spun film by assuming

that the densities of the base material and the thermally degradable component are the
same and that no loss of the evaporative component either through evaporation or
degradation mechanism occurs before the crosslinking of the base material. The weight
percent of the PEO in various films is listed in the third column of Table 6 and can be

10 used as an indicator of the degree of porosity of the film, with the exception of the PEO
200 samples, where there was evidence, as discussed below, that the more volatile PEO
200 evaporated prior to the 200°C heating step. Thus, Samples I, J, K-1, K-2 and L,
prepared using AMM 512B, and which had PEO (7500) weight percentages in the as-
spun films of 26, 39, 48 and 56, respectively, were determined to have dielectric constant

15 values 0f2.73, 2.36, 2.18, 2 and 2.02, respectively (two different films were produced
and measured using Sample K). Within this series, it can be appreciated that as the PEO
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respectively (two different filns were produced and neasured using Sanpl e
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00/ 61834 PCT/ US00/ 10214 wei ght percentages i1 n the as-spun filns 1 ncreases,

t he measur @sishgval achablecd, svone platied against elmawsighwpmbmg oﬁ?frl@@m; t\% prvc\ihd?f;ﬁ ?‘ g g n -
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constants gegd %@Hﬂ&dflfsﬂ@b%tlﬂ&et&v& 3 A% 4B Mﬁih?feép?)gﬁ{e Qe RYeRerdlis © PEO I n

the as-spun filmrose to 65, thus confirmng t e’ ctiveness o __he
i nstant  mexhibitisedured dioleetriasonstant psoputics ih eoughtyekihenhpriopbhidndb ehewbiphc

t ant f the b terials 400C cured 311 and 512B are 3.8 and 3.1,
constant s BlrcthROR G ksl mqagﬁtcm;ew iy ool
[ and BB I m/‘\p%
\?\glﬂgﬁts gergtgﬁ?oof tﬁgﬁ%%%ngpgﬁ)gguce ﬂgarpﬂﬂsﬁgmu?%@ _ﬂs&m%_ ]. The 4
resul tihg pxlubiteddf valims thatbvere Goveat by stont 0130tHaRake Hwﬂh@&%ﬂth@naﬁdpbf@spmduce

' B nethylsiloxane S.O G materials
using bot hﬁ}xLIsepré uce ]hjéingr’}lqe 2%/%\/1 base mgterial 311. This lower range of k values seems to

be consistent with the lower dielectric constant of the unmodified 512B base material,
Since the exact degree of porosity is not determined, quantitative analysis of the
relationship between dielectric constant and porosity for these systems cannot be

20  established. However, as confirmed by the tabulated data, the dependence of k on the

percentage of PEO in the as-spun film is understood and controllable.

The refractive index vs. the weight percent of PEO, as shown in Table 6, was plotted
[figure not shown] for the films produced using both the AMM 311 and AMM 512B
series of base materials. The plotted data confirms that the refractive index for both film
25 series falls into the same line. However, when the refractive index data for the film
produced using the PEO 200 starting mixture is compared to the linear plots of the other
data, the PEO 200 refractive index falls substantially outside of (and above) the values
predicted by the linear relationship between the refractive index and PEO weight % of the
other films. Without meaning to be bound by any theory or hypothesis, it is believed that
30  this non-linear elevation in refractive index confirms that the film formed using PEO 200
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exhi bit reduced dielectric constant properties in roughly |inear proportion
to the weight percentage of the thermally degradabl e conponent of the
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data for théhef?afnrﬁrestﬂg‘étél‘{?gpe‘%g%‘%%BO@EWQGOEWW%Q barbeungd by any thearpar ed
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the film pmaterial is I6wemthan that of the3e 1 eries vilichURé HisPSotiveaRfd 418 icBRParca af th FOr
the series of filns produced using starting m xtures incorporating PEO

conpounds h&¥PHEERDpeading. o fudgingfem resulsdonathe ka@R . 1atath, titean ARNfirte dithet

AMMVb12Bbas j T I he refractive indexes of the filns
are simlar ?‘t gﬁtgts%hgdagglﬁé)ﬁ%gé%qgn\%7@0a e fév?lr"i_é’PF‘bﬁ’f}” tP‘Qat_H%gom shi ng
to be bound ehler@ny ahdd 0B, bud thd YIROHI684 Fim Msixhﬁa;r%lrés‘?tgr%ﬁh]%fi?Elilﬁe@n?k KRie
indicate a simlar degree of porosity in the 10 respeCtive filns, since the
refractive idHeitocde differences infmsemateriaht erial s are al so very close (1.38 vs.

1.39). (2 e dielectric constant of the series of filnms produced usin
t he ?AMV!(S 1)28-{ aselP%O %O is a viscous hiquid with appreciable vapor pressure at F%00"C. The J

refractive indexes of the two films prepared from the PEO 200 were higher than the

20 predicted value based on the no-loss assumption. Although the dielectric constant of
these films was not measured it is reasonable to conclude that if a substantial amount of
the PEO 200 evaporated during the baking step due to its volatility, then the final porosity
will be much less than the value calculated from the proportion of PEO 200 present in the
as-spun film composition.

25  The absolute volume fraction in the porous film is not known, but the weight fraction of
PEO is believed to be proportional to the volume fraction, or the degree of porosity,
although the exact value of the porosity has not determined to date.
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EXAMPLE 6 (B SyHace asxamned fsipe a Joel JohT- ?%EIW% PRAEONSRCEASCHE m Sur f ace
5 A napopqrsEM"y it WlsvolE ORI £ thalSifB&HCHATHOR 06, &ﬂgﬁeﬁ%&l@#&)lo h,
sufficient quantity of sanple K was spin-coated onto a substrate, which
was a f | atUnslet thesmcomditions,whe burface ofiitekdielegrio fild S8iibitedonuhifonm texture, with
finished as descri bﬁd jbove for. Exaﬁpé%,v;p 1. .The surface of the filmwas then
pr epar ed f“8r°r§%mgba§l JPrgs pgres dimagg Whlhods The film surface was

exam ned using a Joel JSM 6300 F scanning el ectron mcroscope 10 ("SEM') at
2.5 kilovolts, with a magnificati onpRiANPLLG0, and a field width of 10 nm
Under these conditions, the surfac ielectric filmexhibited a

uni forlg t%wg with no cracki ngeStg Pl et ge pores [image not shown].
EXAMPLE 7 Pul | Test 15 Methods The stud pull test was conducted by
the fol | ovWhegtudeidiagst whsfdohddiad Betht Eslictdng fetlidced on substrate wafer, and

an epoxy test stud was epoxied to the
A film to be tested is placed on substrate wafer, and an epoxy test stud was epoxied to the

top of the film. Once the epoxy has cured, the stud was pulled away from the film, with a
measured force, until some component broke. The measured pull force at the moment

20 just prior to breakage was the stud pull strength.

Tests

The stud pull test was performed on 7500-8000A films spun from the PEO 7500-

containing formulation. A 6” silicon wafer with a 500A thermal oxide layer was used. In
25  addition, a 1 Om layer of aluminum was deposited on top of the film prior to attaching the

stud to the wafer. Stud pull results are shown in Table 7, below.

Table 7
Stud Pull Results
AMM/PEG Stud Pull Strength, | Standard
Mixture Kpsi* Deviation
F 1.5 1.0
G 1.1 0.5
H 1.6 1.1
J 2.4 1.1
K 1.5 1.2
*kilopounds/inch
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top of the film Once the epoxy has cured, the stud was pulled away from
the film wth a neasured force, until sonme conponent broke. The neasured

ul | foneo@éisthe nonent 20 just prior to breakage was thpcpmgab/]mul
Etrength. Tests The stud pull test was performed on 7500-8000A filnms spun

from the PERY Rl formulation. A 6" silicon wafer with a 500A
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Stud pull resuylts are shown in Table 7, below Table 7 Stud Pull Results
AMM PEG St the B lgt ﬁ@wg‘(% it S‘E%‘th? apesitigd dhet ptbe sodundiitessmobtaingd egerGL. 10. 5

i ' 26. -0 0Q/.61834 PCT/ US00/ 10214
Analysi's opis efterihage e SofR Add i iofindfaohighe? Py reibertivs PUTPGS 1 ace
bet weer§ t heanbhibicanfilinsax iltesanpd tdhe. fHdrexample, 1he suidsullftbdt Feduliset famgiovever ,

it should pe.a eciated that the stud pull tests obtained even ‘"under the
i nt er phase™®; gIp ‘ﬁ ﬁ(é)f@c)lr}d?’?ﬁ bAKsywhich Wplﬂ%shegnlilm ligher thanithe hrsjectétbsiud pull

respective Id | | at_t S k. val ye.. For, e le, the
stug pul | ?@g{sqy%sgﬁm F g’?tiééa%cjesb Vimome o ailg%fsmf.@fi\ﬁé@gfl%oﬁgﬂp whi ch
woul d be much higher than the projected stud pull of less than 0.5 Ksi for

the correspondi ng nanosilica dielectric filmhaving a k of 2.1.
Furt her norﬁ}“he&m@xf%reﬁ%ﬁnmtalé:@nwnﬁrmoe the tasttshmples 8 pepared ebows tipr epar ed

above, 4 hey; dicel e e fj. re deposited on the. .substrate over a
t her mat]IOt oxclhglléarlgyer : &%%r(%gaél{)egs Oﬁwﬁ% F%sﬁgﬁtqvﬁbaf}ﬁémgli PieRYSRatosmed By ai r . For
actual  pr ogimplyheatingf the Biliegs Ve irfaif. CPéd Rtualpfoduction of integrated circuits, art-

known chemical vapor deposition ("CVD") materials are preferably employed, such as,

€.2., plasma enhanced CVD tetraethoxysilane oxide ("PETEOS") or silane oxide and

combinations thereof, to form the layer between the wafer and the applied nanoporous
15 dielectric film. With these alternative materials, the adhesion between the oxide layer of
the wafer and the nanoporous film is significantly enhanced.

Conclusion

Porous methylsiloxane films were produced by heating a thermally degradable component
of a methylsiloxane precursor/polyethylene oxide blend, leaving behind a foam structure
20  with the methylsiloxane as the skeleton. A conventional, art known coater and furnace
were used for the processing. In this example, dielectric constants ranging from 2.8 to
2.0 were achieved by adjusting the amount of thermally degradable component in the
polymer blend. When methylsiloxane 512B was employed, the as-spun film, containing
50 wt% polyethylene oxide, produced a k value of about 2.1. Films with a k lower than
25 2.1 can be prepared by increasing the amount of polyethylene oxide at expense of further
decreasing the mechanical strength of the film. Of course, the above-described stud pull
test confirms that the nanoporous films produced by the process is internally cohesive, at
least in the tested ranges of PEO weight percentages. In conclusion, the foregoing
examples demonstrate that polyethylene oxide is an excellent thermally labile, thermally
30  degradable component for making low-k methylsiloxane spin-on dielectrics.
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EXAMPLE 8
Preparation of Polyhydridosilsesquioxane

160 gm of triethoxysilane was mixed with 800 gm acetone. 11.7 gm of water and 14.6
25 gm of 0.02N nitric acid were added to the triethoxysilane/water solution. The final
solution was stored at 22°C for 10 days.

After a 10-day reaction at 22°C, the by-product ethanol was vacuum distilled off at
temperature between 22 and 25°C while ethyl acetate was continuously adding to the
30 solution to replace the leaving ethanol. After distillation, n-butyl acetate was added to
adjust the final composition to be 10 wt% PHSQ resin, 63 wt% ethyl acetate, and 27
wt% n-butyl acetate. This is the PHSQ solution. These proportions are equivalent to
70 wt% ethyl acetate and 30 wt% n-butyl acetate, if the 10% PHSQ resin is omitted.
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materials. 15 20 Processing steps include dissolving appropriate quantities
of, e#e R, a PPOinto, e.g., a PHSQ solution, then casting the m xture
onto a subsé/ERsL by a suitable nmethod, such as spinni ng, péetygsédepi4baki ng
and optionally curing the spun filmat a tenperature range and for a time
period or periods appropriate for tmcg gd PHSQ material . EXAVPLE 8
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proportions are equivalent to 70 wt% ethyl acetate and 30 wt % n- butyl

acetate, i Polynwopylens pridewias dissolved iprthyl ecktate 8t RO diffeBars pérdears! §)900150214
EXAMPLE 9 Pr e .Lion of, the. S utions 1. Base
Matrix Mat @f@?é’ Wwﬂsﬂﬁ ?@?@ﬁg%ww&h@% le‘ﬂgi’ g‘g& QJution 38, anpl e 8
was di §($0IB aﬂeanﬁrgxwlggoﬁ,aﬁ)g(q /wiaatigt € and butyl acetate in a ratio
of 70:30, by weight was used . corrposabl e Conponent s Pol ypr opyl ene

oxi de was dissol ved in ethyl acet ate at four different percents: 5, 10, 15,

and 20% ( wilhmge)polyphepyRR©oxide polyntess wahfmdlém!lhrm@(gds vf 435, 1060 BdSDwo! uti on
as 10 prepared jn Exanple 8, in_a 50:50 (wv/w) ratio. Thr ee pol ypropyl ene
oxi de pol yﬁeéP%"thb’hWﬁ’iﬁl‘@E‘blTé}e m&m@wﬂelﬁfoxzdzswasm@glvam gbplgcetateespect i vel v,

were used. The pol ypropyl ene oxi de was di ssolved in ethyl acetate. 15 3.
Corrposigl o @‘0 the asspun jsi | nbol s designated to descri be the coating
sol uti ons = t he PPO) -

Symbols designated to describe the coating solutions are (base matrix)-(MW of the PPO)-

(wt. % of PPO). For example, PHSQ-1000-33.3 represents 33.3 wt. % of polypropylene

oxide of molecular weight 1000 and 66.7% PHSQ in the as-spun film. The following six

samples were prepared:
20 PHSQ (control)

PHSQ - 425-50%
PHSQ - 425-66.6%
PHSQ - 1000-33.3%
PHSQ - 1000-50%

25 PHSQ - 1000-60%
PHSQ - 4000- 50%
PHSQ - 1000-66.60%

4. Spin and Bake/Cure Cycles

30  Samples were spun at 3000 rpm for 20 seconds, baked at 80°C/150°C/200°C for 60

seconds and cured at 400°C for 30 minutes in flowing nitrogen.

5. Refractive Index and Dielectric Constant

Refractive index and film thickness was measured by a Woolam elipsometer and dielectric

35  constant was calculated from the capacitance using a Hewlett-Packard LCR meter (Model
HP4275A). The PPO%, and the measured thickness, refractive index and dielectric
constants of the cured films are listed in the following table.
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6. Discussion & Conclusion

It can be appreciated from the data presented by Table 2, above, that when the PPO

molecular weights are 1000 and 4000, the refractive index ("R.1.") and dielectric constant
5 ("k") of the produced PHSQ films decrease proportionately as the amount of the PPO in
the initial composition is increased. Thus, a porous film with dielectric constant around

2.0 can be obtained at 66 weight percent of PPO in the solid of the as-spun film.

It should also be noted that the refractive index measurements for the PPO 425 series are
10  about 0.1 higher than the measurements obtained from similar loading with higher
molecular weight PPO. This increase corresponds to an increase of 0.5 in the measured
higher dielectric constant. This can be attributed to the partial physical evaporation of
volatile species in the low molecular weight PPO during baking steps, resulting in actually
less degradable component in the post-bake films.

15
Based on the same principle, it will be appreciated that films with a dielectric constant of

less than 2.0 can readily be obtained by incorporating a higher loading of the
decomposable polymer. This approach can also be applied to other low k silsesquioxane
films with a general structure of R SiO;, where R can be chosen independently from

20  hydrogen or alkyl or mixture of both.
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Thi s appr Gachheday diglegrippangppraus dilmof glairad hawingla di¢lecire censtavhrangingiframs wi t h

a general structure of Si 03/ 2 where R can be chosen independently from 20
hydroggn (?io%ﬁikﬁé ag)f’utr%'gture of both. 30 WD 00/61834 PCTI USOQ 10214 WHAT | S

CLAIMED 1S: 1. A low dielectric nanoporous filmconprising a spin-on-glass
material, 3sarke bW ditléame AghopbRRR kb @A eRad 1 having RIreffsive GUIR raripiipdfréie st eps

of
about 1.15 to about 1.40.

4. The low dielectric nanoporous film of claim 1 produced from a spin-on glass base
material of Formula I:

15 [(Si02)x - (R;SiOy 5)y - (R2R3Si0), ] Formula I
wherein X, y, z and n are positive integers of independent values, R;, R; and R; are
independently H or organic, and at least one of R, R, and Rsis H; and

1>x>0;1>y>0;1>2z>0, provided that x+y+z is 1.0.

5. The low dielectric nanoporous film of claim 4 wherein the organic moiety is a C;.Cs
20  alkyl, and n ranges from about 100 to about 800.

6. The low dielectric nanoporous film of claim 1 produced from a hydrogensiloxane spin-
on glass base material of Formula II
[(HSiO1 5)@Owln Formula Il ;
wherein (a) ranges from about 6 to about 20, (b) ranges from about 1 to about 3, (c)
25  ranges from about 6 to about 20, and n ranges from 1 to about 4,000.

7. The low dielectric nanoporous film of claim 1 produced from a hydroorganosiloxane

spin-on glass base material of Formula II1

[(HSIO] _5)(a)0(b)(RSiO1 . 5)(c)]n Formula I11
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f t fil
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Formula Il [(HSIOL.5)(a)Qb)]Jn Formula Il ; wherein (a) ranges from about
6 to abou9. T8¢ lgvbiclcarpamndparousfimudf daitrol plodutedfrorhah alkYsiloxangssin-onom
about 6 to about 20, and n ranges from1l to, about 4,00Q0. 7., The | ow

di el ect ri elashtsp Bpisal ﬁlqcFﬁdoffOTE the group geusisting @f hydsagepsisraquio¥agsnosi | oxane

spi n- 5)(a)qb) (RS OL.5)(c)]n
Formul a |Wﬁ%&@%ﬁaﬁé{s@g@kﬂgP@B%g&}ﬁgﬁé‘?%%(a) ranges from about 6
to about Rfirogdnpré@iMlesqhivRaneahylibgehbuylsibsytiodane( bydroganges from about 6
to about 20, and n ranglms from1l to about 4,000, and when n>1, each R s
i ndependep¥ $4squipxang cnphc QUig¥ape, ¢ 1808 UCEI0ECt ri C

hetylsil drggenphenyisilics . argl comhinatigns eriod

nanoporous filmof claim1 produced froman al kyl sil oxane spin-on 5 gl ass

base mat e alys &Gkl RbIEuPERI S GARAST Hlodliddodydr 0genmet hyl si | oxane,
polyhydridosilsesquioxane spin-on glass base material of Formula IV
15 (HSIOg,/z)n Formula IV

wherein n is an integer ranging from about 10 to about 4,000.

11. The low dielectric nanoporous film of claim 1 wherein the thermally degradable
polymer ranges in molecular weight from about 200 to about 2,000,000 Daltons.

12. The low dielectric nanoporous film of claim 11 wherein the thermally degradable
20  polymer ranges in molecular weight from about 1,000 to about 30,000 Daltons.

13. The low dielectric nanoporous film of claim 1 wherein the compatible solvent is a
nonpolar solvent, and the thermally degradable polymer is soluble in the nonpolar solvent

and miscible with the spin-on-glass material.

14. The low dielectric nanoporous film of claim 13 wherein the thermally degradable
25  polymer is selected from the group consisting of polyalkylene oxide, aliphatic polyester,
acrylic polymer, acetal polymer, and combinations thereof.
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PCT/ USRO/ . | ow di el ectric nanoporous fil m of clai m 13 wherein
t he tﬁgr rrajd?ﬁ?ﬁ%‘dégtrhgﬁﬁ e polymer is selected fromthe group consisting of

pol y(caprol atactone), poly(valeractone), poly(nethyl nethacrylate), poly
(vi nyl but yieaThe low6dielEtteic nanopebiredscfiiitr o fclavanidpwhareis tiie hanpofar sdlagnhisi4 wher ei n

th | yal kyl id 5 4 C t bout .C6 al kyl.. 17, The |
R R A A e ot K
pol yner i -@atﬁ%kﬁewa%eeéh@,f}ﬁ?tgg# 1 kéfone, Héth 1%(;%33 kBfoht hfid BHBRMGNS fil m of
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C, to C6 ahdsgdf, a C5 to Cl2 aryl and conbi nati ons and

15 20. The low dielectric nanoporous film of claim 1 wherein the compatible solvent is a
polar solvent, and the thermally degradable polymer is soluble in the polar solvent and

miscible with the spin-on-glass material.

21. The low dielectric nanoporous film of claim 1 wherein the spin-on glass comprises a
silicon-based polymer comprising a subunit selected from the group consisting of, SiOs;
20  Q;Si0; ; Q2Q;Si0,; and Q4Q;5Q6SiO and combinations thereof, wherein Q;, Q2, Q3 Q4 Qs

and Qg are independently organic.

22. The low dielectric nanoporous film of claim 19 wherein when any of Q1, Q2, Q3, Q4,
Q5 and Q6 is organic, the organic moiety is a C1-6 alkyl.

23. The low dielectric nanoporous film of claim 4 wherein the spin-on-glass base material

25  comprises an SiO2 moiety, and x is 1.

24. The low dielectric nanoporous film of claim 4 wherein the spin-on-glass base material

comprises a polymethylsilsesquioxane, and y is 1 and R is methyl.
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10 derivatives thereof. 19. The |ow di el ectric nanoporous filmof claim13
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met hyl . 3% %’5%%%4 PCTI USOQ 10214 25. The low dielectric filmcoating
of claim4 wherein the spin-on-glass base material conprises at |east one
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Formula |, wherein x, y and z are all greater than zero, and Rl, R2 and R3
are t hy .. The low dielectrig napgporgous filmof claim?20 wherein the
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30. The low dielectric nanoporous film of claim 20 wherein the polar solvent is selected

from the group consisting of water, alcohol, ketones and mixtures thereof.

15 31. The low dielectric nanoporous film of claim 1 wherein the heating of step (c)
comprises a baking step and a curing step.

32. The low dielectric nanoporous film of claim 30 wherein the baking step comprises a
plurality of heating steps, ranging in temperature from about 60°C to about 350°C, and

each heating step is for a time period ranging from about 0.5 to about 10 minutes.

20  33. The low dielectric nanoporous film of claim 30 wherein the baking comprises a first
heating step of about 800C, a second heating step of about 1500C, and a third heating
step of about 2000C, each heating step being applied for a duration of about 1 minutes at

each respective temperature.

34. The low dielectric nanoporous film of claim 1 wherein the substrate comprises a
25  semiconductor material selected from the group consisting of gallium arsenide, silicon,

and mixtures thereof.
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fromthe group consisting of water, alcohol, ketones and m xtures thereof.
15 31. The low dielectric nanoporous filmof claim1l wherein the heating of

step (Clwoe@EiRsd ses a baking step and a curing step. 32. FdpEubswogisel ectric
nanoporous filmof claim 30 wherein the baking step conprises a plurality

of heatingess r@anglng. | ture. f rom.about, 6QC to about 350C, and
each heat ?%’g@@Z%Widga%ﬁ%gpﬁggﬁsggc@%gl Wdiefe%fhezfg’gﬁ? n@? ¥ about 10
mnutes. gdected frdkiehd @ouficehsigtingiof cRARMRR sH¢sn plyHilRbn CArddrpha®s sildnei n the
baki ng conprises a first heating step of about 800C, a second heating step
of about emBeE! siliepn, and silican diexidé.ng step of about 2000C, each heating step
being applied for a duration of about 1 mnutes at each respective

t enper at uge. 34 i LC NAano us filmof claim11 wherein the
subst rat o> Goh louL B8t bRl i PEIRREHEWBerpinafft St PR or oup
consi s§ i ngurgce % applicd b ehérieal vapbi EpositioR Béledit K bt te gﬂﬁ?%hsis&fg oo

00/ 61834 PCTI USOO 10214 35. The |ow dielectric nanoporous filmof claim 34
wher ei n t hlaswa pahapeedriateaethoKysilane, sdansecrdde dndmembinatignothpreobnsi sti ng of

crystalline silicon, polysilicon, anorphous silicon, epitaxial silicon,

and silic I oxi de. -The | ow di.electri,c nanoporous filmof claim 34
wher ei n tgg ‘gﬁgl)sé?grq %F %ég%uﬁtp o:':fnspergsmg qg?eéaaf?rgclgwl cﬁé}%‘&“ﬁ[}ﬁmp(%mﬁﬁ@ﬂgﬁf%l vapor
deposition, sel ected fromthe group consisting of plasma enhanced

t etraet hoxysil ane, silane oxide and conbi nations thereof. 37. An integrated
circuit conprising at |east one |ow dielectric nanoporous filmof claim 1.
38. A net RddAdnethpd afiprodyciag pdaw dieldctria ndnoporeus fibm on e stibstrateepmprisiigst r at e
corrpr'!)ii n&gsé) t?e steps of (a) preparing a mxture of at |east one

spi n-on-glas Meterial with a suitable thermally degradabl e pol yner

sol ubl e i (m)aprepammitd Rixurs Vr¥eRhst oﬁbk¥iﬂ%|-gdhd%9nét%l With! Au@aBiE (RrRRI @) onto

a substrate to produce a coated substrate, (c) heating the coated 'substrate
of step (B¥gradableapalymer sotublein astompatiblesolyentenper at ures 15 effecti ve

roduce t desi.red | ow di electric nanogorous fil 35
P I&% appﬁymg Hme mixture 0 setep Ea) onto a substrate to prO({IT}ce a coated substrate,
(c) heating the coated substrate of step (b) for a time and at one or more temperatures

15 effective produce the desired low dielectric nanoporous film.
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