1 5 APR 2204 WD 01129847 PCT(US00128701 | NFI LTRATED NANOPCROUS M‘}‘T’Eﬁa’%ﬁ
AND METHODS OF PRODUCI NG SAME Field of The Invention The field of 'the' "
i nvention is nanoporous materials. 5 Background As the size of functional

el ement s i“wb@hﬁﬂkﬁted circuits decreases, conplexity angerussrso
i nterconnectivity increases. To accommodate the grow ng denang o?

i nterconnections in nodem integrated circuits, on-chip interconnections
have been devel oped. Such interconnections generally consist of multiple

| ayers of metallic condUBFRATERNANGRRHOYS MAZE ¥ielectric 10
constant material. The diEeTHOBPOFPREDIGING'SAVIRt Erial has a very

i nportant influence on the performance of an Integrated circuit.
Materials_having | ow dielectric constants (i.e_, below 2.5) are desirable
because tE@@h&ﬂgéﬂﬂiégﬁbr signal velocity and shorter cycle tines- In
general, low dielectric constant materials reduce capacitive effects in

i ntegrated ci rmauiftls of M irykntfon &qiasapbioys mhteddds to | ess cross tal k between
conductor lines, and allows for |ower voltages to drive integrated 15

CIFCUI%S.B}Q§hﬂh§|ECtFIC constant materials can be characteri zed as

pr edoni na rgani c or organic. Inorganic oxides often have
dielectric constants between 2.5 and 4, which tends to becone problematic
when devi ce f duttirsiss of Amptpoalgloacal opicaited eratedesiraie spmplpgly @pd) zm

Organi ¢ RakdRESviyIfddde RPRXIMNELWARKSowiRY Aahe ofBiRbndeBSdnd & modem
pol yaryl ene ethers, and polyirnides. 20 Epoxy networks frequently show

di sadvant alFesied Cieus gR-HPAMEE PP LICRTIYE BSR Qe‘él"l’%@ﬂﬂh infergonneciions  ~ cyanat e

ester res %eai%mmﬁe/o%siwf Al R 1%y chs @Bl 861dhd 6r IFRNGHIRAE ibeloWaRdectric
appr oxi mat e

y 2.5 - 3.7, but tend to be rather brittle, thereby limtin
t hei r 18t | $9nEgnt mpisrigh; %a@éc%oamm?héﬂﬂé“&ﬁ FPéFé’?U’H‘&B‘E‘a“‘s‘ %H“"‘rfér‘. )
advant agepdiemimePeNhiitegritatdiidcit. Madiialy hadifelbwalclesiiabodsiahiy (1. dslew af5)
processin%% Iow$ stresi? “gw ieIecHric.conitant aqd.higglresiﬁﬁance, and
such pol yfefeiraylebeepise ey piovy MR sBAt! Vool AL Sy e R S5 VE S 18w
di el ect ri gicle@nstatthnt Podtdriar rQucdhpitivesfre in inkgetel eirowts, phtficemptiydesi r abl e
dielectrigcs, should al e free from noist.ure nd out - gassin r ohl ens,
nave: st t SBisaS ouR R b Rrb R Py P o e b B e BisRS

15  circuits.

Low diclectric constant materials can be characterized as predominantly inorganic or
organic. Inorganic oxides often have dielectric constants between 2.5 and 4, which tends te
become problematic when device features in integrated circuits are smaller than 1 um. Organic
polymers include epoxy networks, cyanate ester resins, polyarylene ethers, and polyimides.

20  Epoxy networks frequently show disadvantageously high diclectric constants at about 3.8 - 4.5.
Cyanate ester resins have relatively low dielectric constants between approximately 2.5 - 3.7, but
tend to be rather brittle, thereby limiting their utility. Polyimides and polyarylene ethers, have
shown many advantageous properties inciuding high thermal stability, ease of processing, low
stress, low diclectric constant and high resistance, and such polymers are therefore frequently

25  used as alternativ= low dielectric constant polymers.

With respect to other properties, desirable dielectrics should also be free from moisture
and out-gassing problems, have sutable adhesive and gap-filling qualities, and have suitable

dimensional stability towards thermal cycling, etching, and CMP processes (1.¢., chemical,
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thermolabile portions. However, many difficulties are encountered utilizing mixtures of
thermostable and thermolabile polymers. For example, in some cases distribution and pore s1z¢
20  of the nanovoids is difficult to control. In addition, the temperature difference between thermal
decomposition of the thermolabile group and the glags transition temperature (Tg) of the
dielectric is relatively low. Still further, an increase in the concentration of thermolabile portions

in a dielectric generally results in a decrease in mechanical stability.

In yet another approach, a polymer is formed from a first solution in the presence of
25  microdroplets of a second solution, where the second solution is essentially immiscible with the
first solution. During polymerization, microdroplets are entrapped in the forming polymeric
matrix. After polymerization, the microdroplets of the second solution are evaporated by heating
the polymer to a temperature above the boiling point of the second solution, thereby leaving

nanovoids in the polymer. However, generating nanovoids by evaporation of microdroplets
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tends to cause the porous materials to be weak and in some cases to collapse. Collapse can be
prevented to some degree by adding crosshinking additives that couple thermostable portions
20  with other thermostable portions, thereby producing a more rigid network. However, the porous
material, even after cross-linking, can lose mechanical strength as the porosity increases, and the

material will be unable to survive during integration of the dielectric film to a circuit.

Therefore, there is a need to provide methods and compositions to produce nanoporous
low dielectric materials that combine the maximum allowable porosity with the maximum

25  allowable durability and film strength,

Summarv of the Invention

In accordance with the present invention, a low dielectric constant structural layer 1s

produced having increased mechanical sirength and having a plurality of voids that comprises a
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mat eri al s. Detal Descripti n Figure 1, described in greater detail
bel ow, a | esreogentst ack 100 i ncl udes a substrate |ayer 110, a structural
| ayer 120, and an infiltrating |ayer 130 juxtapositioned on the structural

20 layer 1BGefD&EristdnWEihBawingyer 120 in a | ayered stack 100 before
infiltration includes voids 125

Fig. 1 shows a cross-sectional view of a preferred embodiment.

15 Fig. 2 shows a flowchart of a preferred method for producing infiltrated nanoperous

materials.

Detailed Description

In Figure 1, described in greater detail below, a layered stack 100 includes a substrate
layer 110, a structural layer 120, and an infiltrating layer 130 juxtapositioned on the structural

20  layer 120. The structural layer 120 in a layered stack 100 before infiltration includes voids 123
and a support material 128. The structural layer 120 in the layered stack 100 after infiltration

inciudes voids 125, the support material 128 and the reinforcing component 138.

In Figure 2, described in greater detail below, a preferred method of producing infiltrated
nanoporous materials comprises depositing a structural Jayer 10; providing an infiltrating
25  material with a volatile component and a reinforcing component 20; introducing infiltrating

material into the structural layer 30; and treating the infiltrating material 40.
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As used herein, the phrase “dielectric constant” means a diclectric constant of 1 MHz to 2

20 GHz, unless otherwise inconsistent with context. It is contemplated that the value of the
dielectric constant of structural layer 120 is less than 3.0. In a preferred embodiment, the value
of the dielectric constant is less than 2.5. In a more preferred embodiment, the value of the

dielectric constant is less than 2.0.

As used herein, the word “void” means a volume in which mass is replaced with a gas.
25  The composition of the gas is generally not critical, and appropriate gases include relatively pure
gases and mixtures thereof, including air. It is contemplated that the structural layer 120 may
comprise a plurality of voids 125. Voids 125 may have any suitable shape. Voids 125 are
typically spherical, but may alternatively or additionally have tubular, lamellar, discoidal, or

other shapes. It is also contemplated that voids 125 may have any appropriate diameter. Itis
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preferred enbodi nent, the value of the dielectric constant is Ieﬁibtggn
2.5. In a nore preferred enbodi nent, the value of the dielectric ASEY dlt
is less than 2.0. As used herein, the word "void" nmeans a volune in which
mass is reff@¥E@d%4%ith a gas_ 25 The conposition of the BEEUSM2¢8heral |y
not critical, and appropriate gases include relatively pure gases and

m xtures thereof, including air. It is contenplated that the structural

| ayer bI120 ﬁﬁﬂyr coﬁ?}mﬁutesaazagvahmahwe)eomé cdﬁﬁédﬁﬁnslﬁlﬁm a}d}é@ile)rdsmaeﬁzsrflaymmaye an?/
sui tabl e sha oi ds . are ca erica ut _ma aternatlvey
or additi Blﬁ‘éﬂ%‘}’?/w}ﬁlé%’g?’ FRA 4poung ‘gﬁE’PﬂeQFJ gfdPE%P&faiﬂt)’ cB‘?pre’E‘ifrﬁ%‘?m A, |t s
al so cont eajal H5adve habanvddingtSer b2Bssiy: 1hRvenRIRY. Iaﬁiib”r@ﬂ%ﬂeﬁ&cﬁcnd:lodﬁﬁ%h@r It is
51 5 APN 2 01/ 29847 PCT 28701 further ated that voids
225 have SO RO TR . BB Iy g 28} s L S
W n% hda ssi @mbémmam vEIaP Tt hatd 2 eSSt o0Ess IRAGD 1 ar@ﬁfe&ﬁhUMs further ef er r ed
enbodi nent s, i 125 e mean di anet er ess than 1 mcr met er .
more pref &P Hﬂ%ﬁ."ﬁﬁiﬁég ma -%Eforfgbst’fﬁal%ﬁ@”&y %@sﬁeiw the strgggurp! @fgfthan
100 nanonet®ris.a pfulehed @mbbdiinknt Bt 1p5 £ &rlhfoexdl}&h@&’@@ﬂmﬂﬁnﬂhs stré@irdl Saydr25 have
a nean di ter of less than 10 nanoneters. It is further contenplated

that voids“125 may be uniformy or randomy dispersed within the
structural layer 120 In a [Bref erred enbodi nent, voids 125 are unjformy

di spersed wi t hit i REmElRled el the sructygab jayer 3¢ can be dprosiied, Mo ASHRATAK 1RRYI Ot he

st ructier alby bayfitatieRcGad @%td}%mlnﬁ&ﬁdﬂmélﬁd%pﬁﬂﬁéTtHc%'&@cnkrﬁiM%Fcr 1Qntol0 by
any suitabl e nmpl at ed rre hods i ncl ude, spinning .the structural

th d.
| ayer 120‘16’rﬂ‘ g ayghﬁ@ ﬁtﬂé thegipusturpl layst ZP&FiolﬂilrgWPWé‘c YeutCudiprng Brer 120
onL o the aumo;rl ﬁia&l)% 1 yeto tﬁéﬁbstﬁreumm@ &rrpeumsglttﬁmﬁxunﬁl1ay@ymo:ﬁaﬁieont0 t he
substrate | ayer ctura
subst 1 at o PR e 0 Tn b Rbabr St OB HHe0 SEIEORLIT T AYE: 120
is rolled smfstrapwyeﬂnt)dtishanemmhatthatﬂe stragrasl 13560120l dan bSda;:os‘nﬁeenmlat ed that
t he struct ur ted.i n
shaped de osﬂy SIZ’I‘::s d Oé%ﬁfsgﬁ%ﬁﬁm%m&pekbtg%% ¥Séth°§s ar é EI n- | ell?fj‘cflype
deposits ((:&nikn)mm)wevbrowhveibposmbﬁsenclmpmhmk fibm& 1 mo),wod stargl-dldrieclkpdsitd amg (7 1
nmm, or staﬁggaﬁglgﬁﬁeaj_eposi ts are also contenplated.

It is contemplated that the substrate layer 110 may comprise any desirable substantially
solid material. Particularly desirable substrate Jayers would comprise films, glass, plastic, coated
20 metal, or composite material. In preferred embodiments, the substrate layer 110 compnises a
silicon wafer or germanium arsenide. In more preferred embodiments, the substrate layer 110

comprises a silicon wafer.

The structural materials described herein are similar in some respects to that which is
described in U.S. Pat. No. 5,874,516 to Burgoyne et al. (Feb. 1999), incorporated herein by
25  reference, and may be used in substantially the same manner as set forth in that patent. For
example, it is contemplated that structural matenals described herein may be employed in
fabricating integrated circuits compnsing components such as electronic chips, chips, and
multichip modules, interlayer dielectrics, protective coatings, and substrate layers. Moreover,
films or coatings of the structural materials described herein can be formed by solution

30  techniques such as spraying, spin coating or casting, with spin coating being preferred. Preferred
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can al so be used. Such pronoters are typified by hexanethyi disil azane,
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polar and non-polar compounds. In preferred embodiments, the volatile component 136
comprises water, ethanol, propanal, acetone, ethylene oxide, benzene, toluene, ethers,

20  cyclohexanone and anisole. In more preferred embodiments, the volatile component 136
comprises anisole, toluene, cyclohexanone, ethers and acetone. In even more preferred
embodiments, the volatile component 136 comprises cyclohexanone and anisole. As used
herein, the term “pure” means that component that has a constant composition. For example,
pure water is composed solely of H,O. As used herein, the term “mixture” means that

25  component that is not pure, inciuding salt water. As used herein, the term “polar” means that
charactenstic of 2 molecule or compound that oreates an unequal sharge distribution at ¢ne point
of or along the molecule or compound. As used herein, the term “non-polar” means that
characteristic of a molecule or compound that creates an equal charge distribution at one point of

or along the molecule or compound.



It is contenplated that the infiltrating material 132 may conprise a

vol atile conponent 15 136 and a reinforcing conponent 138. The Vol ARR Ii&
conponent 136 nay conprise any suitable pure or mxture of organic,
organonetal lic or inorganic nolecules that are volatilized_at a_desired
t enper at ur eYOPY@¥bl ati | e conponent 136 may al so conpri s& AN %S abl e
pure or m xture of polar and non-polar conpounds. In preferred
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mor e than 8&ogenated groups. Furthermore, appropriate polymers may have many configurations,

including a homopolymer, and a heteropolymer. Moreover, altemative polymers may have

20  various forms, such as linear, branched, super-branched, or three-dimensional. The molecular

weight of contemplated polymers spans a wide range, typically between 400 Dalton and 400000

Dalton or more. In a preferred embodiment, the reinforcing component 138 comprises organic

molecules or polymers. In a most preferred embodiment, the reinforcing component 138

comprises a high temperature stable polymer, including poly(arylene ether), phenolic resins,

25  polyimides, and thermoset aromatics.

It is further contemplated that the reinforcing component 138 may additionally or
alternately comprise monomers. As used herein, the term “monomer” refers to any chemical
compound that is capable of forming a covalent bond with itself or a chemically different
compound in a repetitive manner. The repetitive bond formation between monomers may lead to

30 alinear, branched, super-branched, or three-dimensional product. Furthermore, monomers may



w. %of the infiltrating material 132. The reinforcing conponent 138 nmay
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partially-inorganic materials, provided that such materials can be dissolved at least in partin a

solvent that does not dissolve the support material 128. For example, appropriate organic

, 20  materials are polystyrene, and polyvinyl chloride. Contemplated organometallic materials are, for
example, octamethyleyclotetrasiloxane, Contemplated inorganic materials are, for example,
KNO,.

It is conternplated that the mfiltrating material 132 can be introduced 1nto at least some of
the plurality of voids 125 found in the structural layer 12{ by any suitable method. Itis
25  contemplated that suitable methods of introducing the infiltrating material 132 onto the structural
layer 128 include spinming the infittrating matenal 132 onto the structural tayer 128, ralling the
infiltrating material 132 onio the structural layer 120, and dripping or pouring the infiloating
material 132 ento the structural tayer 129, Itis also contemplated that suitable methods of
mtroducing the infiltrating matenal 132 mto some of voids 125 mclude gravity precipstation,

30 applying force or pressure to the structural layer 1240, or shaking or otherwise moving the



_ trfethyoxysilane. Exanpl es of contenpl ated i norgani ¢ nononers include
tetraet hoxysilane or al um num i sopropoxi de. The nol ecul ar wei ght] 50fpR 7014
nononers nay vary greatly between about 40 Dalton and 20000 Dalton.
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Yy

nononers nmay even hi gher nol ecul ar wei ghts. Mononer i ncl ude
addi tional groups, such as groups used for crosslinking. In further
alternative enbodi ments, nmany silicon-containing materials other than
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met hod. |t TW£5 conteggéﬂgﬁ t hat sui tabl e nmethods of introducing the

infiltrat N?ng" {Ermay)itsq! 8 b iop SHetags fithe strganal 1ayen 130 JF8 K0 spi nni ng
the infil toomempigtcdBiatthé aakloxiazhmlametcbmp@kﬁmﬁ W'thd relrdteing dadfhoné@h3g nc the

infiltratin naterl 2 onto the str tur | 20, and dri ppi ng or
pour | ng-t B rerare e paedianl seseatit e et ey atss T deo: et | s

al so oontamnhapadtmhahrﬁumﬁabhﬁyEﬁkﬁ@dﬂuﬂmgnmmhqumC|ng the infiltrating
material 132 into sonme of voids 125 include gravity precipitation, 30

ot het vl e novi kg The B el Be IR GKUTSE Blr - KDl ol PRI Ur

| ayer 120.mdtrizh]riefagy pudeble rayoudl peanedure; ineluling hdat andfor prgssweette faralan 132 is
i ntroduced, QRkhg 153%913%%&1' Cinhoiine Rk O%QSMmﬁa'i [aP81198 or R R RAGEBR O

pouring, and the i'nfil tratlnglnaterla
of the structural layer 120 and the surfaces of the vcnds 125 in the structural layer 120. In

preferred embodiments, the volatile component 136 can be removed by heating the infiltrating
20 material 132 or the layered stack 100. In more preferred embodiments, the volatile component
136 is removed by heating the infiltrating material 132 or the layered stack 100 in a gaseous
environment at atmospheric pressure. In other preferred embodiments, the volatile component
136 15 removed by heating the infiltrating material 132 or the layered stack in a gaseous
environment at sub-atmospheric pressure. As used herein, the phrase “sub-atmospheric pressure”
25 meang that pressure that has a value lower than one atmosphere. As used herein, the phrase
“atmaospheric pressure” means that pressure that has a value of 760 atmospheres. As used herein,
the phrase “gaseous environment” means that environment that contains pure gases, including

nitrogen, helium, or argon; or mixed gases, including air.
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. introduced into sonme of voids 125 by gravity precipitation. Any extgs®rof;
the infiltrating material 132 can then be optionally, partially, or
conpletely 5 renoved fromthe structural |ayer 120 by any suitable
renoval app\?&g% 07 methods. It is contenplated that renoval can include
spi nni ng of 2§s infiltrating material 132, or rinsing<6Upi0%WEess
infiltrating material 132 with an appropriate solvent. Suitable solvents
may include cycl ohexanone, anisole, toluene, ether or m xtures of
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It1s contemplated that the mechanical swength of the final layered stack 100 will be

increased substantially from the original mechanical strength of the initial structural layer 120.
20 Asused herein, the phrase “increased substantially” means an increase in the original mechanical

strength of the structural layer 120 of at least 10%. In preferred embodiments, the mechanical

strength of the final layered stack 100 will be increased by at least 100%. In more preferred

embodiments, the mechanical strength of the final layered stack 100 will be increased by at least
300%.

25
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It is contenplated that the | ayered stack 100 can be cured to its final
formbefore or after any excess the infiltrating material 132 is Yeddréi.
fromthe |ayered stack 100. Although in preferred enbodiments the | ayered
stack 100 is cured using heat, many other nmethods are contenpl ated,

i ncl udi ng cHPMPEEd and uncatal yzed net hods. Catal yzed nmBCHO8W28Y i ncl ude
5 general acid- and base catal ysis, radical catalysis, cationic- and

ani oni c catalysis, and photocatalysis. For exanple, a polyneric structure
may be forpmehphy UV-irradiation, addition of radical starters, such as
anmoni unpersul fate, and addition of acid or base. Uncatalyzed nethods

i ncl ude appl i Cﬁtl on ?f pressure, or application of heat at subatnospheric,
at nospheric or - atnospheric pressure. 10 It 'is contenplated that the
mechani cal strength of the original and final structural |ayer can be
determ ned by tensile testing that neasures Young's nodulus, yield
strength, and &lspinpag eolutionrsepthiaing b e Pgtofyaryiane etherad sfo%fro}iduéﬂ’pilhaat @¢flwt ftat t he
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herein, the phrase "increased substantially” nmeans an increase In
ori gi nal r@&%&ﬁpcélsmdﬁy EalgYas "?ﬁd“f"?peusﬁlgralﬁéﬁﬂétﬁaIF“{G&}}-@rPUHE@tﬁma@fﬂﬁu@dst 10%

I'n preferngdraabods. nmatcﬁmd,tchacmgé}am&@mm%&rI%rag;so@n QfedsD1g Juhraﬁlmldkayer ed
stack 100 W|IIf ncre sed %/ Z]?Fleast 100% 1In nore preferred
H‘B”’H% 25¢ ¢f

enbodi ment®& ¢ Eé‘F GHe Pl airgiak  Thg faVersy BRdkdvas CHAKC 100 wi | |
be incr eaaadn;bg/pnedes beasit a 130000 of Bach 1A LeramABRZMat N W ddo2 D &A¥ing was

PCT/ US%OI %ac% 1E>§hermm infiltrated side of the test pieces. Studs, which are metal pins with epoxy
coating on the tip of the pin, were attached to the film of the test piece. The backing plate, test
picce and the stud were then clipped together by a metal clip. This procedure is called the stud
assembly. The assemnbled pieces were cured in an oven at 130°C for 2 hours. After curing the
epoxy, the stud, test piece and backing plate were glued together. The end of the stud was then

20 inserted into the Quad group, Sebastian Five, stud pull tester. Pulling force was applied to the
stub until the assembled piece broke. Maximum strength achieved, in Kpsi, recorded during the
test was taken as the stud pull strength of the film for that ptece. Typically, at least ten pieces
from a specimen are tested. The stud pull strength reported is the mean value of the
measurements, The stud pull test showed a strength of 10,5 Kpsi. The stud pull strength is about

25 (.67 Kpsi. About 2 mL of 4 wt % polyarylene cther solution in cyclohexanone is dispensed onto
the post-eich film described above. Once the polyarylena ether solution has rested on top of the
film for 15 seconds, the layered stack 1s spun at approximately 2000 RPM. After the spinning
step, about 9 mL of cyclohexanone is dispensed onto the film and then a second spin at 2000

RPM is used to rinse off the excess resin in a spin coater operation. The infiltrated and rinsed
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Exanple 1 A spinning solution containing 5 wt /o pol yaryl ene et héf, AR My
Ao colloidal silica, 15 wt % MBK (nethylisobutyl ketone) and 75 wt %
cycl ohexanone can be used to forma low dielectric 5 structural layer on a
silicon wafer that is approximately 8000 Angstrons in thickness and in the
formof a MY Re filmcan then be baked at 150/ 200/ 25U ¥BP*¥ Vi nut e
each and cured at 400C for 60 mnutes in nitrogen. The post-cure film can
be etched with BOE 50:1 solution for 13 minutes to renove the silica.

Aft er et chiyagd sta®89therd bakbdorshdt pla@s st 50/2005350e0 foaott hingte pRdto Riehe thti IMis a

porous pol yaryl ene et her.. The f.ractiyve index.o ost-etc f|Im|s
bout 1" 4T T ok e o8 g6 A Bri b S s TRogIvs

di el ectri mmgm&it ot cueéd 4 hen's fc{;lwhblrlilﬁds Irayseﬁoumng &b@cﬂﬁna%n%the%fﬂ?d‘di pul IOI
test was conducte a. Sebast.l an F| teste uf acture

by Quad grSHp OHHd “#ﬁfﬁ&gﬂ* Agr P gtiey %ﬂ?%%@éﬁéé‘* o] Urssere o
dense, 51- m"the om0 firh biglporek.aVier diddciril dandtnuaf theinfilrates tuyérane 20 withe retatiset ur al
materi al . . The e nt o iec of ab alcm
x | cm eadifeX Q %93 ﬁ%ﬁ%‘bg’%ﬁe@s ?f%g J\WSFW“%QVP @?ﬁ“ﬁﬁ%&“i@’ (ggk'léched to
t he non- i sldweti fiat were Siaclso @filtatig hesbn pp 6CAS sinbiutkd fayetwhi ch are nmetal pins
W th epoxy coating on the tip of the pin, were attached to the film of
the test piece. The backing plate, test piece and the stud were then
clipped together by a netal clip. This procedure is called the stud
assenbly. The Examm? ed pi eces were cured in an oven at 130C for 2 hours.
After curing the epoxy, the stud, test piece and backing plate were gl ued

together. The end of the stud was then 20 inserted into the Quad group,

Sebastlioan Fi veA sghitk glition fneamﬁwaﬁuhdelﬂmgatﬁeﬁdaemmsmg)mmgéthwnddme stub
until the roke. st rengt G
recor ded &aﬁ’%ﬁg&?ﬁ%’“&{%@? c?f&%”@‘(“ﬁll%ﬁ“@é {Fﬂ’éangfcﬁ% %u A’gﬁ &Pﬁn i the film
for that propael, 1¥yplicakloys, a:a;tlolxﬂazsmt'eleﬂ‘hpnemrs waf hamd & abpexoﬁ()fmm are

mean ,va

tested. The glel ort t he u

reacor erapeelfe fifieln it SO RfIBROEE Bt BEAIBAN AP ecllent WFebine. (1 g
pul | streRgglhnd @npbang 32&% 263?011(}1131 15 vABo uthardl, B0 wo s abetwie, 9600wt & whtene

et her .sol i I i etch film
Goaer i Bou Ve Alied BV Hs QP EANNCo RO RERE CFhedhfing IR Fl || O
the fil ms¢1@tn0n1§hsmoluvm of wyvetrr@dlug'orams fispegysd un@theapispoxifived el y 2000
RPM  Af t er, P%eé S04 Tre CRult dﬁ%ﬂﬁw%tﬁ%b%edq HoaReyerang 2 4o5c fi sensed

onto the fs?l thel a secon 000 PM 1’s use torlnse off the
excess r et gpcly %qbweﬁwl;eaa%de \bqﬁéialaplptelm Jermgyed jnihg hake proesss, dauing bagdd 12

only the porous siloxane matrix. FTIR confirms the absence of polyethylene oxide in the post
20  bake film. The dielectric constant of the structural Jayer is about 2.0, and the stud pull strength is
about 0.6 Kpsi. A 4 wt % polyarylene ether solution in cyclohexanone was used to infiltrate the
porous siloxane film. 2 ml of the 4 wt % polyarylene ether solution was dispensed onto the
porous film, followed by 5 seconds of spread at S00 RPM, 30-60 seconds sitting at 0 rpm for 30
seconds of infiltration, and 60 seconds of spinning at 2000 RPM. The resulting film was then
25  baked 1o 150°C, 200°C and 250°C for one minwte each and ¢wured at 400°C for 1 hour in flowing
nitrogen. The film thickness was measured by scanning clectron microscopy (SEM). The
infiltrated samples showed an additional Jayer on top of the porous structures. This top layer is
solid polyarylene ether as confirmed from the refractive index of 1.67. A stud pull test gave a
film strength of 8 Kpsi. Thickness of the top layer was about 300 A. Infiltration of the porous

13



. 15 APR 1UUW4 WO 01/29847 PCT1USO0/ 28703 | ayered stack is then baked on hot
pl ates at 15012001250C for one m nute each to renove the cycl o 3%5%%

thus forming the final infiltrated |low dielectric structural |ay s
infiltrated material is then cured at 400C for 60 m nutes. Tests
following tR8%W&BHati on of the infiltrated |ayer showedPEREEEAl materi al
has a uniformdistribution of 12-16 run pores w thout the existence 5 of
the >20 rimbig pores. The dielectric constant of the infiltrated |ayer
was 2. 12 wilibkhawet ef leact0-fo8d intradetn said phll 4Qhg@rhilakfepingiteii déraconsednt 800
Angstromst ?c(?]nnl ng El ectron Mcroscopy (SEM showed that there was no
|nf|Itrat|]?1 §y T on top of the structural layer. Exanple 2 10 A spinning
sol ution precursor was nade fromthe addition of 18 g of polyethyl ene
oxide to 100 g of a conposition conprising 14.7 w % sil oxane resin, 32
wt % et hanol , gga }[lﬁl % 2- propanol, 14 wt % acetone, and 10 wt % water. The
m xture was he about 60C to dissolve the polyethyl ene oxide,
resulting in a honbgenous solution, A m xed solvent weighing 86 g and
conpri Si ng 35 WOgr/enz&qﬁrs@pwwmma@gw%Eﬂmfmﬂsﬂomew vgovaiserremybaleand 10 wt
% wat er 1320Was; aﬁglgﬁéjanhg vhh% whied sGhni®dd vﬁﬁl' ARG s ?Qlly%}l% &Y&C%fﬂmd e

resul ting solution is inning  sol ution. spi nnin ution, or
spi n-on s&FAEdte ﬁb"%oscéﬁ %"’p’sé § vy relretbylesexsh i tb?)wl%iaﬁ eFhegelugon isspur speed of

5000 rpm ohae sn@&umﬂemafspdm Bﬂewmbtemmam& Ffﬁnﬂag% wa?foQQbﬁ@&iw%QC for one

m nut e each Pol yl ene oxi de was conpl ete renmoved in the bake

process, 11&&Gi ﬂ'&%ﬁ%ﬁlfﬁ‘b‘me B qapfe %P@‘iﬁéih@ﬁ ‘B%@a?ﬁ@dﬁ’a‘lqol%n foving eEsed 1 ns

t he abisaen@&mfmmésy@wby&ﬁmﬁu@&kdﬂcﬁdwﬁé}@lsﬁl&&heﬁl%@@d&ﬁ‘neél Im The dielectric
constant of the structural |ayer is about 2.0, and the stud pull strength

is about 0.6 KpsinL ofe %t pd@amomﬁydsﬁmen%t iﬁ%@gkmoh@@ dlsﬁen%é’dcdn%hﬁé(anone

was used to infiltrate the porous sil oxafne

pol yaryl erli’émé%%W%‘%‘P¥9é‘ﬁﬁ%§°lh’lw§€)@h%ﬁc%ﬁ% %Bfetﬂﬁé‘ 1098th§0ﬁqcpnﬁ5 a2t | oned

by 5 secomgs &d 39RéRad 280000PMPNe i3l HRGORGShald 4t 8V, 80°@ b PTRpfOr 30
seconds of_infiltrati OEP“? g 60 seconds .of spinning at 2000 RPM. The

resul ti ng f9%onAiRALE et “ﬁi‘i“?%@&?@@”é‘ﬁdp pigegenf dpe YHEHS nut e each

and cursed cadstafi)iTthef fin 1§ 2.0 and thé sud pulwiréigh i07 Kpggen. The fil m thi ckness was
measured by scanning el ectron mcroscopy (SEM. The infiltrated sanples
showed an additional |ayer on top of the porous structures. This top |ayer
is solid polyarylene ether as confirned fromthe refractive index of

1,67, A stud pgld,higst gave a

1

100 grams of solution containing 10 wt. % polyhydridosilsequioxane (HSi0,,), and 90
wt.% methyl isobutyl ketone is placed in a beaker. 5 grams of polypropylene oxide in 50 grams
20 of methyl ether ketone is prepared. The spin-on solution is made by mixing the above two
solutions together. The solution is spun onto a silicon wafer at a spin speed of 4000 RPM. After
spinning, wafer 15 then baked at 80°C, 150°C, and 250°C for one minute each, followed by cunng
at 400°C for 60 minutes in nitrogen. A porous low dielectric polyhydridosilsesquioxane film is

formed.

25 Six mL of 8 wt, % pelyhydridemethylsiloxane {(HCH,S10), in dibuty] ether s dispensed
onto the porous film, followed by 3 seconds spread at 150 RPM, 50 seconds at 0 RPM, and 60
geconde at 2000 RPM. The infiltrated film is then baked at 80°C, 150°C, and 250°C for one

minute each, followed by curing at 400°C for 30 minutes in nitrogen. Dielectric constant of the

14



fil mstrength of 8 Kpsi. Thickness of the |op |ayer was about 300 A
Infiltration of the porous 13 1 5 APR 2004 WO 03/ 29847 PCTI USOD 287R064 i | m
showed at |east 10-fold increase in stud pull strength while keeping the
dielectric constant in the 2.0 level. Exanple 3 5 100 granms of solution
cont ai ni ng Y80 0W29%47pol yret hyl si | oxane, 49 wt. % i sopropyl BEEOHS28700 40 W . %
acetone and 5 wt. %water is mxed with 6 grans of polyethyl ene oxide. The
solution is heated to about 60C to dissolve the pol yethyl ene oxide in the
sol uti on. flRAQ 230dnd tleQfhdiphl] SIRMBth iPNkpsia silicon wafer at a spin speed of
4000 RPM After spinning, the wafer Is baked to 80C, 150C, and 250C for
one mnute each. The bake filmis then cured at 400C in flow ng nitrogen
10 for 30 M NURRS ool iR SmeAard BHEGH st%f@gité%%ewoh%ﬁ ARl | S
formed. Five . % pol ycar OSI ane n cyclo hexanone i s
di spensedbmtdefclpwé It;fbt?\%fh%e BTSRRI Yes,ith Besarbilled inthe frothitowes mwye 10 seconds
spread at ;L@ :IagM bc?ﬁesstﬁ&@@ﬂé dﬁHesg-JbeEQBM Q&ﬁ)légxrﬁﬁp&ggﬁnfﬁmﬁ%g%ﬁﬂwe The

infiltrated filmis at 80C SOC a or one m nute
each, fol FOGEs e Jth wgeraltve mbﬁe master, HErelreis =S td by restricteigaeEpt Mihes spirit

di el eCt ri Gf Lﬂxéa@@ﬂﬁ& @@ﬁnsOMOFeBﬁr,fm g u%b%thalﬂéjspt:aﬁcaﬁ&ygldmgg dlaidh LARGLD s 7

Kpsi . 100 grans of sol ut| on cont al ni ng

pol y hydr i é!wldwwaﬂms@ﬁﬁethe Propdesppssibigvgammer comxst%t metb chorats:@bhxgarucklet, one is
pl aced ingR ihpakem nésgmrrﬁoregm g M@ﬁz@@xln%?ﬁe@am‘sfem eighaie 20 of

met hyl et her ketone i s_prepared-"The spin-on solution is made by m xi ng

t he aboveC¥RIVELPULTRS 2 RABfEtIAdTe maphe, indicaiing St the redisensedrieraents. si | i con

waf er 1at g Eht§9ﬁ§é¥sﬁfay‘699:@seE{PMutﬁ§ Chr coﬁginWhmgotthe%cnﬁ%o &fipRaked at
80C, 150C, and 250C for one mnute eac | owed by curing at 400C for
60 m nut e& T Hiet e srrasiysrigaect ow di el ect ri c pol yhydri dosi | sesqui oxane
filmis formed. 25 Six nL of 8 w. % pol yhydri donet hyl si |l oxane (HCH, SiO "
in dibutyl ether is dispensed onto the porous film followed by 3 seconds
spread at 150 RPM 50 seconds at 0 RPM and 60 seconds at 2000 RPM The
infiltrated filmis then baked at 80C, 150C, and 250C for one
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m nute each, followed by curing at 400C for 30 m nutes in nitrogen.
Dielectric constant of the 14 1°, AR 2004 WO 01/29847 PCT/ USOOl.?B?A%é éi I m
is 2.3 and the stud pull strength is 8 Kpsi. Thus, specific enbodi A4
and applications of infiltrated nanopgrous materials have been disclosed.
It should be apparent, however, to thé$e skilled in the art that many nore
nodi fi cati ons besides those already descri bed are possible w thout
departing fromthe inventive 5 concepts herein. The inventive subject
matter, tOeEpEMS e, is not to be restricted except in the spirit of the
appended cl ains. Mdreover, in interpreting both the specification and the
clainms, all terns should be interpreted in the broadest possible manner
consi steqt V\f th,t et_cont ext. In Eagrti cular,. the tern-is "conprises" and

" conpri si'ng 0BG ESOPH PSS TR Jag baing nprasedanethanisal wengympbnent s,

or steps inhﬁ,iﬂgﬁlpﬁffgljrg%i‘v&d%&ﬂ eink-Ndi cating that the referenced

el ements, 10 conponents, or stepS nmay be present, or utilized, or conbined
with other elenments, conmponents, or steps that are not expressly
referenced. 15 1 5 APP 2UOQ -16 CLAIMS 1. A |low dielectric constant
structural ?é@jépa‘ﬁé@lf%'g i ncreased nechani cal strength and having a
plurality of voids conprising: a substrate layer; a |low dielectric
structural layer that substantially conprises a polynmer and that

j uxt aposes 4l diglesticatactuzal dayer ndswbatahnifliy danairises a lpalsetereadihzt Si ng an
infiltrating material having a volatile conponent and a reinforcing
conponent jlgﬂﬂﬁﬁft?éliﬂﬁgs‘{bﬁ‘éatg PEBedfal 1ayer and coating at |east some of
the plurality of voids. 2. The polynmer of claiml1l, wherein the polyner
conprises poly(arylene ether). 3. The structural layer in claim1, wherein
t he voi ds revehlratnadays esmepesingin inddigatinganaterial having a volatile

component and a reinforcing component juxtaposing the structural layer and

coating at Jeast some of the plurality of voids.
2. The polymer of claim 1, wherein the polymer comprises poly(arylene ether).

3. The structural layer in claym 1, wherein the voids have 2 mean diameter of less than

1 micrometer.

4. The structural Jayer of claim 1, wherein the voids have 2 mean diameter of less than

100 nanometers.
3. The structural layer of claim 1, wherein the substirate layer is a stlicon wafer.

6. The structural layer of claim 1, wherein the reinforcing component substantially

COMPTISES a polymer.
7. The polymer of claim 6, wherein the polymer comprises poly(arylene ether).
8. The poly(arylenc ether) of claim 7, wherein the poly(arylene ether) is cross-linked.

2. The polymer of claim &, wWharain the polymer compniscs palycarbosilane



| mcrometer. 4. The structural |ayer of claim1, wherein the voiidsjiave a
nmean di aneter of |less than 100 manoneters. 5. The structural |ayer of
claim1l1, wherein the substrate layer is a silicon wafer. 6. The structural
| ayer of claim1l, wherein the reinf or?i ng conponent substantially
conprises a polynmer. 7. The pol yner & claim6, wherein the polyner

conpri ses poly(aryl ene th,erlh. 8. .The poly(arylene ether) of claim?7,

wher ef % th&h‘bwt(“%l lavennd clainp bpyheredn the yalalile pqmpogent ps cyqipkexamingner of claim

6, WhEE el Nt : : i 0S| 7 10. The
str uctq E'r al ﬁ @%P@%?}gg{eg%iﬁé@? nﬁgar"g%l\mgﬁ{ volaas?y“:aﬁtél;aé gan\ég‘?\%’e‘gnl%} %lf]h '

cycl ohexandgmsitihg.a spinmeighsobhtioh oh AGnEsaterlgydryehar@a sspaalingidlaivgt h of a
structural layer conprising:. depositing . a spinning solution on a
substrate | ayer COMPIETS AR OtERRICOB) ﬁ’@)&%%ﬂlﬁﬁ']‘ ed&?ﬂ'ﬁb‘ﬂng'es an organic

pol ymer anglegiryith §iRASAGSGORRLIN S fokhGakuAErd D§esst HRibRGate Mydf,i On i n
order to forma structural layer on a substrate |ayer, wherein the
structural | ayewhemnpht stesctaaplayerabinpyisesfa phonakity ofindidsasd basci ditledtici ¢

constant of |ess than about 3.0; oviding an infiltrating material having
a volatile conpS?f’éﬁt“pﬁﬁ SSQB%?br?Pbﬁéi ng conponent; introducing the

infiltrati pgvilhEan Mifiltkding nidterl 2@ ASlinSHUF a9tk cbxhﬁor&humdltemf@ffcm)goi ds; and
treating the infiltrating material such that the strength is increased by

a substantial e&fmeenent.12. The nethod of claim 11, wherein depositing the
structural . . t: r.at-e ; ri el ilicon

vt o as. t HLOUEKioR e i8R AMAE kA HR iR less (ORI SR MY APl

deposi ti ngtredtngshe indiltratimp rhaasgredl swhrdatitiesresgthécincregsedrby aonstamttal pol ynmer as
the structural |ayer. 14. The nmethod of claim 13, wherein selecting a

pol ymer as the PRt ural | ayer conprises selecting a poly(arylene

et her).

12.  The method of claim 11, wherein depositing the structural layer on the substrate layer

compriges providing a silicon wafer as the substrate laver,

13.  The method of claim 11, wherein depositing the structural layer comprises selecting an

organic polymer as the structural layer.

14. The method of claim 13, wherein selecting a polymer as the structural layer comprises

selecting a poly(arylene ether).

15. The method of claim 14, wherein selectihg the poly(arylene ether) comprises selecting a

cross-linked poly(arylene ether).

16.  The method of claim 11, wherein providing an infiltrating material comprises selecting a

polymer as the reinforcing component.

17.  The method of claim 16, wherein selecting the polymer as the reinforcing component

comprises selecting a poly(arylene ether).

18. The method of claim 17, wherein selecting the poly(arylene ether) comprises selecting a

cross-linked poly(arylene ether).

19. The method of claim 11, wherein the structural layer has a dielectric constant no more



15. The method of claim 14, wherein selecting the poly(arylene ether)
conprises selecting a cross-linked poly(arylene ether). 16. Thet yetppog; of
claim11l, wherein providing an infiltrating material conprises selecting a
pol ymer as the reinforcing conponent. 17. The nmethod of claim 16, wherein
selecting the polynmer as the reinfor dsng conponent conprises selecting a
poly(arylene ether). 18. The nethod of claim 17, wherein selecting the

poly(aryle et her.) conprises.selecting a cross-linked poly(aryl ene
et her) . 19%ﬁ%§r¥§1¥;’%t§d’qﬁ?d"3}n§itﬁﬁTﬁﬁr‘mﬂgp’@fcﬁla[‘he structural |ayer has a
dielectric constant no nore 1 5 APR 20041 18 than 2.5 prior to introducing

t he in20.1 t rede mghohotaridinl 11, RBerelttie pRIcRAE 19fer hPd delkdtric WhRtAit Ro hivee
structural |ayer has g dielectric _constant no nore than 2.0 prior to

i nt roduci n OiprPY Yoriptiedusie b Bfifteting materizhe et hod of claim 11, wherein
introducing the infiltrating material into at | east sonme of the plurality

of VOigis COMRh&héBofSdMifi 1NGhtRS ihttbducldzdhd MG IPRIE Hiafdrial m&at,tléh%tf&nw ality
of voids. 22. The nethod of claim1l, wherein treating the infiltrating
materi al sudhhe Haralityef voidsigemprising spinniog dennfilyatingomateda dntoyheplsabist ofnt i al

anount corrmoiicﬁgs heat curing the infiltrating material. 23. The nethod of

claim1l, wnherein increasing the nechanical strength conprises an
increase of at |east 100% 24. The nmethod of claim 11, wherein the
structiix al Theymethdvbet chaighi ld] ebtrcindreatngtha mifiltratimpongeridl hach tRatghestneturilo

introducing the infiltrating materjal, increasi t he chani cal strength
conpri ses He?mﬁselagr@a%atbéla%}‘mm PRAINT CHRPIEES NRRE eyre theypdiitratigRyy sesga

pol ymer, thgatetyfdi ds have a nean dianmeter of |ess than 100 nanoneters, the
vol atil e conponent is polar, and the reinforcing conponent is a polynmner.
25. The nmethod of claim1l, wherein the structural |ayer has a dielectric
const aht nolhwapethod efghaim 14, whergin ineseqsingtbeimeshagicaksrengthicompeisas sy mat eri al |

i ncreasi ng ;Ehe. PReaAPIE Ahoogt rengt h

24, The method of claim 11, wherein the structural layer has a dielectric constant no more
than 2.5 prior to introducing the infiltrating material, increasing the mechanical strength
comprises an increase of at least 100%, the structural layer comprises a polymer, the
voids have a mean diameter of less than 100 nanometers, the volatile component is polar

b}

and the reinforcing component is a polymer.

25.  The method of claim 11, wherein the structural layer has a dielectric constant no more
than 2.5 prior to introducing the infiltrating material, increasing the mechanical strength
comprises an increase of at least 10%, the structural layer comprises a polymer, the voids
have a mean diameter of less than 100 nanometers, the volatile component is polar, and

the reinforcing component is a monomer.

20.  The method of claim 11, wherein the structural layer has a dielectric constant no more
than 2.5 prior to introducing the infiltrating material, increasing the mechanical strength
comprises an increase of at least 10%, the structural layer comprises a poly(arylene
ether), the voids have a mean diameter of less than 100 nanometers, the volatile

component is polar, and the reinforcing component is a monomer.

27. The method of claim 11, wherein the structural layer has a dielectric constant no more



conprises an increase of at |least 10% the structural |ayer conprises a

pol ynmer, the voids have a nean dianeter of |ess than 100 nanonist 47800t he
vol atil e conponent is polar, and the reinforcing conponent is a nonomer.
26. The nethod of claim 11, wherein the structural |ayer has a dielectric
constant no nore than 2.5 prior to ittroducing the infiltrating material,
i ncreasing the mechanical strength corrpri ses an increase of at |east 10%

the struct r..Co i en ether) voi ds have a
mean di amstL%gA %Wg%%‘“ ﬁg‘ﬁl gh%g'ﬁg%% PR SIS ll“'emc%'ﬁﬂ"ﬁ@rf ﬁ‘Ea“

pol ar, and dobgprisei nfifEreisd @f GO0 DER] the smmnay@bomgﬁseﬁ%wﬁérhﬁsivaﬁs claim
11, V\/nerel the structural |ayer has a dielectric constant no nore 15 APR

2aa4 19 t halifvea@epr fismetss of et har EPhpnometersa thel volatitd eagnenentrs polar, and
i ncreasi ng thheifBihto %Héﬁ SR 1&19%91%})595 an increase of at |east 10%

the structural |ayer conprises a p 'ymer, ‘the voids have a nean di aneter
of less than 100 nanoneters, the vol atl | e conponent is polar, and the

rei nf o¢%i nng'@onmtbm&claim ldoWGIahiythestelcatrtida))er B a diblectrie thtandfio oload m 11,

wh h l. h 2.0
orior To i At Ebaeridh BnaCEie e felsre R R e PRy SRR WA cal

strength cm)mphs&%n 1ﬁxﬁez&sﬁ©f fdegt 00% ahe beRfirall@Pér cbmpriseh hpolydrilend ayer
conprises a pol¥ ry(J(?W et her) the voi ds have a nmean di aneter of |ess
than 100 neHFethsrwodsihaxe ¢ gican ﬂﬁ@eteéﬁ%ﬁﬁ@ﬁtIQ@aﬂ@P%rs hedolakle rei nf orci ng

conponent i gmpht & pdI& Ehdahd Rinforcing component is poly(arylene ether),





