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FIELD OF THE INVENTION
The invention herein described relates generally to a method for forming
a porous insulating article (or composition or compound), and more specifically

to the compounds used in the process to make the same.

BACKGROUND OF THE INVENTION

As a consequence of the progress made in integrated circuit technology,
the spacing between the metal lines on any given plane of an integrated circuit
has become less and less, now extending into the submicrometer range. By
reducing the spacing between conductive members in the integrated circuit, an
increase in capacitive coupling occurs. This increase in capacitive coupling
causes greater crosstalk, higher capacitive losses and increased resistor
capacitor (RC) time constant.

Inorganic materials such as silicon dioxide and silicon nitride have been
traditionally used in the microelectronics industry as insulating and passivating
materials in the manufacture of integrated circuits. However, as the demand for
smaller, faster, and more powerful devices becomes prevalent new materials will

be needed to enhance the performance and the efficient manufacture of these

Mgy

devices.
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coatings and films in the construction and manufacture of multichip modules
(MCMs) and in integrated circuits (IC), in electronic packaging, in flexible film
substrates, and in optical applications such as in flat panel displays and the like.

In order to reduce capacitive coupling, much effort has been directed
toward developing low dielectric constant (low-K) materials to replace
conventional dielectric materials that are interposed between the metal lines on
a given layer and between layers. Many conventional electronic insulators have
dielectric constants () in the 3.5 to 4.2 range. For example, silicon dioxide has
a dielectric constant of 4.2 and polyimides typically have dielectric constants
from 2.9 to 3.5. Alternatively, the silicon dioxide can be decreased by adding
fluorine in place of oxygen to yield a substance with a dielectric constant of
approximately 3.5. Some advanced polymers have dielectric constants in the 2.5
to 3.0 range. Materials in the 1.8 to 2.5 range are also known, but such
materials have had associated therewith severe processing, cost and materials
problems.

The lowest possible, or ideal, dielectric constant is 1.0, which is the
dielectric constant of a vacuum. Air is almost as good with a dielectric constant
of 1.001. With this recognition of the low dielectric constant of air, attempts have
been made to fabricate semiconductor devices using porous materials as an
insulator. Thus, by incorporating air, the dielectric constant of a substance can
be lowered. |

For example, porosity can be added to silicon dioxide to decrease its
effective dielectric constant. Thus, if 50 percent of the volume of a dielectric is

air, the effective dielectric constant of the porous silicon dioxide can be
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2 7 1VOV 200 To neet these enhanced performance and manufacturing criteria,
gonsi derabl e interest in high performance polyners characterized by | ow
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dielectric that is, for example, silicon dioxide (e=4). Thus, for s 50/50 mix of

silicon dioxide and air the dielectric constant of the porous material is as follows:

e = 0.5%4 + 0.5*1 = 2.5. Porous materials, such as the one described above,

can be made up with as high as 90 percent air. However, such porous materials

suffer from a number of drawbacks, such as, for example, a lack of mechanical

and reliability attributes.

Another solution to lowering the dielectric constant of silicon dioxide is to

use a spin-on-glass (SOG), which is generally a siloxane based material of low

molecular weight, to lower the effective dielectric constant of silicon dioxide.

The SOG is heat treated after deposition thereby completing a network of

chemical bonds. This creates a “cage structure” of SOG and makes the density

of the SOG less than that of silicon dioxide. As a result the dielectric constant of

the SOG is lower than that of just silicon dioxide. However, such a reduction in

the dielectric constant of a substance can be insufficient for some newer

electrical applications, for example, high speed integrated circuits.

SUMMARY OF THE INVENTION

The present invention provides a method of forming a porous insulating
composition comprising the steps of (A) providing at least one organic sacrificial
material/dielectric material composition comprising at least one organic
sacrificial material and at least one dielectric material; and (B) removing the at
least.one organic sacrificial material in the at least one organic sacrificial

- material/dielectric material'composition, in order to generate pores in the at least

one dielectric material. Additionally, step (B) can comprise heating the at least
one organic sacrificial material to a temperature equal to or greater than the

decomposition temperature of the at least one organic sacrificial material.
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effective di ' onstant .of the porous sjlicon dioxide can be -2
ma%ﬂd é%o?ous msufator, comprising a ﬁea{-act?vate , pore-forming, sacrificial

material; and a dielectric material is disclosed.

According to still another aspect of the invention, a composition useful in
making a porous insulator, comprising at least one pore-forming, organic
sacrificial material; and at least one dielectric material, wherein the at least one
pore-forming, material is a norbornene-type polymer is disclosed.

Preferably, the organic sacrificial material or sacrificial material is a
norbornene-type polymer. Also, the norbornene-type polymer preferably is of

the type herein described, which comprises repeating units of the general
formula:

L I m

RIR2 g3 R

wherein R* and R* independently represent hydrogen or linear or branched
(C, to Cy) alkyl; R?and R® independently represent hydrogen, linear or branched
(C4 to C,p) alkyl or the groups:
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More generally, the organic sacrificial materials or sacrificial materials
useful in practicing the present invention preferably encompass homopolymers
and copolymers containing random repeating units derived from a monomer unit
or monomer units represented by Formula |, or homopolymers or copolymers
containing random repeating units derived from monomer unit or units
represented by the below set forth Formula 1i, homopolymers or copolymers
containing repeating units derived from a monomer unit(s) represented by below
set forth Formula 11l and copolymers comprising a combination of repeating units
represented by Formulae | and I, Formulae | and lll, Formulae Il and i or
Formulae I, Il and [ll.

The present invention is advantageous in that it provides a method by
which uniformly dispersed pores of relatively the same pore diameter can be
created in an insulating material, thereby reducing the dielectric constant ofa
insulating material.

. The foregoing and other features of the invention are hereinafter fully
described and particularly pointed out in the claims, the following description and
the annexed drawings setting forth in detail one or more illustrative
embodiments of the invention, such being indicative, however, of but one or a
few of the various ways in which the principles of the invention may be

employed.



The present invention provides a method of formng a porous insulating
conmposi tion conprising the steps of (A) providing at |east one Q}’ﬁﬁnl C
‘sacrificial matérial/dielectric material conposition conpri si n3 a _Vem
one organic sacrificial material and at |east one dielectric material; and
(B) rempbving the at |east one organic sacrificial material in the at |east
one organic sacrificial material/dielectric material conposition) in order
to generate pores in the BRIEFRBESQRIPTIGNOF MHE DRAWINGS Additional Iy,
step (B) can corrpgigig heati ng the at | east one organic sacrificial material

to a tenperature ABS varga@&théiemwm PRakseO6MOS SOTeON a epp@ndionae of
the at | eastsgRcPHRASGC métfn@%eﬁpd@t@?{' al. -3 2~ NOv 2~2 In anot her

enbodi ment, the present 1nventidn provides a nethod of
Fig. 1B is a micrograph depicting the presence and size of the pores

formed in a porous insulating composition according to one embodiment of the
present invention.

Fig. 1C is a micrograph depicting the presence.and size of pores formed
in a porous insulating composition according to another embodiment of the
present invention.

Fig. 2, line A depicts the infrared spectra after spin coating and soft
baking of a porous insulating composition according to one embodiment of the
present invention.

Fig. 2, line B depicts the infrared spectra of the porous insulating
composition depicted in Fig. 2, line A after the sample has been subjected to a
decomposition temperature of 400 °C.

Fig. 2, line C depicts the infrared spectra of the porous insulating
composition depicted in Fig. 2, line A after the sample has been subjected to a
decomposition temperature of 425 °C.

Fig. 3 depicts a detailed infrared spectra for lines A, B, and C of Fig. 2.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

As used herein, sacrificial material means any material which is mixed
with a dielectric material which, upon being subjected to the proper conditions,
decomposes to form pores in the dielectric material. A pore is defined as a void
within the dielectric material in which the void contains either a gas, a
combination of gases, air or a vacuum. Preferably, the pores are either
substantially spherical or elliptical in shape. Also, a used herein, a dielectric
material is a material which is used as an insulator (e.g., SiO,). The term heat-
activated sacrificial material, as used herein, is used to denote a compound

which upon exposure to heat decomposes leaving behind pores.
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forming a porous insulating conposition conprising the steps of: (A
providing a sacrificial material/dielectric nmaterial conposi ti @F Nowrasi ng
at least one sacrificial material and at |east one dielectric material; (B)
curing the sacrificial material/dielectric material conposition; and (C)
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dielectric, with a sacrificial material. Preferably, the spin-on dielectric is as a
spin-on polymer or spin-on-giass (SOG) (e.g., methylsilsesquioxane (MSQ),
hydrogen-silsesquioxane (HSQ), or a mixed silsesquioxane) and the sacrificial
material is an organic sacrificial material. With regard to a method for forming
the above-mentioned porous insulating compounds, preferably a sacrificial
material/dielectric material compaosition is formed by mixing a sacrificial material
with a dielectric material. The sacrificial material is then removed from the
composition via a suitable technique (e.g., by heating the composition to a
temperature at or above the decomposition temperature of the sacrificial
material), thereby creating pores.

More preferably, the decomposition reaction of the sacrificial material is
induced solely by high temperature aithough other means may be used. The
decomposition temperature should be compatible with the various components
of the structure so as not to destroy the integrity thereof aside from the removal
of the sacrificial material to form the pores. Typically, such temperature should
be less than about 500°C for electrical interconnect devices and more preferably
less than 450°C. It is contemplated that the decomposition temperature will fall
in the range of about 380°C to about 450°C, although materials having
decomposition temperatures as low as about 150°C may be beneficial. The
sacrificial material, however, should be sufficiently thermally stable so that the
permanent material can be processed to a condition where it is electrically
and/or mechanically stable.

The preferred sacrificial material for carrying out the above-described
method preferably is a olefin or a polymer. More preferably, such an olefin or
polymer is selected from the cycloolefin class of compounds and even more

preferably is a bicycloolefin with a norbornene-type polymer being most
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sacrificial material; and at |east one dielectric material, wherein the at
| east one pore-formng, material is a norbornene-type polymer %s;(¥ %ﬁéosed.
‘Preferably, the organic sacrificial material or sacrificial 1) aF¥s a
nor bor nene-type polyner. Al so, the norbornene-type polyner preferably is of
the type herein described, which conprises repeating units of the general
formula: I | m

preferred. Even further still, the sacrificial material can be a homopolymers and

copolymers.

Sacrificial Material:

By norbornene-type polymer is meant polycyclic addition homopolymers
and copolymers comprising repeating units set forth under Formulae I, land Il
below. Copolymers useful in practicing the invention can include repeating units
selected from the group comprising and/or consisting of Formulae I, Il and Il or
combinations thereof. The norbornene-type polymer that is particularly useful as
the sacrificial material in the present invention is sold under the Avatrel®
trademark by The BFGoodrich Company, Akron, Ohio. The polymer comprises
silyl substituted repeating units represented by the structure set forth under
Formula | below.

{ | m

R'R2 g3 R

wherein R' and R* independently represent hydrogen; linear or branched
(C, to Cy) alkyl; R?and R® independently represent hydrogen, linear or branched
(C, to C,,) alkyi or the group:

RS
-(CH),-SiRI9R 1R 12 Ia
R? independently is hydrogen, methyl, or ethyl: R, R", and R independently

represent linear or branched (C, to C,,) alkyl, linear or branched (C,t0 Cyy)

alkoxy, linear or branched (C, to C,,) alkyl carbonyloxy (e.g., acetoxy), and

-8-



R ~RZ Rs Ra wherein R and R4 independently represent hydrogen or |inear
or branched (C, to C20) alkyl; R2 and R3 independently represent hydrogen,
| i near or branched (C, to C20) al kyl or the groups: 27 NOV 2002

substituted or unsubstituted (C, to C,,) aryloxy; m is a number from 0 to 4; and n
is a number from 0 to 5. In Formula | at least one of substituents R? and R® must
be selected from the silyl group represented by the formula set forth under la.

Preferably, at least one of R'’, R, or R* is selected from a linear or
branched (C, to C,,) alkoxy group and R® is hydrogen. More preferably, each of
R™ RM and R' are the same and are selected from methoxy, ethoxy, propoxy,
butoxy, and pentoxy. Most preferably, nis 0 and R', R, and R' are each
ethoxy groups, e.g., R? and/or R®is most preferably a triethoxysilyl substituent.
When n is 0, it is evident that the silyl functionality is connected directly to the
polycyclic ring through a silicon-carbon bond wherein the carbon atom of the
silicon-carbon bond is supplied by a carbon atom on the polycyclic ring (i.e., a
ring carbon atom).

In Formula | above, m is preferably 0 or 1 as represented by structures Ib

and lc, respectively, below:

Ib Ic

R‘ Rz R3 R4 )
Rl R2 R3 R4

wherein R' to R* are as previously defined and at least one of R* and R® must be
a silyl substituent represented by la. Repeating units where mis 0, i.e.,
repeating units of structure Ib, are especially preferred.

In Formulae I, Ib, and Ic R and R* can taken together with the two ring
carbon atoms to which they are attached to represent a saturated cyclic group of
4 to 8 carbon atoms. When R' and R* are taken together to form a saturated
cyclic group, the cyclic group is substituted by R? and R® at least one of which
must be a silyl group represented by la. Generically such monomers are

represented by the following structure:
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2 7rlov 200 RO -(CH"-SIiR~~R~ ~R~z la RO independently is hydrogen,

nmethyl) or ethyl; R, R', and R 2 independently represent |inear or
branched (C, to 'Cz) alkyl, linear or branched (C, to C20 alg®qN0v!/2pear or
branched (C, to CZ) al kyl carbonyl oxy, and substituted or unsubstituted (C6
to C2 ) aryloxy; mis a nunber fromO to 4;, and nis a nunber fromO to 5;
and at | east one of substituents R2 and R3 is selected fromthe solyl group
represented by the fornmula set forth under |a. Mire generally, the organic
sacrificial materials or sacrificial mm al s useful in practicing the
present invention preferably enconpass Yyemepol yners and copol yners

contai ni ng random repeating units deriVed— dm a nononer unit or nonomner
units represented by Formula I) or ho -M; or copol ynmers containi ng
random repeating units derived from no Bi_t__;_" mht or units represented by

the below set forth Formula 11, honopogtyners\or copol yners contai ni ng
repeating units derived froma nonone i represented by bel ow set
forth Formula Il and copol yners conprisiBl-a~conbi nati on of repeating
units represented by Formulae | and R¥ Fornul aeR? and 111, Formulae Il and

1l or Fornmulae 1, Il and Ill. The present invention is advantageous in
that it provi ﬂes .a_met hod by which uniformy dispersed pores of relatively
the same porWNaEiNEis@ gthene fieat-&di, ngratpiancly i & ngniterdrdral, tottelt eby

reduci ng t hegyh 84 Gt 4R rE A REARheR thd methylene group represented by B contains

an R? or R® substituent, one of the hydrogen atoms of the -CH,- group is

replaced by the R? or R® substituent. Representative repeating unit structures
are set forth below:

%m m %m .
R R 5 R3
R R3

wherein R?, R® and m are as previously defined.

lllustrative examples of monomers of Formula I include 5-triethoxysilyl-
norbornene, 5-trimethylsilyl norbornene, 5-trimethoxysilyl norbornene,
S-methylidimethoxysilyl norbornene, 5-dimethyimethoxy norbornene.

In another embodiment of the present invention, the sacrificial polymer
comprises hydrocarby! substituted polycyclic repeating units selected from units
represented by Formula Ii below:

-10-
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Il

P
R’ \RS
R6 R7

wherein R%, R®, R?, and R® independently represent hydrogen, linear and
branched (C, to C,,) alkyl, hydrocarbyl substituted and unsubstituted (C; to C,,)
cycloalkyl, hydrocarbyl substituted and unsubstituted (C to C,,) arvy,
hydrocarbyl substituted and unsubstituted (C; to C,s) aralkyl, (C; to C) alkynyl,
linear and branched (C, to C,,) alkenyl, or vinyl; any of R* and R® or R’ and R®
can be taken together to form a (C, to C,,) alkylideny! group, R% and R® when
taken with the two ring carbon atoms to which they are attached can represent
saturated and unsaturated cyclic groups containing 4 to 12 carbon atoms or an
aromatic ring containing 6 to 17 carbon atoms; and pis 0, 1, 2, 3, or4. The
hydrocarby! substituents on the foregoing substituents are composed solely of
carbon and hydrogen atoms, such as, for example, branched and unbranched
(C, to C,,) alkyl, branched and unbranched (C, to C,,) alkenyl, and (Ce to Cy)
aryl.

llustrative examples of hydrocarbyl substituted monomers include
2-norbornene, 5-methyl-2-norbornene, 5-hexyl-2-norbornene, 5-cyclohexyl-2-
norbornene, 5-cyclohexenyl-2—norborhene, 5-butyl-2-norbornene,
5-ethyl-2-norbornene, 5-decyl-2-norbornene, 5-phenyl-2-norbornene, 5-
naphthyl-2-norbornene 5-ethylidene-2-norbornene, vinylnorbornene,
dicyclopentadiene, dihydrodicyclopentadiene, tetracyclododecene,
methyltetracyclododecene, tetracyclododecadiene, dimethyltetracyciododecene,
ethyltetracyclododecene, ethylidenyl tetracyclododecene,
phenyltetracyclododecene, trimers of cyclopentadiene (e.g., symmetrical and
asymmetrical trimers). An especially preferred hydrocarbyl repeating unit is

derived from 2-norbornene.
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BRI EF DESCRI PTION OF THE DRAWNGS Fig. 1A is a m crograph depicting the
absence of pores in a conventional spin-on dielectric insulating
conposition. Fig. 1 Bis a micrograph depicting the presence aﬁﬂNBVZﬂlpf
the pores formed in a porous insulating conposition according®o one

enbodi nent of the present invention. Fig. 1 Cis a mcrograph depicting the
presence. and size of pores formed in a porous insulating conposition
according to anot her enbodi nent of the present invention. Fig. 2, line A
depicts the infrared spectra after spin coating and soft baking of a porous
i nsul ati ng conposition according to one enbodi nent_of the present -
invention. Fig. 2, 7 aeteeramiodinent plthe fventioagda sasificiplpobimar wgefddn ous

i nsul ati ng conpeshid h k ; o\ FoRRRL q has been
subjected to a de%%é?t%?oﬁ&?gnnpﬂ?@sg? ree%g?tl'dé?gg‘ It%rébf&%%htég;‘t@l i ne Ecl:ﬂldepi cts
the infrared spE@PWh of the poraous insulating conposition depicted in Fig.

2, line A after the sanple has beé J ected to a deconposition
tenperature of 425 C

III

R9 R IOR t1
wherein R? to R" independently represent a polar substituent selected from the
group: -(A),-C(O)OR*, -(A),-OR", -(A),-OC(O)R", -(A),~-OC(O)OR",
~(A),-C(O)R", -(A),- OC(O)C(O)OR", -(A),-O-A’-C(O)OR",
-(A),-OC(0)-A’-C(O)OR", -(A),-C(0)O-A'-C(O)OR*, -(A),-C(0O)-A’-OR",
-(A),-C(0)O-A'-OC(O)OR", -(A),-C(0)O-A'-O-A’-C(O)OR",
-(A),-C(0)0-A’-OC(0)C(OYOR", -(A)-C(R*),CH(R"}C(O)OR"), and
~(A),-C(R"),CH(C(O)OR"),. The moieties A and A’ independently represent a
divalent bridging or spacer radical selected from divalent hydrocarbon radicals,
divalent cyclic hydrocarbon radicals, divalent oxygen containing radicals, and
divalent cyclic ethers and cyclic diethers, and n is an integer 0 or 1. Whennis 0
it should be apparent that A and A’ represent a single covalent bond. By
divalent is meant that a free valence at each terminal end of the radical are
attached to two distinct groups. The divalent hydrocarbon radicals can be
represented by the formula -(CH,,)- where d represents the number of carbon
atoms in the alkylene chain and is an integer from 1 to 10. The divalent
hydrocarbon radicals are preferably selected from linear and branched (C, to
C,0) alkylene such as methylene, ethylene, propylene, butylene, pentylene,
hexylene, heptylene, octylene, nonylene, and decylene. When branched
alkylene radicals are contemplated, it is to be understood that a hydrogen atom
in the linear alkylene chain is replaced with a linear or branched (C, to C,) akyl
group.

-12-



Fig. .3 depicts a detailed infrared spectra for lines A, B, and C of Fig. 2.
DETAI LED DESCRI PTI ON OF PREFERRED EMBODI MENTS As used here| n, sacrificial
mat eri al means any material which is mixed with a dielectric ‘B NOY 02

whi ch, upon being subjected to the proper conditions) deconposes to form
pores in the dielectric material. A pore is defined as a void within the

el ectric mat or igle KoM kG o/alnSRRLALDS 1S LRECuBo R e O Nt on

of gases, air a vacuum pores are el stantially

spherical 0fun@lJb!;tliict.xtétﬁ{C\Jlén @J)@p@!oalﬁdrmmc rAolesies! ré;ﬁégemIeda)ydﬂhelfenhmlec
material is a materi al ich is used as an insulator (e.g., Si02). The term

heat activated sacrificial material, as used herein, is used to denote a
conpound whi ch upon exposure to heat d/ec]?‘poses | eavi ng behi nd pores. -6
~2 7 NOV 2~!

—CH (CH,),

wherein a is an integer from 2 to 7 and RYwhen present represents linear and
branched (C, to C,,) alkyl groups. Preferred divalent cycloalkylene radicals
include cyclopentylene and cyclohexylene moieties represented by the following

structures:

R4 Ra

wherein R%is defined above. As illustrated here and throughout this
specification, it is to be understood that the bond lines projecting from the cyclic
structures and/or formulae represent the divalent nature of the moiety and
indicate the points at which the carbocyclic atoms are bonded to the adjacent
molecular moieties defined in the respective formulae. As is conventional in the
art, the diagonal bond line projecting from the center of the cyclic structure
indicates that the bond is optionally connected to any one of the carbocyclic
atoms in the ring. It is also to be understood that the carbocyclic atom to which
the bond line is connected will accommodate one less hydrogen atom to satisfy
the valence requirement of carbon.

Preferred divalent cyclic ethers and diethers are represented by the

structures:

-13-



As stated above, the present invention relates to porous insulating
conpounds that have low dielectric constants (e.g. conpounds havi n%

‘diel ectric constants'of |ess than about 4). Generally, the por?o‘bém 20

i nsul ati ng conpounds are fornmed froma conbination of a dielectric
material, such as a spin-on dielectric, with a sacrificial material.
Preferably, the spin-on dielectric is as a spin-on polynmer or spin-on-glass
(SOG (e.g., methylsilsesqui oxaneO(MsQ), hydrdyen-sil ane (HSQ, or
a m xed sil sesqui oxane) and theysacr)ficial m ial is fan organic
sacrificial material. Wth rega(d {o a methed Qi form ng_t

above-nmenti oned porous insulatin prekerably a §ecKN fici al

material/dielectric material conposition is formed by m xing a sacrificial
material with a dielectric material. The sacrificial material is then

renoved fromthe sition via a sui.table technique.(e.g., heating the
conposition to a ?ﬁ%é@é‘?q}roé(y%n &P O%_’?‘ﬁ&aﬁéEB'HasgPe f%%'q)@%é?%ﬁ ure of
the sacrifi célrdBh&poflethersNBARY t§1CSatdIRIRE ERter Vi f‘tﬁé%@%@ the
deconposition reaction’of the sacrificial material 1s i1nduced solely by

hi gh t enper anumbenbf tarbgh atormerin treadisaleny etreruneidty Must deleaspbsi2t arhcan
tenperature shoul d be conpat,i b‘e with the various conponents of the

structure so"dLXe8ed19. 4Eke Ayglant alkvignsyetheys arefepseseded byithedpimdar enoval

of the sacrifjya) R il i rature
shoul d be | es?‘s"%)t| a%ﬂ?;%lggfteﬁgoglée@glﬁ %Fgg)tf%gﬁfeﬁé@gh%éﬁéﬁ\%%@s&gﬁd nor e
preferably |iesotyfgen atdfan be tiee sant ondifidredt bhataré beledtmbfroasinetifene,

tenperature w | E fall in the range of about 380C to about 450C) al though
material s ha¥i¥IENGe PEARYIRNG, Doy leepprantylareshexylenty heptdeoe: oatsieaenand be

benefi ci al . rf LGk i v I . ici.ently
thermal |y st':zli- I e!é@é(;‘ :rhg'% "ﬁh'&%@@ﬁn’?ﬁéﬁl@%@eﬁ‘ﬁf B{gg‘% %eerggr%gé%gé%‘(é%o a
condi tion vmengez-j(xcH?. ePreféied pblysthan Msletie® iHoRMCaivhens FadibSls of ke
preferred sacrificial material for carrying out the above-described nethod
preferably iorpuldiefin or a pol ymer. More preferably, such an olefin or

polynmer is selected fromthe cycloolefin class of conpounds and even nore
preferably is a bicycloolefin with atridr (Gt Pe— ype polyner being nost -7

wherein x is an integer from 0 to 5 and y is an integer from 2 to 50 with the
proviso that the terminal oxygen atom on the polyether spacer moiety can not be
directly linked to a terminal oxygen atom on an adjacent‘group to form a
peroxide linkage. In other words, peroxide linkages (i.e., -O-O-) are not
contemplated when polyether spacers are linked to any of the terminal oxygen
containing substituent groups set forth under R® to R* above.

R? to R" can also independently represent hydrogen, linear and |
branched (C, to C,,) alkyl, so long as at least one of the remaining R® to R"
substituents is selected from one of the polar groups represented above. In the
formula above p is an integer from 0 to 5 (preferably 0 or 1, more preferably 0).
R" independently represents hydrogen, linear and branched (C, to C,,) alkyl
(e.g., -C(CHj,)), -Si(CH,), -CH(RP)OCH,CH,, -CH(RP)OC(CH,),, linear and
branched (C, to C,,) alkoxyalkylene, polyethers, monocyclic and polycyclic

(C, to C,) cycloaliphatic moieties, cyclic ethers, cyclic ketones, and cyclic esters

-14-



2 7 NOV 21b? preferred. Even further still, the sacrificial material can be
a honopol yners and copol yners. Sacrificial Mterial: By norbornene-type
pol ymer is meant pol ycyclic addition honopol ynmers and copol yneg 3 NOYNR002 si ng
repeating units set forth under Formulae |I) 11 and 111 bel ow. Copol yners
useful in practicing the invention can include repeating units selected

fromthe group, conpri.sing, and/or consisting of Fornulae t. Il and |I1]l, o
conbi nat i onglapm}eé ! yfﬁe t%&ﬂ@&’%ﬂ@-ﬁ‘ﬁ' & 'gﬂ%?ﬁ?%%fer%h%ﬂ‘iﬁ@m%&1Sy

useful as t Wik &A@ | | | ti ' under
t he Avatrel fﬁf\ 'r(gggﬁgpgﬁt@ elgﬁgii g@ggﬁtpﬁﬁe&%gﬁiﬁ %ATPW mi@éé&'cl%gé %ol ymer
conpri ses sihydrocauben basead dthezpasietyrijatican bergemecisalit epreésentée@ ast r uct ur e

set forth under Fornmula | below | | 'I m . .
-alkylene-O-alkyl wherein the alkylene and alkyl groups independently contain

r

1 to 10 carbon atoms each of which can be linear or branched. The polyether

radical can be represented by the formula:

~CH,(CH,),0%-R?

wherein x is an integer from 0 to 5, y is an integer from 2 to 50 and R®represents
hydrogen or linear and branched (C, to C,,) alkyl. Preferred polyether radicals
include poly(ethylene oxide) and poly(propylene oxide). Examples of
monocyclic cycloaliphatic monocyclic moieties include cyclopropyl, cyclobutyl,
cyclopentyl, cyclohexyl, dicyclopropylmethy! (Dcmp) and
dimethylcyclopropylmethyl (Dmcp), and the like. Examples of cycloaliphatic
polycyclic moieties include, norbornyl, adamantyl, tetrahydrodicyclopentadienyl
(tricyclo[5.2.1.0 %¢] decanyl), and the like. Examples of cyclic ethers include
tetrahydrofurany! and tetrahydropyranyl moieties. An example of a cyclic ketone
is a 3-oxocyclohexanonyl moiety. An example of a cyclic ester or lactone is a

- mevalonic lactonyl moiety. Structures for representative cyclic groups set forth

above include:

H,C CH,
© 0.5 B
Rp Rp Rp
Y )
\O’ ’ 0
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Rt R RB3 R4 wherein R and R4 independently represent hydrogen; |inear
branched (C, to C2) alkyl; R2 and R3 independently represent hydrogen,

or

linear or branched (C, to C2) alkyl or the group: R9 -(CH ~- SRALQBVIANZ | a

RO independently is hydrogen, nethyl, or ethyl; R, R', and R 2

I ndependently represent |inear or branched (C, to C2) al kyl, linear or
hed (C, to . .

branched ( whert%)Rp in the above formulae and cyclic groups represents hydrogen or a

linear or branched (C, tc C,) alkyl group. The Dcpm and Dmcp substituents are

represented, respectively, as follows:

Y Y

-CH ,and -C(CH3)y

The sacrificial polymers useful in practicing the present invention
preferably encompass homopolymers and copolymers containing random
repeating units derived from a monomer unit or monomer units represented by
Formula I, or homopolymers or copolymers containing random repeating units
derived from monomer unit or units represented by Formula Il, homopolymers or
copolymers containing repeating units derived from a monomer unit(s)

represented by Formula Il and copolymers comprising a combination of
repeating units represented by Formulae | and I, Formulae | and 1ll, Formulae Ii
and Il or Formulae |, il and lli.

Preferred sacrificial polymers according to the present invention may
contain from about 0.1 to 100 mole percent of silyl functional polycyclic
repeating units, preferably from about 1 to 50 mole percent, more preferably
from about 3 to 25 mole percent, and most preferably from about 5 to 20 mole
percent, with the remainder of the polymer preferably comprising repeating units
described under Formula Il and/or Formula lil. An especially preferred polymer
comprises repeating units polymerized from norbornene and
triethoxysilylnorbonene in a mole percent ratio of 80/20
norbornene/triethoxysilylnorbonene.

Preferred sacrificial polymers according to present invention are addition
polymers comprising polycyclic repeating units that are connected to one
another via 2,3-linkages that are formed across the double bond contained in

the norbornene-type moiety of the prepolymerized polycyclic monomer.
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al koxy, linear or branched (C, to C2) al kyl carbonyloxy (e.g., acetoxy),
and g_ 2 ? N OV 2002 substituted or unsubstituted (Cs to C20 ) aryl oxy;
‘mis a nunber fromO0 to 4; and n is a nunber fromO to 5. |r2FNOWI2021 at
| east one of substituents R2 and R3 nust '

32 32y
56 56
2,3-enchainment

The polymers may be polymerized from appropriately functionalized
norbornene-type monomers in the presence of a single or multi-component
Group VIl transition metal catalyst system as described in International Patent
Application Publication No. WO 97/20871 to The BFGoodrich Company,
published on June 12, 1997, which is hereby incorporated herein by reference in
its entirety.

The polynorbornene-type polymer is particularly beneficial because it has
a high (>350°C) and sufficient thermal stability to accommodate a number of
commonly employed and other semiconductor manufacturing steps such as

~ plasma enhanced chemical vapor deposition (PECVD) of SiO, and low
temperature copper annealing, and has a decomposition temperature close to
its T,, thereby limiting movement which might damage the semiconductor
device.

It is believed that the polycycloolefinic polymers utilized in practicing this
invention are uniquely suited as sacrificial materials in semiconductor device
manufacturing because the material thermally decomposes close to its T. In
other words, the polymer remains mechanically stable until the decomposition
temperature is reached enabling the polymer to endure the rather harsh
processing steps (e.g., repeated heat cycles, the mechanical stress of
manipulation, etc.) during semiconductor manufacture. The disadvantage with
the prior art polymers is that their T,'s are well below their decomposition
temperatures, leading to mechanical failure or structural changes before the
decomposition temperature is reached.

It has been found that by incorporating polycycloolefinic repeating units
that contain pendant hydrocarby! (Formula 1l) and/or pendant polar (Formula 1il)

substituents into the sacrificial polymér backbone the decomposition

17-



be selected fromthe silyl group represented by the fornmula set forth under
la. Preferably) at least one of R, R', or R12 is selected froma |inear or

branched (C, to 'C,) al koxy group and RO is hydrogen. Mre pre&qr,@,ﬁ}meach
oXY,

of R, R', and R 2 are the sanme and are sel ected from net hoxyy, et

propoxy, butoxy, and pentoxy. Mst preferably, nis 0 and R,_ R', and Rl12
are each ethoxy groups) e.g.) R2 and/or R3 is nost preferably a

tri et hoxysi | {ampengtures pétine syl substitutedmolyeydleolefinid@otyneratart be si | yl

o g, P B e S B e <

Stom . In For O Ao Bl Sy Mybbnene (oo gy "

structures |teraperatuwe appspxiotatelg 430 ° B¢ canvbel ibwBredgy BBpfexirhatdR-3BZCRg, Ra
replacing the norbornene repeating units in the copolymer with repeating units
containing pendant linear and/or branched (C, to C,,) alkyl substituents. For
example, the thermal decomposition temperature for a copolymer containing
butylnorborneneftriethoxysilylnorbornene in a mole percent ratio of 95/5 is
lowered to 405°C. We expect that the decomposition temperature of the
copolymer can be lowered even further (up to approximately 100°C) by
replacing the norbornene repeating units in the copolymer with repeating units
containing the polar substituents described under Formula Ill. Homopolymers of
norbornyl acetate and norbornyl ethyl carbonate have thermal decomposition
temperatures of 356°C and 329°C, respeétively. The polar groups include
ester, carbonate, and acetate substituents and the like. To effect lower
decomposition temperatures of the silyl substituted polymers, the polymer
should contain about 50 mole percent of polycyclic repeating units having
pendant hydrocarbyl or polar functionality, preferably greater than 50 mole
percent, more preferably 51 to 99 percent, still more preferably 55 to 95 mole
percent, even more preferably 65 to 80 mole percent.

The aforesaid sacrificial polymers can be heated to above their
decomposition temperature, typically in the range of about 380°C to about
450°C, to cause the polymers to decompose into their decomposition products
which can diffuse through the various materials the sacrificial polymers are
mixed with. Such materials include polymer dielectrics such as silicon dioxide,
silicon nitride, methylsilsesquioxane (MSQ), CH,SiO, ;, or
hydrogensilsesquioxane (HSQ), HSiO, ;. Particularly useful are polymers such
as MSQ, HSQ and mixed silsesquioxanes, as will become evident from the

following description of other exemplary methods illustrating other aspects of the

invention.
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wherein R to R4 are as previously defined and at | east one of R2 and R3
must be a silyl substituent represented by la. Repeating units where mis
0, i.e., repeating units of structure Ib, are especially prefe7ddV 2
Formulae I, Ib, and Ic R and Racan taken together with the two ring carbon
atons to which they are attached to represent a saturated cyclic group of 4
to 8 carbon atons. Wen R and R' are taken together to forma saturated
cyclic group, thelrpdditiongitshpuidsalsabstriated HibtwheRotherdbdEnmsitimast .one of

whi ch nmust be _a silyl up represented by |a. nerically such nmononers
are represent?%@pﬁ?t'grﬁegf;@?l%' gagrp@ {alljfs\élpwiaée_degpm-on Bolytners With lower

curing temperatures can be utilized as the dielectric material.

Dielectric Material:

Methods for making methylsilsesquioxane are known in the art. For
example, it is known that methylsilsesquioxane can be formed by the hydrolysis
of methyltriethoxysilane. Alternatively, it is also known from Rahn et al., Mat.
Res. Soc. Symp. Proc., (1990) v. 171:31-37, that a silsesquioxane copolymer
can be produced through a catalytic redistribution reaction followed by a reaction
with alcohols. Laine et al., Chem. Mat., (1990), v. 2:464-472, teaches the
synthesis of methylsilsesquioxane using a titanium-catalyzed redistribution of
cyclomers or linear oligomers. Sugiyama et al., U.S. Pat. No. 4,745,169,
teaches that a polyorganosilsesquioxane can be synthesized from a
trichlorosilane or trialkoxysilane having a protected hydroxyl group. U.S. Pat.
No. 4.745,169 is hereby incorporated herein by reference for its teachings of
how to synthesize a polyorganosilsesquioxane.

Methods for making hydrogensilsesquioxane are also known in the art.
For example, it is known to hydrolyze an alkoxy or acyloxy silane with water in
an acidic, alcoholic hydrolysis medium. Similarly, Collins et al. in U.S. Pat. No.
3,615,272, which is incorporated herein by reference, teach the production of a
nearly fully condensed H-resin (which may contain up to 100-300 ppm silanol)
by a process comprising hydrolyzing trichlorosilane in a benzenesulfonic acid
hydrate hydrolysis medium and then washing the resultant resin with water or
aqueous sulfuric acid. Additionally, Bank et al. in U.S. Pat. No. 5,010,159, which
is hereby incorporated by reference, teach an alternative method comprising
hydrolyzing hydridosilanes in an arylsulfonic acid hydrate hydrolysis medium to
form a resin which is then contacted with a neutralizing agent.

Of particular use are Accuspin® T-18 (a methylsilsesquioxane also know
as Allied-Signal 418, from Allied-Signal, Santa Clara, CA) or Accuglass® 512 (a
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2 7 NDV 2002 wherein Bis a nethylene (i.e., -CH2-) group and q is a nunber

from2 to 6. It should be apparent that when the nethyl ene group

‘represented by B contains an R2 or R3 substituent, one of th® hygdyomen
atons of the -CHZ group is replaced by the R2 or R3 substituent.

Representative repeating unit structures are set forth bel ow

mMYmvmR2R3R2R3R2R3 wherein R2, R3, and mare as previously defined.

| 1| ustrati venxgdrisesqubxansnalee foof AledBiyaall Santal Gtea5Chy).i Alsvoofyinidryst

S-tri i1yl . 5-trimet hoxysilyl norbornene,
norbor nene, |s§atﬁy}ngégXIsﬁéesyquug]x%rngoprrg 88 from E%vrvT%ornm)é call)éd flowable oxide

FO,.

Generally, the porous insulating compounds, preferably porous
silsesquioxane insulating compounds, of the present invention are formed by
‘mixing a sacrificial material, preferably selected from the cycloolefin class of
compounds discussed above and more preferably selected from the
bicycloolefins discussed above, with a dielectric material, such as a spin-on
dielectric. Preferably, the spin-on dielectric is a spih-on polymer or spin-on-glass
(SOG) (e.g., methylsilsesquioxane (MSQ), hydrogensilsesquioxane (HSQ), or
mixed silsesquioxanes). Even more preferably, the sacrificial material is
selected from one of the norbornene-type polymers discussed above and the
spin-on dielectric is either Accuspin® T-18 or Accuglass® 512.

Preferably, the sacrificial material is first dissolved into a solvent (e.g., an
organic solvent such as an organic alcohol) which is capable of dissolving at
least one of either the sacrificial material and/or the dielectric material. The
dissoived sacrificial material is then mixed with the dielectric material, thereby
forming a solution. The resulting solution is stirred at room temperature for an
appropriate length of time in order to ensure that the sacrificial material is evenly
dispersed in the dielectric material. Preferably the above solution is stirred at
room temperature for about 0.1 to about 4 hours, more preferably about 0.75 to
about 3 hours, and even more preferably about 1 to about 2 hours. Even more
preferably, the dissolved sacrificial material is filtered with a filter, having a pore
size of about 0.2 um, prior to being mixed with the dielectric material. Once
stirring of the sacrificial polymer/dielectric material is completed, the mixture is
then preferably filtered. The filter used at this stage preferably has a pore size
of less than about 0.2 ym.

It should be noted, however, that other techniques for combining the
sacrificial material with the dielectric material can be used. For example, the two

could be combined used spraying.
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5- et hyl di net hoxysi | yl norbornene, 5-dinmethyl net hoxy norbornene. In another
enbodi nent of the present invention, the sacrificial polynmer conprises

"hydr ocar byl substituted polycyclic repeatlng units sel ected-, S
represented by Fornmula Il below -10 é?WM

(A A9. Al Af5. ASL. Af. AfE. AS[ L. Ay[ . A@: , , d

Next, the sacrificial material/dielectric material composition, if so desired,
can be deposited by a suitable technique onto a desired surface or article.
Preferably, the composition is spin coated onto a desired surface. The
composition is then subjected to a temperature sufficient enough to cure the
dielectric material but not sufficient enough to cause decomposition of the
sacrificial material. Thus, it is important that the dielectric material portion of the
composition used in the present invention has a curing temperature which is at
or below the decomposition temperature of the sacrificial material used in the
present invention so that a stabilized polymer film can be formed which retains
the porous nature of the sacrificial material once decomposition has occurred.
In the case where the curing temperature is below the decomposition
temperature of the sacrificial material, the cured mixture is next subjected to a
temperature sufficient enough to cause the sacrificial material to undergo
decomposition. The decomposition products of the sacrificial material are
believed to permeate through the cage structure of the dielectric material,
thereby leaving behind pores or voids.

| Alternatively, the sacrificial material/dielectric material composition can be
subjected to a temperature which is both sufficient enough to cure the dielectric
material and sufficient enough to cause decomposition of the sacrificial material.
That is, both steps may be conducted simultaneously by gradually heating the
coated objects to a temperature that is at or above the decomposition

temperature of the sacrificial material.

Examples:
_ The following applies to all of the Examples discussed below, unless
other wise specified.
In the Examples, unless otherwise stated, degrees are in Celsius,
pressure in atmosphere and amounts and rations are given by weight.
Dielectric measurements were performed by fabricating parallel plate

capacitors on (100) silicon wafers. The bottom plate of the capacitors was a full-
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substrates at 3000 RPM.

The spin coated materials were then baked at 180 °C in air for two
minutes, followed by further curing and polymer decomposition in a nitrogen-
purged, quartz tube oven. The temperature in the oven was raised at a rate of
between about 1 to about 10 °C/min, preferably about 2 to about 5 °C/min, until
the over temperature reached approximately 425 °C, upon which the oven was
held at this temperature for approximately 30 minutes. After which the coated
substrates were cooled slowly by nature convection to less than 150 °C.

After completion of the above process, a top electrode consisting of
Ti/AurTi (100A/4000A/100A) was patterned by photolithography and wet etching
and the conductance of the capacitors were measured. The capacitors had a
surface area in the range of from about 0.025 cm? to about 1.1 cm?2. The
capacitance and conductance were measured at 10 kHz. Only defect-free
capacitors with low conductances, generally below about 1 uS, and often below
about 0.01 uS, were subjected to further testing as described below.

In view of the above, the permittivity and dielectric constant were found to
be the same to generally three significant figures. No correction was necessary
for fringing fields around the perimeter of the capacitors due to their high
capacitor area-to-thickness ratio (>1000).

It should also be noted, that for the examples discussed below FT-IR

spectra were obtained using a Nicolet 550 infrared spectrometer and that defect
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determination in the dielectric layers was accomplished using a Hitachi-2000,

electron microscope.

Example 1:

A mixture of 20% triethoxysilylnorbornene polymer (Mw=158,000,
determined by GPC in monchlorobenzene) and 80% MSQ (Accuspin® T-18), by
weight, was formed by dissolving each of the above components in an adequate
amount 4-methyl-2-pentanone and then mixing the two solutions while stirring.
The resulting solution was stirred one hour at room temperature in order to yield
a sacrificial material/dielectric material composition. The resulting composition
was then spin coated onto metallized silicon substrates to yield a dielectric
layers having a thickness of about 620 nm. Thereafter, the coated metallized
silicon substrates were subjected to optical microscopy to confirm that they were
defect free and did not have any pinholes or through-voids present in the
sacrificial material/dielectric material composition layer.

The sacrificial material/dielectric material compositiop coated metallized
silicon substrates were then placed in an oven in which the temperature was
raised at a rate of about 5 °C/min, until the over temperature reached
approximately 425 °C, upon which the oven was held at this temperature for
about 30 minutes. Initially, the dielectric material portion of the sacrificial
material/dielectric material composition is cured by being subjected to heat.
After the temperature in the oven reaches the approximate decomposition
temperature of the sacrificial material in the sacrificial material/dielectric material
composition, the sacrificial material undergoes decomposition.

After completion of the above process, the average dielectric constant of
the dielectric layers formed according to this example was measured and found
to be 2.31 with a standard deviation of 0.09.

Dielectric films of 40% triethoxysilylnorbornene polymer and 60% MSQ;
and 60% triethoxysilylnorbornene polymer and 40% MSQ were also prepared in

accordance with the above procedufe. These films were also defect-free upon
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spin coating and substantially free from the formation of pinholes, through-voids
or tubes (i.e., voids which connect to form a complete passage from one side of
the dielectric layer to the other). Alternatively, a through-void may be defined as
a channel or void which goes completely through a cross-section of the porous
insulator.

It should be noted, that in order to produce a viable insulator layer, the
method used for producing the porous insulative material should produce an
insulator which is substantially free of pinholes or through-voids. Preferably, the
insulator should be completely free of such pinholes or through-voids. This is
because such pinholes or through-voids can lead to an increased in the

conductivity of the insulator, thereby reducing its insulative capacity.

Comparative Example 1;

The metallized silicon substrates of Comparative Example 1 were formed
by the same process described above with regard to Example 1 except for the
following. The dielectric layers were formed from only MSQ (Accuspin® T-18).
The dielectric layers in this example were found to have a thickness of about
650 nm. The average dielectric constant of the dielectric layers of this example

was measured and found to be 2.71, with a standard deviation of 0.05.

Example 2:

The metallized silicon substrates of Example 2 were formed by the same
process described above with regard to Example 1 that the dielectric layers
were formed from 20% triethoxysilylnorbornene polymer and 80% Accuglass®
512. The final cure temperature for Example 2 was about 400 °C. The average
dielectric constant of the dielectric layers of this example were measured and
found to be 2.71, with a standard deviation of 0.05.
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Comparative Example 2:
The metallized silicon substrates of Comparative Example 2 were formed

by the same process described above with regard to Example 2 that the
dielectric layers were formed from only Accuglass® 512. The average dielectric
constant of the dielectric layers of this example was measured and found to be
3.1, with .a standard deviation of 0.11.

The results of the above Examples are summarized below in Table I. |t
should be noted that lower dielectric constants are better in that a compound

having a lower dielectric constant is a better insulator.

Material Dielectric Constant | Standard Deviation
Example 1 2.31 0.09
Comparative Example 1 2.7 0.05
Example 2 277 0.11
Comparative Example 2 3.1 0.1

As can be seen from the results detailed in Table |, the dielectric
constants of a dielectric material (e.g., a spin-on dielectric) can be lowered
significantly by subjecting a mixture of a sacrificial material and a dielectric
material to conditions sufficient to cause the decomposition of the sacrificial
material.

The decrease in the dielectric constant between the comparative
examples and the inventive examples can be attributed to the formation of pores
in the dielectric layers upon subjecting the dielectric layers to conditions suitable
to cause the decomposition of the sacrificial material. Norbornene polymers are
preferred as sacrificial materials because they thermally decompose into volatile
products which are able to diffuse through the dielectric material (or
encapsulating film). It was also discovered that the sacrificial material, when

mixed with a dielectric material in the manner described above, was found to be
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evenly dispersed throughout the dielectric material, thereby preventing the
formation of pinholes or through-holes in the dielectric layer.

Turning now to the Figures, Fig. 1A depicts a micrograph of a cured MSQ
layer. The micrograph of shows that no pores were observed to have formed in
a dielectric layer which contained only MSQ. On the other hand, as can be seen
from the micrographs of Figs. 1B (20%TESNB/80% MSQ by weight) and 1C
(40%TESNB/60% MSQ by weight). The pores observed in the dielectric layer of
Fig. 1B are approximately 70 nm in size and distributed evenly throughout the
dielectric layer. As can be seen from Fig. 1C as the amount of TESNB
increased the number of pores present in the dielectric layer increased.
However, the size of the pores remained about the same.

With regard to the discussion above it is believed, in an preferred
embodiment, that the alkoxy silyl groups on thé preferred sacrificial norbornene
material reacts with those of the uncured preferred dielectric material, (e.g.,
MSQ, HSQ or a mixed silsesquioxanes) or assists to evenly disperse the
sacrificial norbornene-type polymer material throughout the preferred dielectric
material, thereby preventing agglomeration of the sacrificial material in the
dielectric material. Specifically, it is believed that the sacrificial norbornene-type
polymer material remains evenly dispersed throughout the dielectric material as
discrete polymer units distributed throughout the polymer film due to bonding,
via hydrolysis of the -Si-O-C,H, groups of the norbornene-type polymer and the -
Si-O-CHj or -Si-O-H groups of the dielectric material. This is believed to be
followed by a condensation reaction during curing.

As stated above, preferably the decomposition temperature of the
sacrificial material is at least 100 °C, even more preferably the decomposition
temperature of the sacrificial material is in the range of about 380 °C to about
450 °C.

Prior to decomposition, the porous insulating compositions of the present
invention preferably comprise at least about 40 percent by weight dielectric

material, with the remainder being comprised of sacrificial material. More
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preferably, the porous insulating compositions of the present invention
preferably comprise at least about 60 percent by weight dielectric material and
more preferably the porous insulating compositions of the present invention
preferably comprise at least about 80 percent by weight dielectric material, with
the remainder being comprised of sacrificial material. Thus, the amount of
sacrificial material in the present invention can range from about 0.1 percent by
weight to about 60 percent by weight. Most preferably, prior to decomposition,
the inventive porous insulating compositions comprises 20 percent by weight
sacrificial material and 80 percent by weight dielectric material.

It should be noted that, in view of the above discussion with regard to the
Examples, it was determined that the size of the pores formed by the
decomposition of the sacrificial material in the present porous insulating
compositions is mainly a function of the molecular the size of the sacrificial
material used in present invention rather than the amount of sacrificial material
present. That is, a sacrificial material with a larger molecuiar weight produces a
larger average pore diameter or size upon decomposition and vice versa.

In view of the above, preferably the sacrificial material used in the present
invention is a norbornene-type dimer, trimer, tertramer or polymer. In the case
where a norbornene-type dimer or trimer is used it is possible to form, upon

 decomposition, pores having a diameter or about 10 Angstroms. On the other
hand, when larger pores or voids are desired norbornene-type polymer having
molecular weights in the range of about 1,000 to about 1,000,000 can be
utilized.

Preferably, as stated above, the average pore diameter of the pores
formed upon decomposition of the sacrificial material are at least about 10
Angstroms, and even more preferably about 10 nm.

Turning to Fig. 2, Fig. 2, line A depicts the infrared spectra of the porous
insulating composition of Example 1 of the present invention prior to
decomposition but after curing (or backing) at about 180 °C. The solution was

spin coated onto a low-doped, doubvle-sided polished silicon wafer. The wafer
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was quartered and heated to different temperatures. An un-coated silicon wafer
was used for background subtraction. In Fig. 2, lines B and C depict,
respectively, the infrared spectra for the composition of Example 1 after curing
and decomposition was conducted at about 400 °C and about 425 °C.

As can be seen from the infrared spectra contained in Fig. 2. The
moisture content of the film is lowered significantly by heating the film at about
400 °C (Line B) or about 425 °C (Liﬁe C). This can be seen from the decrease
in the Si-OH peaks at approximately 3400 cm™ and at approximately 870 to 950
cm™. The condensation cross-linking reaction of the silanol groups of the MSQ
-causes a change in the silsesquioxane peaks, which are observed at 1126 cm™
and 1026 cm™. A change in these peaks is observed between curing (Line A)
and the samples subjected to curing and decomposition (Lines B and C). The
Si-C stretch is observed at 1273 cm™, which is not changed by the curing of the
MSQ at the decomposition temperatures of about 400 °C (Line B) and 425 °C
(Line C).

Continuing on, as can be seen from Fig. 2, the decomposition of the
TESNB polymer lowers the absorbance of the C-H, stretching peaks between
2800 cm™ and 2980 cm™. A total of five peaks are expected in this region for -
the 20% TESNB polymer/80% MSQ mixture. As can be seen, there are two
peaks each for C-H, and C-H, (symmetric and asymmetric stretches) and one
peak for the C-H stretch. The MSQ contains only -CH, groups (two peaks),
while the TESNB contains -CH,, -CH,, and -CH groups. The primary methyl
peak for the MSQ is at 2873 cm™. However, the other C-H, assignments have
not been confirmed because the unknown environment in the solid samples.
Thus, the decomposition and diffusion of the TESNB polymer should result in
the disappearance of three small peaks. This fact can be observed with
reference to the spectra depicted in Fig. 3. Lines A, B and C of Fig. 3
correspond to the similarly letter lines of Fig. 2.

Although the invention has been shown and described with respect to a

certain preferred embodiment or embodiments, it is obvious that equivalent
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alterations and modifications wili occur to others skilled in the art upon the
reading and understanding of this specification and the annexed drawings. in
particular regard to the various functions performed by the above described
integers (components, assemblies, devices, compositions, etc.), the terms
(including a reference to a "means") used to describe such integers are intended
to correspond, unless otherwise indicated, to any integer which performs the
specified function of the described integer (i.e., that is functionally equivalent),
even though not structurally equivalent to the disclosed structure which performs
the function in the herein illustrated exemplary embodiment or embodiments of
the invention. In addition, while a particular feature of the invention may have
been described above with respect to only one of several illustrated
embodiments, such feature may be combined with one or more other features of
the other embodiments, as may be desired and advantageous for any given or

particular application.
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Claims

1. A method of forming a porous insulating composition comprising the
steps of:

(A) providing at least one organic sacrificial material/dielectric
material composition comprising at least one organic sacrificial material and at least
one dielectric material; and

(B) removing the at least one organic sacrificial material in the at
least one organic sacrificial material/dielectric material composition, in order to
generate pores in the at least one dielectric material,

wherein the at least one dielectric material is a spin-on dielectric polymer
selected from methylsilsesquioxane, hydrogensiisesquioxane, and mixed
silsesquioxanes.

2. A method as set forth in claim 1, wherein step (B) comprises heating
the at least one organic sacrificial material to a temperature equal to or greater than
the decomposition temperature of the at least one organic sacrificial material.

3. A method as set forth in claim 2, wherein during step (B) the at least
one dielectric material is cured.

4. A method as set forth in claim 1, wherein the at least one organic
sacrificial material is filtered prior to step (A).

5. A method as set forth in claim 1, further comprising the step of:
(C) depositing the at least one organic sacrificial material/dielectric
material composition on a surface prior to step (B).

6. A method as set forth in claim 1, wherein the at least one organic
sacrificial material is at least one cyclic olefin or polymer thereof.

7. A method as set forth in claim 6, wherein the at least one cyclic olefin
or polymer thereof is at least one dicyclic olefin or polymer thereof.

8. A method as set forth in claim 1, wherein the at least one organic
sacrificial material is at least one norbornene-type polymer.

9. A method as set forth in claim 8, wherein the norbornene-type polymer
comprises repeating units of the general formula:

RIR2 s R
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wherein R' and R* independently represent hydrogen or linear or branched
(C, to C,,) alkyl; R?and R?® independently represent hydrogen, linear or branched (C,
to C,,) alkyl or the groups:

R9
-(CH),-SiRI%R!R12 Ia

R® independently is hydrogen, methyl, or ethyl; R", R", and R"? independently
represent linear or branched (C, to C,,) alkyl, linear or branched (C, to C,,) alkoxy,
linear or branched (C, to C,,) alkyl carbonyloxy, and substituted or unsubstituted (C,
to C,, ) aryloxy; m is a number from O to 4; and n is a number from 0 to 5; and at
least one of substituents R? and R®is selected from the silyl group represented by
the formula set forth under la.

10. A method as set forth in claim 9, wherein at least one of R, R", or R"
is selected from a linear or branched (C, to C,,) alkoxy group and R® is hydrogen.

11. A method as set forth in claim 10, wherein each of R, R", and R"?
are the same and are selected from methoxy, ethoxy, propoxy, butoxy, and pentoxy.

12. A method as set forth in claim 11, wherein n is 0 and R'’, R"", and R
are each ethoxy groups.

13. A method as set forth in claim 12, wherein R? or R®is a triethoxysilyl
substituent.

14. A method as set forth in claim 9, wherein in Formula | above, m is
preferably O or 1 as represented by structures Ib and lc, respectively:

Ib Ic

RI Rz gs R*
Rl g2 po R

wherein R' to R* are as previously defined and at least one of R? and R is a silyl
substituent represented by la.

15. A method as set forth in claim 9, wherein R and R* taken together with
the two ring carbon atoms to which they are attached comprise repeating units of the
following structure:
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R2 R3

wherein B is a methylene group, q is a number from 2 to 6, and R? and R® are as
defined above.

16. A method as set forth in claim 9, wherein the norbornene-type polymer
further comprises hydrocarbyl substituted polycyclic repeating units selected from
units represented by Formula Il below:

I

I lp
RS

Rs rR7 R

wherein R%, R®% R, and R® independently represent hydrogen, linear and branched
(C, to Cy) alkyl, hydrocarbyl substituted and unsubstituted (C; to C,,) cycloalkyl,
hydrocarbyl substituted and unsubstituted (C, to C,,) aryl, hydrocarbyl substituted
and unsubstituted (C, to C,;) aralkyl, (C; to C,,) alkynyl, linear and branched

(C, to C,,) alkenyl, or vinyl; any of R® and R® or R” and R® can be taken together to
form a (C, to C,,) alkylidenyl group, R® and R® when taken with the two ring carbon
atoms to which they are attached can represent saturated and unsaturated cyclic
groups containing 4 to 12 carbon atoms or an aromatic ring containing 6 to 17
carbon atoms; and pis 0, 1, 2, 3, or 4.

17. A method as set forth in claim 8, wherein the norbornene-type polymer
comprises repeating units represented by Formula Il below:

II1
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wherein R® to R' independently represent a polar substituent selected from the

group: -(A),-C(O)OR”, -(A),-OR", -(A),-OC(O)R", ~(A),-OC(O)OR",

-(A),-C(O)R", -(A),- OC(O)C(O)OR", -(A),-O-A’-C(O)OR",

-(A),-OC(0O)-A’-C(O)OR", -(A),-C(O)O-A'-C(O)OR", -(A),-C(0)-A’-OR",

-(A),-C(O)O-A’-OC(O)OR", -(A),-C(O)O-A’-O-A’-C(O)OR",

-(A),-C(0)O-A’-OC(0)C(O)OR", ~(A),-C(R"),CH(R")(C(O)OR"), and

-(A),-C(R"),CH(C(O)OR"),; the moieties A and A’ independently represent a

divalent bridging or spacer radical selected from divalent hydrocarbon radicals,

divalent cyclic hydrocarbon radicals, divalent oxygen containing radicals, and

divalent cyclic ethers and cyclic diethers; and n is an integer 0 or 1.

18. A method as set forth in claim 8, wherein the at least one norbornene-
type polymer comprises copolymers comprising a combination of repeating units

represented by Formulae | and I, Formulae | and lll, Formulae Il and 1ll or Formulae
I, Il and lll, where

Formula | is:

| | m

RIR2 Rs R

wherein R' and R* independently represent hydrogen or linear or branched

(C, to Cy) alkyl; R?and R?® independently represent hydrogen, linear or branched (C,
to C,,) alkyl or the groups:

RO

-(CH)_-SiRI0R 'R 12 Ia

R® independently is hydrogen, methyl, or ethyl; R'’, R'", and R'? independently
represent linear or branched (C, to C,,) alkyl, linear or branched (C, to C,;) alkoxy,
linear or branched (C, to C,,) alkyl carbonyloxy, and substituted or unsubstituted (C,
to C,,) aryloxy; m is a number from 0 to 4; and n is a number from 0 to 5; and at
least one of substituents R? and R*is selected from the silyl group represented by
the formula set forth under la;

Formula Il is

-~ 33 -



10%H & ()- @' !'10%! & ()- @,/S10%! & ()- @-GLO%! & ()-'

@+10%! & ()-EFEEE|[:bC 1! @:10%!& ()- @2 10%!'& ()- @'!'10%! & ()-
@,/S10%! & ()- '@-GlLOo%! & ()-' 10%H! & ()- Nornmal" "Heading ,1:3?)] c" "Headi ng
23] ¢c" "Heading 33]c" "Heading 43]c" "Heading 53]c" "Heading 2 1NBV '2082adi ng
73] c" "Heading 83]c" "Heading 93]c"A "Default Paragraph

Font f V: f $+P4, 9?CHILNPRTVXZp% <DF[A_ Wr+. QIR :; . .
; <@A\D' D. D. DDEF" abcdef ghi j kl mopqr sy'uv z6Ti mes New RomanAri al Courier New'h
Root Ent r yWor dDocunent I #PUR ( =~/ 0123456789: ;
<=>7?@\BCDEFGHI JKLMNOPQRSTUVWKYZ[ \ 1~/ def ghi j kI mopgr st uvwxyz{|
L Ip
RS R6 R7 RS

wherein R%, R% R, and R® independently represent hydrogen, linear and branched
(C, to Cy) alkyl, hydrocarbyl substituted and unsubstituted (C, to C,,) cycloalkyi,
hydrocarbyl substituted and unsubstituted (C, to C,,) aryl, hydrocarbyl substituted
and unsubstituted (C, to C,;) aralkyl, (C, to C,,) alkynyl, linear and branched
(C; to Cy) alkenyl, or vinyl; any of R® and R® or R” and R® can be taken together to
form a (C, to C,,) alkylidenyl group, R® and R® when taken with the two ring carbon
atoms to which they are attached can represent saturated and unsaturated cyclic
groups containing 4 to 12 carbon atoms or an aromatic ring containing 6 to 17
carbon atoms; and pis 0, 1, 2, 3, or 4; and

Formula lll is

I

P

12
R9 RIORIIR

wherein R® to R™ independently represent a polar substituent selected from the
group: -(A),-C(O)OR", -(A),-OR”, -(A),-OC(O)R", -(A),-OC(O)OR",
-(A),-C(O)R", -(A),- OC(O)C(O)OR", ~(A),-O-A’-C(O)OR",
-(A),-OC(O)-A'-C(O)OR", -(A),-C(0)O-A’-C(O)OR", -(A),-C(0O)-A'-OR",
-(A),-C(O)O-A’-OC(O)OR", -(A),-C(O)0O-A'-O-A'-C(O)OR",
-(A),-C(0)O-A'-OC(O)C(0O)OR", -(A),-C(R"),CH(R")(C(O)OR"), and
-(A),-C(R"),CH(C(O)OR"),; the moieties A and A’ independently represent a
divalent bridging or spacer radical selected from divalent hydrocarbon radicals,
divalent cyclic hydrocarbon radicals, divalent oxygen containing radicals, and
divalent cyclic ethers and cyclic diethers; and n is an integer 0 or 1.

19. A method as set forth in claim 9, wherein the repeating units containing
silyl functional groups comprise at least 1 mole percent of the polymer.

20. A method as set forth in claim 19, wherein the repeating units
containing silyl functional groups comprise at least 5 mole percent of the polymer.

21. A method as set forth in claim 1, wherein step (A) comprises mixing
the at least one organic sacrificial material the at least one dielectric material.
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22. A method as set forth in claim 21, wherein the at least one organic
sacrificial material is dissolved in a solvent prior to the step of mixing the at least one
organic sactificial material with the at least one dielectric material.

23. A method as set forth in claim 22, wherein the solvent is an organic
solvent.

24. A method as set forth in claim 23, wherein the solvent is an organic
alcohol.

25. A method as set forth in claim 24, wherein the organic alcohol is 4-
methyl-2-pentanone.

26. A method as set forth in claim 2, wherein the decomposition
temperature of the at least one organic sacrificial material is at least about 100 °C.

27. A method as set forth in claim 26, wherein the decomposition
temperature of the at least one organic sacrificial material is in the range of about
380 °C to about 450 °C.

28. A method as set forth in claim 1, wherein the pores have an average
diameter of at least about 10 Angstroms.

29. A method as set forth in claim 1, wherein the pores have an average
diameter of at least about 10 nm.

30. A method of forming a porous insulating composition comprising the
steps of:
(A)  providing a sacrificial material/dielectric material composition
comprising at least one sacrificial material and at least one dielectric material;
(B) curing the sacrificial material/dielectric material composition;
and
(C) thermally decomposing the at least one sacrificial material in the
sacrificial material/dielectric material composition, in order to generate pores in the
at least one dielectric material,
wherein the at least one dielectric material is a spin-on dielectric polymer
selected from methylsilsesquioxane, hydrogensilsesquioxane, and mixed
silsesquioxanes.

31. A method as set forth in claim 30, wherein step (C) heating the at least
one sacrificial material to a temperature equal to or greater than the decomposition
temperature of the at least one sacrificial material.

32. A method as set forth in claim 30, wherein steps (B) and (C) are done
simultaneously by heating the at least one sacrificial material/dielectric material
composition to a temperature equal to or greater than the decomposition
temperature of the at least one sacrificial material.

33. A method as set forth in claim 30, wherein the at least one sacrificial
material is at least one norbornene-type polymer.
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34. A method as set forth in claim 33, wherein the at least one
norbornene-type polymer comprises repeating units of the general formula:

[ 1m

RIR2 s R

wherein R' and R* independently represent hydrogen or linear or branched

(C, to C,,) alkyl; R*and R® independently represent hydrogen, linear or branched (C,
to C,,) alkyl or the groups:

RO
-(CH),-SiR10R11R12 Ia

R® independently is hydrogen, methyl, or ethyl; R'°, R", and R"* independently
represent linear or branched (C, to C,,) alkyl, linear or branched (C, to C,;) alkoxy,
linear or branched (C, to C,,) alkyl carbonyloxy, and substituted or unsubstituted (Cq
to C,,) aryloxy; m is a number from 0 to 4; and n is a number from O to 5; and at
least one of substituents R? and R%is selected from the silyl group represented by
the formula set forth under la.

35. A method of forming a porous insulating composition comprising the
steps of:

(A) providing at least one organic sacrificial material/dielectric
material composition comprising at least one organic sacrificial material and at least
one dielectric material; and

(B) removing the at least one organic sacrificial material in the at
least one organic sacrificial material/dielectric material composition, in order to
generate pores in the at least one dielectric material,

wherein the at least one dielectric material is at least one non-organic
polysilica.

36. A method of forming a porous insulating composition comprising the
steps of:

(A) providing at least one organic sacrificial material/dielectric
material composition comprising at least one organic sacrificial material and at least
one dielectric material; and :

(B) removing the at least one organic sacrificial material in the at
least one organic sacrificial material/dielectric material composition, in order to
generate pores in the at least one dielectric material,

wherein the at least one sacrificial material is at least one norbornene-type
polymer.
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37. A method of forming a porous insulating composition comprising the
steps of:
(A)  providing a sacrificial material/dielectric material composition
comprising at least one sacrificial material and at least one dielectric material;
(B)  curing the sacrificial material/dielectric material composition;
and
(C) thermally decomposing the at least one sacrificial material in the
sacrificial material/dielectric material composition, in order to generate pores in the
at least one dielectric material,
wherein the at least one sacrificial material is at least one norbornene-type
polymer.
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