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NANOPOROUS MATERIAL S AND METHODS
OF FORMATION THEREOF

Fier. D OF THE INVENTION

The field of the invemtion is nanoporous arad ultrananoporous materials, layers and

components.

BACKGROUND OF THE INVENNTION

As the size of functional elements in integrated circuits decreases, coomplexity and
interconnectivity increases. "To accommodate the growing demand of interconnections in
modern integrated circuits, on-chip interconnections have been developed. Such
interconnections generally corasist of multiple layers ©of metallic conductor lines embedded in a
low dielectric constant material. The dielectric constant in such material has a very important
influence on the performance of an integrated circuit. Materials having low diclectric constants
(ie., below 2.5) are desirable because they allow faster signal velocity and shorter cycle times.
In general, low dielectric corastant materials reduce capacitive effects in integr-ated circuits,
which frequently leads to less cross talk between conductor lines, and allows for lower voltages

to drive integrated circuits.

Low dielectric constarat materials can be chaxacterized as predominantly~ inorganic or
organiic. Inorganic oxides, such as silicon oxides or aluminum oxides, often have dielectric
constants of 4 and above, which can become problexmatic when device features in integrated
circuits are smaller than 1 pm. Organic polymers include epoxy networks, cyanate ester resins,
polyarylene ethers, and polyirmides. Epoxy networks frequently show disadvanta geously high
dielectric constants at about 3.8 - 4.5. Cyanate ester resins have relatively low dielectric
constants between approximately 3.0 - 3.7, but tend €o be rather brittle, thereby Ximiting their
utility. Polyimides and polyarylene ethers have showr many advantageous properties including
high thermal stability, ease of processing, low stress, low dielectric constant and hi gh resistance,

and such polymers are therefore frequently used as alternative low dielectric constant polymers.



WO 2004/017335 PCT/US2002/026276

With respect to other prop erties, desirable dielectrics should also be free frorm moisture
and out-gassing problems, have suitable adhesive and gap-filling qualities, and hawe suitable
dimensional stability towards thermal cycling, etching, and CMP processes (ie., chemical,
mechanical, polishing). Preferred dielectrics should also have Tg values (glass transition

temperatures) of at least 300°C, and preferably 400°C or more.

The demand for materials having dielectric comstant lower than 3 has Jed to the
development of dielectric materials with designed-in naroporosity. Since air has a dielectric
constant of about 1, a major goal is to reduce the dielectxic constant of nanoporous materials
down tow ards a theoretical limit of 1. Several approache s are known in the art for fabricating
hanoporous materials, including U.S. Pat. 5,458,709 dssued to Kamezaki and U.S. Pat.
5,593,526 issued to Yokouchi. R elated and copending applications, Serial Nos.: 60/128465;
60/128533; 60/128534; 60/128493 and 60/133218, also- address approaches for f£abricating
nanoporous materials. In these applications, it is disclos-ed that nanoporous materi als can be
fabricated a) from polymers havimg backbones with reactive groups used in crosslinking; b)
from polymmer strands having back-bones that are crosslink-ed using ring structures; arad c¢) from
stable, polymeric template strarads having reactive groups that can be used for adding
thermolabile groups or for crossliraking; d) by depositing cyclic oligomers on a substxate of the
device, including the cyclic oligommers in a polymer, and crosslinking the polymer to form a

crosslinked polymer; and e) by using a dissolvable phase to form a polymer.

These methods of creating voids in dielectric mater-ials generally, however, are confined
to creating the voids between and within strands of mole=cules through intermolectalar cross-
linking or intramolecular cross-linking of'the strands of poL.ymers or molecules to create the void
or through using large ring structures or macrocycles to create “built-in” voids in the dielectric
material. "The voids created throu gh the cross-linking pro- cesses can lead to the procluction of
relatively Llarge voids in the dielectxric material. When larger voids are created in ama terial, the
overall porosity of the material maust be carefully monitored and regulated. A siragle layer
material can only realistically sustain a large pore porosity” of around 30% of the total material

before structural problems are encountered. NANOGLAS S®E is an example of amaterial that
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comprises about 50% porosity”. Single layer materials that haye a large pore porosity
signiﬁéantly over 30% tend to be weak and can in soame cases collapse. Collapse can be
prevented to some degree by adding crosslinking additiv-es to the starting material that couple
thermostable portions with other thermostable portions, thereby producing a more rigid single-
layer dielectric network. However, the porous material, even after cross-linking, can lose
mechani cal strength as the porosity increases, and the ma-terial will be unable to starvive during
integrati on of the dielectric film to a circuit. Also, the por-ous material, even after cross-linking,
can lose mechanical strength by 1ot having external supp ort by additional coupled nanoporous

layers.

Therefore, there is aneed to provide methods and compositions a) to produace dielectric
materials comprising various namoporous low dielectric materials that can combine porosity
with thermal and structural durability, b) to design in apre-determined blend of lar ge pores and
relativelyy small pores, and c) to produce dielectrics with waltra small pores. Thereis also a need
to increase the overall porosity of a dielectric material bey-ond the percent porosity constraints of
conventional dielectrics. Further, there is a need to us e these novel dielectric materials to

produce dielectric films, layered dielectric materials, laysers, etchstops, hardmasks and other

electronic components.

SUMMARY OF THE INVENTION

The present invention is generally directed to low dielectric materials, films, layers,
vlayered components and other related electronic materizils and components that comprise a
plurality of ultrananopores. The dielectric materials contemplated herein may also comprise a
plurality of pores or nanoporesin addition to the ultrananopores. It is further contermplated that

the low dielectric materials descri bed herein will have a di electric constant of less thhan about 3..

Ina one aspect of the preserat invention, the dielectri ¢ materials are formed from polymer
compositions, wherein the polymer compositions comprise a plurality of monomers and wherein

at least orae monomer comprises a radical precursor chemically bonded to a structural precursor.

-3
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These polymer compositionns may undergo several curing stages during the formation and
buildup process, but after thae final polymer curing stage, the resulting nanoporous polymer
material will comprise a support material and a pluralf ty of ultrananopores. The support material
is ultimately formed from the structural precursor that helps to make up the ori ginal pre-cured
polymer composition. The wiltrananopores are ultinz ately formed from the volatilization and
simultaneous and/or subsequent liberation of the radical precursor that is chemically bonded to

the structural precursor.

In another aspect of thie present invention, methods of forming dielectric materials from
polymer compositions are presented. Low dielectric materials comprising the polymer
commpositions described herein can be formed by a) prroviding a polymer compo sition, wherein
the polymer composition cormprises at least one polyamer component that further comprises at
least one monomer componemt and wherein the at least one monomer component comprises a
radical precursor chemically bonded to a structural precursor; b) applying energy” to the polymer
composition, such thét the radlical precursor is volatili zed; and c) liberating/evol ving at least in
part the radical precursor froxm the polymer composition. The low dielectric nraterials can be.
further formed by curing the polymer composition to form a support material an d a plurality of

pores.

In yet another aspect Of the present invention, contemplated polymer cormpositions can
be used to form low dielectxic materials, layered dielectric materials, low dielectric films,

etchstops and hardmasks, air gaps, semiconductor coxnponents and electronic components.

Various objects, featueres, aspects and advanta ges of the present invention will become
moxe apparent from the following detailed description of preferred embodiments of the
invention, along with the accompanying drawings in which like numerals represent like

cormiponents.
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BRIEF DESCRIPTION OF THE DRAWINGS

Fig. 1 shows IR data for a standard LOSP compouid.

Fig. 2 shows IR data for an n-butyl LOSP compourad.

| Fig. 3 shows IR data for a t-bﬁtyl LOSP compound. .

Fig. 4A shows the chemical structure of a standard LOSP compound.

Fig. 4B shows the chemical structure for a methyl/t-butyl LOSP compound.
Fig. 5 shows the GPC profile of a standard LOSP ¢ ompound.

Fig. 6 shows the GPC profile of a 10/10 LOSP comapound.

Fig. 7 shows the Gf’C profile of a 5/15 LOSP compound.

Fig. 8 shows IR data for baked LOSP films.

Fig. 9 shows IR data for cared LOSP films. -

IDETAILED DESCRIPTION

Polymer compositions, as described herein, comprise at least one poly-mer component
that further comprises at least one monomer comporient and wherein the at leasst one monomer
component comprises a radical precursor chemically bonded to a structural precursor. These
polymer compositions may undergo several curing stages during the formati on and buildup
process, but after the final polymer curing stage, the xesulting nanoporous polymaer material will
comprise a support material and a plurality of ultrananopores. The support matexial is ultimately
formed from the structural precursor that helps to make up the original pre—cured polymer
composition. The ultrananopores are ultimately formed from the volatilization and

simultaneous and/or subsequent liberation/evolutiore of the radical precursor th at is chemically
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bonded to the structural precursor. Contemplated polymer compositions can be used to form
low dielectric materials, dielectric films, layered dielectric materials, layesred dielectric films,

electronic components and combinations thereo f.

Dielectric materials, which are also knovwn as insulator materials, maving low dielectric
constants (i.e., below 3) are especially desirable; because they typically allow faster signal
propagation, reduce capacitive effects and cross talk between conductor lines, and lower
voltages to drive integrated circuits. The phrase “dielectric constaﬁt” means a dielectric
constant evaluated at 1 MHz to 2 GHZ, unles s otherwise inconsistent with context. It is
contemplated that the v alue of the dielectric constant of the nanoporous poLymer be low, which
1s considered in the art to be less than about 3. In a preferred embodiment, the value of the
dielectric constant is less than about 2.5, and in still more preferred embod iments, the value of

the dielectric constant 1 s less than about 2.

Unless otherwise indicated, all numbers expressing quantiti es of ingredients,
constituents, reaction conditions and so forth tased in the specification amd claims are to be
understood as being modified in all instances by the term “about”. Accordingly, unless
indicated to the contrary, the numerical parameters set forth in the specifi cation and attached
claims are approximations that may vary depending upon the desired properties sought to be
obtained by the subject xmatter presented herein. At the very least, and not as an attempt to limit
the application of the doctrine of equivalents to the scope of the claimas, each numerical
Pparameter should at least be construed in light of the number of reported si gnificant digits and
by applying ordinary rounding techniques. Notwithstanding that the nummerical ranges and
Pparameters setting forth the Broad scope of the subject matter presented herein are
approximations, the nurmerical values set forthin the specific examples are reported as precisely
as possible. Any numerical value, however, inherently contain certain. errors necessarily

resulting from the stand ard deviation found in th eir respective testing measurements.
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As used herein, the phrases “nanoporouts layer” and “nanoporous materials” refer to any
suitable low dielectric material (i.e. < 3) that is composed of a plurality of voids and a non-
volatile, support material or structural component. As used herein, the term =‘substantially” when
used in a context describing the amount of a component in a total product -means that a desired

component is present in a product or layerat a weight percent a mount greater than 51%.

As used herein, the terms “void” and <‘pore” mean a free volumes in which a mass 18
replaced with a gas or where a vacuum is generated. The composition of the gas is generally not
critical, and appropriate gases include relativel s pure gases and mixtures thhereof, including air.
Tt is intended that the terms pore and void can be used interchangeably herein. The nanoporous
polymer may comprise a plurality of voids. Vodids are typically spherical, but may alternatively
or additionally have any suitable shape, including tubular, lamellar, discoi«al, or other shapes.
The voids may be uniformly or randomly dispersed within the nanoporous polymer. In a
preferred embodiment, the voids are uniformly dispersed within the nanop©orous polymer. Itis
also contemplated that the voids may have any appropriate diameter. Itis farther contemplated
that at least some voids may connect with adjac ent voids to create a structure with a significant
amount of connected or “open’ porosity. Some of the voids will have a mean diameter of less
than 1 micrometer, and more preferably have a mean diameter of lesss than about 100
nanometers, because thie voids are formed betvween polymer strands. Itis intended, however,
that “ultrananopores” will also and preferably form in the polymer composition that have a mean
diameter of less than about 10 nanometers. Further, it is contemplated that tthese ultrananopores
may have a mean diameter that is on the order of a few Angstroms, because of the volatilization

and at least partial liberation of the radical precursor.

The polymer composition can take om any suitable form, inchading liquid, solid,
amorphous or crosslinked, depending on the specific application. For examaple, the application
may call for the polymer composition to be spura on to a wafer before curing; and therefore, the
polymer composition needs to be a) dissolvable in a solvent, b) able to form & smooth coating on
a wafer during the spin-on process and after beirag spun-on to the wafer and <) able to be reliably

cured to a nanoporous polymer material in a manufacturing setting. For o€her applications, it
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may be necessary for the polymer compositior to be rigid before final curing, which means that
the polymer composition will need to-be a) close to or completely solid, b) able to withstand

mechanical or chemical etching or tools, and ¢) possibly cross-linked before final curing.

The term “crosslinking” refers to a process in which at least two molecules, or two
portions of along molecule, are joined together by a chemical interactiom. Such interactions may
occur in many different ways, inclilding formx ation of a covalent bond, formation of hydrogen
bonds, hydrophobic, hydrophilic, ionic or electrostatic interaction. Furthermore, molecular
interaction may also be characterized by an a‘t least temporary physical connection between a

molecule and itself or between two or more molecules.

As mentioned earlier, the polymer composition comprises at least one polymer
component that further comprises at least one amonomer component and. wherein the at least one
monomer compomnent comprises a radical precursor chemically bonded to a structural precursor.

As used herein, the term “monomer” generally refers to any chemical compound that is capable
of forming a covalent bond with itself or a chemically different cormpound in a repetitive
manner. The repetitive bond formation betw een monomers may lead to a linear, branched,
super-branched, or three-dimensional product. Furthermore, monoaners may themselves
comprise repetitive building blocks, and when polymerized the polynners formed from such
monomers are then termed “blockpolymers”. The weight-average molecular weight of
monomers may vary greatly between about 40 Dalton and 20000 Daltomn. However, especially
when monomers comprise repetitive buildimg blocks, monomers may have even higher
molecular weights. Monomers may also include additional groups, stach as groups used for

crosslinking, radiolabeling, and/or chemical or environmental protectirag.

As also mentioned, at least one of the monomers comprises a structural precursor and a
radical precursor. It is generally intended that the structural precursor and radical precursor
combine through a conventional-type of chemical bond, such as an iomic bond or a covalent
bond, to make orne molecule that further makes up the monomer, h owever, the structural
precursor and the radical precursor could be chemically or physically bonded also by hydrogen

bonding, hydrophobic, hydrophilic, ionic or electrostatic interaction. Frurthermore, structural
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precursor and radical precursor combinati on may also be characteriz ed by an at least temporary

physical connection between the two precursors.

The structural precursor is that portion of the monomer that remains as part of the
ultrananoporous polymer (low dielectric material) and ultimately forms the support material
after the final cuxing stage for the polymer composition. The structuz-al precursor can be choser
to satisfy specific design goals for the polymer composition, the final .cured ultrananoporouss
polymer (low dielectric material) orboth. Given the spectrum of possible design goals ranging
from structural drurability to readily available and cost-efficient mater-ials, it is contemplated tha-t
the structural precursor can comprise orgarniic compounds, inorganic compounds, organometallic
compounds or a combination of organic, inorganic or organometallic moieties. Examples oof
contemplated inorganic and organommetallic compounds axe silicates, siloxanes_
organohydridosiloxanes, hydridosiloxanes, aluminates, poly(dimethylsiloxane) .,
poly(vinylsiloxane) and poly(trifluoropropylsiloxane) and compotends containing transitiora
metals. Examples of organic compounds include poly(arylene ether), ppolyimides, polyesters, andl

cage-based materials, such as adamantane-based or diamantine-based compounds.

Organohydridosiloxane-based components and compounds are particularly suitable for-
forming material s comprising ultrananopoxes and for forming caged siloxane polymer films that
are useful in the fabrication of a variety of electronic devices, amicro-electronic devices_
particularly semi conductor integrated circuits and various layered mx aterials for electronic and
semiconductor components, including hardmask layers, dielectric layers, etch stop layers and
buried etch stop layers. These organohy-dridosiloxane compounds, layers and materials ares
quite compatible with other materials that xnight be used for layered materials and devices, such
as adamantane-based compounds, diamamntane-based compounds, silicon-core compounds,
organic dielectrics, and nanoporous dielectrics. Compounds that are considerably compatible
with the organohydridosiloxane compoumnds, layers and materials contemplated herein are
disclosed in PCT" Application (PCT/US01/32569); US Application Serial No. 09/538276; US
Application Serial No. 09/544504; US Application Serial No. 09/587 851; US Patent 6,214,746;
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US Patent 6,17 1,687; US Patent 6,172, 128; and US Patent 6,15 6,812, which are all incorporated
herein by reference in their entirety.

Organohydridosiloxane compounds and materials wtilized herein in some of” the

-embodiments o f the present invention Ihave the following general formulas:

[H-Si1.5 Jo[R-SiOq 5] Formula (1)

[Hos-St 1.5 - 1.8]n[Ro.5-1.0-SiO15- 1.8]m Formula (2)

[Ho-1.0-Siy 5]a[R-SiO1.5]m Formula (3)

[H-Si1 5 ][R-SiO1 sL[SiOs], Formula (4)
wherein:

the sum of n annd m, or the sum or X, y and z is from about 8 to about 5000, and m or ~y is
selected such that carbon containing constituents are present in either an amount of less tThan
about 40 percemit (Low Organic Contemt/Low Organic Siloxane Polymer = LOSP) or ima an
amount greater than about 40 percent (Hligh Organic Content/H igh Organic Siloxane Polymer =
HOSP); R is selected from substituted and unsubstituted, norm al and branched alkyls (methhyl,
ethyl, butyl, propyl, pentyl), alkenyl groups (vinyl, allyl, isopropenyl), cycloalkyls, cycloalkenyl
groups, aryls (phenyl groups, benzyl groups, naphthalenyl groups, anthracenyl groups zmnd
phenanthrenyl groups), and mixtures thereof; and wherein the specific mole percent of carbhon
containing substituents is a function of the ratio of the amounts of starting materials. In ssme
LOSP embodiments, particularly favorable results are obtained with the mole percent of carbbon
containing substituents being in the range of between about 15 mole percent to about 25 m ole
percent. In some HOSP embodiments, favorable results are ob tained with the mole percen-t of
carbon containimg substituents are in the range of between about 55 mole percent to about 75

mole percent.

A synthesis of the organohydridosiloxane compositiora includes a dual phase solv-ent
system using a catalyst. In some embodiments of the present imvention, the starting materf als

-10-
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encoinpass trichlorosilane and an organotrichlorosilane, for exaxmple either an alkyl, alkeryl, or

an aryl substituted trichlorosilane. The relative ratios of the trichlorosilane and the

organotrichlor-osilane determine the mole percent carbon-contairaing substituents in the pol ymer.

In som.e embodiments, the method of this invention incdudes:

1)

2)

3)
4)

5)

mixing a solution of hydridotrihalosilanes and or- ganic-substituted trihalosilanes
(e.g. trichlorosilane and alkyl, alkenyl or arydtrichlorosilane) to prov-ide a

mixture,

combining the mixture w-ith a dual phase solvent including a non-polar sodvent,

and a polar solvent to provide a.dual phase reaction mixture,
adding a solid phase catalyst to the silane/solverat reaction mixture,
reacting the silanes to produce organohydridosil oxanes, and

recovering~ the organchydridosiloxane from the oxrganic portion of the dual gohase

solvent system.

Additional steps may include washing the recovered organohydridosiloxane to remmnove

any unreacted xmonomer, and fractionatin g the organohydridosilo=ane product to thereby classify

the product according to molecular weight.

In othex embodiments, the cataly st is a phase transfer catalyst including, but not lirmited

to, tetrabutylarmmonium chloride, and benzyltrimethylammoniuam chloride. The phase traansfer

catalyst is introduced into the reaction 1mixture and the reactiom is allowed to proceed to the

desired degree of polymerization.

In accordance with one aspect of the method of this in-vention, a dual phase so lvent

system includes a continuous phase nomn-polar solvent and a gpolar solvent. The non-polar

solvent includes, but is not limited to, any suitable alkyl, alkenyl ©r aryl compounds or amixture

of any or all such suitable compounds, the operational definition of “suitable” in the present

context includ es the functional characteristics of:

-11-
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1) solubilizing the mon.omeric silicon compounds,
2) solubilizing the polymmer product,
3) stability of the polymer product in the solvent, and

4) insolubility of unwanted reaction products.

Contemplated solvents include any suitable pure or mixture of organic, organometallic
or inorganic molecules that are volatilized at a desired temperature, such as the critical
temperature. The solvent may also comprise any suitable pure or mixture of polar and re on-polar
compounds. In preferred embodiments, the solvent comprises water, ethanol, propanol, acetone,
ethylene oxide, benzene, toluene, ethiers, cyclohexanone, butry~olactone, methylethylke€one, and
anisole. As used herein, the term “pure” means that componerat that has a constant composition.
For example, pure water is composed solely of H;O. As used haerein, the term “mixture” means
that component that is not pure, including salt water. As usecd herein, the term “polar”” means
that characteristic of a molecule or compound that creates an tinequal charge, partial charge or
spontaneous charge distribution at one point of or along the molecule or compound. As used
herein, the term “non-polar” means that characteristic of amolecule or compound that caxeates an
equal charge, partial charge or sporataneous charge distribution at one point of or along the
molecule or compound. Particularly preferred solventé includ e, but are not limited to, goentane,
hexane, heptane, cyclohexane, benzene, toluene, xylene, halo genated solvents such ass carbon

tetrachloride, and mixtures thereof.

The second solvent phase is a polar phase, immiscible with the organic, non-polar
solvent phase, and includes water, alcohols, and alcohol and wwater mixtures. It is thovaght that
alcohol solubilizes reactive intermediates that are not yet soluble in the non-polar phaase and
would ordinarily be unstable in a sub stantially aquéous phase. "The amount of alcohol pr-esent is,
however, not so high as to significantly dissolve product polyymers having molecular weights

greater than a’bout 400 AMUE.

Alcoh ols and other polar solv-ents suitable for use in thes polar phase include, bu-t are not

limited to, wrater, methanol, ethanol, isopropanol, glycerol, diethyl ether, tetrahydxofuran,
-12-
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diglyme and mixtures thereof. In one embodiment, the polar solvent includes a water/alcohol
mixture wherein the water is present in an amount suffici ent to pfeferentially solubilize ionic
impurities not soluble in alcohol, and/or preclude solvent extraction of product comp ounds that
might otherwise be soluble in alcohol. The polar solvemt phase advantageously retains the
hydrochloric acid (HCI) condensation product and any m etal salt or other ionic corxtaminants
that may” be present. Since any ionic contaminants are retained in the polar solvent phase, the
organoh-ydridosiloxane product of this invention is of higgch pﬁrity and contains essentially no

metal contaminants.

Im another embodiment of the method disclosed hexrein, a solid phase catalyst and/orion
exchange resin, such as the Amberjet 4200 or Amberlite I-6766 ion exchange resins (both
available from Rohm and Hass Company, Philadelphia, BPennsylvania), surface catalyzes the
polymerization of the trihalosilarie and organo-trihalosilare e monomers into the composition of
this invention. Amberjet 4200 is a basic anion exchangze resin based on the chloride ion.
Amberlite I-6766 is also a basic anion exchange resin. By way of explanation, and not by way of
limitatiom, it is thought polymer chain propagation occurs ©on the catalyst surface by laydrolysis
of the S1-C1 bond of the monomer to Si-OH, followed by <ondensation with another Si-OH to
provide an Si-O-Si bond, thereby extending the polymaer chain. In other embwodiments,

polymerization is catalyzed with a phase transfer catalyst seich as tetrabutylammoniqm chloride.

In other embodiments of the present invention, the amount of organotrichdorosilane
monomer present is an amount st fficient to provide an as-cured layer or film having an organic
content of less than about 40 mmole percent carbon corataining substituents for the LOSP
applicati ons and an organic content of greater than about 40 mole percent carbon-c ontaining
substituents for the HOSP application. These films provicle low dielectric constants_, typically
less thana 3.0. In some embodiments, particularly organohydridosiloxane embodiments, the
carbon-containing substituent content is a function of tkae mole percent alkyl-, al kenyl- or

aryltrihalosilane.
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Other useful organosiloxanes are disclosed in comrmonly assigned US patemnt applications
09/420218 filed October 18, 1 999 and one filed on June 2 _ 2002 where the serial mumber has yet
to be assigned.

Preferred polymers, Arnonomers, polymer and mmonomer solutions are designed and
contemplated to be spin coated, rolled, dripped, sprayed, or vaporized and deposited onto a
wafer, a substrate or layered maaterial. Most preferred soltations are designed to be spin coated or
vaporized and deposited onto a wafer, a substrate or layered material. Substrates contemplated
herein 1may comprise any desirable substantially solid material. Particularly desir-able substrate
layers would comprise films, glass, ceramic, plastic, netal or coated metal, or composite
material. In preferred embodiments, the substrate compr-ises a silicon or germamium arsenide
die or wafer surface, a packaging surface such as foundin a copper, silver, nickel or gold plated
leadfraxme, a copper surface su.ch as found in a circuit boar-d or package interconnesct trace, a via-
wallor stiffener interface (“copper” includes considerations of bare copper and it’s oxides), a
polymer-based packaging or board interface such as found in a polyimide-based flex package,
lead or other metal alloy solder ball surface, glass and. polymers such as poLyimide. The
“substrate” may even be defined as another polymer chain <vhen considering cohes ive interfaces.

In more preferred embodimerats, the substrate comprises a material common in the packaging

and circuit board industries such as silicon, copper, glass_, and another polymer.

Electronic components, as contemplated herein, axe generally thoughtto comprise any
dielectric component or layered dielectric component that can be utilized in an elexctronic-based
product. Contemplated electronic components compriise circuit boards, chip packaging,
dielectric components of circuit boards, printed-wiring bozards, and other compon_ents of circuit

boards, such as capacitors, inductors, and resistors.

Electronic-based products can be "finished" in the sense that they are read~y to be used in
industry or by other consumers. Examples of finished consumer products are a television, a
computer, a cell phone, a pager, a palm-type organizer, = portable radio, a car stereo, and a
remote control. Also contemyplated are "intermediate" products such as circuit boards, chip

packaging, and keyboards that are potentially utilized in finished products.
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Electronic products may also comprise a prototype component, at any stage of
development from conceptual model to final scale-uip mock-up. A prototyp e may or may not
comtain all of the actual coxnponents intended in a finished product, and a prototype may have
soxme components that are constructed out of compo site material in order to raegate their initial
effects on other components while being initially tested. Electronic products and components
may comprise layered materials, layered componerats, and components that are laminated in

preparation for use in the c omponent or product.

The polymer compounds and compositions tased in making the dielectric films, layers,
materials, components, har<dmasks and etch stop layers contemplated herein can have molecular
weights between about 400 and 200,000 atomic mass units. All molecular weights are reported
as ‘weight average molecular weights. Preferably, the polymers have moleculax weights between
about 5000 and 60,000 atoamic mass units, more preferably between about 10,000 and 50,000

atomic mass units, and mo st preferably between about 20,000 and 40,000 atomic mass units.

The radical precurs or is that portion of amomomer that is volatilized. and is at least in
part liberated from the struactural precursor and/or €he support material in Order to form the
ultrananopores or ultranan ovoids in the resulting ultrananoporous polymexr material. The
radical precursor comprises any chemical material that can be separated from the structural
precursor and volatilized at temperatures that willnot detrimentally break dovwn, deteriorate or
otherwise volatilize the remm aining chemical backbones of the structural precursor or subsequently
formed support material. Ira other words, the radical precursor comprises any chemical material
or compound that can separate away from the structural precursor during thhe cure stage and
volatilize to form a pore or void in the polymer comp osition, thus forming the ultrananoporous
material. It could be desira’ble to crosslink the structural precursor or support material during
the temperature program that volatilizes the radical precursor, but the cro sslinking in this
instance is a planned desigen step and is not defrimental to the final product. Contemplated
radical precursors are hy~drocarbon compounds, such as alkyl-based or alkynyl-based
commpounds. It is further c ontemplated that aromati ¢ molecules, cyclic molecules and cage-

based molecules can compr-ise the radical precursor, as long as the radical pre cursor is capable
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of separating away from the structural precursor and. volatilizing to form the ultrananovoid or
ultrananopore. Preferred radical precursors are alkyl groups, such as ethyl groups, butyl groups,

pentyl groups and hexyl groups.

Given the previous discussion of monomers anid contemplated monomaers, it is important
to note that a given polyrmer composition does not have to completely cormprise monomers
having a structural precursor and aradical precursor. _A contemplated polymex composition may
need to be designed to comprise nanopores and ultrarnanopores. In this instamce, several of the
components of the polymaer composition may be designed to form nanopores by methods
described and incorporated herein, including cross-limking, cage-based molecules, wherein the
cage center forms the “pore” and macrocycles. Several of the components of the same polymer
composition may also be d esigned to form the ultranamopores discussed hereim by incorporating

monomers comprised of structural precursors and radical precursors.

A given polymer composition may also compri se other polymers forme=d by conventional
meeans or not designed to produce a porous, nanopofous or ultrananoporous environment.
Reasons why other polym ers may be incorporated irato a polymer compositi on could be a) to
provide additional backbomes for crosslinking or stability purposes, b) to meet certain design
goals of the final product, or c) to provide an optical component to the final product.
Contemplated additional polymers may comprise” a wide range of functional or structural
moieties, including aromatic systems, and halogenated groups. Furthermore, appropriate
polymers may have many configurations, including; a homopolymer, and a heteropolymer.
Moreovet, alternative polymers may have various forms, such as linear, branched, super-
branched, or three-dimensional. The weight average m olecular weight of contexrmplated polymers

spans a wide range, typically between 400 Dalton and 400000 Dalton or mox-e.

The organic and in organic materials described herein are similar in sorme respects to that
which is described in U.S. Pat. No. 5,874,516 to Buirgoyne et al. (Feb. 1999), incorporated
herein by reference, and may be used in substantially the same manner as set forth in that patent.
For example, it is contemplated that the organic and inorganic materials describbed herein may be

employed in fabricating electronic chips, chips, and multichip modules, inter-layer dielectrics,
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protective coatings, and as a substrate in circui€ boards or printed wiring: boards. Moreover,
films or coatings of the organic and inorganic amaterials described hereira can be formed by
solution techniques such as spraying, spin coating or casting, with spin coating being preferred.
Preferred solvents are 2-ethoxyethyl ether, cyclohexanone, cyclopentanorie, toluene, xylene,
chlorobenzene, N-methyl pyrrolidinone, N,N-dimethylformamide, N,N-climethylacetamide,
methyl isobutyl ketone, 2-methoxyethyl ether, 5-mnethyl-2-hexanone, y -butyxolactone, PGMEA,
P ACE, butylacetate and mixtures thereof. Typically, the coating thickness s between about 0.1
to about 15 microns. As a dielectric interlayer-, the film thickness is ty~pically less than 2
microns. Additives can also be used to enhanc e or impart particular targget properties, as is
conventionally known in the polymer art, including stabilizers, flame retardants, pigments,
- plasticizers, surfactants, and the like. Compatible or non-compatible polymers can be blended in
to give a desired property. Adhesion promoters can also be used. Such prom oters are typified by
hexamethyidisilazane, which can be used to interact with available hydrox/1 functionality that
may be present on a surface, such as silicon dioxi de, that was exposed to moisture or humidity.
Polymers for microelectronic applications desirably contain low levels (generally less than 1

ppm, preferably less than 10 ppb) of ionic impurities, particularly for dielectric interlayers.

Low dielectric materials comprising the p olymer compositions described herein can be
formed by a) providing a polymer composition, wherein the polynier composition comprises at
least one polymer component that further comprises at least one mononaer component and
wherein the at least one rmonomer component coxrnprises a radical precursor- chemically bonded
to a structural precursor; b) applying energy to the polymer composition, such that the radical
precursor is volatilized; and c) liberating/evolving, at least in part, the volatilized radical
precursor from the polymmer composition. Thelowv dielectric materials can b>e further formed by

curing the polymer comjposition to form a suppoxt material and a plurality of pores.

The polymer composition can be provided by either acquiring the components for the
polymer composition from a chemical supply company or a suitable chem_ical supply source,

such as a university. The polymer composition can also be fully synthesized. and produced from
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basic chemical compoments found at the production site for the dielectric materials and

components.

The radical precursor can be volatilized and at least partially removed, evolved or
liberated from the structural precursor and subsequently formed support nnaterial by any suitable
energy source, inclﬁding a heat source, such as an oven, a microwave grenerator, actinic light
(UV and visible, etc), ara electron beam source,, a laser source, or an infrared device; a chemical
source, such as a catalyst; an acoustic wave source and/or a pressure source. In preferred

embodiments, theradical precursor can be volatilized and at least partially removed or liberated
by heating the structural precursor or support material. In more prefersred embodiments, the
radical precursor is volatilized and at least partially removed or liberated/evolved by heating the
structural precursor or s upport material in a gaseous environment at atm_ospheric pressure. In
other preferred embodinnents, the radical precurrsor is volatilized and at least partially removed
or liberated/evolved by  heating the structural precursor or support maaterial in a gaseous
environment at sub-atmnospheric pressure. _As used herein, the phrase “sub-atmospheric
pressure” means that pressure that has a value lower than 760 atmosphere s. As used herein, the
phrase “atmospheric pressure” means that pressure that has a value of 760 atmospheres. As
used herein, the phrase *“ gaseous environment” aneans that environment thaxt contains pure gases,

including nitrogen, helivam, or argon; or mixed gases, including air.

In addition to furmace or hot plate curing, the present compositionss may also be cured by
exposure to ultraviolet radiation, microwave radiation, or electron beam wadiation as taught by
commonly assigned patent publication PCT/US 96/08678 and US Patents 65,042,994 6,080,526;
6,177,143; and 6,235,35 3, which are incorporated herein by reference in their entirety.

The radical precursor should be volatilized and liberated/evolved at least in part during
and after the application. of an energy source. Tt is desirable that the radi cal brecursor will be
completely volatilized arad almost entirely liberated to form the pores, hovwever, it is practically
understood that because of dielectric material and layer thickness arad general chemical
constraints that all of th.e radical precursor may not be volatilized and/or liberated from the

structural precursor and/ or the support material.
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The structural precursor or support material can be cured to its final form before or after
all of the radical precursor is removed from the polymer composition. Although in preferred
embodiments the structural precursor or support material is cured wtising heat, many other
. methods are contemplated, including catalyzed and uncatalyzed methods. Catalyzed methods
may include general acid- and base catalysis, radical catalysis, cationic- and anionic catalysis,,
and photocatalysis. For example, a dielectric rmaterial or dielectric layer may be formed by UV—
irradiation, addition of radical starters, such as ammoniumpersulfate, and addition of acid or
base. Uncatalyzed rmethods include application of pressure, or application of heat at

subatmospheric, atmospheric or super-atmospheric pressure.

Generally, in one example, a solution of polymer composition is prepared by combining;
the polymer with an appropriate solvent. Typically, such polymer solutions are approximately-
.02% to 35% (by weight) polymer solids. For example, HOSP BES+t comprises 0.55% wt.
percent in solution. A dvantageously, methyl 1 sobutyl ketone (MIBK), lneptane, dodecane, butyl
ether, butyl acetate, isobutyl acetate, propy1 acetate or a blend of hexamethyldisiloxane,
octamethyltrisiloxane, and octamethylcyclotetrasiloxane, or combinations thereof are useful as
solvents, although othier appropriate solvents 1may also be employed, including those mentioned

earlier. Prior to use, the solvents are preferably dried over 3 A or 4 A molecular sieves.

The resulting polymer composition solution, in this general exxample, is then filtered
under ambient conditions via any of the filtration devices well known ix the art. Ttis generally
preferable to use a filtration device havinga p ore size less than about 1 um. A typical filtration
process uses a pore size of about 0.04 ym, how ever, it is contemplated that the pore size maybe

smaller than about 0.04 pm.

In the spin coating process, the polynaer composition solution prepared in the manner
described above is dispensed onto a wafer at ox near its center. In some exmbodiments, the wafer
will remain stationars during the dispense cy-cle, while in some embocliments, the wafer will
turn or spin at arelatively low speed, typically less than about 500 revoluations per minute (rpm).

The dispense cycle is followed by a short rest period and then additi onal spins, hereinafter
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referred to as thickmness spins, generally be€ween approximately 2000 and 3000 rpm, although
other spin speeds xmay be used, as appropri ate.

Once the coating process, as described above, is completed, the coated substrate, that is
the substrate coated with the polymer compoosition solution, is heated to effect a bake process
and a subsequent cure process. The bake process removes the sol'vent from the polymer
composition solution on the substrate, causes the polymer to flow_ begins the process of
volatilizing the radical precursors, and begims the conversion of the coating to the dielectric filrm.

“ The cure process completes the conversion of the coating to the film, di electric film, hardmask,
etch stop or other electronic, semiconductor, or layered material applic ation. Any convention=l

apparatus known i1 the art can be employed for these processes.

Preferably, the apparatus for the bake process is an integral part of a spin coatimg
apparatus used foxr coating the substrate or wafer, although a separate apparatus for curimg
coatings applied is also suitable. The bake process can be carried out in an inert atmospher-e
such as an atmosphere of an inert gas, ritrogen, or nitrogen/air mixture. One commonlky
employed heating apparatus employs one ©or more "hot plates" to hea't the coated wafer frorn
below. The coated wafer is typically heated for up to about 120 sec at each of several hot plates
at successively higher temperatures. Typica lly, the hot plates are at temperatures between abouat
70°C and 350°C. One typical process employs a heating apparatus having three hot plates. First,
the wafer is baked for about 60 sec at 150°C . Then, the wafer is transferred to a second hot plate
for an approximately 60 sec bake period at 200°C. Finally, the wafer is transferred to a third hot
plate for a third bake period of approximately 60 sec at 350°C.

A final cure process is preferably employed to complete the curing of the film. The cure
is preferably perfoxrmed in an inert atmosplaere, as described above fox the bake process. This
final cure process can employ a conventional thermal curing apparatus, for example a horizontzal
furnace with a temaperature range of about 300°C to about 450°C and preferably from abouat
375°C to about 425 °C. In a typical furnace cure process, the baked wafesr is cured for 30 minutess

to one hour at 400°C at a nitrogen flow rate of 4 liters/min to 20 liters/min.

Alternatively, the cure process can employ a high-temperature Tot plate curing modul e
that has an oxygen—density-controlled environment. In this process, the baked wafer is cured om
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a hot plate at a temperature between about 400°C and 450°C for a period of from about 1 -to
about 15 minutes in a nitrogen or inert atmosphere with an oxygen density of less than about
100 parts per million. For example, asuitable cure atmosphere is achieved with a nitrogen flo-w
rate of between about 10 and about 30 liters/min. 'Energy sources maay also include actinic ligtht
(UV and visible sources, etc); an electron beam source and as mentioned, hot plate curin_g.
Also, it is further contemplated that any o-f the herein mentioned enexgy sources that are used feor

curing and volatilizing may be used interchangeably.

It will be understood that the above bake and cure processes were described feor
illustrative purposes only and that other temperatures, durations, and number of bake cycles can

be employed, where appropriate.

The thickmness of the resulting dielectric film, layer or material on a substrate depends on
anumber of variables. The variables include, organic content of the polymer composition, type
of substituentin the composition, solvent properties, polymer molecular weight, percentage of
the polymer solids in the polymer composition solution, the amoumt of polymer composition
solution dispensed onto the substrate, amd the speed of the thickmess spin. The higher the
percentage of po lymer solids in the solution, the thicker the resulting dielectric film. Conversely,
the higher the sp eed of the thickness spin, the thinner the resulting dielectric film. In additiom,
the thickness of the dielectric film can depend on the nature arad amount of the organiic

constituents in the polymer composition.

According to some embodiments of the present invention, dlispensing 2 ml of polymesr
composition solution that is between abourt 0.02% and about 35% polymer by weight on a4 inch
wafer, using a spin speed between about 2000 and about 3000 rpm., results in dielectric filnas
ranging from about 10004 to about 9000A in thickness. It is contemxplated herein that the wafer
size may include any suitable size wafer, imcluding wafers up to abouat 12 inches in diameter an.d
above. Variatiora in thickness, determined by independent measurements on a single wafe,

ranges from abouit 0.4% to 3.2% and preferably the variation in thickness is less than 1%.

In certaira embodiments of the present invention, films and layers formed from polymer

composition soluitions by‘spin coating methods are provided. The films and layers are forme d
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from solutions of polymer compositions having a mole percent of organic substitu_gnts
preferably in the range between about 0. 1 Mol % and 40 Mol % -for LOSP applications anei 40
Mol % and about 80 Mol % for HOSP applications. As demonstrated in the examples beRow,
such films advantageously exhibit low di electric constants, typically approximately 2.8 or lowwer.
Additionally, dielectric films, hardmask layers, etch stop layers, and other layers formed for- use
in electronic or semiconductor applications exhibit thermal stability permitting cure

temperatures wp to about 450°C.

The pressent polymers, monomers and solutions may be tised in an all spin-on stac-ked
films as taught by Michael E. Thomas, “Spin-On Stacked Films for Low ke Dielectrics”, Seolid

State Technolo gy (July 2001), incorporated herein in its entirety by reference.
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EXPERIMENTAL METHODS

The following characteristics encompass non-limiting measurements that illustrate the

properties of the polymer composition, low dielectric materials, layers and films of the present

invention.

The methods used in measuring the various characteristics of the prolymer

composition, low dielectric materials, layers and films are as follows:

1y

2)

3)

4)

5)

Film Thickness (A): Film thickness is measuxed using a calibrated Narospec-
RTM. AFT-Y CTS-1 02 model 010-180 Film Thickness Measurement System
available from Nanometrics, Co. An average of measurements at five lo cations
on a wafer are repoxted as the film thickness for each sample. ThiEckness
measurements are coxrrected for the refractive index as measured on a R-udolph

ellipsometer.

Refractive Index: Refractive index is measured on a Rudolph Research AutoEL

ellipsometer using a wavelength of 633.3 nm.

Dielectric Constant: Dieleciric constant is determined using the capac-itance-
voltage ("CV") measurement technique and emaploys a Hewlett-Packard Model
4061 A semiconductoxr measurement system at a frequency of 1 MHz. Thhis test
procedure employs a metal-insulator-metal (MIIM) structure with the thickness of

each layer ranging from about 0.5 to 1 micron (um).

Solution Viscosity (cP): A Brookfield Synchro-lectric Viscometer, Model LVT
62238 is employed to measure the viscosity of organohydridosiloxane resin

solutions at ambient temperature.

Adhesion to Surfaces: The wafer is coated using appropriate spin, balze, and
cure cycles. Studs, kept refrigerated until just before use are glued to the center
of at least 15 to 25 samiples per wafer made by cleaving the wafer into 2.25 cm?
samples. The studs saxmples with a small vice/clip device (the tool and mmethod

are self-explanatory), and the samples are then baked at 150°C for 60 minutes to
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6)

7

8)

9)

cure the epoxy and then cooled to ambiemt temperature. A Sebastiaz1-5A stud-
pull instrument manufactured by The Qu.ad Group, Spokane, Wash. _, is used to
measure the adhesion strength of the prolymer film. The tail of the stud is
inserted into a receiving cavity in the instaument and automatically pulled upon
until the systerm senses a break. The walue recorded is expressed in kpsi

(thousand pounds per square inch).

Molecular Weight ("MW"): Molecular weight is determined using & gel phase
chromatography” system from Waters Corporation, Milford, MA, equipped with
a Waters 510 pump, Waters 410 differemtial refractometer and a Waters 717
autosampler. The procedure used is as set forth by S. Rosen in "Fumdamental
Principles of Polymeric Materials, pages 53-81, (2nd Ed. 1993) and inccorporated

herein by reference.

Isothermal TG.A: Cured films are carefully removed from the waferss, heated to
100°C. and held for one hour to equilibrate before recording initial w eight. The
instrument is thien ramped from 100°C “to 425°C at 25°C per mintite (under
nitrogen atmosphere) and held at 425°C for four hours to determirae percent

weight loss.

Planarization: Polymer films are spun ora silicon wafers patterned with line and
space patterns of varying widths (0.35-3.00 um). The wafers are baked and cured
using the appropriate recipe. The cured wafers are then cleaved hoerizontally
across the patterm of lines and this cross-section is examined using a scanning
electron microscope (SEM). The degree o f planarization for a particulzr line and
space width is calculated by measuring th e ratio of the highest point of the film

versus the lowest point.

Stress: Film stress is measured using & Flexus™ model 2410 Film Stress
Measurement System available from "Tencor Instruments using standard

methods.
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10) Crack Threshold: A single coat film As spun, baked, and cured ora a bare silicon
wafer using the appropriate recipe in 000 A thickness increments. The wafers

are examined 24-48 hrs following cure to check for cracking.

11) MTM TDMS and GCP Elastomeric techniques are also used in order to

determine polymer characteristics.

METEHIOD OF MAKING EXAMIPLES

The method of making some of the compossitions of the present inveration include,
generally, adding a mixtuxe of the organotrihal osilane and hydridotrihalosilane (e.g.
trichlorosilane and vinyl or phenyl trichlorosilane) to a mixture of catalyst, non-polar solvent,
and polar solvent to form a reaction mixture. The polyamerization reaction is allowed to proceed.
Uponn completion of the polymerization reaction, thae reaction mixture is filtered, the polar
solverat is separated, and the solution is dried and them evaporated to leave a white solid. This
solid mnay then be slurried in hyydrocarbon solvent to recmove monomer, and finally evaporated to

leave the desired product.

The Mw of the product produced can be v aried between 400 and QO0,000 AMU
depending on the reaction conaditions. We have found that materials with molecul ar weights of

10,000 AMU, 20,000 AMU, 40,000 AMU and 60,000 AMU all have good coatirng properties.

EXAMPLES

The following examples describe the synthesis of various organohydridosiloxane compositions
described herein and the various films, dielectric filrms, hardmask films and etch stop films
contermplated herein. It should be understood that £he organohydridosiloxane composition
showra herein is one example of a polymer compositio-n constituent and that other inorganic or
organic polymers may be used as a constituent of the polymer composition that wll ultimately
liberate a radical precursor. Physical characteristics of the variowsly formed

organohydridosiloxane compositions were compared t© hydridosiloxane control sarnples having
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no organic content. The control hydridosiloxane sadmples were prepared according to the

following method:
Control
Hydridosiloxane Polymer for Dielectric Constant Measurement€

A 6L jacketed reactor equipped with a nitrogen Anlet, dry ice condenser and a mechanical
stirrer is charged with 5500 m] hexanes 440 ml ethanol, 142 mlwater and 330 g Axmberjet 4200
catalyst. This mixture is equilibrated for 0.5 hr with stirring at 25 °C. Trichloro silane (380g,
2.30 m.ol) is added to the reactor using a peristaltic puamp over a period of 55 mimnutes. Upon
completion of the silane addition, hexane is pumped -through the lines for 10 nainutes. The
reactiomn is stirred for 100 min, the ethanol/H2O layer is removed then the hexane solution is
filtered through a 3-micron filter followed by a 1-microm filter. The filtered solution is dried by
flowing through a column of 4-A molecular sieves (400g) for 2.5h and then filtered through a
0.05um filter. The hexanes are removed using a rotary evaporator to give a white solid product

(131g). Mw was measured by GPC as 21035 AMU with a polydispersity of 7.39.

Examples 1 and 2 describe the synthesis of HOSP polymer components_, specifically
vinyl-hydridosiloxane, and in p articular, clearly illustra-te how the percent carbon incorporated
into the polymer composition maay be controlled by adjursting the initial mole percert of organic-
substitaited monomer. By adjusting the ratio of the relative amounts of starting monomers, the
mole percent of carbon-containing substituents in the p olymer composition is coratrolled. It is
understood by one skilled in the art that the same ¥means for controlling percent carbon
(adjusting the mole ratio of the monomer startings materials) may be used for other
organohydridosiloxane species such as cycloalkyl-substi tuted organohydridosiloxanes, and aryl-
substituated organohydridosilox anes. Examples3 and 4 describe the synthesis of LOSP polymer
components. It should be understood that these synttheses (Examples 1-4) show the basic

synthesis of HOSP and LOSP polymer compositions. The remaining Examples describe the
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formation and synthesis of p olymer compositions that comprise HOSP and LOSP components
and that also can liberate radical components or cornpositions, as discussed herein. These
polymer compositions can be readily formed by the methods disclosed herein b using alkyl and

arormatic trichlorosilane sub stitutes and varying the reaction time (as shown i1 Table 1).

EXAMPLE 1
50 VEOLE PERCENT VINYLHY DRIDOSILOXANE

A 250 mL Morton flask was fitted with a condenser and a stirrer connected to an Arrow
1750 motor. The flask Waé purged with N, and during the reaction N, was blow n across the top
of the condenser into an N'aOH scrubber. 18 g of Amberjet 4200 (Cl) ion exchange resin
catalyst, 20 mL of ethanol, 6 . 3 mL of water, and 250 mx L. of hexanes were added. to the flask, and
stirring was started. Trichlorosilane (6.7 g, 0.05 Mol) and vinyltrichlorosilane (8.24 g, 0.05 mol)
were combined together in an HDPE bottle. This mixture of silanes was added to the Morton
- flask through a peristaltic puamp at a rate of 0.65 mL/m-in. After addition was cornpleted, stirring
was continued for 120 min., €hen the solution was allo~wved to settle for 30 min. The solution was
filtered by vacuum through a Whatman #4 filter in a Buachner funnel. The soluti on was added to
a separatory funnel and a lowver, aqueous layer was di scarded. The upper layer- was dried over
40.23 g of 4 A molecular sieves for 3 hr. Solution was filtered by vacuum throuigh a Whatman
#1 filter paper in a Buchner funnel. Solution was eva:porated on a Buchi rotary evaporator at
60°C. 8.3 g of white solid wras collected. The GPC of this product, referenced to polystyrene
standards gave a Mw of 12,1 46 amu.

EXA MPLE 2

60 MLOLE PERCENT VINYLHYIDRIDOSILOXANE

A 6 L jacketed reactor equipped with a nitrogen inlet, dry ice condenser and a
mechanical stirrer was charged with 5000 mL hexanes 720 mL ethanol, 50 mL wvater and 120 g

of a 100% by weight tetrabutylammonium chloride hydrate solution in water. This mixture was
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equilibrated for 0.5 hr with stirring at 25°C. A mixture of trichlorosilane (251.6 g, 1.85 Mol) and
vinylirichlorosilane (4 16.5 g, 2.78 Mol) were added to the reactor using a peristaltic pump over
aperiod of 70 minutes. Upon completion of the silane addition, hexane was pumped through the
lines for 10 minutes. Thhe reaction was stirred for 2. 8 hours, the ethanol/H,O layer was removed

| using a separatory funmnel. The remaining hexane solution was filtered through a 3 ym filter
followed by a 1 um filter. The filtrate was dried by flowing through a colurmn of 4 A molecular
sieves (800 g) for 2.5 h. and then filtered through a Q.05 pm filter. Hexanes -were removed using
a rotary evaporator to give 138 g of a white solid product. The GPC of this product, referenced
to polystyrene standards gave a Mw of 22,660 with a polydispersity of 11 .44.

JEXAMPLE 3

PREPAR ATION OF 2 MOLE PERCENT VINYLHYDRIDOSILOXANE

A 2L jacketed reactor was fitted with a corndenser and a stirrer coranected to an Arrow
850 motor. The flask was purged with N2 and during the reaction N2 was blown across the top
of the condenser into an NaOH scrubber. 105.07g of Amberjet 4200 (Clp ion exchange resin
catalyst, 140mL of ethanol, 45mL of water, and 175 0mL of hexanes were aclded to the flask, and |
- stirring was started. 123mL (1.219 mo_l.) of trichlorosilane and 3mxI. (0.026 mol.) of
vinylirichlorosilane (2. 1 mol% vinyltrichlorosilane) were combined togettaer. This mixture of
silanes was added to the Morton flask through a per-istaltic pump at arate 0-£3.2 mL/min. After
addition was completed, stirring was continued fox 25 min. Solution was filtered by vacuum
through a Whatman #4 filter in a Buchner funnel. Solution was added to a separatory funnel
and the lower, aqueous layer was discarded. The upper layer was dried over 354.3g of 4A
molecular sieves for 3 ir. Solution was filtered by vacuum through a Whatman #2 filter paper
in a Buchner funnel. Solution was evaporated on a Buchi rotary evaporator at 60C. 42.00g of
white solid was collected. Mw was measured by GPPC as 21,312 AMU with a polydispersity of
4.80.
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EXAMPLE 4
PREPARRATION OF 20 MOLE PERCENT PHENYLHYDRIDOSSILOXANE

A 1L jacketed reactor was fitted with a dry-ice condenser, a stirrer connected to an
Arrow 850 motor, and a glass dip tube. Reactor was connected to a recimculating water bath set
at 25C. The flask was purged with N2 and during the reaction N2 was blown across the top of
the condenser into an. NaOH scrubber. 60.6g of Amberjet 4200(Cl) ion exchange resin catalyst,
80mL of ethanol, 25mLof water, and 1000mL o fhexanes were addedto the reactor, and stirring
was started. 58mI_ (0.575 mol) of trichlorosilane and 19maLl (0.145 mol) of ‘
phenyltrichlorosilane (20.1 mol% phenylirichlorosilane) were combin_ed together in an FEP
bottle. This mixture of silanes was added to the reactor by peristaltic pump through a 1/4”
Teflon tube at asetrate of 11.2 RPM. Calculated addition rate was 2.2 nmL/min. After addition
was completed, stirrizng was continued for 120 mmin. Solution was filtere«d by vacuum through a
Whatman #4 filter ira a Buchner funnel. Solution was added to a sep aratory funnel and the
lower, aqueous layer was discarded. The upper layer was dried over 171g of 4A molecular
sieves for 3 hr. Solution was filtered by vacutum through a Teflon mesmbrane with 1-micron

pores set on a glass fi-it. Solﬁtion was evaporated on a Buchi rotary evaporator at 60C. Yield
was 31.0g of white solid. Mw was measured by GPC as 23,987 AMU with a polydispersity of
10.27. -
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TABLE 1: HOSP AND LOSP-BASED POLYMER COMPOSITIONS "THAT CAN LIBERATE A

RADICAL PRE CURSOR/COMPONENT

Substituted Hours of | MW/hexamnes | Yield | Appearance | g/Moles k
trichlorosilane | Reaction (2
10% phenylethyl 22 57,738 116 solid 36.364 | 2.58
20% phenylethyl 44 31,000 95 stickoy 29.781 | 297
20%phenylethyl 44 31,000 37 stickoy 11.599 29
40%Me
10%benzyl 40 36,186 163 solid 51.097 | 2.54
30%benzyl 44 23,855 162 solicl 50.784 2.53
20%cyclohexyl 21 25,119 111 sélid 34796 | 2.63
60%Me
20%t-butyl 114 23,000 61 solidd 19.122 | 242
60%Me
30%t-butyl 15 29,752 24 stick~y 56.21 *
33%Me
40%t-butyl- 117 11,663 107 solidl 33.542 | 242
HOSP 40%Me
10%propyl 18 23,053 140 sticksy 43.887 | 2.55
20%propyl 70 20,600 44 sticksy 13.793 | 2.68
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40%Me

20%propylHS SO 1 34,027 24 sticky 7.523 =+

30%propyl 17 24,7779 82 sticky 25.705 | 2.59
40%Me

40%propyl 20 41,388 16 sticky 5.0157 | 2.55
20%Me

40%propyl— - 94 25,020 * sticky * =
HOSP '

60%propyl— 159 14,592 61 sticky 25417 | 2.52
HOSP

EXAMPLE 5

LOSP—BASED EXPERIMENTS SHOWING RADICAL PRECUJRSOR LIBERATION

Figure 1 shows infrared data collected for a standard LOSSP polymer composition thaat
comprises 20% methyl that was original 1y added in the form of methyltrichlorosilane. One set
of infrared data represents the LOSP after the bake step and thae other set of infrared data
represents the T.OSP after the cure step. ~ Figures 2 and 3 show I_OSP polymer compositions
that comprise 2 0% n-butyl and 20% t-bu-tyl respectively. Notethat in both Figures 2 and 3 thaat
the IR peak for n-butyl and t-butyl disap-pear after curing. Inboth instances, the n-butyl and t-
butyl fragments began evolving (were liberated) at or above 400°C, as shown by MTM TDMS
data collected. The dielectric constants rmeasured were as follows = standard LOSP=2.9, 200%
n-butyl =2.66, and 20% t-butyl =2.95. Amnother experiment usings 10% t-butyl yielded simill ar
IR data with a k =2.67.
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After the initial experiments on LOSP-based polymer compositions, other blends were
developed,, such as a) 10% Me, 10% t-butyl, 80% HSiCl; and b) 5% Me, 15% t-buatyl, 80%
HSiCl;. Figures 4A and 4B show the standard LOSP structure and the methyl/butyl LOSP
structure, for reference. In both the 10/10 blend and the 5/15 blend, the yield improved from
55% for standard LOSP to 68% for both the 10/10 and 5/15 blends. Figures 5-7 show the
differences in the taw base polym.er composition, as measured by GPC. Figure 8 showws the IR
data for the baked films of standaxrd LOSP, the 10/10 blend and the 5/15 blend. Figure 9 shows
the IR data for the cured films of standard LOSP, the 10/10 blend and the 5/15 blend. The
dielectric c onstants measured for the wafers cured at 400,C are as follows: a) standard LOSP =
2.76;b) 10/10 blend LOSP =2.69; and c) 5/15 blend LOSP = 2.68. As far as the planarization
measurements (the ability of the blend to planarize a surface w7ith gaps), the data are as follows:

a) standard LOSP gave 93% planarization on 1 x 1 um lines and gaps and 89% planarization on
3 x 3 ym linaes and gaps; b) the 10/10 blend LOSP gave 91% pLanarization on 1 x 1 ym Tines and
gaps and 83% planarization on 3 x 3 pum lines and gaps; c)the 5/15 blend LOSP gave 89%
planarization on 1 x 1 ym lines and gaps and 79% planarizatiom on 3 x 3 ym lines and gsaps; and
d) LOSP-T' (5% Me) gave 90% planarizationon 1 x 1 um lines and gaps and 50% planarization
on 3 x 3 pxm lines and gaps. The cracking data for these wafers, observed after 24 hours at
cleanroom ambient temperature, showed that a) standard LOS P has 1.03 um cracks at the edge
and 1.12 prn intermittent cracks across the wafer; b) the 10/10 blend LOSP has 1.08 pum massive
cracking arxd 1.23 pm cracks after the bake; c) the 5/15 blend LOSP has 0.98 ym intermittent
cracks acro ss the wafer and 1.08 pm massive cracking. Finally”, regarding basic spin properties,
the following table shows those properties for standard LOSP, the 10/10 blend LOSP and the
5/15 blend L.OSP:

Table 2:
Material standaxd LOSP 10/10 blend LOSP 5/15 blend L.OSP
Bake Thickness (A) 3909 4365 3971
Bake Refractive 14 1.399 1.407
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Index
Cure Thickness () 4141 4175 3749
Cure Refractive 1.365 | 1.346 1.343
Index
Shrink (%) -5.9 4.4 | 5.6

Thus, specific embo diments and applications ©f ultrananoporous materials and methods
of forrmation thereof havebeen disclosed. It should be apparent, however, to tho se skilled in the
art that many more modifica tions besides those alread -y described are possible wi thout departing
from the inventive concepts herein. The inventive subject matter, therefore, is not to be
restricted except in the spirit of the appended claiims. Moreover, in interpreting both the
specification and the claims, all terms should be interpreted in the broadest possible manner
consistent with the context. In particular, the terms ¢ “comprises” and “comprisding” should be
interpxreted as referring to elements, components, or steps in a non-exclusive marner, indicating
that th e referenced elements, components, or steps ma:y be present, or utilized, or combined with

other elements, components, or steps that are not expressly referenced.
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CLAIMIS

‘What is claimed is;

1.

A low dielectric rmaterial, comprising:

a polymer composition, wherein the polymer composition cormprises at least one
polymer component that further comprises at least one mono¥mer component and
wherein the atleast one monomer component comprises a radical gorecursor chemically

bonded to a structural precursor.

The low dielectric material of claim 1, wherein the radical precursor volatilizes during a

cure process to form a plurality of ultranarnopores and a gas.

The low dielectric material of claim 1, wherein the structural prectarsor forms a support

material during a cure process.

The low dielectric material of claim 1, wherein the structural pr-ecursor comprises a

siloxane compound.

The low dielectric material of claim 4, whierein the siloxane com pound comprises an

hydridosiloxane compound.

The low dielectric material of claim 4, wherein the siloxane compound comprises an

organohydridosiloxane cofnpound.

The low dielectric material of claim 1, whierein the structural pre cursor comprises an

organic compound.

The low dielectric material of claim 7, wherein the organic commpound comprises a

poly(arylene) ether compound.

The low dielectric material of claim 7, whexrein the organic compotand comprises a cage

molecule.
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- 13.
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15.

16.

17.

18.

19.

20.

21.

22.

23.
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The low dielectric material of claim 9, wherein the cage molecule is an adamantane-

based molecule.

The low dielectric material of claim 1, wherein the radical precu-rsor comprises an alkyl
group.

The low dielectric material of claim 11, wherein the alkyl group» comprises at least one

branched alkyl component.

The low dielectric material of claim 1, wherein the radical grecursor comprises a

cycloalkyl group.

The low dielectric material of claim 1, wherein the radical precursor comprises an

aromatic group.

The low dielectric material of claim 1, wherein the radical precuarsor comprises at least

one saturated bond.

A low dielectric film comprising the low dielectric material of claim 1.

An electronic component comprising thie low dielectric materiad of claim 1.
An electronic component comprising thie low dielectric film of <laim 16.

A layered component comprising the low dielectric material ;)f <laim 1.

The low dielectric material of claim 1, wherein the material has & dielectric constant of

less than about 3.

The low dielectric material of claim 20, wherein the material has a dielectric constant of

less than about 2.5.

The low dielectric material of claim 21, wwherein the material has a dielectric constant of

less than about 2.

The low dielectric film of claim 16, wheerein the film has a diel ectric constant of less

than about 3.
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31.

32.

33.
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The low dielectric film of claim 223, wherein the film has a dielectric conétant of less
than about 2.5.

The low dielectric material of clairm 25, wherein the filmhas a dielectric constant ofless

than about 2.

The low dielectric material of clairm 2, wherein the plurality o f ultrananopores comprises

at least two voids.

Thelow dielectric material of claitm 26, wherein each of the at least two voids comprises

a mean diameter of less than about 10 nanometers.
A method of forming a low dielectric material, comprising:

providing a polymer composition, wherein the polymer comyposition comprises at lezst
one polymer component that further comprises at least one monomer component
and wherein the at least one monomer component comprises a comprises a

radical precursor chemical 1y bonded to a structural precursor;

applying energy to the polymer composition, such that the radical precursor is

volatilized; and
liberating at least in part the radical precursor from the polysmer composition.

The method of claim 28, wherein forming the low dielectric ¥material further compris es

curing the polymer composition to form a support material éand a plurality of pores.
The method of claim 29, wherein €he plurality of pores comporise nanopores.
The method of claim 29, wherein the plurality of pores comporise ultrananopores.

The method of claim 28, wherein applying energy to the polynmer composition compris<es

applying heat.

The method of claim 28, wherein the radical precursor comprises an alkyl group.
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The method of claim 33, wh erein the alkyl group comyprises at least one branchied alkyl

component.

The method of claim 28, wherein the structural precursor comprises a siloxane

compound.

'The method of claim 35, wherein the siloxane comporrnd comprises an hydridossiloxane

comapound.

The method of claim 35, wherein the siloxane compound comprises an

organohydridosiloxane comypound.

The method of claim 28, wherein the structural precursor comprises an organic

comxpound.

The method of claim 38, wherein the organic compourxd comprises a poly(arylen.e) ether

compound.
The method of claim 38, wherein the organic compound comprises a cage mol ecule.

The method of claim 40, wherein the cage molecule is an adamantane-based molecule.
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