WO 2021/138274 PCT/US2020/067194

CURABLE FORMULATIONS FOR FORMING LOW-k DIELECTRIC SILICON-
CONTAINING FILMS USING POLYCARBOSILAZANE

Cross Reference to Related Applications
(000 1] This application claims the benefit of priority under 35 US.C. § 118 (@) and (b) to
US Patent Application No. 168/731,728, filed December 31, 2019, the entire contants of which

are incorporated herein by reference.

Technical Field
[0002] The present invention relates to processes of deposition of a low-k dielectric silicon
and carbon containing film on a subsirale by wet cogting, preferably spin-on deposition
(50D) using a silicon and carbon containing film forming composition comprising a
polycarbosilazane polymer or cligomer containing formutation, followed by a curing step and
a hardbaking step.

Background
{00031 Spir-on coating is a procedure used to deposit uniform thin films onte mainty flat
substrates by centrifugal force. In general, a coating formulation is applied on the center of
the substrate, which is then spun at a certain spead. The coating formuiation is spread by
centrifugal force and forms a film to cover the substrale. The thickness of the film is typically
controlied by the concentration of the coating formulation and the spin rate. In order 1o make
the cosating material flowable, g volatile solvent is used. The volatile solvent may be
evaporated off as the film is formed. The thickness of the film depends on the angular speed
of spinning, the viscosity and concentration of the solution, and the solvent. Spin-on coating
is widely used in micro-glectronics fabrication to make a variety of films such as photo-resists,
anti-reflective coatings, low-K dielectric films, silicon oxide films, etc. In some applications,
the spin-on dielectrics formed by a spin-on coating process are able o insulate transistors or
conductive layers. The increase in semiconductor design integration by feature size reduction
has resulted in the back end of line manufacturing (BEOL) in increased levels of
interconnecied metal lines and vertical vias, insulated from sach other by thin diglectric
layers. Dielectric lavers having a low diglectric constant (ow-K) are scught for such thin
dielectric layers as they limit electromagnetic cross talks between the metal lines. Al the
transistor manufacturing level (Front End of Line), several steps in device manufaciuring
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require the usage of dielectric films having the capability to deposit into deep trenches and
holes. For instance, shallow trench isolation and fin isolation require the deposition of
diglectric films in the bottom of trenches. Similarly, to the BEQOL application, there is alsc a
growing need o fill such features with insulating films having a lower dislactric constant than
Si0.. Compared to the BEOL low-k films, Front End of Line additional constraints are the
requirements of a high gap filling capability, and for the deposited film to withstand the high
temperatures that are required when building the rest of the chip, Le. typically > 400°C, and
more preferably > 500°C, without significant impact on the film physical and chemical
properties {(dimension, stress, dielectric constant, chemical bonding, etc.). Thea
Semiconductor industry has developed several low-k materials that are inorganic, organic or
hybrid materials to replace silicon dioxide. These materials may be deposited by either
chemical vapor deposition (CVD) or spin-on deposition {S0D) processes. Materials such as
polyimide, carbon-doped silicon oxides and polyarylene may be deposiied using S0D
tachniques.

{0004} Us 2019/0040279 to Khandelwal et al discioses process and formulation for
Polycarbosilazane confaining formulations comprising precursors having a unit having the
formula: [-NR-RARSSI{(CH)-SiR?R],, where n=2 fo 400; R is H, R? R® R* RS are
independently H, a hydrocarbon group, or an alkylamino group, and provided that at least
one of R? R® Rtand Réis H.

[0005] LS 2015/0087139 to O'Neil et al. discloses precursors and method for forming Si-
containing films using organcaminosilane precursors, for example, HaSI{CH2).SiHNR-
Ci{Me)=NR.

[0006] WO 2018/180991 to Kerrigan et al discloses Si-containing film  forming
composition that comprise of Si-N containing precursors and methods for synthesizing these
precursors by catalyvtic dehydrogenative coupling of carbosilanes with ammonia, amines, and
amidine.

[0007] US Patent 5,260,377 to Leibfried st al discloses crosslinkable carbosilane
polymer formulation prepared from saturated or unsaturated carbosiiane polymers containing
reactive silicon hydride radicals in the polymer chain combined with polycyclic polyens
crosslinkers that have two or more double bonds reaclive in a hydrosilylation crosslinking
reaction.

[0008] US Patent 8,243,324 to Bowen ef al. discloses the methods for forming non-
oxygen containing Si-hased films that contain > 50 atomic % of silicon. In one embodiment,
the non-oxygen cortaining Si-based films were deposited using at least one organosilicon
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precursor having at least two -SiHs groups with at least one Cas linkage beiween silicon
atoms such as 1,4-disliabutane.

(0009 US Patent Application 2019/0065645 o Li et al. discloses Si-containing film
forming composition that include a first compound having carbon-carbon double bond or
carbon-carborn triple bond and a second compound comprising at least one Si-H bond.
(00107 US Patent Application 2009/0026924 Leung et al. discloses a method for forming
a substantially transparent nanoporous organosilicate film on a substantially transparent
substrate, for use in optical lighting devices such as organic light emitiing dicdes {OLEDs).
The method includes first preparing a composition comprising a silicon containing pre-
polymer, a porogen, and a catalyst. The composition is coated onto a substrate which is
substantially transparent to visible light, forming a film thereon. The film is then gelled by
crosslinking and cured by healing, such that the resulting cured film is substantially
transparent to visible light.

[0011] US Patent Application 2013/0075876 o Goethals et al. discloses a method for at
least partially sealing a8 porous material which comprised forming a sealing layer onto the
porous material by applying a sealing compound comprising oligomers wherein the oligomers
are formed by ageing a precursor solution comprising cyclic carbon bridged organosilica
and/or bridged organosilanes. The method is especially designed for low K dislectric porous
materials to be incorporated into semiconductor devices.

[0012] US Patent 8,441,006 to Michalak ef al. discloses dielectric films and low-k
diglectric films and methods for making dielectric and low-k dielectric films. Dielectric films
are made from carbosilane-containing precursors,

[0013] LS Patent Appilication 2018/0208796 to Pandey et al. discloses a compasition for
planarizing a semiconductor device surface including poly(methyl silsesquioxane)resin, at
feast one of a quatemnary ammonium salt and an aminopropyltriethoxysilane salt, and at least
a solvent.

[0013] US Patent Application 2018/0087150 to Kerrigan et al  discloses
Polycarbosilazane containing formulations that comprise of Si-N containing precursors. The
method of synthesizing the precursors is catalytic dehydrogenative coupling of carbosilanes
with ammonia, amines, and amiding to produce Si-N containing precursors and produce He
as a byproduct as shown in Egquation | below. The reaction is accelerated with the use of
catalysts, such as metal carbonyl, Dicobalt Oclacarbonyl. The targeted reaction temperature
for catalvtic dehydrogenative coupling may be ranging from 0 to 600°C.
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Equation |
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Summary

(0014 Disclosed is a silicon and carbon containing film forming composition comprising

a polycarbosilazane polymer or oligomer containing formulation,

the polycarbosilazane polymer or oligomer containing formulation consisting of silazane-

bridged or cross-linked carbosilane monomers,

the carbosilane containing at least two —SiH— moieties, either as terminal groups (-

SiHR) or embedded in a carbosilane cyclic compound,

wherein R is H, a Cq to Ce linear, branched, or cyclic alkyl- group, a Gy o Cs linear,

branched, or cyclic alkenyl- group, or combination thergof,

(00157 The disclosed silicon and carbon containing film forming composition may include

one or more of the following aspects:

« the carbosiiang having the formula:
RY.SH-{CH2)u-SiHRe {H
wherein R', R® are independently H, a C:-Cs linear, branched or cyclic alkyl- group, a
+1-Cq linear, branched or cyclic alkenyl- group, or combination thereof, a=0-2; b=1-4;
c=4-3;
« the carbosiianeg having the formula:
R3CI-{CH)-SiHR Y, )
wherein R® R?* are independently H, a C+-Cs linear, branched or cyclic alkyl- group, a
4-Ce lingar, branched or cyclic alkenyi- group, or combination thereof, e=0-2; =0-3;
g=4-e
« the carbosiianeg having the formula:
[scaffald]-[-(CH2)m-SiHR5, (i
wherein R® is H, a Cy-Cs linear, branched, or cyclic alkyl- group, a Cy-Cs linear,
branched or cyclic alkenyl- group, or combination thereof, m=0-4; n=2-4; and the
scaffold is a hydrocarbon scaffold;
s the carbosilane having the formula:
RE-1,3 S-trisifacyclohexane (V)
wherein R is a $,-Cs linear, branched or cyclic alkyl- or alkenyl- group; x = 0-3;
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e the hydrocarbon scaffold being a hydrocarbon scaffold including a Ca-Cyo cyclic
hydrocarbon scaffold containing silyl- group, -NH group, -O- ether group, or the like,

s the carbosilane containing -Si-Ce-5i- unit (n 2 1) uni{s) or a 1,3,5-risilacyclohexanse
{TSCH) backbone;

e the carbosilane containing ~Si-Ca-Si- unit (n = 1) unit(s);

e the carbosilane containing a 1,3, 5-trisilacyclohexane (TSCH) backbone,

» the carbosilane being selectad from Si[H{CH2)-SiHals, SI-(CH2)2-SiHals, Si[-(CHa)s-
SiHals, and Si{-(CHa}s-SiHals, R1SI-{(CH2)-SiHsls, RISi[{CH2)2-8iHals, RISI[-{CHa2)s-
SiHals, and R'SI{-(CHz)e-SiMHals, H3Si-CHo-SiMHo-CHo-SiHs (bis(silyimsthyl)silane),
HaSi-{CHa)a-SiHa-{CHz)2-SiMs (bis{2-silyiethyhisilang), HaSi-{CHa)a-SiHa~{CH2)s-8iHs
{bis(3-silylpropylisilang), and HiSi-{CH2)s-SiHa-(CH2}4-8iHz (bis{4-silylbutyl)sitane),
Ci-SiHsls (tetrasilylmethane), C[-(CHo)-SiHsla (2,2-bis(sitylmethyl)propane-1,3-
divhibis{silane)), C[-(CHz)2-SiHsls (3,3-bis(2-silylethyhpentane-1,5-diyhibis(silane}},
and Cl-{CHa)3-SiH3ls {4, 4-bis(3-silyipropyhheptane-1,7-diyDbis(silane)), R'C[-SiHa]s,
RIC[-{CHz)-SiHz}a, R'C[-{CH2)2-SiHs]s, and R'Cl-{CHa)a-SiHsls, HaSi-CHa-SikHs
{bisilyimethane)}, HaSi<{CHz)s-BilHa (1,5-disilylpentane), and HsSi-{CHz)r-SiHs {1,7-
disilyiheptane)), 1,3-disilyicyclopentane, 1,2-disilylcyclopentane, 1,4~
disilyicyclohexane, 1,3-disilylcyclohexane, 1,2-disilylcycichexane, 1,3,5-
trisilylcyclohexane and 1,3,5-trisilvibenzene, 2-Me-TSCH, 2-Et-TBCH, 2-iPr-TSCH,
2-NPr-TSCH, 2-nBu-TSCH, 2-1Bu-TSCH, 2-sBu-TSCH, 2-iBu-TSCH, 2,4-Mex-TSCH,
2 4-Ef,-TSCH, 2, 4-iPr,-TSCH, 2,4-nPre-TSCH, 2,4-nBux-TSCH, 2,4-iBu,-TSCH, 2.4-
{BuU-TSCH, 2,4-sBux-TSCH, 2,4,6-Mes-TSCH, 2,4.6-Et:-TSCH, 2,4 8-iPrs-TSCH,
2,4 6-nPrs-TSCH, 2,4,8-nBus-TSCH, 2,4,8-iBus-TSCH, 2,4,6-Bus-TSCH, 2,4,6-
sBus-TSCH, wherein R' is H, a C4-Cs linear, branched, or cydlic alkyl- group, a Cy-
Cs linear, branched, or cyclic alkenyl- group, or combination thereof,

+ the carbosilane being 1,35 -trisilapentane (CAS No.: §837-98-0);

e the carbosilane being 1,3,5-trisilacyciohexane (CAS No.: 291-27-0;

¢ the amine being selected from ammonia, amidine, hydrazine, hydroxylamine,
monoalkylamine, diamines including ethyiene diamine, or polvamines;

¢ the amine containing at least two N-H bonds;

« the at least two N-H bonds being on the same nitrogen atom or on separate nitrogen
atoms;

« the polycarbosilazane polymer or oligomer being produced by a catalytic
dehydrocoupling (BHC) reaction selectad from the group consisting of

(63 ]
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a) two carbosilanes with two amines, wherein one of the two carbosilanes contains
morea than two -SiH:R groups;

b} two carbosilanes with two amines, wherein one of the two amines contains more
than two N-H bonds; and

¢} more than two carbosilanes with more than two amines,

whersin R is M, a C+-Cs linear, branched, or cyclic alkyl- group, a Cq-Cs linear,

branched, or cyclic alkenyl- group, or combination thereof,

s+ the polycarbosilazane polymer or oligomer beaing produced by a catalytic
dehydrocoupling (DHC) reaction of two carbosilanes with two amineas, wherein one of
the two carbosilanes contains more than two -SiH:R groups, wherein R is M, a C-Ce
finear, branched, or cydlic alkyl- group, a Ci-Cs linear, branched, or cyclic alkenyl-
group, or combination thereof,

s+ the polycarbosilazane polymer or oligomer being produced by a catalytic
dehydrocoupling (DHC) reaction of two carbosilanes with two amines, wherein one of
the two amines containg more than two N-H bonds, wherein R is H, a8 $4-Cs linear,
branched, or cyclic alkyl- group, a Ci-Cs linear, branched, or cyclic alkenyl- group, or
combination therecf,

s« the polycarbosilazane polymer or oligomer being produced by a catalytic
dehydrocoupling (DHC) reaction of more than two carbosilanes with more than two
amines, wherein R is H, a C1-Cs linear, branched, or cydlic alkyl- group, a Ci-Cs linear,
branched, or cyclic alkenyl- group, or combination thereof,

= the percentage of any one of the carbosilanes ranging from 0.5% to 89.5% in molar
percentage;

= the percentage of any one of the amines ranging from 0.5% o 99.5% in molar
parcentage;

+ @ catalyst used in the catalytic DHC reaction being NH.Ci;

s the polycarbosilazane polymer or oligomer containing formulation including a
polysilane,

e the polysilane containing more than two -3iH2R funclion groups, wherein Ris H, a Cy-
Cs lingar, branched, or cyclic alkyl- group, a Ci-Cs linear, branchead, or cyclic alkenyl-
group, or combination thereof;, and

s the polysilane being selected from neopentasilane (Si{SiHa)s), n-telrasilane
{SiH(SiHSiH:), 2-silyl-tetrasiiane (SiHal{SiH:)5iHa), risilylamine (N(SiHz)s), or
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trisilyamineg derivatives such as atkylamino-substituted trisilylamines or oligomers of
trisilylamines.
[0016] Also, disclosed is @ method of forming a silicon and carbon containing film on a
substrate comprising the steps of.
forming a solution comprising a polycarbosilazane polymer or oligomer containing
formulation that consists of silazane-bridged or cross-linked carbosilane monomers, the
carbosilane containing at ieast two ~SiHz— moieties, either as terminal groups (-5iHsR) or
embedded in a carbosilane cyclic compound, wherein R is H, a C-Cs linear, branched, or
cyclic alkyl- group, a C+-Ce linear, branched, or cyclic alkenyl- group, or combination thereof;
and
contacting the solution with the substrate via a spin-on coating, spray coating, dip coating,
or slit coating technigue to form the silicon and carbon containing film.
(00177 The disclosed method may include one or more of the following aspects:
+ the method further comprising the step of
pre-baking the silicon and carbon containing film under Nz atmosphere at a temperature
ranging from approximately 50°C to 400°C; and
hardbaking the silicon and carbon containing film by a heat-induced radical reaction or a
UV-Vis photo induced radical reaction in an aimosphere of Oz, Oz, H20, Hx02, N2O, or NO,
air, compressed air, or combination thereof at a temperature range of 200-1000°C to convert
the silicon and carbon containing film to a SiOC or SIOCN containing film with low k value,
s the carbosiiane having the formula:
RSI-{CHz)o-SiHR%e i
wherein R', R? are independently H, a $-Cq linear, branched or cyclic alkyl- group, a
C+-Cs linsar, branched or cyclic alkenyl- group, or combination thereof, a=0-2; b=1-4;
c=4-3;
s the carbosiiane having the formula:
R3C[H{CH)RSIHRY, {1
wherain R3, R* are independently H, a C,-Cs linear, branched or cyclic alkyl- group, a
C+-Cs lingar, branched or cyclic alkenyl- group, or combination thereof, e=0-2; f=0-3;
g=4-e;
s the carbosiiane having the formula:
[scaffold]-[-(CHz)m-SiHzR, ()
wherein R® is H, a C-Cs linear, branched, or cyclic alkyl- group, a Ci-Cs linear,

branched or cyclic alkenyl- group, or combination thereof, m=0-4; n=2-4; and the
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scafiold is a hydrocarbon scaffold;
= the carbosilang having the formula:
Rf~1,3,8-trislacycichexana  (IV)
wherein R5 is a C,-Cs linear, branched or cyclic alkyl- or alkenyi- group; x = 0-3;

s the carbosiiane being selected from Si{-{CHo)-SiMHals, SIH-(CH2)o-SikHale, SIH(CHz)s-
Sitsl, and SH~(CHa)s-SiHsls, R'SI-(CHz2)-SiHsls, R1Si[{CHz)2-8iHals, RISI[H{CHa)s-
SiHals, and R'SH-(CHz)a-SiHals, H3Si-CHa-SiH,-CH,-SiHs (bis(silylmethyl)silane),
HaSi-{CHa)e-SiHa-{CHz)a-SiMa (bis(2-silvisthyisilane), HaSi-{CHa)a-SiHa~{CH2)5-SikHs
{bis(3-silylpropyhsilane), and Hi3i-{CHa)s-SiHa-(CH2}4-5iHs (bis{4-silylbutyl)silane),
Ci-8iHals (tetrasilyimethane), C[-(CH)-SiHa]4 (2,2-bis({silylmethylipropane-1,3-
diyhibis{silane)), C[-(CHz)2-SiHals {3,3-bis{2-silylethylpentane-1,5-diylibis(silane)},
and Cl-{CH2)s5-8iH;ls {4, 4-bis(3-silyipropyhheptane-1, 7-diyhbis(silane)), R'C[-SiHals,
RIC[-{(CH2)-SiHals, R'C{CH2)2-8iHs]s, and R'Cl-{CH2)a-8iHals, HaSI-CH,-SiHs
{bisilylmethane), HaSi-(CHa)s-SiHa (1,5-disilylpentane), and HiSi-{CHa)r-5iHs (1,7-
disilyiheptane), 1,3-disilvicyclopentane, 1,2-disilvlcyclopentane, 1,4-
disilyicyclohexane, 1,3-disilylcyclohaxane, 1,2-disitylcycichexane, 1,3,5-
trisitylcyclohexane and 1,3,5-trisiivibenzene, 2-Me-TSCH, 2-Et-TSCH, 2-iPr-TSCH,
2-nPr-TSCH, 2-nBu-TSCH, 2-Bu-TSCH, 2-sBu-TSCH, 2-iBu-TSCH, 2,4-Mex-TSCH,
2 4-Et,-TSCH, 2, 4-iPr,-TSCH, 2.4-nPry-TSCH, 2, 4-nBux-TSCH, 2 4-iBu,-TSCH, 2 4-
tBux-TSCH, 2,4-3Buz-TSCH, 2 4,6-Mes-TSCH, 2,4,6-Ets-TSCH, 2,4 8-iPrs-TSCH,
2,4 8-nPrs-TSCH, 2,4,8-nBus-TSCH, 2.4,8-iBus-TSCH, 2 4,8-1Bus-TSCH, 2,4,6-
sBuz-TSCH, whersin R is H, a C4-Cs linear, branched, or cyclic alkyl- group, a Cy-
Ce linear, branched, or cyclic alkenyl- group, or combination thereof,

« the polycarbosiiazane polymer or oligomer containing formulation
containing a polysilane selected from necpentasilane {(or 2, 2-disilyltrisilaneg)

{Si(BiHa}e), n-tetrasilane (SiHx(SiHL)SiHs), 2-silyl-tetrasilane ((SiHs)(SiH2pSiHs),
irisilylaming (N{SiHz)s), or trisilyamine derivatives such as alkylamino-substifuted
trisilylamines or oligomers of trisilylamines;

s the carbosilane being 1,3,5-trisilapentane (CAS No. 5837-98-0) or 1,356-
trisilacyclohexane (CAS No.: 281-27-0);

« the carbosilane being 1,3,5 -risilapentane (CAS No.: §637-89-0),

# the carbosiiane being 1,3, 8-trisitacyciohexane (CAS No.: 281-27-0);

s the polycarbosilazane polymer or oligomer is producad by a catalvtic dehydrocoupling
(BHC) reaction of
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a) two carbosilanes with two amines, wherein one of the two carbosilanes contains
morea than two -SiH:R groups;

b} two carbosilanes with two amines, wherein one of the two amines contains more
than two N-H bonds; or

¢} more than two carbosilanes with more than two amines,
where R is M, a Ci-Cs linear, branched, or cyclic alkyl- group, a C+-Cs linear,
branched, or cyclic alkenyl- group, or combination theracf, and

= g catalyst used in the catalytic DHC reaction being NH.Cl.

Notation and Nomenciature
[0018] The following detailed description and claims utilize a number of abbreviations,
symbols, and terms, which are generally well known in the art, and include:
[6019] As used herein, the indefinite arlicle “a” or "an” means one or more.
(00207 As used herein, “aboutl” or “around” or “approximately” in the text or in & claim
meaans +10% of the value stated.
[o021] As used herein, "room femperature” in the fext or in a claim means from
approximately 20°C to approximately 25°C.
[0022] The ferm ‘“ambient temperature” refers to an environment tempersture
approximately 20°C to approximately 25°C.
[06023] The term “substrate” refers to a material or materials on which a process is
conducted. The substrate may refer 10 8 wafer having a malterial or materials on which a
process is conducted. The substrates may be any suitable wafer used in semiconductor,
photovoltaic, flat panel, or LCD-TFT device manufacturing. The substrate may also have
one or more layers of differing materials already deposited upon it from a previous
manufaciuring step. For example, the wafers may include silicon layers {e.g., crystalline,
amorphous, porous, etc)), silicon containing lavers (2.g., Si0;, SiN, SION, SICOH, eic)),
metal containing layers (e.q., copper, cobalt, ruthenium, tungsten, platinum, palladium, nicksl,
ruthenium, gold, etc.) or combinations thereof. Furthermore, the substrate may be planar or
patternad. The substrate may be an organic pattemed photoresist film. The substrate may
include layers of oxides which are used as dielectric materials in MEMS, 3D NAND, MiM,
DRAM, or FeRam device applications (for example, Zr0. based materials, HO: based
materials, TiQ, based materials, rare earth oxide based materials, {ernary oxide based
materials, etc.) or nitride-based fiims {for example, TaN, TiN, NbN} that are used as
glectrodes. CGne of ordinary skill in the art will recognize that the terms “film” or “layer” used

o]
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herein refer to a thickness of some material laid on or spread over a surface and that the
surface may be a french or a line. Throughout the specification and claims, the wafer and
any associated iayers thereon are referred to as substrates.

(o024 The term “wafer” or "patterned wafer” refers {0 a wafer having a stack of films on
a substrate and at least the top-most film having topographic features that have been created
in steps prior o the deposition of the low-k film,

[0025] The term “aspect ratio” refers to a ratio of the height of a trench (or aperture) to
the width of the trench (or the diameter of the aperturs).

[0026] Note that herein, the terms “film” and “layer’ may be used interchangeably. It is
understood that a film may correspond to, or related {0 a laver, and that the laver may refer
to the film. Furthermore, one of ordinary skill in the art will recognize that the terms "film” or
“layer” used herein refer t0 a thickness of some material laid on or spread over a surface and
that the surface may range from as large as the entire wafer to as small as a trench or a line.
[o027) The standard abbreviations of the elements from the periodic table of slements
are used herein. [t should be understood that elements may be referred to by these
abbraviation (e.g., Si refers to silicon, N refers to nitrogen, O refers to oxygen, C refers to
carbon, H refers to hydrogen, F refers to fluorine, efc.).

[0028] The unigue CAS regisiry numbers (L.e., "CAS"} assigned by the Chemical Abstract
Service are provided {o identify the specific molecules disclosed.

[0029] As used herein, the term “hydrocarbon” refers o a saturated or unsaturated
function group containing exclusively carbon and hydrogen atoms. As used herein, the term
“alkyl group” refers to saturated funclional groups containing exclusively carbon and
hydrogen atoms. An alky! group is one type of hydrocarbon. Further, the term “alkyl group”
refers to linear, branched, or cyclic alkyl groups. Examples of linear alky! groups include
without Himitation, methyi groups, athyl groups, propyi groups, butyl groups, etc. Examples of
branched alkyls groups include without limitation, t-butyl. Examples of cyclic alkyl groups
include without limitation, cyclopropyl groups, cyclopentyl groups, cyclohexyl groups, etc.
[6030] As used herein, the term “carbosilane” refers 1o a linear, branched, or cyclic
molecule containing Si, © and H atoms and at least two -SiHR groups and may be written
as R,SigH: in a general formula, wherex, yandz 2 1.

[0031] As used herein, the term “polycarbosilazane” refers o an oligomer/polymer
formed by af least two carbosilanes attached by a SI-NR-Si bonding. The polycarbosilazane
is a linear, branched, or crosslinked polymer containing Si, C, H and N atoms and Si-NR-Si
bonds.

10
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[0032] As used herein, the abbreviation *Me” refers 1o a methyl group; the abbreviation
‘Bt refers {0 an ethyl group; the abbreviation “Pr refers {o any propyi group (i.e., n-propyl or
isopropyl); the abbreviagtion “iPr refers o an isopropyl group,; the abbreviation “Bu” refers to
any butyl group (n-butyl, iso-butyl, tert-butyl, sec-butyh); the abbreviation "tBu” refers to a tert-
butyl group; the abbreviation "sBu” refers {0 g sec-buly! group; the abbreviation "By refers
{0 an iso-buiyl group; the abbreviation "Ph” refers o a phenyl group,; the abbreviation "Am”
refers to any amyl group {iso-amyl, sec-amyl, tert-amyl); the abbreviation “Cy” refers to a
cyclic hydrocarbon group (cyclobutyl, cyclopentyl, cyclohexyl, efc.).

[0033] Please note that the silicon-containing films, such as 8i, SiN, Si0, Si0C, SiON,
SICON, are listed throughout the specification and cdlaims without reference fo their proper
stoichiometry. The sllicon-containing fims may also include dopanis, such as B, P, As, Ga andfor
Ge. The fact that the film contains some residual hydrogen is alsc omitied from the film
composition description. For instance, an SiOC film may contain residual H.

[0034] Ranges may be expressad herein as from about one particular vaiue, andfor to
about another particular value. When such a range is expressed, it is to be understood that
another embodiment is from the one particular value andfor to the cther particular value,
along with ali combinations within said range. Any and all ranges reciied herein are inclusive
of their endpoinis (i.e., x=1 10 4 or x ranges from 1 to 4 includes x=1, x=4, and x=any number
in between), respective of whether the term “inclusively” is used.

[0035] Reference herein to “ong embodiment” or “an embodiment” means that a
particular feature, structure, or characteristic described in connection with the embodiment
may be included in at least one embodiment of the invention. The appearances of the phrase
"in one embodiment” in various places in the specification are not necessarily all referring to
the same embodiment, nor are separate or alternative embodiments necessarily mutually
exclusive of other embodiments. The samea applies o the term “implementation.”

[0036] As used herein, the term “independently” when used in the context of describing
R groups should be undersiood to denote that the subject R group is not only independently
selected relative 1o other R groups bearing the same or different subscripts or superscripts,
but is alse independently selected relative to any additional species of that same R group.
For exampile in the formula MR (NR*R®u., where xis 2 or 3, the two or three R' groups
may, but need not be identical to each other or to R?or to R®. Further, it should be understood
that unless specifically stated otherwise, vaiues of R groups are independent of each other
when used in different formulas.

[0037] As used in this application, the word “exemplary” is used herein {0 mean serving
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as an example, instance, or illustration. Any aspect or design described herein as
‘exemplary” is not necessarily to be construed as preferred or advantageous over other
aspecis or designs. Rather, use of the word exemplary is intended {0 preseni concepts in a
concrate fashion.

[0038] Additionaily, the term "or” is intended o mean an inclusive “or’ rather than an
exclusive “or’. That is, unless specified otherwise, or clear from context, “X employs Aor B8°
is intendead 1o meaan any of the natural inclusive permutations. That is, if X employs A; X
employs B; or X employs both A and B, then " employs A or B is satisfied under any of the
foregoing instances. In addition, the articles "a” and "an” as used in this application and the
appendad claims shouid generally be construed o mean “one or moreg” unlass spacified
otherwise or clear from context to be directed o a singular form.

Brief Description of the Drawings

[0039]

FiG 1 is a simplified Tlow chart for a SOD process,

FiG 2 is a thermogravimestric analysis (TGA) graph of the TSCH-based polycarbosilazane
solution;

FiG 3 is g FTIR spectrum comparison of pre-bake of & SOD film at 200°C under Ny and
hardbake of the prebaked SOD film at 35C°C in air for about 30 min;

FIG 4 is the low freguency region (1,500 - 850 cm™y FTIR spectrum of FIG 3,

FIG 8 is the high frequency region (4,000 ~ 1,800 cm™) FTIR spectrum of FIG 3, and

FiG 6 is a FTIR spectrum comparison of the prebaked SOD film and the hardbaked S0D
film.

Description of Preferred Embodiments
(0040 Disclosed are silicon and carbon containing film forming compositions comprising
a polycarbosiiazane containing formulation for deposition of Si-containing low-k dielectric
film, methods of synthesizing the polycarbosiiazanes and methods of using the silicon and
carbon containing film forming compositions {o deposit silicon and carbon containing films
for manufacturing SIOC, SIOCN or SICN devices. Particularly, the disclosed methods are
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spin-on deposition (S0D) of the silicon and carbon containing film forming compaosition
comprising the polycarbosilazane containing formulation followead by pre-baking {or curing)
and hardbaking processes o form a low-k dielectric film, such as a SiOC or SIOCN film.
[0041] The disclosed silicon and carbon confaining film forming compositions have
properties suitable for spin-on coating, spray coating, dip coating, or slit coating methods,
such as low melling point (preferably being in liguid form at room temperature), and good
wetting behavior on the substrate to be coaled, and good thermal stability for shelf life and
storage without degradation. Oligomers andfor polymers of the disciosed polycarbosilazanes
suitable for these deposition technigues typically have a molecular weight ranging from
approximately 300 Da to approximately 1,600,000 Da, preferabiy from approximately 500 Da
to approximately 100,000 Da, and more preferably from approximately 1,000 Da to
approximately 50,0600 Da.

(0042 The oligomers andior polymers of the disclosed polycarbosilazanes may bs
produced by catalytic dehydrogenative coupling (DHC) reactions of carbosilane monomers
and amine monomers. The preferred carbosiianes used for syntheses of the disclosed
polycarbosilazanes contain at least two ~SiHzR groups (R is H, a C+-Cs linear, branched, or
cyclic akyl- group, a C:-Cs linear, branched, or cyclic alkenyl- group, or combination thereof;
the ~SiHR may be part of a cyclic struciure containing C and Si) to facilitate the reaction of
the carbosilane with the amine in the DHC process to form polycarbosilazane. The amine
used for the DHC reaction with the carbosilane may be selected from one or several of
ammonia, amiding, hydrazine, hydroxylamine, monoalkylamine, diamines or polyamines or
the like, so long as they contain at least two N-H bonds. Such N-H bonds may be on the
same nitregen atom, i.e. for a primary amine —-NH,, or on separate N atoms, for instance in
g diatkyldiaming (RNH-C:Hs-NHR). However, branched or cross-linked polycarbosilazanes
may be formed if the amine or carbasilane contains at least 3 N-H bonds or at least 3 -SiHzR
groups for branched and/or crosslinked polymaerization. If either the aming or the carbosilans
contain at ieast 3 N-H bonds or at least 3 -SiH:R groups, respectively, polycarbosilazanes
may be oblained with extended crosslinks. The extent of crosslinks may be moderated by
using mixed carbosilane monomers. For example, one may use a mixture of carbosilanes,
one that contains at least 3 -SiH:2R groups and the other one containing only 2 -SiHzR groups.
Alternatively, the extent of crosslinks may be moderated by using mixed aming monomers.
For example, one may use a mixiure of amines, one that contains at least 3 N-H bonds and
the other one containing only 2 N-H bonds. The percentage of any one of the carbosilanes
or amines may range from 0.8% to 98.5% in molar percentage depending on a desired extent
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of crosslinks. Preferably, the ratic of amine to carbosilane monomers is selected so that the
number of -NH functions in the DHC reaction stoichiometry is higher than the number of -
SiH:zR functions.
[0043] The carbosilane monomers  used for  synthesizing the  disclosed
polycarbosilazanes may contain -Si-Cq-Si- unit {n = 1) unit that may be a linear, branched or
cyclic saturated or unsaturated structure. In addition, the carbosilane monomers used for
synthesizing the disclosed polycarbosilazanes may contain a 1,3,5-trisilacyclohexans
{(TSCH) backbone. The cyclic structure of the carbosilane monomer is preferred for low-k
films as it creates a molecular scale porosity in the final film, this decreases the film density
and digiectric constant. 1,3,5-trisilacyclohexane is found 1o be particularly interesting for this
application.
[0044] The carbosilane monomers used for  synthesizing  the  disclosed
polycarbosilazanes have the following formulae:

R1aSi{-(CH2)p-8iHR%L (5
wherein R, R? are independently H, a C+-Cs linear, branched or cyclic alkyl- group or alkenyl-
group, or combination thereof, a=0-2; b=1-4; ¢=4-a; or

RE%CI-{CH2)+-8iHRY, (i
wherein R®, R* are independently H, a C+-Cs linear, branched or cyclic alkyl- group or alkenyl-
group, or combination thereof, e=0-2; i=0-3; g=4-e; or

[scaffold-{~(CH2)m-SiHR5, {1t
wherein R® is M, a C4-Cs linear, branched, or cyclic alkyl- group or alkenyl- group, or
combination thereof, m=0-4; n=2-4; and the scaffold is a hydrocarbon scaffold; or

R®,-1,3,5-trisitacyclohexane (V)

wherein R? is a C1-Cs linear, branched or cyclic alkyl- or alkenyl- group; x = §-3.
[0045] Formula H may also be expressed in a structure below.

SiH,RE

b ¢

wherein O is a hydrocarbon scaffold. The examplary hydrocarbon scaffold includes, butis
not Hmted to, a Cs-Cye cyclic hydrocarbon scaffold. The hydrocarbon scaffold may contain
sityl- group, —NH group, —O- ether group, or the like.

[6046] The carbosilane monomers shown in Formula | may contain at ieast two ~8iH:R?
or ~SiH; groups and hydrocarbon chains. For example, when a=0, b=1-4, ¢=4, and R?%=H,

14
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the carbosilane monomers include Sif<{(CHz)-SiH:le (letrakis{silylmethylsilane), Sil-{CHa)e-
SiHsle (tetrakis(Z-silylethylisilane), Si-(CHa)-SiHals (elrakis(3-silyipropylisilane), and Sif-
{CHa2)a-SiHaa (tetrakis{4-silylbutyl)silane), having a general structure:

when a=1, b=1-4, c=3; R' is H, a C-Cs linear, branched, or cychic alkyl- group or a $:-Ce
linear, branched, or cyclic alkenyl- group; and R? = M, the carbosilane monomers include
RYSHA{CHp-BiHals, RISIH{CH:)2-SiHa]a, RISIHH{CH2):-SiMHals, and RISIE-{CH)e-SiMHs)s, having
a general structure:
R
" b Sk
H, 5 b A SiMs

when a=2, b=1-4, ¢=2; R' = H, and RZ= H, the carbosilane monomers include H;Si-CHs-
SiH-CH2-8iHs (1,3,5-trisllapentane (TSP) or bis(silyimethyhsilane) (CAS No. 5837-89-0),
HaSi-(CHu)o-SiH-{CH2)-SiHs (bis(2-silylethyhsilane), HaSi-(CHz)s-SiMo-(CH2)s-SiHa (bis(3-
sitylpropyijsilane), and HaSi-(CHa)e-SiH-(CH2)a-SiHs (bis(4-silyibutyiysilane). Here are the
structures,

H,Si /\\ai/\\sms
2

Hssi\\///\\ Wsms
Si

Ha

/WSEVW\
H,Si SiHy

[0047] The carbosilane monomers shown in Formuia H may contain at least two —-Sits
groups and hydrocarbon chains. For example, when a=0, b=0-3, c=4; and R*=H; the
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carbosilane  monomers  include C[-SiHsls  (letrasilyimethane), C[«{CH)-SiH:le {((2.2-
bis{silylmethyhpropane-1,3-divhibis(silane}), C[-(CHz}2-SiHals {(3,3-bis(2-siiylethyhpentane-
1.5-diyhbis{silane)), and C{«{CHa)s-SiHs]4 {{4,4-bis(3-silylpropyliheptane-1,7-divlibis(silane)),
having a general structure:

HaSi ™Y

Hysi=1

when a=1, b=0-3, c=3; and R' is H, a C:-Cqg linear, branched, or cyclic alkyl- group or a Cs-
Cg linear, branched, or cyclic alkenyi- group, the carbosilane monomers include R'Cl-SiHs]s,
R'C[-{CH2)-BiHala, R'C[-{CHz)z-SiHs)s, and R'Cl-(CHz):-SiHz)s, having a general structure:

R

T SiHy
H,Si b b SiH,

when a=2, b=0-3, c=2: R' = H; and R%= H; the carbosilana monomaers include HaSi-CHx-SiHs;
{bisitylmethane), HsSI{CH)s-SiHs (1,3-disilylpropane), HaSI-{CH:}s-SiHs (1, 5-disilyipentane),
and HaSi-{CH)7-SiHs (1,7-disilytheptane).
[0048] in formula {H, multiple carbosilane groups may be atfachad to a hydrocarbon
scaffold such as cyclic rings and may form N-H bonds for polycarbosilazane formation. The
carbosilane monomers shown in formula IlF may contain hydrocarbon scaffolds connected
with two —SiH:R groups or carbosilyl groups. For example, when o=2 in formula Hl, the

carbosilane monomers include:
RSHQS§M SiH,R®
b b

wherein Q is a hydrocarbon scaffold, such as a Cs to Cyp cydlic hydrocarbon scaffold that
may coritain silyl- group, ~NH group, -0 ether group, or the like.

When R® = H, the carbosilane monomers include

Ha S MO\MSHS
b b

5
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wherein O is a hydrocarbon scaffold, such as a Cs to Cqp cyclic hydrocarbon scaffold that
may contain silyl- group, ~NH group, ~O- ether group, or the like.
(00497 The exemplary carbosilanes include:

SiHy Sitg Sibig

SitHy
ity
Sy
SiHg
55 - SiHs
SiHy 1, 2-disilyleyclopentane
Sk,

1,3-disilyleyclopentans 1.3-disityleyclobexane

1,2-disilyleyelohexane
1,4-disilyleyelotiexane
[G050] The carbosilane monomars shown in Formula tH may contain at least two -SiHR
groups, hydrocarbon chaing and hydrocarbon scaffolds. For example, when ¢=3, the
carbosilans monomers include:
RH,Si

sl

RH,Si SiHR®
b b

’

wherein O is a hydrocarbon scaffold, such as g Cs o Gy cyclic hydrocarbon scaffold that
may contain silyi- group, —NH group, —-0O- ether group, or the like.
[0051] The carbosilane monomers in formuia Il may contain hydrocarbon scaffold
connected with three -SiHs groups or carbosilyl groups. For example, when ¢ = 3; R = H,
the carbosilane monomers include:

HsSi

HaSi Sita

b b

5

wherein O is a hydrocarbon scaffold, such as a Cs to Cqe cyclic hydrocarbon scaffold that
may contain silyl- group, -NH group, -0 ether group, or the like. The exemplary

carposilanes include 1,3, 5-trisilylcyclohexane and 1,3, 5-trisilylbenzens:

17
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Sik

HaSi SiHy

Ny
A

HaSi Sidy  ang Sits
[0052] The carbosilane monomers shown in formula Bl may contain at least four -SiHR®
groups and hydrocarbon chaing and hydrocarbon scaffolds. That is, the carbosilane

monomers may contain a hydrocarbon scaffold connected with four -SiH:R® groups or

carbosilyl groups. For example, when ¢ = 4, the carbosilane monomers include:

SiHR? SiH,R®
RS
s
R>H,Si SiH,R®
b b

)

wherein O is a hydrocarbon scaffold, such as a Cs 1o Cqe cyclic hydrocarbon scaffold that
may contain silyi- group, —NH group, -O- gther group, or the like.

[0053] The carbosilane monomers shown in formula 1V may contain one 1,3,5-
trisilacyclohexane (TSCH) group, which forms a molecular size void in the carbosilane
molecule and hydrocarbon chains. When x = 0, R% is H, the carbosilane is TSCH (CAS No.
201-27-0,

Hy
‘i -~

i
i\\

S,
o <
e

)

Hx

[¢

When x = 1, R®is at C; position, thecarbosilanes are 2-R%-1,3 5-trisilacyclohexane (2-R8-
TSCH). Exemplary of the carbosilanes include 2-Me-TSCH, 2-Et-TSCH, 2-iPr-TSCH, 2-nPr-
TSCH, 2-nBu-TSCH, 24Bu-TSCH, 2-sBu-TSCH, 2-iBu-TSCH, etc. When x=2, two 8 are ai
C; and C4 positions, the carbosilanes are 2,4-R%-1,3, 5-trisilacyclohexanse {2,4-R8,-TSCH).
Exempiary of the carbosilanes include 2,4-Mex-TSCH, 2 4-Ef-TSCH, 2,4-iPr2-TSCH, 2,4~
nPr-TSCH, 2,4-nBuz-TSCH, 2,4-Bu-TSCH, 2,4-1BuL-TSCH, 2,4-sBup-TSCH. Whean x=3,
three R® are at Cp s and Cs positions, the carbosilanes are 2,48-R%:-1,3,5-
trisitacyciohexane (2,4,8-R%-TSCH). Exemplary of the carbosilanes include 2.4 .6-Mes-
TSCH, 2,4,8-Et3-TSCH, 2,4,6-Prs-TSCH, 2,4,6-nPrs-TSCH, 2,4,8-nBus-TSCH, 2.4,68-Bus-
TSCH, 2,4,6-1Bux-TSCH, and 2,4,8-5Bus-TSCH.

[0054] The disclosed polycarhosilazanes may be synthesized by a catalytic DHC reaction
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of a carbosilane shown in Formuiae | i, Il and IV and liquid ammonia under pressure. The
carbosilana shown in Formulae |, 1L i and IV may be written as R,SijH; in a general formula,
where x, v and z 21. Then the reaction scheme is as follows:
RiSiyHz + NHa = RSigHeoNHz + He (1)
2RSiH . NH: =[RS JNH + NH3 (@)

[0055] wherein x, y and z 21; Ris M, a G to Cs linear, branched, a cyclic alkyl- group or
a Gy to Ce linear, branched, or cyclic alkenyl- group, or combination theraof. In one
embodiment, R confains Si atoms with active H participating in the similar reactions.
Alternatively, R may contain the following units: —SiH.~C-SiHe— andfor —-SiH—C~C-SiHy—
and/or —SiH~C-C-C-8iHy— and/or-8iH,~C-C-C-C-8iHy—, where a and b are integers
from 0 fo 3 (if a andior b =3, the corresponding St atom 8 terminal). Alternatively, R may
contain TSCH group. Reaction (1) may not necessarily be followed by reaction (2). In this
case, an oligomer having some terminal -NH: groups is obtained. Reaction (1) usually
reguires a catalyst. That is, Reactlion (1) is a catalytic dehydrogenative coupling (DHC) of
carbosilane(s) and amine(s). The catalytic DHC is a preferred synthesis pathway for
polycarbosilazane syntheses because the reaction byproduct is hydrogen, which is vented
out easily. The calalyst may be heterogeneous or homogeneous. Examples of the
heterogenacus catalysts are Pt and Pt-group metals {supported or unsupporied). Examples
of the homogeneous catalysts include substituted or unsubstituted ammonium  and
phosphonium salts, metal amides, other Lewis and Bronstedt acids and bases soluble in the
reaction media. For example, a homogenecus NH.Cl is used in the Examples that follow.
The process may be conducted in a batch mode or in a flow-through mode.

[0056] Theoretically, the entire process can be conducted with both reagenis in gas
phase, both reagents in liquid phase or with one of the starting materials in the liquid and the
other in a gas phase. The reactions may proceed in presence of a solvent or without a
solvent. The suiiable solvents are hydrocarbons {(e.g., hexane, heptane, elc.), aromatics
{2.q., benzene, toluane, xylene, etc.), halogenated hydrocarbonsg (2.g., methylene chioride,
chioroform, dichloroethane, chicrobenzene, efc), ethers, amines and their mixtures. If
ammonia is supposed o be in a vapor phase only, the reactions may be conducted at
temperatures up to a stability limit of the chosen carbosilane.

(00571 The reaction temperature range could be from approximatsly 20°C o
approximatsly 300°C, preferably from approximately 100°C to approximately 200°C. i
ammonia acts a solvent or co-solvent, the reactions have to be conducted al temperature

and pressure conditions where NH; exists as a liquid. The preferred temperature range is
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approximately 20°C {o approximately 100°C under pressure. The preferred pressure rangs
is about from 100 to 1500 psig.

The disclosed synthesis methods may be scaled up to produce a large amount of the product.
For example, scaled up to approximately 1 kg to approximately 100 kg.

[0058] in order to make polymer chains of the disclosed polycarbosilazaneas, the amines
used herein each have to contain two or more N-H bonds that react with Si-H bonds in the
carbosilang 1o form the polymer chains of the polycarbosilazanes. Two N-H bonds are the
minimum requirement for polymer formation, and additional N-H bond needs to form
silazane-bridged or crosslinked and/or branched polymers. The at least iwo N-H bonds may
be attached to the same nitrogen atom or 1o the different nitrogen atoms in one amine.
Specifically, the amines used herein are selected from ammonia, amiding, hydrazine,
hydroxylamine, or Gt to Cs monoalkylamine, diamines including ethylene diamins, or
polyamines, which contain at least two N-H bonds for polymer formation with the
carbosilanes.

[0059] As described above, in order to enhance the silazane-bridges or crossiinks of the
disclosad polycarbosilazanes, the carbosilane monomers should have at least two —SiH:R
groups (Ris H, a G to Ce linear, branched, or cyclic alkyi- group, a C1 to Cs linear, branched,
or cyclic alkenyl- group, or combination thereof) to react with N-H bond of the amine to form
branched and/or crosslinked polycarbosilazane polymers, which improves certain physical
properties of the resulting Si-containing film including etching properties. For example, the
carbosilanes shown in Formula | have more than two -SiHR? groups and may participate in
the catalytic DHC reaction with the amine to form polycarbosilazanes. Spedcially, the
carbosilane monomers in Formula | may contain up to four carbosilyl groups atiached to the
Si atom. Thus, the minimum number of the carbosilyl group is two, which will produce three
~SiHR?  groups for crosslinked and branched polycarbosilazanes or  oligomer
polycarbositazanags. In Formula |, the carbosilane monomer contains carbon atoms
adjustable based on the length of carbon chain as well as atfached alky! group R?. Both R*
and R? have additional functional groups such as clefinic group for crosslinking. Additionaily,
the carbosilyl groups atlached to Si are not nacessarily 1o be the same and they may be
different in carbon chain length as well as with different function groups of R?. Howsver, for
manufacturing, chemicals with the same funclional groups will be easier to synthesize. The
alkenyl group may be used as a function group for radical reaction for crosslink or
polymerization with other alkenyl groups in the polycarbosilazane in the curing and
hardbaking steps. The number of R* may be from 0 to 2. When number of R' is zerg, the
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monomer is tetra-substituted.

[0080] As described above, in order 1o synthesize polycarbosilazanes from
carbosilane(s) and amine(s) through Si-N bond formation by a catalylic DHC process, the
carbosilane neads to have at least two Si-H bonds and the amine needs to have at least two
N-H bonds as showed in Equation i below.

Equation I}

H ]
2% HS o e + nx Hmr@’/ — N R
3 i, 3 “~ NN N + nxH,
R i_S; ﬁi Si
2 2

H
M
nX Ha8i Sty + 83X HZN/\\V// — ﬁ//\// i_S{: Siz gz

8 +
R, ) i nxH,

b3

(0061} Branched or crosslinked {or silazane-bridged) polycarbosilazanes through Si-N
bond formation require that one of the carbosilane monomers or ong of the amines has o
have three functional groups, either three or more ~SiHR? groups (or Si-H bonds) in the
carbosilane or three or more N-H bonds in the amine {o participate in a chain growth,
crosslinking and branching. An example of the crosslinked polycarbosilazanes is shown in
Equation Hl below. The carbosilanes may be a mixture of a two Si-H bond containing
carbosilane and a three Si-H bond containing carbosilane. Extent of the crosslinks may be
moderated by adjusting a mixture ratio of the carbosiiane having two Si-H groups and the
carbosilane having three or more Si-H groups while the amine remains two N-H bonds.
Similarly, the amines may be a mixture of a two N-H bond containing amine and a three N-
H bond containing amine. The percentage of one carbosilang monomer in the mixture of the
iwo carbosilanes may range from 0.5% to 99.5% in molar percentage depending on desired
crosslinks. Similarly, a mixture of a two N-H bond containing amine and a thres N-H bond
cortaining aming may be applied to the catalytic DHC reaction with carbosilanes. The
percentage of one amine in the mixture of the two amines may range from 0.5% to 89.5% in
molar percentage depending on desired crosslinks.  The amines used herein includs
ammaonia, alkylamine, alkenyl amine, hydrazine, amiding, and the like. A polysilanss and
pelyhalosilane may be used as a crosslink additive or reagent to react with N-H bonds to
enhance the crosslinked and branched polymerization. Alternatively, additional crosslinks

may be formed by using the carbosilane, or amine having unsaturated carbon-carbon bonds
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{i.e., C=C andior C=C) and additional Si-H bond generated through radical reactions {(e.q.,
curing and hard baking steps) following the SCD. The radical reaction may be induced by
UV-Vis light or heat in the hardbaking process described below.

Equation

H
\fﬁ/\«/ N\gi//\>3i<f\3in%/
o h "

H  NH
{/2 e N B
RN N e
H n
[o0sy The disciosed also include processes of making polycarbosilazane having
crosslinks with a mixture of carbosilanas andfor with a mixture of amines. The disclosed
polycarbosilazanes may be synthesized with a mixiure of carbosilanes and a mixture of
amines. A mixture of two carbosilanes contains one carbosilane having three or four -SiH:R?
groups and the other carbosilane having two ~SiHR? groups. The carbosilane having thres
or four ~SiHR? will be the crosslink sites. Similarly, a mixture of ftwo amines contains one
amine having three or more N-H bonds and the other amines containing two N-H bonds.
Again, the percentage of any one of the carbosilanes or amines in the mixiure may range
from 0.5% 1o 99.5% in molar percentage.
[0063] The mixture of carbosilanes and amines may include one carbosilane and one
amine for forming the polycarbosilazane.  Alternatively, the mixiure of carbosilanas and
amines may include more than one carbosilanes or more than one amines for forming the
branched and/or crosslinked polycarbosilazanes.
[a084] in one embodiment, the process of farming the polycarbosilazanes may be
performed with two carbosiianes, in which one carbosilane contains more ~SiHR functional
aroups than the other for enhancing a crosslink polymerization reaction with amines.
[a08s] in vet another alternative, the process of forming the polycarbosilazanes may be
performed with two amines, in which one amine contains more N-H bonds than the other for
enhancing & crossiink polymerization reaction with carbosiianes.
[a086] in yet ancther alternative, the process of forming the polycarbosilazanses may be
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performed with more than two carbosilanes with at least one amine.

[6087] in yet another altemative, the process of making the polycarbosilazanes may be
performed with more than two amines with at least one carbosilane.

[0068] in yet another alternative, the process of making the polycarbosilazanes may be
performed with a combingtion of multiple carbosilanes and muitiple amines.

[0069] The disclosed silicon and carbon containing film forming compositions may
contain other monomers, such as polysilanes. The polysilanes contain no carbon chain and
have at ieast three ~-SiHR groups favorable of forming branched andior crosslinked
pelymers along with the polycarbosilazanes. Exemplary polysilanes include neopentasilane
{Si(SiHz}e), n-tetrasitane  (SiHx(SiH21SiH:),  2-silyl-tetrasilane  ((SiHs)z{SiH)SiHs),
trisiiylamine  (N{SiHs)s) or irisiivamine derivatives such as  alkylamino-substifuted
irisitylamines or cligomers of trisilylamines, including but not limited {o:

Sity "
M S ity H, t s
e si ity SiH SiH,
HaSi Si HaSi Si PNy
HaSl BiMg Hy Hy HaSi SiH,

(0070 The disclosed polycarbosilazane containing formuiation are suitable for being
used in a coating formulation, preferably a spin-on coating or SOD applications due to at
feast partially to the benefits discussed above for Si-H bonds. The amino ligand may also
provide improved thermal stability, as well as an additional N andfor C source for the thermal
stability of the resuiting film.

(007 1] The disclosed silicon and carbon containing film forming composition typically
contains 1-20% by weight of the non-volatile polycarbosilazane oligomer/polymer in a solvent
or solvent mixture, preferably 2% {0 10%. The solvent or solvent mixiure is selected from at
least one of hydrocarbons, aromatic solvents such as toluene, xyleng or mesitylene, ethers
such a tert-buly ethers, THF or givmes, amines such as trialkylamine or dialkylamine, etc.
The disclosed silicon and carbon containing film forming compositions may include other
components to improve the overail resulting film properties, improve the wetiability to the
surface, tune the final film composition, and reduce the shrinkage of the film during the curing
and baking steps. As such, the disclosed silicon and carbon containing film forming
compositions may contain catalvsts, surfactants, wetting agents, and other polymers,
oligomers or monomers such as, but is not limited to, polysilazane, polycarbosilanes,
polysilanes, metal or metailloid organometailic monomers or oligomers.

(0072 Also disclosed are methods of using the disclosed silicon and carbon containing
film forming compositions in coating deposition methods, such as spin-on coating, spray
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coating, dip coating or slit coating techniques. To be suitable for coating methods, the
disclosed polycarbosilazanes should have a molecutar weight ranging from approximately
300 Da to approximately 1,000,000 Da, preferably from approximately 800 Da to
approximately 100,000 Da, and more preferably from approximately 1,000 Da o
approximately 50,000 Da.

(007 3] The disclosed methods provide for the use of the silicon and carbon containing
film forming compositions for deposition of silicon-containing films, specifically silicon-
carbon-containing films. The disclosed methods may be useful in the manufacture of
semiconductor, photovoltaic, LCD-TFT, optical coatings, or flat panel type devices. The
method include: a) applying a liquid form of the disclosed silicon and carbon containing film
forming compositions comprising the polycarbosilazane containing formulations on a
substrate, b) curing to remove the solvent or solvents and form a polycarbosilazane film on
at least parts of the substraie, and ¢) hardbaking the polycarbosilazane film in an oxidative
atmosphers to convert at least some of the Si-NR-§i (silazang) bridges between the
carbosilane monomers to SI-0O-Si (siloxane) bridges, under conditions where at least part of
the carbosilane backbone structure remains.

[0074] Prior {0 spin coating, the subsirate may be exposed 1o a freatment and surface
modification aiming at improving the wettability of the silicon and carbon containing film
forming compaosition on the substraie. This treatment may be a mere solvent exposure, or a
chemical treatment aiming at moedifying the chemical surface composition. The surface
modificgtion may be carried in the gas phase or by exposing the subsirale to a sclution
containing the surface modifying agent. The surface modifying agent may contain chemical
functions that will chemically react during the curing or the baking step to improve the
adhesion of the film to the substrate. Example of such chemical modification agents have the
formula XSiRax, or SiIR:—NH-8IR: in which X is & chemical group reactive with surface
hydroxyl groups such as halide, alkylaming, acetamide, elc., and R is independently selected
from H, a Cy 1o Cao alkyl, alkenyl, or alkyne group, and x=1,2,3. For instance, the surface
madification chemical may be Me;Si-NMe:. The surface maodifying group may preferentially
react with certain area of the substrate and create a preferential adhesion of the
polycarbosilazane on cerfain areas, leading o at least partially selective deposition of the
polycarbosilazane.

[0075] SOD generally consists of three steps: spin-on coating, soft baking {or curing),
and hard baking. A Hguid form or solution of the disclosed polycarbosiiazane containing
formulation may be applied directly to the center of a subsirate. The solution is then svenly

24



WO 2021/138274 PCT/US2020/067194

distributed 1o the entire substrate during a spinning process forming a film on the substrate.
A film thickness may be controlled by adjusting a concentration of the disclosed
polycarbosilazane containing formulation, the sclvent or solvent mixiure choice, and the spin
rate or rates if the spin recipe has several steps. The as-deposited film may be then baked
on a hot plate or other heating equipment for a period of time {o vaporize the solvent(s} or
volatile components of the film. The soft bake temperature may be varied from 50 to 400°C,
depending on the property of the solvent. The soft bake may be carried in an inert
atmosphere to the polycarbosiiazane film, or to an atmosphers that contains Oy andfor HxC,
leading to a pre-reaction of the polycarbosilazane film. Eventually, the hard bake process
may be carried out by annealing the substrate in an oxidizing atmosphere, such as O», Gs,
H2 O, Ha0O5, NoO, NO, air, compressed air and combination thereof, at a temperature ranging
from 200 to 1000°C. The film quality may be improved by oplimizing a ramping rate,
temperature, annealing duration, and oxidizer combinations, eftc. The exient of the
corversion of the silazane bridges to siloxane bridges can be controlied by the annealing
temperature, the composition of the annealing atmosphere, and by the annealing time.

[0076] Exemplary coating deposition methods include spin-on coaling or spin-on
deposition (SOD). FIG. 1 provides a flow chart of an exemplary SOD process following the
formation and formulation of polycarbosilazanes for SOD. One of ordinary skill in the art will
recognize that fewer or additional steps than those provided in FiIG. 1 may be performed
without departing from the teachings herein. One of ordinary skill in the art will further
recognize that the process is preferably performed under an inert atmosphere o prevent
undesired oxidation of the film and/or in a ciean room o help prevent contamination to
prevent particle contamination of the film. In Step A, as described above, the
polycarbosilazanes are synthesized by a catalytic DHC reaction of the disclosed carbosilanes
shown in Formula |, |, I and IV and amines. Step B is the formulation of the synthesized
polycarbosiiazanes for SOD process. The synthesized polycarbosilazanes may then be
separated and filtered to remove reactants, catalysts, solid by-products, undesired long-chain
solid polymers or the like. Thereafter, the polycarbosilazane containing formulation is
prepared for the S0D, which may contain 1-20% polycarbosilazane in a solvent. One of
ordinary skill in the art will recognize that the required duration of the SOD process, the spin
acceleration rate of the substrate, the solvent evaporation rate, elc., are adjusiable
parameters that require optimization for each new formulation in order {o obtain the targst
film thickness and uniformity (see, e.g., University of Louisville, Micro/Nano Technoiogy
Center-Spin Coating Theory, OCclober 2013). In addition, depending on the target Si-
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cortaining film, the silicon and carbon containing film forming composition may include
additional reagents, such as, additives andfor surfaclants, etc. for enhancing the
polymerization and the connectivity or crosslink of the SCD film through a hardbaking
process. For instance, the silicon and carbon containing film forming composition may
include a polysilang that contains more than two -SiHR function groups, wherein Ris H, a
C4-Cs linear, branched, or cyclic alkyl- group, a Cy-Cs linear, branched, or cyclic alkenyl-
group, or combination theraof, to enhance a crosslinkad and branched polymerization of the
target film.

(0077} Nexi, a planar or patterned substrate on which the Si-containing film is to be
deposited may be cleaned or prepared for the deposition process in Step 1. High purity gases
and solvents are used in the preparation process. Gases are typically of semiconductor grads
and free of particle contamination. For semiconductor usage, solvents should be particle free,
typically less than 100 particle/mL (0.5 um particie, more preferably less than 10 particles/mL)
and free of norn-voiatile residues that would lead o surface contamination. Semiconductor
grade soivents having less than 50 ppb metal contamination (for each element, and
preferably less than 5 ppb) are advised.

[0078] in Step 1, the substrates (planar or patterned substrates) or wafers is cleaned
using typical chemical cleaning agents in the art, such as, iscpropansc! (IPA), aceione or the
fike. The cleaning step is mainly 1o remove any confaminations on the substrates surface.
One of ordinary skill in the art may determing the appropriate wafer preparation process
based at least upon the subsirale material and degree of cleanliness required. After the
substrate cleaning preparation, the clean substrate is then transferred into a spin coater at
Step 2. A liquid form or solution of the polycarbosilazane containing formulation is dispensed
onte the substrate. The spin rates may be adjusted typically from 1000 rom to 10000 rpm.
The substrate is spun until a uniform Si-containing film formed on the entire surface of the
substrate. The spinning time may vary from 10s to 3min. One of ordinary skill in the art will
recognize that this spin-on deposition process may be conducted either in a static mode
{sequentially) or a dynamic mode (concurrently}. This spin-on deposition is preferred 1o be
conducted in a controlled gas environment. For example, in a controlled O, level or HC level.
One of ordinary skill in the art will recognize that a required duration of the spin coating
process, the acceleration rate, the soivent evaporation rate, efc., are adjustable parameters
that require optimization for each new formulation of the polycarbosilazane containing
formulation in order to oblain a target film thickness and uniformity (see, e.g., Universily of
Louisville, Micro/Nano Technology Center-Spin Coating Theory, October 2013).
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[0079] After the Si-containing film is formed on the substrate, the substrate is pre-baked
or soft baked at Step 3 to remove any remaining volatile organic componeants of the
polycarbosilazane containing formulation and/or by-products from the spin-coating process.
The pre-bake may take place in a thermal chamber or on a hot plate at a temperature ranging
from approximately 50°C io approximately 400°C for a time period ranging from
approximaiely 1 minute to approximately 30 minutes. After pre-bake, the Si-containing film
on the substrate is then cured 1o a desired disiectric film, such as a Si0OC fiim, through a hard
bake process (Step 4).

(0080 The hard bake process may be carried out by a heat-induced radical reaction for
polymaerization of olefinic groups in the silicon-containing film {i.e., the polycarbosilazane film)
through thermal annealing in an oxidizing atmosphere at a temperature ranging from
approximatsly 200°C to approximately 1000°C for a period ranging from approximately 30
minutes to approximately 4 hours. The oxidizers may be selectad from Oz, Os, Hz0, HzOs,
NC, NO, air, compressed air and combination thereof. Alternatively, the Si-containing film
may be cured through UV-curing, that is, a UV-Vis photo induced radical reaction for
polymerization of olegfinic groups in the silicon-containing film {i.e., the polycarbosilazane
film). The Si-containing film is subjected to UV-curing at the wavelength ranges from 190 to
400 nm using a monochromatic or polychromatic source. In another allernative, both the
thermal and UV process may be performed at the same temperature and wavelength criteria
specified for Step 4. One of ordinary skill in the art will recognize that the choice of curing
methods and conditions will be determined by the target silicon-containing film desired,
(0081} In Step 5, the cured film is characterized using standard analytic {ools. Exemplary
tools inciude, but are not limited to, ellipsometers, x-ray photosglectron spectroscopy, atomic
force microscopy, x-ray fluorescence, fourier-transform infrared speciroscopy, scanning
alectron microscapy, secondary lon mass spectrometry (SIMS), Rutherford backscatiering
spectrometry (RBS), profiiometer for stress analysis, or combination thereof.

[0082] Briefly, the liquid form of the disclosed silicon and carbon containing film forming
composition may be applied directly to the center of the substrate and then spread to the
entire substrate by spinning or may be applied 1o the entire subsirate by spraying. When
applied direclly to the center of the subsirate, the substrate may be spun to utilize centrifugal
forces o evenly distribute the composition over the substirate. Alternatively, the substrate
may be dipped in the silicon and carbon containing film forming composition. The resulting
film may be dried at room temperature for a period of time {o vaporize the solvent or volatile
components of the film or dried by force-drying or baking or by the use of one or a
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combination of any foliowing suitable process including thermal curing and irradiations, such
as, ion irritation, electron irradiation, UV andfor visible light irradiation, slc.

[0083] The disclosed silicon and carbon containing film forming compositions comprising
the pcolycarbositazane containing formulation may be used io form spin-on dielectric film
formulations, for lithographic applications such as tone inversion or for anti-reflective films.
For example, the disclosed silicon and carbon containing film forming compaositions may be
included in a solvent or solvent mixiure and applied to a substrate (o form a polycarbosilazane
fitm. If necessary, the substrate may be rotated o evenly distribute the silicon and carbon
containing film forming compaosition across the substrate. One of ordinary skdli in the art will
recognize that the viscosity of the silicon and carbon containing film forming compositions
will contribute as to whether rotation of the substrate is necessary. The resulting
pelycarhosilazane film may be heated under an inert gas, such as argon, helium, or nitrogen
andfor under reduced pressure. Allematively, the resulting polycarbosiiazane film may be
heated under a reactive gas like NHa or hydrazine to enhance the connectivity and nitridation
of the film. Electron beams or uliraviolel radiation may be applied fo the resulting
polycarbosilazane film. The reactive groups of the disclosed polycarbosilazanes {i.e., the
direct Si-N, N--H or Si-H bonds) may prove useful to increase the connectivity of the polymer
obtained. Alternatively, the resulting polycarbosilazane film may be healed under a reactive
gas like Os to enhance the connectivity and oxidization of the resulting polycarbosilazane film
so that nitrogen in the resulting polycarbosilazane film is converted to oxygen. Thus, nifrogen
it the resulting polycarbosilazane film may be completely or at least partially replaced with
oxygen o form a target Si0C or SIOCN film after g hard bake.

[o084] The silicon-containing films resulting from the processes discussed above may
include SIOC, SIOCN, SINC. Howsever, the polycarbosilazane oligomer solution may be
mixed with other polymers or oligomers (co-reactants) to form films containing other elements
aswelisuch as B, Ge, Ga, Al, Zr, Hf, Ti, Nb, V, Ta. One of ordinary skill in the art will recognize
that by selection of the appropriate polycarbosilazang containing formulation and co-
reactants, the desired film composition may be obtained.

[0085] Unless deliberately added to the disclosed silicon and carbon containing film
forming compositions, the concentrgtion of trace metals and metalloids in the silicon and
carbon containing film forming composition may each range from approximately O ppbw to
approximately 500 ppbw, preferably from approximately O ppbw o approximately 100 ppbw,
and more preferably from approximately 0 ppbw o approximately 10 ppbw. One of ordinary
skill in the art will recognize that exiraction using a reagent, such as hydrofluoric, nitric or
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sulfuric acid, and analysis by atomic absorption spectroscopy, x-ray fluorescence
spectroscopy, or similar analytical technigues may be used to determine the frace metal and
metalicid concenirations.

Examples
[ooggl  The following non-limiting examples are provided to further iltustrate embodiments
of the invention. However, the examplas are not intended 1o be all-inclusive and are not
intended {o limit the scope of the inventions described herain.

Exampie 1. Synthesis of oligomeric aminosilanes using TSP

(00877 Synthesis of oligomeric aminosilanes using TSP was performed by a catalytic
DHC reaction. The catalytic DHC reaction was conducted between TSP and liguid NHz in the
presence of a homogsenaous catalyst (NHsCl).

[o088] inside a glove box, a 60 cc staintess steel reactor equipped with 8 magnetic stirrer
bar and a pressure gauge was charged with 1.08 g (20.1 mmol) NH4Cl and 1.81 g (15.0
mmol) of TSP, The reactor was sealed and connected (o a manifold on a bench. 1t was
frozen in liquid Np, vacuumed and 8.9 g (0.41 mol) of NH; was condensed into it. The reactor
was placed on top of a magnetic stirrer plate and gradually heated up to 80°C while
monitoring the pressure. When the pressure build up indicated accumulation of the expected
amount of M, the reactor was cooled down with liguid N» and about 30 mmol of H, was
pumped out. Excess of NHa: was removed from the reactor cooled down to -20°C. The
reactor was open in a glove box; toluene was added; the content was filtered out and the
fitirale was analyzed. According to GC and NMR, the filirate contained silazanes. Gravimetric
test (removal of volaties down to 0.57 at 20°C) showed the content of oligomeric
aminosifanes was about 15% by weight,

Example 2. Synthesis of polycarbosilazane using TSCH

[0089] Synthesis of polycarbosilazane using TSCH was performed by a catalytic DHC
regction {scale up). The catalytic DHC reaction was conducted betwesen TSCH and liquid
NH: in the presence of 8 homogensous catalyst (NH.Ci).

(0020 inside a glove box, a 600 ¢ stainless steel PARR reactor was chargedwith 82 g
{0.15mmob) NH,Cland 18.0 g {0.136 mmol) of TSCH. The reacior was sealed and connected
ic g manifold on a bench. It was frozen in liquid Np, vacuumed and 72.5 g (4.3 mol) of NHs
were condensed info it The reaclor was gradually heated up o 95°C while monitoring the
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pressure. When the prassure build up indicated accumulation of the expected amount of Ha,
the reactor was cooled down with liquid Ne and about 8.38 mol of M, was pumped out.
Excess of NH: was removed from the reactor cooled down {0 -20°C. The reaclor was open
in a giove box; Toluene was added; the content was filtered out and the filtrate was analyzed.
According to NMR and FTIR the filtrate contained polycarbosilazanes. GRC (dimodal
chromatogram) iest indicated weight average molecular weight (Mw) 840 Da, number
average molacular weight (Mn) 780 Da, polydispersity index (PD1 1.1, where PDI = Mw/Mn.
TGA to 800°C and 850°C in N siream showed the residue of 8.9 and 8.5%, respectively
(see FIG 2).

Exampile 3. SIOC low-k film formed by SOD using TSCH-containing polycarbosiiazane

[o081] A §i substrate was cleaned through sonication process in isopropanol (IPA) and
acetone solutions at room temperature for approximately 10 to 20 min. A S0D film formed
on the substrate by using TSCH-containing polycarbosilazane was obtained following a SCD
process as described above in FIG 1. The SOD film was then prabaked at 200°C for 5 min
under Nz atmosphere and hardbaked in air for 30 min at 350°C. FIG 3 is a FTIR spectrum
comparison of pre-bake of the SOD film at 200°C under Ny and hardbake of the prebaked
S0OD film at 350°C in air for about 30 min. The FTIR results show the growth of Si-O-5i
{around 1,150-850 cm™) and the reduction of Si-H stretch (at about 2,120 om-1) after
hardbaking. FIG 4 is the low frequency region (1,500 ~ 850 cm'} FTIR spectrum of FIG 3.
As shown, after the hardbake, Si-0-Si is growing, N-H around 1,175 em disappears and Si-
C-Si at 1,360 o’ is maintaining, indicating N is replaced by O in the prebaked S0D film and
the hardbaked SOD film contains SI0C and Si-0-8i. FIG § is the high frequency region (4,000
- 1,500 ey FTIR spectrum of FIG 3. As shown, after the hardbake, the Si-H bond is
reducing, CH; remains but slightly shifted, N-H bonds at 3,473 cm? is gone, N-H bonds at
3,377 om' is reduced but still exists, and Si-OH at around 3,700-3,400 cm™ appears and no
C=0 bond is found, indicating N is replaced by O in the prebaked SOD film and the
hardbaked SOD film contains SiOC. Since N-H bonds at 3,377 cm still exists, N may remain
in the hardbaked film that may contain SIOCN. The thickness and the shrinkage of the
hardbaked SOD film are listed in Table 1 with an average of 3 measurements for each
parameter. The thicknesses of the prebaked SOD film and the thickness of hardbaked S0D
film have been measured by Ellipsometer. The FTIR peck assignments are listed in Table 2.
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Tabie 1
Film thickness (nm) Hardbake )
Polymer Shrinkage (%)
Prebake Hardbake atmaosphers
TSCH 325 311 air 4.8
TSP 208 183 air 12.0

Table 2 FTIR Peak Assignments

Wavenumber {om™) Assignment

950-930 Si-He deformation

1,150-850 Si-0-5i phonons

1,175 -NH- deformation

1,360 CHz bending in Si-CHL-Si

2,120 Si-H streich

2 940-2 880 CHs stretches

3,377 N-H stretch in Si-NH-Si

3,473 N-H siretch in Si-NH»

3,700-3,400 broad, solid phase, O-H stretch in Si-OH streich

Exampie 4 SIOC low-k film formed by S0OD process using TSP-containing
polycarbosilazane

[0092] A SOD film formed by using TSP-containing polycarbosiiazane was obtained
following a 80D process as described above in FIG. 1. The SOD film was then prebaked at
200°C for & min under Nz atmosphere and hardbaked in air for 20 min at 350°C. FiB 8 is a
FTIR spectrum comparison of the prebaked S0D film and the hardbaked S0OD film. As
shown, Si-0-Si peak at around 1,010 cm-1 is growing and CH; at 1,360 cm™ remains as
desired, N-H bonds at 3,377 cm is reduced but stili exists, indicating part of N is replaced
by O in the prebaked SOD film and the hardbaked SOD film contains SIOC and SiOCN. The
thickness and the shrinkage of the hardbaked 80D formed film are listed in Table 1.

[0053] Although the subject matter described herein may be described in the context of

iustrative  implementations {0 process one  or more  computing  application
features/operations for & computing application having user-interactive componenis the
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subject matter is not limited to these particular embodiments.  Rather, the lechnigues
described herein may be applied to any suitable type of user-interactive component
execution management methods, systems, platforms, and/or apparatus.

[0094] it will be understcod that many additional changes in the details, materials, steps,
and amangement of parts, which have been herein described and illusirated in order to
explain the nature of the invention, may be made by those skilled in the art within the principle
and scope of the invention as expressed in the appended claims. Thus, the present invention
is not intended to be limited o the specific embodiments in the examples given above and/or
the attached drawings.

[0085] While embodiments of this invention have been shown and described,
modifications thereof may be made by one skilled in the art without departing from the spirit
or teaching of this invention. The embodiments described hergin are exemplary only and not
fimiting. Many variations and modifications of the composition and method are possible and
within the scope of the invention. Accordingly, the scope of protection is not limited o the
embodiments described herein, but is only limited by the claims which foliow, the scope of

which shall include all sguivalents of the subject matier of the claims.



