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INVENTION: LOW DIELECTRIC MATERIALS AND METHODS FOR MAKING SAME  BACKGROUND
OF THE INVENTION  [0001] The present invention relates generally to
materials suitable for use in electronic devices. More specifically, the
invention relates to materials and films comprising same 5 having an
improved elastic modules and a low dielectric constant expressed through a
higher normalized wall elastic modules and to methods for making same.
[0002] There is a continuing desire in the microelectronics industry to
increase the circuit density in multilevel integrated circuit devices such
as memory and logic chips in order to improve the operating speed and
reduce power consumption. In order to 10 continue to reduces the size of
devices on integrated circuits, it has become necessary to use insulators
having a low dielectric constant to reduce the resistance-capacitance
("RC") time delay of the interconnect rnetallization and to prevent
capacitive crosstalk between the different levels of metallization. Such
low dielectric materials are desirable for premetal dielectric layers and
interlevel dielectric layers. 15 [0003] Typical dielectric materials for
devices with 180 nm line width are materials with a dielectric constant
between about 3.8 and 4.2. As the line width decreases, the dielectric
constant should also be decreased. For example, devices with 130 nm line
width require materials with a dielectric constant between about 2.5 and
3.0. Extremely low dielectric constant ("ELK") materials generally have a
dielectric constant between 20 about 2.0 and 2.5. Devices with 90 nm line
width require materials with dielectric constants less than 2.4. According
to the 2001 International Technology roadmap for Semiconductors (ITRS)
interconnect roadmap, the projected dielectric constant -1   requirements
for interlevel metal insulators will be less than 2.1 for the 65 nm node,
less than 1.9 for the 45 nm node, less than 1.7 for the 32 nm node, and
less than 1.6 for the 22 nm node. [0004] The dielectric constant (K) of a
material generally cannot be reduced without a 5 subsequent reduction in
the mechanical properties, i.e., modulus, hardness, toughness, of the
material. Mechanical strength is needed for subsequent processing steps
such as etching, CMP ("Chemical Mechanical Planarization"), and depositing
additional layers such as diffusion barriers for copper, copper metal
("Cu"), and cap layers on the product. In some of these processes,
temperature cycling of multiple layers may induce stresses 10 due to the
thermal coefficient of expansion mismatch between the different materials
thereby causing cracking or delamination. Surface planarity is also
required and may be maintained through controlling processing parameters
such as those during the film formation process and also through CMP.
Mechanical integrity, or stiffness, cornpressive, arid shear strengths) may
be particularly important to survive CMP. It has 15 been found that the
ability to survive CMP may be correlated with the elastic, or Young's,
modulus of the material, along with other factors including polishing
parameters such as the down force and platen speed. See, for example, Wang
et al., "Advanced processing: CMP of Cu/low-K and Cu/ultralow-K layers",
Solid State Technol September, 2001; Lin et al., "Low- k Dielectrics
Characterization for Damascene Integration", International 20 Interconnect
Technology Conference Bur CA, June, 2001. These mechanical properties are
also important in the packaging of the final product. [0005] A number of
processes have been used for preparing low dielectric constant films.
Chemical vapor deposition (CVD) and spin-on dielectric (SOD) processes are
typically used to prepare thin films of insulating layers. Other hybrid
processes are also 25 known such as CVD of liquid polymer precursors and
transport polymerization CVD. A wide variety of low K materials deposited
by these techniques have been generally -2   classified in categories such
as purely inorganic materials, ceramic materials, silicabased materials,
purely organic materials, or inorganic-organic hybrids. Likewise, a variety
of processes have been used for curing these materials to decompose and/or
remove volatile components and substantially crosslink the films such as
heating, 5 treating the materials with plasmas, electron beams, or UV
radiation. [0006] Since the dielectric constant of air is nominally 1.0,
one approach to reducing the dielectric constant of a material may be to
introduce porosity. Porosity has been introduced in low dielectric
materials through a variety of different means. A dielectric film when made
porous may exhibit lower dielectric constants compared to a dense film, ~!
0 however, the elastic modulus of the film generally decreases with
increasing porosity. Consequently, it may be impractical to use these low
dielectric compositions due to the trade-eff in dielectric constant with
elastic modulus. Furthermore, it is often difficult to identify improved
low dielectric compositions due to this trade-off in dielectric constant
with elastic modulus. i 5 [000'1] The relationship between dielectric
constant and porosity within a material has been approximated in numerous
ways, see, for example, Kingery et al., Introduction to Ceramics, John
Wiley & Sons, Inc., 1970, pp. 947-948 ("Kingery"), due to the difficulties
in measuring the actual dielectric constant of the material. The physical
models described in Kingery consider the dielectric material as a being a
two-phase mixture of ?0 ideal dielectrics For the purposes of approximating
porosity, air having a dielectric constant of 1.0 may be viewed as one of
the components of the mixture. These mixtures can be viewed in several
ways. One way is to view the mixture as layers of materials having layers
parallel to the capacitor plates. Another way is to view the layers of
material as normal to the capacitor plates. Yet another way is to apply the
logarithmic 25 mixture rule which gives values intermediate between the
parallel and normal extremes. In a still further way, Maxwell has derived a
relationship for a dispersion of spherical -3   particles in a matrix,
which approaches the logarithmic mixture rule when the dispersed phase has
a dielectric constant much higher than the matrix material, but very close
to the normal layered mode! when the dispersed phase has a dielectric
constant much lower than the matrix material. 5 [0008] Like the
relationship with dielectric constant, the relationship between elastic
modulus and porosity for a material comprising multiple phases has also
been approximated in numerous ways, see, for example, Kingery at pp.
773-777. In twophase systems, the overall modulus for a material that is a
mixture falls between the elastic moduli of the low and high modulus
components. Kingery describes a variety of 10 different models, such as
Voigt, Reuss, and Hashin and Shtrikman, which attempt to define the upper
and lower bounds of mooduli for a mixture. The extreme case in adding a low
modulus material as a second phase to produce a mixture with pore spaces
that have zero bulk modulus. In this case, MacKenzie has derived an
expression to represent the change in elasticity for closed pores in a
continuous matrix up to porosities 15 of about 50%. [0009] The reference,
Day, et al., "The Elastic Moduli of a Sheet Containing Circular Holes", J.
Mech. Phys. Solids, Vol. 40, No. 5, pp. 1031-51, 1992 ("Day"), describes a
method using computer simulation techniques to obtain the elastic moduli of
a matrix containing circular holes. Day applies the results of the
simulation data for a regular 20 array of circular moles in a triangular
arrangement to an interpolation formula that incorporates the known
results, i.e., the initial slope, the percolation concentration, and the
critical exponent, as well as a free fitting parameter to obtain the
relative Young's Modulus E/E0, where E is the Young's modulus of the
overall material, and E0 is the Young's modulus of the matrix. 25 [0010]
The reference Golden et al., "Designing Porous Low- K Dielectrics",
Semiconductor International, May 2001 ("Golden"), describes applying the
Bruggeman -4   effective medium approximation model to predict the effect
of porosity on dielectric constant. The Bruggeman model predicts that a
host matrix with a lower K value than Si02 would need less porosity to
achieve the lowest target K value. For example, up to 50% porosity is
needed to obtain rc = 2.0 starting from a matrix material having a K = 4.2
5 (the value for dense silica) whereas only 22% porosity is needed in a K =
2.5 matrix material. Less porosity may be better for maintaining mechanical
properties if the mechanical properties of the dense oxide and the K = 2.5
material are equivalent. Realistically, however, the elastic modulus for
the K = 2.5 material is lower than the elastic modulus of the dense oxide.
Although the modulus of the K = 2.5 material is not 10 decreased in the
same amount by the introduction of 22% porosity as is the modulus of the
dense oxide by the introduction of 50% porosity, if the modulus of the K =
2.5 material is low to begin with, the overall modules after the
introduction of 22% porosity could be lower than the overall modules of the
dense oxide after the introduction of 50% porosity. Consequently, it is
unclear which of the two materials at a K = 2.0 will have better 15
mechanical properties. This is a critical failing in the prior art: the
inability to understand and quantify the trade-off between K and modules to
be able to identify a material with improved performance. [0011] Some
designers of low dielectric materials have attempted to correlate the
relationship between dielectric constant, elastic modules, and porosity in
order to 20 urhieve a low dielectric material with good mPChanical
properties. The r~?; ^rence, Ramos et al., "Mechanical and Electrical
Properties of NANOGLASST"" Nanoporous Silica as a Function of Porosity"
("Ramos"), found on the website www.honeywell.com, discloses that the
modules for the NANOGLASST"" materials varies proportional to (K-1 )x where
x =2.5. The K for these materials was adjusted by changing the amount of 25
solvent. However) these results were empirically derived for a given set of
materials and are not generally extendible to other classes of materials.
-5   [0012j The reference, Bremmer, "A New Class of Insulating Materials:
Emergence of ultralow- K ", Solid State, Technology) Sept. 2001
("Bremme~")) describes two-component models to approximate properties of
porous dielectric materials. The dielectric constant was predicted using a
two-phase parallel capacitance model and the modulus of 5 elasticity was
approximated by a power function of film porosity. Bremmer provides plots
of E vs. K for 3 different porous materials and dense silica that typify
the matrix materials. Bremmer did not provide the values for Ert,e,r~x,
Kmetrix~ and m, the power coefficient to approximate E degradation.
Further, Bremmer did not teach that one value, or figure of merit, could be
used to characterize each E vs. K curve. 10 [0013] Another consideration in
the production of low dielectric materials and the resultant film is the
level of metal impurities present in the material. In order for a low
dielectric film to be suitable for Integrated Circuit (IC) fabrication, it
is desirable that the film has a controlled level of impurities. In other
words, the film should be deposited using ingredients that have minimal
levels of nonvolatile impurities that may be harmful 15 in silicon
oxide-based insulator films in microelectronic devices. In the IC industry,
it is well known that alkali metal ions such as sodium and potassium should
be excluded from silicon dioxide films used as metal oxide semiconductor
("MOS") transistor insulators and multilevel interconnection insulators.
These positively charged ions might become mobile when exposed to electric
fields and drift away from the positively biased 20 film interface and
to~Nard the negatively biased film interfa~~e causing capacitance voltage
shifts. [0014] Some commercially available chemical reagents used in the
production of low dielectric films contain alkali metal impurities. These
impurities may result from residual levels of catalyst used in the
manufacture of the chemical precursor reagents. Ratios of 25 0.005-0.05:1
mol of NaOH, KOH, or NaOCH3 to alcohol are frequently used in the
basecatalyzed ethoxylation of aliphatic alcohols, alkylphenols, and fatty
acids. See, e.g., -6   Lynn et al.,"Surfactants", Kirk-Othmer Encyclopedia
of Chemical Technology, John Wiley & Sons, Inc., (1997). For example, the
use of 0.005 mol NaOH per mol of alcohol in the production of TRITONT""
X-114, an alklyphenol ethoxylate with an average 7.5 moles of ethoxylate
per mole of alcohol, may result in 214 ppm of sodium in the final product.
5 Such levels of residual catalytic impurities are often of little
consequence in typical applications of these chemicals because the
surfactant is often used at such low levels that the catalytic impurities
imparted by the surfactant become insignificant in the final formulation. A
polymer such as polyethylene glycol (PEG) may be made using different
catalyst systems depending on the desired molecular weight. For molecular
weight 10 below 20,000, base or the Na+ or K+ alkoxides of methanol or
butanol are used as the catalyst. See, for instance, Glass, J. E.
"Water-Soluble Polymers", Kirk-Othmer Encyclopedia of Chemical Technology,
John Wiley & Sons, Inc. (1988). Solvents, like surfactants, can also
contain residual catalytic impurities. For instance, the formation of
ethers, such as propylene glycol propyl ether (PGPE), through the reaction
of propylene 15 oxide with an alcohol, is often base-catalyzed when high
selectivity to the primary alkyl ether over the secondary ether is desired
which can result in residual impurities. See, for instance, Brown, et al.,
"Glycols: Ethylene Glycol and Propylene Glycol", Kirk-Othmer Encyclopedia
of Chemical Technology, 3rd ed., John Wiley & Sons, N.Y., (1980), Vol. 11,
p 953. A further source of impurities may result from an inattention to
detail, such as 20 packaging or handling outside a clean roam) because such
stringent purity requirements are not needed for typical applications.
[0015] Alkali metal impurity specifications for chemical precursor
solutions for integrated circuit applications typically set the allowable
impurity levels to approximately 20 parts per billion maximum for each type
of alkali metal and less than 50 ppb total. To 25 meet these limits, the
material supplier to the IC industry may purify the surfactants. The
reference, EP 1,142,832, assigned to the assignee of the present
application, discusses _7_   how the dielectric and mechanical properties
of the resulting films may be adversely affected by the purification of
surfactants used as porogens in the film-forming mixture. The reference, US
2002I0045693, discusses how the dielectric properties of the resulting
films may be adversely affected by the purification of reagents even if
surfactant is not 5 present. [0016] Yet another concern in the production
of low dielectric films is the processing or cycle time. The cure or anneal
step, in which the coated substrate is typically heated to decompose and/or
remove volatile components and substantially cross-link the film, is a
significant source of production bottlenecks. The majority of low and
ultralow dielectric 10 films currently made have a cure step which ranges
from greater than 30 minutes to 2 hours. Consequently, reduction of the
cure step time would reduce the overall process time and achieve higher
manufacturing throughput. [0017] Another concern is the overall thermal
budget. Various components of IC devices such as Cu metal lines can only be
subjected to processing temperatures for 15 short time periods before their
performance deteriorates due to undesirable diffusion processes. Most
processes for preparing silica-based low K films require curing steps at
temperatures of 450C or higher and times of 30 minutes or longer.
Significant advantages could result if the curing step could be carried out
at significantly lower temperatures and or shorter times. [0018]
Accordingly, there is a need in the art to provide improved dielectric
materials having low dielectric constant and sufficient mechanical
strength. To achieve that end, there is also a need in the art to provide a
means to correlate dielectric constant, porosity, and elastic modulus to
identify and develop low dielectric materials. There is also a need in the
art to provide dielectric materials and films that have relatively low 25
metal content yet still maintain the beneficial properties, i.e., lower rc
and higher modulus, that high levels of metals may impart. Further, there
is a need in the art to provide _g_   processes for making low dielectric
films at relatively low temperatures and relatively short cycle times.
[0019j All references cited herein are incorporated herein by reference in
their entirety. 5 BRIEF SUMMARY OF THE INVENTION [0020j The present
invention satisfies these needs in the art by relating two measured
attributes, dielectric constant and elastic modulus, into one figure of
merit, the normalized wall elastic modulus (Eo'), that can be used to
identify and develop improved low dielectric materials having a low
dielectric constant yet sufficient mechanical 10 strength. In this
connection, materials with substantially identical normalized wall elastic
modulus values belong to a family of materials whose dielectric constant
and elastic modulus can be adjusted by varying the porosity. Thus, once an
improved dielectric material is identified, i.e. one with a higher
normalized wa(I elastic modulus, the target dielectric constant can be
obtained by varying the porosity. 15 [0021j The present invention is
directed, in part, to low dielectric materials and thin dielectric films
comprising the same. Specifically, in one embodiment, there is provided a
dielectric material having a dielectric constant of about 3.7 or less; a
normalized wall elastic modulus (Eo'), derived in part from the dielectric
constant of the material, of about 15 GPa or greater; and a metal impurity
level of about 500 ppm or less. In certain 20 embodim~:nts of the present
invention, the material comprises a plurality of Si-C bonds. [0022j A
further aspect of the present invention is directed to a low dielectric
material having a dielectric constant of less than about 1.95 and a
normalized wall elastic modulus (Eo ), derived in part from the dielectric
constant of the material, of greater than about 26 GPa. In one embodiment,
the dielectric material is porous. 25 [0023j A still further aspect of the
present invention is a low dielectric material having a dielectric constant
of less than about 2.0, a normalized wall elastic modulus (Eo'), derived 



_g_   in part from the dielectric constant of the material, that ranges
from between about 5 GPa to about 15 GPa, and a metal impurity level of
about 500 ppm or less. In one embodiment, the dielectric material is
porous. In a particular embodiment of the present invention, the material
does not exhibit a diffraction peak at a d-spacing greater than 10 5
Angstroms. [0024] Another aspect of the present invention is directed to a
method for preparing a low dielectric film having a dielectric constant of
about 3.7 or less and a normalized wall elastic modulus (Eo'), derived in
part from the dielectric constant of the material, of about 15 GPa or
greater. in one embodiment, there is provided a process for preparing the
10 film comprising: providing a mixture comprising the product from the
hydrolysis and condensation of at least one silica source and at least one
porogen wherein the mixture has a metal impurity content of about 500 ppm
or less; dispensing the mixture onto a substrate to form a coated
substrate; and curing the coated substrate to one or more temperatures and
for a time sufficient to form a dielectric film. In certain embodiments of
15 the present invention, the curing step is conducted at a temperature of
no greater than about 450C and for a time of about 30 minutes or less.
[0025] Yet another aspect of the present invention is directed to a method
for preparing a low dielectric film. In one embodiment, there is provided a
process for preparing the film comprising: providing a first film made from
a mixture comprising at least one :a} porogen and a product from the
hydrolysis and condensation of at east one silica source; measuring the
elastic modulus value and the dielectric constant value of the first film;
calculating a void fraction value of the first film from the dielectric
constant; determining the normalized wall elastic modulus of the first film
from the elastic modulus and void fraction values; and adjusting the void
fraction value for a second film to 25 increase or decrease the elastic
modulus of the second film wherein the increased or decreased elastic
modulus is accompanied by an increase or a decrease in the dielectric -10
constant of the second film, the second film having substantially the same
normalized elastic modulus as the first film. [0026] Still another aspect
of the present invention is a low dielectric material comprising: at least
one silica having a plurality of Si-C bonds wherein the total number 5 of
the Si-C bonds to the total number of Si atoms ranges from about 20 to
about 80 mole percent; an elastic modulus that ranges from about 0.5 to
about 6.5 GPa; a dielectric constant of about 2.5 and below; and a metal
impurity level of about 500 ppm or less. [0027] Yet a further aspect of the
present invention is a low dielectric material comprising: at least one
silica having a plurality of Si-C bonds wherein the total number 10 of the
Si-C bonds ranges from about 20 to about 80 mole percent; an elastic
modulus that ranges from about 1.3 to about 6.5 G Pa; and a dielectric
constant of about 1.95 and below. [0028] A further aspect of the present
invention is directed to a method for preparing a low dielectric film
having a dielectric constant of about 3.7 or less and a normalized wall 15
elastic modulus (Eo'), derived in part from the dielectric constant of the
material, of about 15 GPa or greater. In one embodiment, there is provided
a process for preparing the film comprising: providing a mixture comprising
the product from the hydrolysis and condensation of at least one silica
source and at least one porogen; dispensing the mixture onto a substrate to
form a coated substrate; and curing the coated substrate to 20 one or more
temperatur-s, no greater than about 450C and for a time sufficient to form
a dielectric film. [0029] A still further aspect of the present invention
is directed to a method for preparing a low dielectric film having a
dielectric constant of less than about 2.0, a normalized wall elastic
modulus (Eo ), derived in part from the dielectric constant of the 25
material, that ranges from between about 5 GPa to about 15 GPa. In one
embodiment, there is provided a process for preparing the film comprising:
providing a mixture -11    comprising the product from the hydrolysis and
condensation of at least one silica source and at least one porogen;
dispensing the mixture onto a substrate to form a coated substrate; and
curing the coated substrate to one or more temperatures and for a time
sufficient to form a dielectric film. 5 (0030] These and other aspects of
the invention will become apparent from the following detailed description.
BRIEF DESCRIPTION OF SEVERAL VIEWS OF THE DRAWINGS (0031] FIG. 1 provides a
comparison of E vs. K for various values of wall elastic 10 modules and
wall K. (0032] FIG. 2 provides a comparison of the theoretical modules vs.
K curve for a wall K of 4.2 and a wall elastic modules of 12.9 GPa to the
data points from Table VIII that illustrates the effect of varying the
amount of surfactant on the material. (0033] FIG. 3 provides a comparison
of the theoretical modules vs. K curve for a wall K 15 of 4.2 and a wall
elastic modules of 41 GPa to the data points from the literature thai
illustrates the effect of varying the amount of solvent on the material.
(0034] FIG. 4 provides a comparison between the dielectric films of the
present invention from Table VII and the dielectric films of the prior art
using the values provided in Table IX and theoretical curves based on Eo'
of 15, 20, and 72 GPa. ?0 DETAILED DESCRIPTION OF THE INVENTION (0035] The
present invention is directed to low dielectric materials and films
comprising same. Two measured attributes of a low dielectric material,
dielectric constant and elastic modules, are correlated into one figure of
merit, the normalized wall elastic 25 modules (Eo'), that can be used to
identify and develop improved low dielectric materials. Improved dielectric
materials are materials having a low dielectric constant yet high -12
enough elastic modulus to tolerate subsequent processing steps such as
etching and CMP processes. In this connection, materials with substantially
identical normalized wall elastic modulus values belong to a family of
materials whose dielectric constant and elastic modulus can be adjusted by
varying the porosity. Thus, once an improved 5 dielectric material is
identified, i.e. one with a higher normalized wall elastic modulus, the
target dielectric constant can be obtained by varying the porosity.
Moreover, the dielectric materials of the present invention have relatively
low metal content and allow for ease of manufacture in comparison to other
materials in the art. [0036] The term "normalized wall elastic modulus", as
used herein, is the wall elastic 10 modulus of a material that is
normalized to a wall with a dielectric constant of 4.2, which is the
dielectric constant of a Si02 dense oxide material. Once the dielectric
constant (K) and the elastic modulus (E) of a material are measured, the
normalized wall elastic modulus (Eo') can be calculated. The Eo' of the
material is calculated using Maxwell's relationship for mixed dielectrics
applied to porous materials, the measured value for ~ 5 dielectric constant
(K), a wall KS~o2 of 4.2, Day's 2-d circular hole model for elastic modulus
extended to 3-d cylindrical pores with the modulus measured perpendicular
to the pore axes, and the measured value for E. While the derivation for
the normalized wall elastic modulus is based upon cylindrical pores in the
extension of the Day model and spherical inclusions in the Maxwell model,
it is anticipated that other types and forms 20 or porosity, i.e.,
non-cylindrical, open porosity, closed porosity, etc., would fall within
the scope of the present invention. [003T] A void fraction value is first
calculated from the Maxwell equation using the observed value for K of the
material and a value for the wall K of 4.2, or the dielectric constant of
dense, amorphous silica. The dielectric constant of the material is
preferably 25 less than 4.2 since x~,~" is 4.2. The Maxwell equation was
rearranged to solve for -13   porosity or void fraction, as a function of
measured K and wall K, as provided in Equation (1 ): 2 + 1 x ~KS~oz - x') 3
3 x xs,~,z Equation (1 ) 2+ 1 x~K's~oz-x')+x'-1 3 3 x xs,~,z 5 where: Ks~nz
= 4.2 x~ = void fraction value x = measured value of dielectric constant 10
[0038] The normalized wall elastic modulus may then be calculated based on
Day's 2d circular hole model for elastic modulus using Equation (2). The
equation is valid for void fractions less than q~, the critical porosity at
which the pores touch, and beyond which the modulus is predicted to be
zero. For materials with a wall K of 4.2, this 15 determines a minimum K
value = 1.23 for composites with E > 0. Day et al. 2-d circular hole model:
E' 1 / _za _ - R' 9~ 1 + q + aB q + a~l - B q Equation (2) Eo 1 + q l mg,
q~ q~ q~ 20 where q = void fraction q~ = 0.9069 = percolation threshold,
void fraction at which circles overlap and modulus goes to zero q, ~ 1l3 =
initial slope 25 m = 1.5 = critical exponent a = -0.251 = parameter to get
correct critical amplitude B= -1.83 = free fitting parameter [0039] The Day
2-d circular hole model for elastic modulus is extended to 3-d 30
cylindrical pores with the modulus measured perpendicular to the pore axes
as provided in the Equation (3). The normalized wall elastic modulus can be
calculated using the -14   calculated void fraction value from Equation (1
), the elastic modulus for 2-d circular holes 5 from Equation (2), the
observed value for E, and a value for Poisson's ratio (v) of 0.25. 3-d
extension perpendicular to the cylinders: 2 z Eo _ v + 1- v Equation (3}
E3d1 1- 9 Ez~ l Eo where v = Poisson's ratio = 0.25 10 q = void fraction Eo
= wall elastic modulus 15 [0040J When q is set equal to the void fraction
value xP obtained from the measured value of rc and Equation (1 ), and E~d1
is set equal to the measured value of elastic modulus, E, then Eo becomes
Eo', the normalized wall elastic modulus, giving the following equation,
Equation (4), for Eo': -m Eo'=Ex vz +~1-vz~x 1 g/g`' \rl+ q +a q +a(1-B q
Equation (4) 1-q 1+glmg,~ g~ ga 9~ 20 [0041J In order to better understand
the value of using Eo to characterize low dielectric constant films, it is
instructive to consider curves of E vs. K that can be generated as a
function of porosity using the two physical models. FIG. 1 provides the
elastic modulus vs. K for materials having different porosity or void
fractions for vario~P , values of wall elastic modulus. The modulus was
calculated for different void fractions with a wall 25 elastic modulus Eo =
72 G Pa, the elastic modulus for dense silica, and a value for Poisson's
ratio (v) of 0.25 using Equations (2) and (3). Dielectric constant was
calculated using Equation (5) for different void fractions using Maxwell's
equation for porous materials with a wall dielectric constant equal to that
of dense silica, xs,~,z = 4.2. -15   2 1 (i-xyxK'smz x 3 +3xk'. +''~~ s,nz
x = Equation (5) 1 x 2+ 1 + 3 3 x m~,nz 5 10 where Ks,oz = 4.2 x~ = void
fraction [0042 FIG. 1 further provides theoretical curves calculated with a
wall K = 4.2 and with several different values for wall E, including wall E
equal to 15 and 20. The theoretical curve for wall E equal to 72 GPa
approximates the wall E for dense silica. Materials prepared by sol-gel
chemistry often do not show the values for dense silica, particularly if 



15 they are not heated to temperatures above 1000C. Therefore, elastic
modulus data for spin-on films prepared from tetraethoxysilane ("TEOS")
(E=24.9 GPa) and TEOS/ methyltriethoxysilane ("MTES") (E=11.1 GPa) were
added to provide the modulus attainable using the standard condensation
technology, limited to densification temperatures around 400C. These values
also give an indication of reasonable values 20 for the wall modulus if
porosity were introduced into these films. [0043 FIG. 1 also includes a
theoretical curve for wall E equal to 11.1 GPa and wall K equal to 3.43.
The dielectric constant measured on the TEOSIMTES film without using
surfactant, or a relatively dense TEOSIMTES film, is 3.43. This curve is
included to show that, like the wall modulus, the wall K of sol-gel films
with incorporated porosity 25 might be lower than the wall K of dense
silica with incorporated porosity. As FIG. 1 illustrates, the shape of the
curve for wall E equal to 11.76 GPa and wall K equal to 3.43 is similar to
the shape of the curve for wall E equal to 20 GPa and wall K equal to 4.2.
-16   Based upon this, it appears that regardless of the inherent wall
modulus and dielectric constant that define a curve, a value can be found
for wall E with a wall rc equal to 4.2 that provide essentially the same
curve. Therefore, it is possible to define a normalized wall elastic
modulus that represents all combinations of wall E and wall K that give the
5 same curve as the theoretical wall elastic modulus with a K of 4.2. Thus,
the two measured attributes, dielectric constant and elastic modulus, of a
material are combined into a single value. Using this information, one can
then tailor a material with beneficial dielectric constant and elastic
modulus properties simply by adjusting the void fraction of the material.
10 [0044] The low dielectric materials have a dielectric constant of about
3.7 or less, preferably about 2.7 or less, and more preferably less than
1.95. The materials of the present invention also have a normalized wall
elastic modulus (Eo~), derived in part from the dielectric constant of the
material, of about 15 GPa or greater, preferably about 20 GPa or greater,
and more preferably greater than about 26 GPa. Further, in some 15
embodiments of the present invention, the materials have alkali impurity
levels less than about 500 ppm. I n other embodiments of the present
invention, the materials may have a dielectric constant of about 2.0 or
less, a normalized wall elastic modulus that ranges from between about 5
GPa to about 15 GPa, and have a metal impurity level of less than about 500
ppm. 20 [0045] The materials of the present invention may be formed into
films from a precursor composition or mixture using a variety of different
methods. Some examples of processes that may be used to form the film
include plasma enhanced chemical vapor deposition ("PECVD"), high density
PECVD, photon assisted CVD, plasma-photon assisted ("PPECVD"), CVD of a
liquid polymer precursor, or transport polymerization 25 ("TP"). U. S. Pat.
Nos. 6,171,945 and 6,054,206 provide some exemplary CVD methods that may be
used with the present invention. Other processes that can be used to form
-17   the film include spin on deposition methods. In certain embodiments
of the present invention, non-contact induced spreading forces such as the
process described in pending U.S. Pat. App., Attorney's Docket 2001-030 -
SMX 3122 entitled "Apparatus and Methods for Forming Films on Substrates",
may be used to apply the mixture, which is 5 incorporated herein by
reference in its entirety. Further related processes may be used to apply
the mixture include oscillating non-contact induced spreading forces,
gravityinduced spreading forces, wetting-induced spreading forces, or
combinations thereof. [0046] The materials of the present invention
preferably comprise silica. The term "silica", as used herein, is a
material that has silicon (Si) and oxygen (O) atoms, and 10 possibly
additional substituents such as, but not limited to, other elements such as
H, B, C, P, or halide atoms; alkyl groups; or aryl groups. In certain
preferred embodiments, the material may further comprise silicon-carbon
bonds having a total number of Si-C bonds to the total number of Si atoms
ranging from between about 20 to about 80, and more preferably from between
about 40 to about 60 mole percent. 15 [0047J The film of the present
invention is formed from a mixture. The mixture comprises the film matrix
material, a porogen, and other additives that vary depending which
formation process is used. In preferred embodiments, the matrix material
comprises at least one silica source. However, the matrix may comprise
other materials such as, but not limited to, polymers, hybrid materials,
zeolites, or polyborazylenes. 20 Depending upon the film formation method,
the mixture may be applied to a substrate as a liquid, vapor, or aerosol of
the mixture. [0048] As mentioned previously, the mixture generally
comprises the matrix material, preferably a silica-containing matrix
material, a porogen, and water. The mixture may further include other
constituents such as, but not limited to, surfactants, solvents, and/or 25
ionic additives. The weight ratio of weight of surfactant to the weight of
surfactant and weight of Si02 ranges from 0.85 to 0.1, more preferably 0.75
to 0.2. The weight of Si02 -18   is calculated from the total number of
moles of silicon introduced by the silica sources. This is not meant to
imply that the silica sources are completely converted to Si02. The weight
ratio of solvent to silica is about Q0:1 wherein the solvent may include
water. The weight ratio of base to weight of surfactant is 0.5 to 0. The
molar ratio of R, or organic 5 constituents, to Si ranges from 2 to 0. The
molar ratio of water to OR, where OR is an organic group bridged to silicon
through an oxygen atom, e.g. ethoxy functionality on TEOS, ranges from 40
to 1. (0049] The mixture employs chemicals that meet the requirements of
the electronics industry because they do not contain contaminants which
reduce the efficiency of 10 preparation of integrated circuits.
Constituents like halogen-containing mineral acids, cationic surfactants
with halide counter ions, and anionic surfactants with alkali metal counter
ions are preferably avoided in the mixture because they may contribute
undesirable counter ions to the materials of the invention. The mixtures of
the present invention preferably contain contaminating metals in amounts
less than 500 parts per 15 million ("ppm"), preferably less than 100 parts
per billion ("ppb"), and more preferably less than 10 ppb. Consequently,
materials of the invention may preferably contain contaminating metals in
amounts less than 500 parts per million ("ppm"), preferably less than 100
parts per billion ("ppb"), and more preferably less than 10 ppb. Materials
of the invention preferably contain contaminating halides in amounts less
than 1 ppm, 20 preferably less than 750 ppb, and more preferably less than
500 ppb. [0050] As mentioned previously, the mixture preferably comprises
at least one silica source. A "silica source", as used herein, is a
compound having silicon (Si) and oxygen (O), and possibly additional
substituents such as, but not limited to, other elements such as H, B, C,
P, or halide atoms; alkyl groups; or aryl groups. The term "alkyl" as used
25 herein includes straight chain, branched, or cyclic alkyl groups,
preferably containing from 1 to 24 carbon atoms, or more preferably from 1
to 12 carbon atoms. This term -19   applies also to alkyl moieties
contained in other groups such as haloalkyl, alkaryl, or aralkyl. The term
"alkyl" further applies to alkyl moieties that are substituted. The term
"aryl" as used herein six to twelve member carbon rings having aromatic
character. The term "aryl" also applies to aryl moieties that are
substituted. The at least one silica 5 source may include materials that
have a high number of Si-O bonds, but can further include Si-O-Si bridges,
Si-R-Si bridges, Si-C bonds, SiF bonds, Si-H bonds or a portion of the
material can also have C-H bonds. It is preferred that at least one silica
source have a minimum of Si-OH bonds. The at least one silica source may
further include residual elements from processing, such as organics, that
were not removed after 10 formation. [0051] Other examples of the at least
one silica source may include a fluorinated silane or fluorinated siloxane
such as those provided in U. S. Pat. No. 6,258,407. [0052] Another example
of at least one silica source may include compounds that produce a Si-H
bond upon elimination. 15 [0053] Still further examples of the at least one
silica source are found in the the non hydrolytic chemistry methods
described, for example, in the references Hay et al., "Synthesis of
Organic-Inorganic Hybrids via the Non-hydrolytic Sol-Gel Process", Chem.
Mater., 13, 3396-3403 (2001 ) or Hay, et al., "A Versatile Route to
Organically-Modified Silicas and Porous Silicas via the Non-Hydrolytic
Sol-Gel Process", J. Mater. Chem., 10, 20 1811-1818 (2000). [0054] Yet
another example of at least one silica source may include colloidal silica,
fumed silica, or silicic acid starting materials. [0055] Still other
examples of silica sources include silsesquioxanes such as hydrogen
silsesquioxanes (HSQ, HSi0,,5) and methyl silsesquioxanes (MSQ, RSi0,,5
where R is a 25 methyl group). Further examples of the suitable silica
sources include those described in U. S. Pat. No. 6,271,273 and EP Nos.
1,088,868; 1,123,753, and 1,127,929. I n -20   preferred embodiments, the
silica source may be a compound represented by the following: RaSi(OR')4_a,
wherein R represents a hydrogen atom, a fluorine atom, or a monovalent
organic group; R' represents a monovalent organic group; and a is an
integer of 1 or 2; Si(OR2)4, where R2 represents a monovalent organic
group; or 5 R3b(R4O)s-bSl-(R')d-SI(OR5)s-cRsc, wherein R3 to R6 may be the
same or different and each represents a monovalent organic group; b and c
may be the same or different and each is a number of 0 to 2; R' represents
an oxygen atom, a phenylene group, or a group represented by -(CH2)~-,
wherein n is an integer of 1 to 6; and d is 0 or 1; or combinations
thereof. The term "monovalent organic group" as used herein relates to an
10 organic group bonded to an element of interest, such as Si or O, through
a single C bond, i.e., Si-C or O-C. [0056] In preferred embodiments, a
combination of hydrophilic and hydrophobic silica sources is used in the
mixture. In preferred embodiments, the ratio of hydrophobic silica source
to the total amount of silica source is approximately 20-80 molar percent,
and 15 more preferably, 40-60 molar percent. The term "hydrophilic", as
used herein, refers to compounds that can crosslink through four bridges.
Some examples of hydrophilic sources include alkoxysilanes having an alkoxy
functionality and can at least partially crosslink, i.e. a Si atom with
four methoxy, ethoxy, propoxy, acetoxy, etc. groups, or materials with
carbon or oxygen bridges between Si atoms and all other functionality on 20
the Si atoms being an alkoxide. If the Si atoms do not fully c;rosslink,
residual Si-OH groups may be present as terminal groups that can adsorb
water. The term hydrophobic source refers to compounds where at least one
of the alkoxy functionalities has been replaced with a terminal Si-C or
Si-F bond, i.e. Si-methyl, Si-ethyl, Si-phenyl, Sicyclohexyl, etc., that
would not generate a hydroxyl after hydrolysis. In these sources, 25 the
silicon would crosslink with less than four bridges even when fully
crosslinked if the terminal group remains intact. In certain preferred
embodiments, the hydrophobic silica -21    source contains a methyl group
attached to silicon. Under certain processing conditions, terminal organic
groups may undergo beta hydride elimination to form Si-H bonds that may be
oxidized to Si-OH and result in Si-O-Si bridges and/or residual Si-OH
within the compound. In this instance, these silica sources would be acting
as hydrophilic silica 5 sources. [0057] The at least one silica source may
be added to the mixture as the product of hydrolysis and condensation.
Hydrolysis and condensation of the silica source occurs by adding water and
a catalyst to a solvent and adding the silica source at a time,
intermittently or continuously, and conducting hydrolysis and condensation
reactions 10 while stirring the mixture at a temperature range generally
from -30 to 100C, preferably from 20 to 100C, for 0 to 24 hours. The
composition can be regulated to provide a desired solid content by
conducting concentration or dilution with the solvent in each step of the
preparation. In certain preferred embodiments, the at least one silica
source is one or more sources that generates acetic acid when hydrolyzed.
15 [0058] The hydrolysis and condensation of the silica source can occur at
any point during the formation of the film, i.e., before adding to the
mixture, after adding to the mixture, prior to or during curing, etc. For
example, in certain embodiments of the present invention, the at least one
silica source is combined with the solvent, water, and surfactant in a
first vessel, the ionic additive and catalyst are combined in a second 20
vessel, and the contents of the second vessel are gradually added to the
first vessel and mixed. It is envisioned that a variety of different orders
of addition to the mixture can be used without departing from the spirit of
the present invention. [0059] The catalyst suitable for the present
invention includes any organic or inorganic acid or base that can catalyze
the hydrolysis of substitutents from the silica source in the 25 presence
of water, and/or the condensation of two silica sources to form an Si-O-Si
bridge. The catalyst can be an organic base such as, but not limited to,
quaternary -22   ammonium salts and hydroxides, such as ammonium or
tetramethylammonium, amines such as primary, secondary, and tertiary
amines, and amine oxides. The catalyst can also be an acid such as, but not
limited to, nitric acid, malefic, oxalic, acetic, formic, glycolic,
glyoxalic acid, or mixtures thereof. In preferred embodiments, the catalyst
5 comprises nitric acid. [0060] Solvents that are suitable for the use in
the present invention may include any solvents that exhibit solubility with
the reagents. Solvents can be alcohol solvents, ketone solvents, amide
solvents, or ester solvents. In certain embodiments, one or more solvents
used in the present invention have relatively low boiling points, i.e.,
below 10 160C. These solvents include, but are not limited to,
tetrahydrofuran, acetone, 1,4 dioxane, 1,3-dioxolane, ethyl acetate, and
methyl ethyl ketone. Other solvents, that can be used in the present
invention but have boiling points above 160C, include dimethylformamide,
dimethylacetamide, N-methyl pyrrolidone, ethylene carbonate, propylene
carbonate, glycerol and derivatives, naphthalene and substituted versions,
15 acetic acid anyhydride, propionic acid and propionic acid anhydride,
dimethyl sulfone, benzophenone, diphenyl sulfone, phenol, m-cresol,
dimethyl sulfoxide, diphenyl ether, terphenyl, and the like. Preferred
solvents include propylene glycol propyl ether (PGPE), 3-heptanol,
2-methyl-1-pentanol, 5-methyl-2-hexanol, 3-hexanol, 2-heptano, 2-hexanol,
2,3-dimethyl-3-pentanol, propylene glycol methyl ether acetate (PGMEA),
ethylene glycol 20 n-butyl ether, propylene glycol n-butyl ether (PGBE),
1-butoxy-2-propanol, 2-methyl-3 pentanol, 2-methoxyethyl acetate,
2-butoxyethanol, 2-ethoxyethyl acetoacetate, 1pentanol, and propylene
glycol methyl ether. Still further exemplary solvents include lactates,
pyruvates, and diols. Further exemplary solvents include those solvents
listed in EP 1,127,929. The solvents enumerated above may be used alone or
in combination 25 of two or more solvents. In preferred embodiments, the
solvent may comprise one or more solvents with relatively low boiling
points, i.e., boiling points below 160C. -23   [0061] The mixture used to
form the films of the present invention further comprises a porogen. A
"porogen", as used herein, is a reagent that is used to generate void
volume within the resultant film. Suitable porogens for use in the
dielectric materials of the present invention include labile organic
groups, solvents, decomposable polymers, 5 surfactants, dendrimers,
hyper-branched polymers, polyoxyalkylene compounds, or combinations
thereof. [0062] In certain embodiments of the present invention, the
porogen may include labile organic groups. When some labile organic groups
are present in the reaction mixture, the labile organic groups may contain
sufficient oxygen to convert to gaseous products 10 during the cure step.
In yet other embodiments of the present invention, a film is deposited via
CVD from a mixture comprising the labile organic groups with a peroxide
compound followed by thermal annealing. Some examples of compounds
containing labile organic groups include the compounds disclosed in U. S.
Pat. No. 6,17t,945, which is incorporated herein by reference in its
entirety. 15 [0063] !n some embodiments of the present invention, the
porogen may be a solvent. Solvents suitable for the present invention may
be any of the solvents previously mentioned. In this connection, the
solvent is generally present during at least a portion of the cross-linking
of the matrix material. Solvents typically used to aid in pore formation
have relatively higher boiling points, i.e., greater than 200C. 20 [A064]
In certain embodiments, the porogen may be a small molecule such as those
described in the reference Zheng, et al., "Synthesis of Mesoporous Silica
Materials with Hydroxyacetic Acid Derivatives as Templates via a Sol-Gel
Process", J. Inorg. Organomet. Polymers, 10, 103-113 {2000). [0065] The
porogen could also be a decomposable polymer. The decomposable 25 polymer
may be radiation decomposable, or more preferably, thermally decomposable.
The term "polymer", as used herein, also encompasses the terms oligomers
and/or -24   copolymers unless expressly stated to the contrary. Radiation
decomposable polymers are polymers that decompose upon exposure to
radiation, e.g., ultraviolet, X-ray, electron beam, or the like. Thermally
decomposable polymers undergo thermal decomposition at temperatures that
approach the condensation temperature of the silica 



5 source materials and are present during at least a portion of the
cross-linking. Such polymers are those which foster templating of the
vitrification reaction, control and define pore size, and decompose and
diffures out of the matrix at the appropriate time in processing. Examples
of these polymers include polymers that have an architecture that provides
a three-dimensional structure such as, but not limited to, block
copolymers, i.e., 10 diblock, triblock, and multiblock copolymers; star
block copolymers; radial diblock copolymers; graft diblock copolymers;
cografted copolymers; dendrigraft copolymers; tapered block copolymers; and
combinations of these architectures. Further examples of degradable
polymers are found in U. S. Pat. No. 6,204,202, which is incorporated
herein by reference in its entirety. 15 [0066] The porogen of the present
invention could also comprise a surfactant. For silica sol-gel based films
in which the porosity is introduced by the addition of surfactant that is
subsequently removed, varying the amount of surfactant can vary porosity.
Typical surfactants exhibit an amphiphilic nature, meaning that they can be
both hydrophilic and hydrophobic at the same time. Amphiphilic surfactants
possess a ?0 hydrophilic head group or groups which have a strong affinity
for water and a long hydrophobic tail which is organophilic and repels
water. The surfactants can be anionic, cationic, nonionic, or amphoteric.
Further classifications of surfactants include silicone surfactants,
poly(alkylene oxide) surfactants, and fluorochemical surfactants. However,
for the formation of dielectric layers for IC applications, non-ionic
surfactants are 25 generally preferred. The surfactants used in the present
invention may not behave in the traditional sense, i.e., to form micelles
or act as surface active agents. Suitable -25   surfactants for use in the
mixture include, but are not limited to, octyl and nonyl phenol ethoxylates
such as TRITON X-114, X-102, X-45, X-15; alcohol ethoxylates such as BRIJ
56 (C,6H33(OCH2CH2),oOH) (ICI), BRIJ 58 (C,6H33(OCH2CH2)2oOH) (ICI), and
acetylenics diols such as SURFYNOLS 465 and 485 (Air Products and
Chemicals, 5 Inc.). Further surfactants include polymeric compounds such as
the tri-block EO-PO-EO co-polymers PLURONICO L121, L123, L31, L81, L101 and
P123 (BASF, Inc.). Still further exemplary surfactants include alcohol
(primary and secondary) ethoxylates, amine ethoxylates, glucosides,
glucamides, polyethylene glycols, polyethylene glycolco-propylene glycol),
or other surfactants provided in the reference McCutcheon's 10 Emulsifiers
and Detergents, North American Edition for the Year 2000 published by
Manufacturers Confectioners Publishing Co. of Glen Rock, N.J. [0067] The
surfactant selected has 90 % or less, preferably 60 % or less, and more
preferably 10 % or less weight percent of ethylene oxide ("EO"). It is
believed that lower weight percents of EO may produce materials and films
that have higher Eo' values. 15 (0068] It is preferred that the surfactants
in the mixture have a metal content less than 20 ppm. While commercially
available unpurified surfactants could be used, the final films may have
impurity levels far in excess of acceptable levels, and thus the surfactant
should be purified. Surfactant purification can be performed using common
procedures, such as employment of ion exchange columns in which alkali ions
can be retained and 20 hydrogen ions released in their place. These
unpurified surfactants may commonly possess alkali ion concentrations in
the range from about 100 to 1000 parts per million. The goal of surfactant
purification is to reduce alkali ion impurity levels to less than 50 parts
per billion. Acceptable concentrations of alkali ion impurities within the
film material are less than 10 parts per billion for each alkali element.
25 [0069] The porogen may be a hyper branched or dendrimeric polymer. Hyper
branched and dendrimeric polymers generally have low solution and melt
viscosities, -26   high chemical reactivity due to surface functionality,
and enhanced solubility even at higher molecular weights. Some non-limiting
examples of suitable decomposable hyperbranched polymers and dendrimers are
provided in "Comprehensive Polymer Science", 2"d Supplement, Aggarwal, pp.
71-132 (1996) which is incorporated herein by reference 5 in its entirety.
[00l0] The porogen within the film-forming mixture may also be a
polyoxyalkylene compound such as polyoxyalkylene non-ionic surfactants,
polyoxyalkylene polymers, polyoxyalkylene copolymers, polyoxyalkylene
oligomers, or combinations thereof. An example of such is a polyalkylene
oxide that includes an alkyl moiety ranging from C2 to 10 C6 such as
polyethylene oxide, polypropylene oxide, and copolymers thereof. [0071] In
addition to the aforementioned ingredients, the film-forming mixture may
also comprise an ionic additive. Ionic additives are added to mixture if
the metal impurity content is about 500 ppm or less. Generally, the ionic
additive is a compound chosen from a group of cationic additives of the
general composition [NR(CH3)3]+A', where R is a 15 hydrophobic ligand of
chain length 1 to 24, including tetramethylammonium and
cetyltrimethylammonium, and A- is an anion, which may be chosen from the
group consisting essentially of formate, nitrate, oxalate, acetate,
phosphate, carbonate, and hydroxide and combinations thereof.
Tetramethylammonium salts, or more generally tetraalkylammonium salts) or
tetraorganoammonium salts or organoamines in acidic 20 media are added to
surfactant templated porous oxide precursor formulations to increase the
ionic content, replacing alkali ion impurities (sodium and potassium)
removed during porogen purification. [0072] Alternatively, the ionic
additive may be an amine additive which forms an ionic ammonium type salt
in the acidic precursor mixture. The suitable amine additive is 25 selected
from the group consisting of: triethylenediamine (TEDA); diethanolamine
(DELA); triethanolamine, (TELA); aminopropyldiethanolamine (APDEA); bis(p
-27   aminocyclohexyl)methane (PACM); quinuclidine (QUIN); 3-Quinuclidinol;
trimethylamine (TMA); tetramethylethylendiamine, (TMEDA);
tetramethyl-1,3-propanediamine (TMPDA); trimethylamine oxide (TMAO); PC-9,
N,N,N-tris(N',N'-dimethyl-3-aminopropyl)amine; PC77,
3,3'-bis(dimethylamino)-N-methyldipropylamine; CB, choline hydroxide; DMAP,
4 5 dimethylaminopyridine; DPA, diphenylamine; or TEPA,
tetraethylenepentamine. [0073] In embodiments where the film is formed
through a spin-on approach, the mixture comprises, inter alia, at least one
silica source, a porogen, a catalyst, and water. In certain preferred
embodiments, the mixture further comprises a solvent, an ionic additive,
and a surfactant. In brief, dispensing the mixture onto a substrate and 10
evaporating the solvent and water can form the films. The surfactant and
remaining solvent and water are generally removed by curing the coated
substrate to one or mare temperatures and for a time sufficient to produce
the low dielectric film. [0074] The mixture may be deposited onto the
substrate to form the coated substrate. The term substrate, as used herein,
is any suitable composition that is formed before the 15 dielectric film of
the present invention is applied to and/or formed on that composition.
Suitable substrates that may be used in conjunction with the present
invention include, but are not limited to, semiconductor materials such as
gallium arsenide ("GaAs"), silicon, and compositions containing silicon
such as crystalline silicon, polysilicon, amorphous silicon, epitaxial
silicon, silicon dioxide ("Si02"), and mixtures thereof. The 20 mixture may
be applied onto the substrate via a variety of methods including, but not
limited to, dipping, rolling, brushing, spraying, or spin coating. The
coated substrate may then be pre-heated to substantially complete the
hydrolysis of the silica source, continue the crosslinking process, and
drive off any remaining solvent, if present, from the film. In other
embodiments such as CVD based methods, the mixture may be vaporized 25
and/or form particulates that coat the substrate. -28   [00T5] The coated
substrate is then further heated or cured to form the dielectric film.
Specific temperature and time durations will vary depending upon the
ingredients within the mixture, the substrate, and the desired pore volume.
In certain embodiments, the cure step is conducted at two or more
temperatures rather than a controlled ramp or 5 soak. The first
temperature, typically below 300C, may be to remove the water and/or
solvent from the mixture and to further cross-linking reactions. The second
temperature may be to remove the porogen and to substantially, but not
necessarily completely, cross-link the material. In certain preferred
embodiments of the present invention, the coated substrate is heated to one
or more temperatures ranging from about 250 to about 10 450C, or more
preferably about 400C or below. The heating or cure step is conducted for a
time of about 30 minutes or less, preferably about 15 minutes or less, and
more preferably about 6 minutes or less. [0076] The cure step may be
conducted via thermal methods such as a hot plate, oven, furnace or the
like. For thermal methods, the curing of the coated substrate may 15 be
conducted under controlled conditions such as atmospheric pressure using
nitrogen, inert gas, air, or other N2/02 mixtures (0-21 % 02), vacuum, or
reduced pressure having controlled oxygen concentration. Alternatively, the
cure step may be conducted by electron-beam, ozone, plasma, X-ray,
ultraviolet radiation or other means. In preferred embodiments, the curing
step is conducted via a thermal method in an air, nitrogen, or 20 inert gas
atmosphere, Under vacuum, or under reduced pressure having an oxygen
concentration of 10% or lower. [007T] The materials of the present
invention may be further subjected to post cure steps such as post cure
e-beam, UV, X-ray or other treatments. These treatments may, for example,
increase the mechanical integrity of the material or decrease the
dielectric 25 constant by reducing the amount of adsorbed water. -29
[0078] By determining the normalized wall elastic modulus of a dielectric
material, it may be possible to tune the dielectric constant and elastic
modulus of the film of the invention to attain the desired dielectric
constant for a given application. This may be accomplished by varying the
void fraction in the film. The void fraction can be varied by 5 varying the
amount of porogen in the mixture, such as surfactant or solvent. [0079] The
films of the invention are mesoporous. The term "mesoporous", as used
herein, describes pore sizes that range from about 10 ~ to about 500 A,
preferably from about 10 A to about 100 ~, and most preferably from about
10 A to about 50 ~. It is preferred that the film have pores of a narrow
size range and that the pores are 10 homogeneously distributed throughout
the film. Films of the invention preferably have a porosity of about 10% to
about 90%, more preferably about 40% to about 85%. The porosity of the
films may be closed or open pore. [0080] In certain embodiments of the
present invention, the diffraction pattern of the film does not exhibit
diffraction peaks at a d-spacing greater than 10 Angstroms. The 15
diffraction pattern of the film may be obtained in a variety of ways such
as, but not limited to, neutron, X-ray, small angle, grazing incidence, and
reflectivity analytical techniques. For example, conventional x-ray
diffraction data may be collected on a sample film using a conventional
diffractometer such as a Siemens D5000 6-8 diffractometer using CuKa
radiation. Sample films may also be analyzed by X-ray reflectivity (XRR)
data using, for 20 exa~rple, a Rigak~ ~ ATX-G high-resolution diffraction
system with Cu radiation from a rotating anode x-ray tube. Sample films may
also be analyzed via small-angle neutron scattering (SANS) using, for
example, a system such as the 30 meter NG7 SANS instrument at the NlST
Center for Neutron Research. [0081] The dielectric material of the present
invention has mechanical properties that 25 allow the material, when formed
into a film, to resist cracking and enable it to be chemically/mechanically
planarized. Further, the dielectric films of the present invention -30
exhibit low shrinkage. Dielectric films of the present invention generally
have a thickness that ranges from 0.05 to about 2 Nm. Dielectric films of
the present invention may exhibit a modulus of elasticity that ranges from
about 0.5 to about 10 GPa, and generally between 2 and 6 GPa; a hardness
value that ranges from about 0.2 to about 2.0 GPa, 5 and generally from
about 0.4 to about 1.2 GPa, and a refractive index determined at 633 nm of
between 1.1 and 1.5. [0082] The film of the present invention provides
excellent insulating properties and a relatively high modulus of
elasticity. The film also provides advantageous uniformity, dielectric
constant stability, cracking resistance, and surface hardness. Suitable 10
applications for the film of the present invention include interlayer
insulating films for semiconductor devices such as LSIs, system LSIs,
DRAMs, SDRAMs, RDRAMs, and DRDRAMs, protective films such as surface coat
films for semiconductor devices, interlayer insulating films for
multilayered printed circuit boards, and protective or insulating films for
liquid-crystal display devices. Further applications include capping 15
layers, hard mask, or etch stops. [0083] The invention will be illustrated
in more detail with reference to the following examples, but it should be
understood that the present invention is not deemed to be limited thereto.
[0084] In the following examples, unless stated otherwise, properties were
obtained 20 from sample films that were spun onto a low resistance (0.01
Dcm) single ~:r~~stal silicon wafer substrate and calcined to 400C. The
thickness, film refractive index, and porosity values of each film were
determined by spectroscopic ellipsometry using a variable angle
spectroscopic ellipsometer, Model SE 800 manufactured by Sentech
Instruments GmbH, and calculated by SpectraRay software. The refractive
index, film thickness, and 25 percentage of air values were obtained by
simulating the measurement using various models such as Bruggemann in the
wavelength range from 400 to 800 nm with mean -31    square error of about
1 or less. For the thickness values, the error between the simulated
thickness and actual film thickness values measured by profilometry was
generally less than 2%. [0085] The dielectric constant of each sample film
was determined according to ASTM 5 Standard D150-98. The
capacitance-voltage of each film were obtained at 1 MHz with a Solartron
Model SI 1260 Frequency Analyzer and MSI Electronics Model Hg 401 single
contact mercury probe. The error in capacitance measurements and mercury
electrode area (A) was less than 1 %. The substrate (wafer) capacitance
(Cs;), background capacitance (Cb) and total capacitance (CT) were measured
between +20 and -20 volts 10 and the thin film sample capacitance (CS) was
calculated by Equation (6): CS = Cs. (CT - Cb)~ ICs. - (CT - Cb )1 Equation
(6) The dielectric constant of each film was calculated by Equation (7)
wherein d is the film thickness, A is the mercury electrode area, and so is
the dielectric constant in vacuum: Csd - _ so A Equation (7) 15 The total
error of the dielectric constant of the film was expected to be less than
6%. [0086] The elastic modulus for each film was taken from 1 cm3 samples
cleaved from the center of the wafer and mounted onto an aluminum stub
using a low-melting temperature adhesive, CRYSTALBOND which is manufactured
by Armco Products Inc., of Valley Cottac~F, ^J.Y. Indentation tests were
performed on a NANOINDENTER 20 Dynamic Contact Module (DCM) manufactured by
MTS Systems Corporation with an ACCUTIPT"" Berkovich diamond tip using the
continuous stiffness measurement ("CSM") method described in the reference,
Oliver et al., "An improved technique for Determining Hardness and Elastic
Modulus Using Load and Displacement Sensing Indentation Experiments", J.
Material Research, 1992, 7 [6], pp. 1564-1583, incorporated herein by 25
reference in its entirety. A small oscillation was superimposed on the
primary loading -32   signal and the resultant system response was analyzed
by means of a frequencyspecific amplifier. The excitation frequency was
held constant throughout the test at 75 Hz (DCM) and the excitation
amplitude was controlled such that the resulting displacement amplitude
remained constant at 1 nm (DCM). 5 [0087) Each indentation experiment
allowed for a continuous measure of the contact stiffness, S. Using the
dynamic measure of S, and established formulae for Young's modulus and
hardness (Poisson's Ratio = 0.18 for silica, 0.25 for low K films), every
individual indentation experiment yielded Young's modulus and hardness as a
continuous function of surface penetration. An array of 5 to 10 indents was
performed 10 on each sample and a distance of approximately 20 - 25 microns
separated successive indents. The results from each indentation experiment
were examined and any "outliers" were excluded. The results for Young's
modulus and hardness vs. penetration for the indentation experiments of
each sample were averaged using discrete displacement windows of
approximately 5 nm. Using the data in this window, an average) standard 15
deviation, and confidence interval for each sample were then calculated.
The same statistics were likewise calculated for the rest of the discrete
windows. Hardness results were obtained and averaged in the same manner.
Hardness and Young's modulus were reported as the measured value of
hardness at the minimum of the hardness curve (at about 30-50 nm) and the
measured value of modulus at the minimum of the modulus 20 curve (at about
30-50 nm). The errors of the modulus and the hardness of the film are
expected to be less than 10 percent. 



EXAMPLES [0088] The following table, Table I, provides a list of acronyms
that are used in the 25 examples and throughout the application. -33
TABLE I: CHEMICAL ABBREVIATIONS 5 10 AcronymGeneric NameSilica
sourcesTASTetraacetoxysilaneTEOSTetraethoxysilaneTMOSTetramethoxysilaneTBOS
Tetra-n-butoxysilaneMTESMethyltriethoxysilaneDMDESDimethyldiethoxysilanePTE
SPhenyltriethoxysilaneFTESFluorotriethoxysilaneHDTMSHexadecyltrimethoxysila
neMTASMethytriacetoxysilaneHMDSHexamethyldisilazaneTEDMDSTetraethoxydimethy
ldisiloxaneTMDEDSTetramethyldiethoxydisiloxanepoly-TEOSPolydiethoxysiloxane
TMCTSTetramethylcyclotetrasilaneOctaTMA-POSSSilsesquioxane cube w/ 8
TMA+TSE-POSStrisilanolethyl-POSS Solvents PGMEA propylene glycol methyl
ether acetate PGPE propylene glycol propyl ether Bases TMAH
Tetramethylammonium hydroxide Surfactants X1 i4Triton X-114 (octyphenol
ethoxylate)Surf 485Surfynol 485 (acetylenic diol ethoxylate)L121Pluronic
L121 (EO-PO-EO tri-block co-polymer)L101Pluronic L101 (EO-PO-EO tri-block
co-polymer)L81Pluronic L81 (EO-PO-EO tri-block co-polymer)L31Pluronic L31
(EO-PO-EO tri-block co-polymer) GENERAL PROCESS FOR PREPARING ARRAY
ELEMENTS ~Ot7o~] A mixture was prepared containing a hydrophilic silica
sou; cc ~n~.1 cne or more hydrophobic silica sources. To the silicates, a
quantity of a 4:1 volume ratio of solvent to surfactant and additional
solvent was added. After the organic components were added to one another)
the catalysts and water were added to the mixture in the following order:
water, acid catalyst , and ionic additives. Following the addition of
water, the mixture was aged at room temperature for 5 to 10 minutes after
which the aging step was -34   repeated after the addition of the acid
catalyst and ionic additive. After all the reagents were added, the mixture
was agitated for less than about 5 minutes and aged at room temperature for
a period ranging from 1-24 hours, depending upon the reagents within the
mixture. 5 [0090] A silicon wafer having a diameter of about 125 mm was
placed in the holder of an orbital movement device described in FIG. 3 of
pending U.S. Pat. App., Attorney's Docket 2001-030 - SMX 3122 entitled
"Apparatus and Methods for Forming Films on Substrates". The orbital
movement device was operated to move the wafer at a speed of about 2200 rpm
along an orbital path having a major axis of about 4.5 mm and a minor 10
axis of about 2.25 mm. [0091] While the wafer was moving along its orbital
path, the deposition device was operated to serially dispense subsequent
samples of liquid on the wafer in a generally square pattern (e.g., a
matrix of five rows of five samples each), with the center-to-center
spacing between adjacent samples being about 17.5 mrn. The volume of each
liquid 15 sample was in the range of about 2-5 microliters) Dispensing of
the liquid samples on the wafer occurred over a period of about 12 minutes)
and the substrate was moved on its orbital path for a total duration of
about 15 minutes (e.g., about 3 minutes longer than the time at which the
last liquid sample is deposited on the substrate), after which orbital
movement of the substrate was stopped. Orbital movement of the wafer
subjected the 20 liq~_iid samples to a non-contact spreading force ~c
facilitate spreading of the liquid samples on the wafer surface to form
films thereon. The array of films were heated on a hot plate at 90C for 90
seconds, 180C for 90 seconds, and 400C for 180 seconds in an air or
nitrogen atmosphere, thereby forming optically transparent thin films. The
films produced through this process could then characterized directly to
determine the 25 refractive index, dielectric constant, modulus, hardness,
and normalized wall elastic modulus. -35   EXAMPLE 1- 14: Selected Array
Elements as Compartive Examples to Spun Coated Films [0092] Sample films
were prepared in the same manner as the general process for 5 preparing
array elements. The volume of each reagent dispensed into individual
microtiter wells is provided in Table II. The solutions were dispensed,
agitated, and calcined as in the general procedure to prepare array
elements to films. The properties of each film are provided in Table III.
10 TABLE II: COMPOSITION OF ARRAY ELEMENTS ExHydrophilicHydrophobic 4:1
VolumoSolvent (NI)WaterNitricTMAHSource (NI)Source (NI) ~
Solvent:(NI)Acid(NI)Surfactant(NI)_Ratio (NI)1138.2144.4 Ml'ES329.9
PGMEA:573.2 PGMEA0.0247.2 0.1 M5TEOSL1012.4 wt.2_ 121.0126.2_ _
177.2207.50.0119.9 0.1 M5TEOSMTESpentanol:Xi 14:pentanol;2.4 wt.204.7261.8
PGMEAMEA:X114 PG__ 368.571.5_ 163.4 PGPE:274.8 PGPE93.726.3 0.025
M5TEOSMTESL1011.2 wt.468.571.5163.4 PGPE:274.8 PGPE58.761.2 0.2
M5TEOSMTESL1011.2 wt.549.661.0189.3 PGPE:270.6 PGPE26.829.7 0.2 M5TEOSMTES;
9.7X1141.2 wt.DMDES_674.3_ 67.9i63.5 PGPE:258.0 PGPE58.761.3 0.2
M5TEOSMTES; 18.8L1011.2 wt.HMDS757.239.3139.6 PGPE:147.2 PGPE49.426.3 0.025
M5TEOSMTASX451.2 wt. %i 854.084.2 ,l63.7 PGPE~276.3 PGPE=78.42r..4 0.025
M5TEOSMTAS ~~ X4!~1.2 wt._ 957.239.3_ __ 139.6 PGPE=:259.6 PGPE49.426.3
0.025 M5TEOSMTASX451.2 wt.1069.971.7_ 139.7 PGPE445.6 PGPEB5.726.3 0.025
M5TEOSMTASX451.2 wt.1154.084.2139.5 PGPE:276.3 PGPE81.626.2 0.025
M5TEOSMTASX451.2 wt.1269.871.7139.6 PGPE:445.3 PGPE42.426.3 0.025
M5TEOSMTASX451.2 wt.1369.871.6139.5 PGPE:276.4 PGPE42.426.2 0.025
M5TEOSMTASX451.2 wt.1485.859.0139.7 PGPE:445.4 PGPE89.726.3 0.025
M5TEOSMTASX451.2 wt. -36   TABLE III: PROPERTIES   Example Refractive
Index Thickness  (A) Dielectric  Constant Elastic Modulus (GPa)Normalized
Wall Elastic Modulus GPa11.205195952. 7
52.551621.1587120131.982.592331.1828104342.103.212241.1963105252.242.841651
.183975952.022.742261.1958_ 97002.132.491671.1955_
99061.672.565281.234768001.872.703091.198564982.042.9223101.227658872.083.7
027111.232269952.102.811912 _1.229_344342.113.632513_
1.228763622.133.1621141.?25960342.234.3625 EXAMPLE 15: SPIN COATING [0093]
A mixture was prepared containing 317.9.1 of TEOS and 326.3.1 of MTAS. A 5
quantity of G35.7 I~I of a 4:1 volu~z~~e ratio of PGPE: Triton X-45 and
2027.3 p,l of PGMEA was added to the mixture. Next, additional reagents
were added to the mixture in the following order: 39U ul of ~.rrater, 119.6
pl of 0.025 M HN03, and 22.8 ~I of 1.2 wt. TMAH in water. After the
addition of water the mixture was aged at room temperature for 5 minutes.
The subsequent addition of HN03 and TMAH were also followed by 10
individual 5 minutes aging steps. Once all of the reagents have been added,
the entire solution is ageC i:ui 5 n~i~ ~;;tes :a roonj temNeratUia arid
agitated for 2-3 minutes to thoroughly mix the solution. The resulting
clear solution was then aged for 1-24 hours at room temperature prior to
spin coating. [0094] The sol was dispensed onto a low resistivity P type
<100> Si wafer spinning at 15 500 rpm for 7 seconds and then accelerated to
1800 rpm for 35-40 seconds. The film formed during the spin coating process
was then calcined on a hot plate at 90C for 90 -37   seconds, 180C for 90
seconds, and 400C for 180 seconds in an air or nitrogen atmosphere to
remove the porogen. The properties of each film are provided in Table V.
TABLE IV: COMPOSITION OF SPIN COATED FILMS 4:1
VolumeNitricHydrophilicHydrophobicSolvent:SolventWaterAcidTMAHEx.Source
(NI)Source (NI)Surfactant(ul)(NI)(NI)(NI)Ratlo
I___536.72027.7119.622.815EOS 317.9 T326.3 MTASPGPE:X45PGPE3900.025 M1.2
wt%_670.12137.5126.024.016.1 TEOS 5 33344.0 MTASPGPE:X45PGPE203.30.025 M1.2
wt%__ _630.22010.2118.522.6i 77 3 TEOS 38 .266.2 MTASPGPE:X45PGPE4050.025
M1.2 wt%_ __ _ _930.01729.174.933.3i 81 1'EOS 381262.9
MTASPGPE:X45PGPE329.10.025 M1.2 wt%_ __ __ _._413.0717.5309.56.3
2.419173,0'TEOS180.8 MTESPGMEA:L101PGMEA0.1 Mwt%_260.7305.2pentanol:X114;
pentanol;301.3385.3176.47.4 2.4? U IS 'i E G E,0 ' ~185.7
MTESPGMEA:X114PGMEA0.1 Mwt%_ ___ __ _ 



_ __ _412.7694.066.312.621S '17 -E 2 . ~) ' O180.6
MTESPGPE:L101PGPE236.50.025 M1.2 wt%--__ __ __ _ _ _ _
_412.7694.0154.612.62 .?. ~TE OS . 9 i 72180.6 M1'ESPGPE:L101PGPE148.20.2
M1.2 wt%_ _ __ _ _ _ __ __183.9 MTES;570.9815.189.615.1_23
~_149__._5_T_EU_S_29.1 DMDESPGPE:X114PGPE8_0.90.2 M1.2 wt%1 %4.8 MTES;
430.7679.7161.313.224EOS 195 .7 T49.5 HMDSPGPE:L101PGPE154.70.2 M1.2 wt%_ _
_ _ 1.43m13.43m15.76m11.960.55m10.10m1z5~TEOS1.50 ml
MTESPGPE:L101PGPEml_0.025 M1.2 wt%-__ 1.43 ml3.43 ml5.76 ml1.231.28 ml0.10
ml26T EOS1.50 ml MTESPGPE:L101PGPEml0.2 M1.2 wt%_ 1.44 ml3.43 ml5.96 ml2.57
m10.05 m12lTEOS1.50 ml MTESPGMEA:L101PGMEA0.1 M2.4 wt% 5 10 -38   TABLE V:
PROPERTIES ExampleRefractive IndexThickness (d)Dielectric ConstantElastic
Modulus (GPa)Normalized Wall Elastic Modules
GPa151.233144962.153.6923161.219532851.962.6124171.227946572.284.2722_
181.198152922.152.9719191.196946151.962.8326201.182847181.942.4223__ 21_
1.127658202.073.0022221.208850002.083.0922~23_
1.216443832.032.4619241.198462701.912.5826251.200848252.032.3118_ _ _26
_1.210745242.092.2916_ 271.211634102.052.2917 EXAMPLES 16-27: [OU95~ Sample
films were prepared in the same manner as Example 15 except that the 5
types and/or amounts of silane sources, surfactant, solvent, and catalyst
in the mixture v~rerE~ varied. These variations are provided in Table IV.
The properties of each film are provided in Table V. [0096] As Table V
illustrates, under some conditions, materials with high Eo' were obtainEd
at pHs greater than about 4 or using Si sources that generate acetic acid
during 10 hydrolysis and condensation. [009p Comparison of Tables III and V
illustrate that compositions having relatively higher normalized wail
r~nstic modules, produced in an aa~.a~; format using alternaaive
evaporative techniques, such as an orbital movement device, can be
reproduced using conventional spin coating techniques. 15 -39   ARRAY
ELEMENTS 28-131: [0098j Sample films were prepared in the same manner as
Example 1 except that the types and/or amounts of silica sources,
surfactant) solvent, and catalyst in the mixture were varied. These
variations are provided in Table VI. All of the films obtained were 5
transparent. The properties of each film are provided in Table VII. [0099]
As Table VII illustrates, array examples 28 through 34 have a dielectric
contant that ranges from 2.4 to 2.7 and a normalized wall elastic modules
that ranges from 15 to 17. Examples 35 through 47 have a dielectric contant
that ranges from 2.1 to 2.4 and a normalized wall elastic modules that
ranges from 15 to 17 GPa. Examples 48 through 10 56 have a dielectric
contant that ranges from 1.9 to 2.1 and a normalized wall elastic modules
that ranges from 15 to 17 GPa. Examples 57 through 67 have a dielectric
contant that ranges from 1.7 to about 1.9 and a n ~~rmalized wall elastic
modules that ranges from 15 to about 17 GPa. Examples 68 and 69 have a
dielectric contant below about 1.7 and a normalized wall elastic modules
that ranges from 15 to 17 GPa. 15 [Q0100] Examples 70 and 71 have a
dielectric contant that ranges from 2.4 to 2.7 and a normalized wall
elastic modules that ranges from 17 to 20 GPa. Examples 72 through 78 have
a dielectric contant that ranges from 2.1 to 2.4 and a normalized wall
elastic niodulus that ranges from 17 to 20 GPa. Examples 79 through 85 have
a dielectric contant that ranges from 1.9 to 2.1 and a normalized wall
elastic modules that ranges 20 from 'I'' ,~ 20 GPa. Examples 86 through q0
have a dielectric con`ant that rang~.~s from 1.7 to 1.9 and a normalized
wall elastic modules that ranges from 17 to 20 GPa. Examples 91 through 93
have a dielectric contant below about 1.7 and a normalized wall elastic
modules that ranges from 17 to 20 GPa. [00101] Examples 94 through 97 have
a dielectric contant that ranges from 2.1 to 2.4 25 and a normalized wall
elastic modules that is greater than 20 GPa. Examples 98 through 103 have a
dielectric contant that ranges from 1.9 to 2.1 and a normalized wall - 40
elastic modulus that is greater than 20 GPa. Examples 104. through 107 have
a dielectric contant that ranges from 1.7 to 1.9 and a normalized wall
elastic modulus that is greater than 20 GPa. Examples 108 through 111 have
a dielectric contant below about 1.7 and a normalized wall elastic modulus
that is greater than 20 GPa. 5 [00102] Examples 112 through 115 have a
dielectric contant that ranges from 1.8 to 1.95 and a normalized wall
elastic modulus that is greater than 26 G Pa. Examples 116 through 121 have
a dielectric contant below about 1.8 and a normalized wall elastic modulus
that is greater than 20 GPa. [00103] Examples 122 through 131 have a
dielectric contant below about 2.0 and a 10 normalized vdall elastic
modulus that ranges from 10 to 15 Gpa. -41    z LIJ W J w Q a 0 z 0 O d. U
7 w J m a LL r S ~~. N~~MCUOC00NO Cf~~ONLL ~CO CMnr-InnO dr ~l (N ~ a- O,aC
N C'O~ ~ ~Q-C f`~ 



~OOOO.,TiCO~~ OOOvOOO`r l17(O c'9O rGO GON MOD 00O OntL7 rChInO 11 .. 00 O
O OD 0 0 In tn In~NTa0 W;00 t17C9 ~ ~O Mc0 c0n lC7O In07 ~O fCn d;r
l~OCOOOCOOOCOOCN N~ nn nO CO ~c0 NO MCh 00n rc0 OO N0Ll_ "~.
dOVODNONc0Inn07~ ~- ON 47O OOD 0c0 ~M ~M OC~ tnN Q)~ ~N ~O Or
07~UCOOOOOOOOOON p . V Q7O O OO  SO OOO OOO OO  ~O O OOO N fnO~0C 00Q
00$ooo0gco000 000000cr O V 01n N fnn r~ O ~In 117 (no7 O U7r fnIn N (nu7 O
fn07 r (nn N fnao 00 (nn O (Qo~ tn n Wti.~c7 ~=QOcom O~m~ o~om o~o7Q o~~a
o~rm o~ccQ o~o7a o~o~a o~nm ogaow g~.- o~0000odo00000oC~~u- Unn OIn~rInu7
o07naona7O ~ p~C OOOrc pt77~~NO V 7NrtnNMP7NNNc0MNTL - 00 000 0O 00 00 00
o0 c0 00 00 00 00a_ r'CTC ~ 0 ~ n 



N r r_ N~.7 pO lN X LOOOOOOO0O '" O ~ ~ O O O O O O O0 OSO ~O~OOO I-ON
UOOtODNNc000000Q>0Nnc00n nIn cor 0et 1no con corn Inr7 In0 n0 aoIn
nOOTOOOOOOOOOUOOOOCOCOOOOOXX~XX~XX O o ~ 'fi 0 ~ o ~r ~ O oC7r~..~._t
~-JC,,~~/ CC'~CJIvt(n~00~. In N~ tn~N~. ~vr~Tgo0000os0ogCCOGC
90~pCOOOSS~$~g~gocScS$SS~oooo000000000000p c117n00OC9rnt10c0nQ7NE
o~:~oSoNooSSonSoV i:. _ U ~zQO oO 0O 0O 0O 0O 0O 0O 0O 0O 0O 0O
0~000000c00000NNC~f`7CN~CM~~c~SMC'O~t`07 l    LN c0c0 M ~l7cD Ou7 N ~ ' :~
TO N01 fh nc0 n M'~ 00 C O00 1f ~~ ~p 7 ~ CC9 ~N ~ OL ~ VrO et00M tntn c0
OD N O L `~N f0OO~OD(O O O aO_ nM~ 0N 0N 0N ~~V 0 ~tt o~t o('9 c oN o~, C~
0M~t 0moh0In OO ('7CO ODcD rn ~O N Opr NN f'0O f0d ODt0 Mt17It
~InOTOMMNrONOTN ~W fl c0N c0~ t0f`7 ~_ Nr 



~l'107 offet t0Op VO ~N tnn stCOOOOOOCOGOCOCn ~l7t!7 MN a0N d'n nO~ ~ ~W l7
O~ Q)~n ~a0 ODO NIL (.~. ~  ~f0 Tc0 M~ n~~ OO Nc~ O00 C'9c0 CO~ lpct TN OO
O/~ OO01OO0100~O)~0101QfOD01~OOOCOOCOCOCCOO V NM ~~ ~OO$O ~~O~M ~~N fn~ aO
~O$ a$~OOOO~~OOO= ~ o n- o 0 0 0~ o d o 0 o~ of-- 0~ 0NV `' O N LN N fn
chfh O CnO N fn NN n N oc0 fnN OD fn GOn O !n nN ~ (n rnN fn c~c0 GO fn00 N
fntp 00 !nn O (nL ~ a ~LuN LuuJ Oe uJ OuJ OuJ Ot,u ~Q O111 ON Q Oc0 t1J OQ
~o uJO~ CO~ O~ O~ O~ O~ O~ O~ O~ O~ O~ C~OryOO' U C dnC9ON(OC9nN ~NODt0f0 O
O'~ O V ~~ rtp TN Mf~ ChO InN r~ ~7 0 Nc~ f0N f`7O MO D d'r ~. s .-
00000000000000E.= a~~0000000000000O~O'~O OG rt0 npNp OO N N0~ Oc0 ~OD OnD~.
N 



.G C ~01 'n~O 0O O O O O O p O O O O Oc O ~C O O0 O00of"0Y ~o00goo0000 ~
E00a~ON ~''~ `"~~OfC`M~' WM ~~~Nr c o~~oc na o~~~naom4,
0000oro00000000000oddo00000X7GX~XXX ;~ O000'" CO~ ~'-' M N~ Oo ~ O O
OVWJJJJC~M'CJ~..C~'_~~H~t rnxFv.N ~~Hd_'Iv,e '~~~_tO rOOOrO~ r0N~~07 TC~~
TOOOOr O~ 0~ 0 0 O 0T 0,'~ 0~ 0.O 0 0. 0 0OOO' OOOOv~ccoo>o000ono~$ $o $$
$$ $$ $s $s $$ $~$so0$$$$$0oco000000000CMt0O^00N~COOTOnOo Y ~
E$$To0oSro00$, _ 0 00 00 00 00 00 00 00 00 00 00 00 00 0g,..0000000000000X
LIJO et' ~N ~f9 ~`~ stIn ~fD ~tn ~00 d'M stO ~r ~N u7    CJ c9 0 c0 O N r O
o c0 ~ n  n tDi OI~ C7M'~~'~' ~~ n M ('M d '~~;;OOOOOOOOOOOOOOO`
:~~.M-~~GOO~OMD~O~O 



~O ~r_NCOI1OD n ~O N ~DOD r ~CO t0 ~N r u7r ~ ~a0 cD ~CO cG ~v- 00 d;n ~D
~i' OD u7 ~ ~N n n W C! n ~OOOOOOOOOOCOOOO_ Cn ~c0 nO nM M00 MO M~ vN caNO
wnc0 cct0 1n00a0 nc0 v LL ~ d N ~ 1n O N 01 ~ 01 ~ f0 N O ~ O N_ NH OO 70
1~~00~O 7~07GOO~~C7, OOOOCOOOOOOOOOGN O V N1n N (n WO OO OOOO  $O  $O O~O r
~ WO OO OO OO OO OO O TL~ O O O O O O OO OM O~OO OOOOOO O= a f- o'''aoO
co00000 ~~-0O 0O 0O 0O 00~~-N cN~~r v) c~wm mwN nt ~uo a~oQM Oych Nt,~u ~wo
c~u~.tr t~u ~~n ~Qn ~nwao t~ ~~- a~u~.~cc c~cav~o~o~, 



o~o~~~ 0 ~~ 0 M~ 0 ~ 0 M~ 0 o~ 0~ M~ 0 ~ 0 N~0oClO0000000000~00' U C On
~r'~ coON mO nM TM ac~ ao~O m co~ nn Oa0 n OtC w~.- TL . OOO 0OOO 0OO c oO
oO cO oO 0O oO cO o000oTTOT~v~~~i~MO0MfMLLlC D NO O~ ~~C7 ~~ ~~c'~~N~N~V~~
7 Md0'OV.1OO~OOOOOOOOOOOQ ~OO~ ~OOOOOOOOOOOd Li0 700MhN0a0Ofnnt0~OMrO (nN
00 nCON OO Ou'1 tnN ON ON MM nO 00cc Ou1 Oco Oao O01 On pao Oco Oc~ On O1n
Oo rao On On OO UOOOCOOOOOOOOOOOM")X><7C)<XX~XXXCrCC 0r ~ JC ~C ~C ~d ~C ~C
~C ~ T rJ OJ n` ~ ~C ~ m.` ~' T.` ~r.C ~ ~O ulC lvo.` t~.C ~rJ mn '-p~'-cn
f0 ~MrrT ~Ntn ~~ rca~0~$~~ 0N~<
OOpl100_01O__pOOOOOOOO$OOO0OCOOOOOpOOO01nT0n000010OTN0n~$$ $s $ss $$ $$ $$
$$ $s $~ ~s $$ $$ $s $$$00000oao0000000p CO~01Mn~OrO7OODnOn~~~~ E
o$$~~o~oo$o~oao$0_ 



V'"-U0 O0 O0 O0 O0 O0 O0 O0 O0 O0 O0 O0r O0 O0 O0 OOOOOOOCOOGOCCOGW 1MC1 ~
nC7 ~ ~ ~ ~ t00 cO fNO <O C~O fMD tO CnO    a  'c~ ~ c c om ~~mn u~ M~r rn
occ ncD Mn~. -n-inl nacoo~v~~~a~rM~~cvM~i~~0000oov, o0, 00000c 0`00 00n ~YW
NT nn NN nn eh~_N ~-tn rM MnO OM_11 O~Q~st'NtC~NNrOfD~COg ~M con ~1n v;a~~
mo ~no on ~1n caM co1n.- mn1n stn m0000000oco0000_ C 00c0 nOM M(0 Nr NN fDO
NnO~ 01Oet N~ MO Ml1 O ~  Hn CO 01cD r~ r 07O Mn M 07N cf 01Q7 MO O O~~ M
01.- M O~O rN r ON N~OO~O~C~C~~~OOOOOOOOOON OU LL~~ ~ jjpO SOC_O V'~~O OO
OO Sn 



NWO Sg p0 O0 O0 S0 O.[00H O gooO 0 0 oo o"ao o 0o, 0~ 0 0o oo do do do o~O
V d 1 ~ ~O !nN fn 'r (nlOD COCO (I)GO (J~M fnO (n 00~ fn (~ [~r (n0 fn ~~
fnCI~1 C~ ~=aor UJ o~~ LJJ o~OD Q o~C9 LLl o~1l7 Q o~0 Q o~T lJJ o~~ o ~~
111 o~N o~(O Q o~Q o~~ Q o~n LIJ o~0000000, 000~0000~V C O OO ON O1p T~r-
0Oc0 O~ n_OnO ~O ~.nO~ Uc D Oa D~l flSrC' ~NCOa D~na.C ~ OOOOOOOOOOOOOOf.=
a~~0000000ococo00O1n~aDTMaDopc0~--C9 OC9 Of9 O~ OM ON OM OC ON OM Or ON l0r
COCO MOOOOGCOOOON O0 Or ON OGOCCN c~iC 3n ~rM lM0 QMN 1001lC.~1 ~O ~C1pO ~n
Nn aN0n a0N aODr C00N 0~fnccoo7 w1n1n1naoc
p1n1naonn000000000o00000~,UOOOCOOOOOOGOCO r X X,  X m X  - X X XO OOO~.o
pO. ~OSr~TJ_Ct ~JCJ~~O..O~~ r~ ,lna.~pip~ ~ 'N ~ StJHJcnarT ~~ -Tno~ r So
~07OM 'M11OO~~NOON 



nOt1O Op00Op0000 p~p ~O OOO ~OOOC d'CO ~Ocorrno~1nao1no~~cnnaorn~~~~ OO O O
OO OO OO OO OO OO O O OO OO OOCCOOOOOOOCOOO' ^ ~ cccr oao nM c1n oo> 01n
0o7 0ao onn on.- -n~ E o ~ ~$ooc ,-o.-000gcu 0. 0_ 0 O0 O0 O0 O0 O0 O0 O0
O0 O0 O$ O0 O0 O0 O00000oco000ocoX wOD coO ccO nr nN nM n~ nIn n(O nn n00
n07 nO ao ao ,   ~.- ;o a.- o ~TnrN.-M ~.-u7To~ a'n c CJc o 0 `~07o ncc
rnM.-.- =mn `~c~r~ ~~ ~'c ~w ~~o o~~~07 0 a ~~~et 0~f ~ ~ d C~NNM~C9
~sto~cu~o~aN a700000oc~coco0 0o> Nv7 N07 NN Ma7 aon nao nN coM nM c7n u7T
no> u7. Il ~.M nM n00 NO ~00 c0O ~tt NCO r00 fDn nr cDN
~'~t~N10ett0~fl~N~~Nd:OOOOOOOOOOOOOCO 00O ODO NN Mc0 Ina0 f0O TN ntn OD~tN
rN ODO OIl ,.0. OOD O00 



O_ N~ C9O On00 r10 NIn M OM TO
O~OO~~~OO07O)Of0101~O~~OOOOOOOCGOOOONOOOOOOOnOOOOO0oooc~o~oUogoo00000000~o$
o 000000000ooHoco00T O V d lL ~ ~T M fn MT M fn MO (n ~n (n ~M OD (n ~N CO
fn n L Jf0 f0 (n v1'7CO 00 fn 00M M fn vn~ CD lA tn fn~ t0 fn -a0 M (n
NVLiJ o~tlJ o~Q o~LIJ o~LU o~L o~LiJ o~I1J o ~Q o~LLJ ~~LLJ o~ UJ o~Q
o~0000000, 000000 Ur Mr MOn ~M ~N NCO nLOM M~pp ~~(p ~CO '~L f7flO fN4 O V
7 Tr O~etCC''~~M~MMrMst~M~- = a~~OOOOOOOOOOOOOf.0000000000000 OiS.H O O ~ N
M ~7 M ~ M ~ M M M 'rap ~ ~C 0 ~ ~ ~~et ~C ~ M 0et( OONU 7OOOOOOO
~OOOOOOCOOCCOO HOGGCGONt0 7 O07 Mtn MM ODO sf07 Nvn 1pv1~ NMN ~O NO rO7
07CO O~ fnO aoO aoO coN ccO aoN n07 nN coO 



coO aor 00n 0on n00000000000000UOOCCOOOCOOCOOXXXXXX~YC7CUOO 'C,rOr COO
COr-O_ 'tOrrO (C~`, ~ ~J ~~J~ ~fn 1-vJ MJ O ~OA~0n~Oo0COl!~G D0 0c DO 1O rO
TS ~OO rO TOO rOO ~OO~ ~O rO TO ~OO rO rOO ~-OO r'COO
~07a7ao1oc~ccro._-07TNn~ogoooooo~oooo0000000000000cNNCOL170010ODNNOTNnC V
.a E off.Cp 0OD 0O 0r  o gO oQ o10 or 0r 0T 0O 00 00 o c~7 o 0o ot-0 o0 00
00 0 00 00 000, 00000000000~CN ODM Op~ 00~ 00c0 00n 00CO 00O 00O Cnr ~N ~M
07st 07 '~    O ~ N N C n~<D~N N O07a  2~ U~N O M nC ~ O ODO N U7O 70 0 T O
L~ ~ a.n d M p N~ , N EM ~~ ~, Oa ~C~ ~ O f0OD TC ~ LYO Mt0 N O~M~Nst~t N ~
M .~ W~~ ~ L ~~ d ~N0000oo~Eo~ ~ Eaoo~d a~C9o~ Eo~, 000 nO C~N ~r ~N f~M
C(OO MN ~O O. Il ,. g 3O D 0~9 mrwnccn al raonnMococco00000- ~w co on ~M 



~M o~o '~o~~o> i~a~ MMc MOrOa o MNOrn Oc Nf.- (OO O~OOO C~O~O~01
OOOOOOOOONOOO COOO~O C ~ ~OOOT G ~OOO 0O 0O 0O 0O 0O 0O 0O F- 0"aO oO 0O
0~O V N L ~ ~~ fn 00N U7~ fn MO fnN fO ~~ fn M000 fnn fn c0M Cn M~ f~N fnL
~ ~=aoUJ o~Q o~LLJ o~Q o~D Q o~Q o~LL o~IL o~LLJ o~Q o~~ Q o~00000000000~V-
' V C O O O~p ON O'fit nW O~ Nd' MOD 0000 ODr M ~ Nw ~ O V 7CD NO MM M ~fD
NM ~r MO NMMO= a~~o000000 00 00 00 0000000000OH O ~ M O n N ~ O) O 00 N (A
0000~(O~~ Q~Or QQMOOO~OO mOOOO mOOCCOGO ~OCCO ~ON O0~0~ NOnO~~N MM~t0
0f"'Ct DfDI Dn~OD~f DmOOf 0OOOOOOOOOOOUOGOOOOOOOOOcXXXXXX><Xvo~Ooo~oooOf0^
~_ Cr_ ~~_ ~C_r_ ~C_ ~C_ ~CJHJHIVIvJH-~-~-(n0000Nn~r00NOrCOp~~~~~oO O O ~
O_ O ~_ O O O r O_ O r O ~ O ~ O ~OO d'OC MO MO rOO rC rO rO
tt~nnccrOCnc~a~o~  go O00og~~oocccocco0000cfDn 8OD gN ~N rr rO1 oOI gN 



~r rnE $o0zQoooo$ 0 00 0o 0 0 o, oco000000oco00000Tr    t aa  ~ ~' a Oa ~,
a s~ ~ ~, s~ G ~~~ O~n O ON Q1N O~ X. a ~ Oi n~O O ~. N N L, r V ~GD `Q'~
C9n N7 ~M7 ~tN00 7. N N +L. a'C. U ~Ch~ G ... d N tC C~CGCOCOOO ~. G7 N tC
C~Oc7~~- Mt0CC ~NO 0rf~Onc' 9~C 9NNtDyf7~c0~t<Ot0OOOCOOOOOOOC  O O ~ O) O7
CO T CO ~ ' et Ol1 ;a O ~ MO OQ7 NN NO~ On M Oc 9 Nu7 f`7n
01HOCo~Q~~~~OM00~OOOOOOOOOCO~~N ~ g ~S~3cn~cnogog~ b ~oocumwo0~z
a~oooo~oaoooo~000000, 00, 00U `' O NO n fn M LUN n In N LUn ~ ~ QOD r fn Q~
r- (n ~ LiJ~ cC fn N WO O fA ~ QV N fn ~ 4O n fn ch LIJo0 O (n ~ QM I- o~n
f-~-I-r' ~'- I-H oH~ F-H-o~o~o~o~oo~o~o~o~o~ ~o~oyo ~N Nn C~ao oco
c`~aoo~~toaor U OaOOOOOOO cO cOco000oo0O~N~0f~n LL C'J ~fh n ~ Mf 0 r ~0 D 



00. - OO~ WOOOOOOOOOO 1-'OCOOOCCON Ut011an0~O~N~tO~NC VOOOOOOOOOO- O ~ .U O
O O O O O O O O O X X, X X, X XOO`' OOOT OOJJ~IvtJ~~JFv-7 (n N CO O 00 r O
~ r CO n C~ ~O O N OD OO O ~O~ ~ ~O O_n OO O_~O ~~O ~OO MOCO ~C ~O rOC MO
'~OC ~8$SSSoogogocococc000000000wow~nu~Nm nc aE O ~~ .~TO~~~j~OS_ T_ Ou.
~oZaoo~~No0000oc, ~oo~occoc0 On Oo0 O01 OOr rN rMW rf> rTrt~rr'1~T    O OO
NN OCO NGO MM O 7n M NWt -N MCD  =Nrtn ~ C ~ ~ ~N~~t~_OCOMNOC~M O N O
7.Mf0NCDOnMt0tpN O0..et N L Y L L ~ O ~ d ~~MM CN OM Ost CM CN OM Cn ~ Gd;
O O... c0 NOO07 N ~~ O00 OM r-GO COO O~O O)n OcD COOvf7 Or MLL
.O.M~D~00_vC7OOc0W~VntD ttcD tCfCO ~~!1 (DM cCN etO (Oc0 cGGO ~
NnnOOOOOOCOOOOOOCOst~OT ncD MMNO>OfnN0 O Ofo N 



r M M On M Orn Oo In r 07 T OOC70001~C~~~OOOOOOOOOOOCOLL ,O d VoO00~00~
fnOOgOO~ ~ ~~ ~aL ~OOOO~ aOOOO~~ I- OO ~ ~000O 000000000"~0~T O O ~~ 0 Qn
Q~ ~ ~~ n f/~T N fn C9 fn M !/) N U7 n fn r f/) N Cn In fl)LIJ st ~... Od '
n ~ O(~ ~.... Or ~  ~ ~M l1J M ~ Od' Ll! O E--. OC9 Ill ~ ~ OIn a N O ~r (L
C9 ~ OO L1J N f... ON LIJ N ~ O~C Lll ~' ON L1J  O~ O~ O~ O O D~ C~ O~ O O~
O~ O~ O~ O~ OO  O Lr M MO) O ~n00 ~ T~ nfD M ~pfp M MCD M ~7M N rn n Oa0 r
NT ~p n N n~~OOOO~OOOOOOO000000000oco0oOa HoM~o00T~Na or~n~~c o~c o~c C Nr
NM Or ON O~OO~O O ~M OM OM Or OOOCOCCOGC I-CGCOCCN Um ~ Oo> M~ao ~Om Mn ~n
NM On MM 00~~M No> 



CO f- ~ a~ o~O cocp oN cc- cpn ct0 mnn coO~ wO ~M nc0 n(l C
0OOOOOOOOOOOOO_,7 .cOOOOCOOOCOOOCc><XXX~><><UpQ~rOO~r~N~l0 't,,. . C IvC
H'v vOD Jr` JT J~ JC H00 J3 VJe- J'C H(nONODMNT~0)nODON00CO O~-r-00
O00n~-O_N On ~O O ,O ~~~ ~O~OO N O$ ~ O~ O T~ O T. T O T. T O T. O d'OOOO.
O rOOOO .-O '-z a~~~~ o~~ ooTNqcq 0qT,-,..oocooooo a~a~ ocn oo coT coo
cao000. 000O CrOOOOO~rCDC~OT~a _ o r T n er $ ~Zao_OO~ ca
w~0701~GfGcCOOOOOOO(On rtD rO~ rO N~- NN NM N~ N~ Nt0 Nn Na0 NTTTTfTTT
~ar2 C3~NOdNM~OOOM OOOp(~OCNO~OOOC ~N~ ~r .M--CO 0~0~ ~ OOOON O  O  ~ ~.ooo
V00 00~ 00O U d L LCO fO~ LULIJLL U 'O O ~ ~ ~ F~_- o N ~ o~ ~ f- o=ao~ c
o0~ 0~U C p~ tn0 f ~0~ '~O O V O~_ N4'7+~L=00 00 00 0OHI1N~<GOOOOOOd UpO H
COC9~lyOOO, UOOOXX.. C O c 



O`CHJH7 cn ~ `  nNT rO O T O_ O TQ TOO t-ZTO OO OO OOOOOO CNOU E. o~ 'c~oo_
_ V Z QO F-OO000NC'00M ;C_ 'p ~ N E E f~0 .U U O O O C C C C O O U V U ~ YU
fd fti CO ~.~.. f` a`~ .w`. .~ O ~ o E E E ,n ca o c~ T- N cn o o o o o o O
O O O O II II II II II r N ('9 d' lL7 O   TABLE Vlf: PROPERTIES  Example
Refractive Index Thickness (A)Elastic Modulus (GPa) Hardness  G Pa
Dielectric ConstantNormalized Wall Elastic Modulus G
Pa281.20537894.24.400.552.5116.9291.18964953.13.970.422.4516.5301.23597322.
33.780.572.4116.4311.22896049.73.850.542.4615.8321.24376879.34.610.632.6215
.7331.228110738.03.650.532.4515.2341.22935137.13.920.402.5115.0351.19384412
.22.910.442.2017.0361.21785173.93.050.422.2416.9371.20277635.62.620.492.151
6.7381.15633258.92.650.232.1716.3391.23346557.33.130.412.2816.2401.15304369
.42.850.272.2216.241_
1.16948437.02.380.272.12_16.1421.19296775.22.400.382.1216.0431.19177714.72.
430.362.1415.8441.20019389.32.670.412.2015.6451.16348022.72.380.322.1415.54
6_ 1.21048368.72.340.372.1315.3471.1 8824139.22.290.322.1315.148_
1.19809413.32.20_ 0.372.0516.9_
491.20706072.62.110.352.03__16.8501.15168763.71.880.321.9716.7511.17368012.
51.780.301, 9516.6521.15043730.12.100.222.0615.853_
1.13823439.02.090.252.0615.7541.14275157.61.780.171.9815.5551.173511143.02.
000.302.0515.1561.17807780.11.630.261.9615.0571.1$367631.31.460.251.8915.55
81.192910583.31.580.321.8916.9591.17497898.41.570.261.8916.9601_._1558
~e7956.5___ __ 1.55_ 0.27 .1.8816.9611.1613 '7147.51.490.251.8716.6_
621.16065052.41.460.211.8616.7631.16446389.51.320.231.8416.0641.15289033.21
.270.261.8315.8651.15056488.21.270.141.8116.4661.13797688.80.950.131.7415.3
671.13806345.20.870.141.7015.7681.13414468.80.820.091.6915.3691.11535136.90
.680.111.6216.8701.24734567.54.960.722.4719.9711.17546747.44.530.312.5117.4
-51     Example Refractive Index Thickness (~4)Elastic Modulus (GPa)
Hardness  (GPa Dielectric ConstantNormalized Wall Elastic Modulus
(GPa)721.22024843.23.600.452.2419.9731.19784376.02.930.382.1319.5741.190566
97.44.000.522.3518.9751.14732954.92.770.222.1318.4761.17459392.52.670.372.1
317.7771.16684531.92.720.332.1517.2781.19263979.92.750.352.1717.0791.171687
31.72.680.362.0619.9801.19445046.32.440.382.0219.6811.186011003.42.510.422.
0519.3821.16029040.52.250.302.0018.B831.161612559.52.420.402.0618.1841.1671
3271.42.120.182.0117.4851.19619667.32.270.382.0617.1861.17378101.1_1.68__0.
301.8619.1871.16736889.21.640.331,8718.4881.172410696.41.510.261.8418.1891.
11075736.01.060.101.7317.7__
901.18005639.71.570.281.8817.0911.14344925.01.070.161.7019.6921.13824777.40
.720.111.6018.8931.11274569.70.680.081.5918.5941.22934433.83.630.502.1124.9
951.21807107.73.530.422.1422.8961.17414192.83.650.292.2121,1971. i
81111205.33.000.482.1220.1981.16573126.13.620.471.9435.0991.20605507.73.590
.462.0925.21001.15682574.92.240.201.9222.31011.19686666.42.460.381.9721.910
21.12833180.32.490.252.0021.01031.166111837.02.280.381.9720.21041.15842311.
43.230.221.9034.01 051.23476800.12.700.501.8730.5_ v _ __ 1 CrE;1.1813
`12b54.2.2.430.45_ 1.85_ _ ~_ 2%. 7 .' ' _ - 1U!1.171410789.41.500.291.79~
20.71081.19294896.72.230.301.5863.61091.19559906.32.560.401.6751,61101.1571
6805.21.790.211.6242,71111.12244064.31.120.091.6424.71121.16573126.13.620.4
71.9435.01131.23476800.13.230.221.9034.01141.181312854.22.430.451.S627.7115
1.20467420.72.540.401.9126.01161.17666334.42.560.401.6751.61171.20767594.51
.790.211.6242.7 -52    Example Refractive Index Thickness (A)Elastic
Modulus (GPa) Hardness  (GPa Dielectric ConstantNormalized Wall Elastic
Modulus
(GPa1181.19294896.72.230.301.5863.61191.08313224.83.270.151.7747.21201.1544
6326.60.700.111.4637.31211.11342519.22.090.101.7433.01221.184911115.61.750.
271.9915.01231.15817550.01.620.241.9714.71241.174613043.41.620.271,
9714.41251.15364939.71.650.212.0013.91261.15037837.01.300.191.9013.51271.16
416839.51.240.221.9012.91281.17277375.01.410.251.9712.71291.152311316.21.00
0.211.8511.91301.14879448.01.270.181.9910.81311.16137764.51.220.212.0010.4
COMPARISON OF NORMALIZED WALL MODULUS FOR DIFFERENT SURFACTANT LEVELS AND
FOR DIFFERENT RATIOS OF HYDROPHILIC TO HYDROPHOBIC Si SOURCES 5 [00104]
Sample films, having four different surfactant levels and 3 different
ratios of Si sources, were prepared in the same manner as Example 1 and the
normalized wall modulus was calculated for each film using the procedures
described herein. Each film was formed from a mixture having TRITONT"'
X-114 as the surfactant, TEOS and MTES as the silica sources, PGPE as the
solvent, and TMAH as the ionic additive. The 10 following ratios were kept
constant: APPROX_PH [ -log[(moles acid - moles base)/(kg water + kg
solvent)]] = 1.89, TMAH/Si = 0.0011, H20/Si ---- 5.87, PG PE/Si = 4.52.
Table VII I provides the values for the various films. -53   TABLE VIII:
CHANGING VOID FRACTION BY VARYING SURFACTANT LEVEL ExampleSurfactant/Si, 



mol ratioMTES/Si, mol ratioKElastic modulus GPaCalculated void fractionEo'
(G
Pa)A0.0490.6362.493.360.4613.16B0.0740.6362.292.460.5312.67C0.0990.6362.121
.740.5811.66D0.1230.6361.941.510.6414.27E0.0490.5452.603.970.4313.71F0.0490
.4552.724.210.3912.83G0.0740.5452.282.420.5312.50H0.0740.4552.443.120.4813.
04I0.0990.5452.172.060.5712.78J0.0990.4552.232.510.5414.10K0.1230.5452.051.
590.6012.10L0.1230.4552.181.980.5612.04Average12.91Std. Dev.0.81 [00105]
The average of the Eo' and a wall K of 4.2 were then used to construct a
modulus vs. K curve by varying void fraction using the calculations
described herein, i.e., 5 Maxwell equation for k; Day et al.'s 2-d circular
hole model for elastic modulus extended to 3-d cylindrical pores with the
modulus measured perpendicular to the pore axes. Figure 2 compares the
theoretical modulus vs. K curve for a wall K of 4.2 and a wall elastic
modulus of 12.9 GPa and the data for the four different surfactant levels
t~nd three different ratios of Si sources. 10 [00106] As Figure 2
illustrates, the experimental points follow the theoretical curve very
closely. The porosity can be varied to select a material that has a more
advantageous dielectric constant and elastic modulus. This may be
attributed to the changing void fraction, i.e., increasing the void
fraction decreases the elastic modulus and the dielectric constant. This
example demonstrates that one can move up and down the curve by -54
changing surfactant level to prepare a material that has the dielectric
constant for a given application. COMPARISON OF NORMALIZED WALL MODULUS FOR
DIFFERENT AMOUNTS OF 5 SOLVENT [00107] The normalized wall elastic modules
was calculated for materials prepared using differing amounts of solvent,
The data for elastic modules and dielectric constant was obtained from
information provided in the article, Ramos et al. "Mechanical and
Electrical Properties of NANOGLASST"' Nanoporous Silica as a Function of
Porosity", 10 June 2001. These data points are as follows: K = 1.95 and
elastic modules = 4.3 GPa; K = 2.05 and elastic modules = 5.5 GPa; rc =
2.24 and elastic modules = 6.1 GPa; rc = 2.38 and elastic modules = 9.1
GPa. The normalized wall elastic modules was calculated using the method
described herein. Figure 3 provides a comparison between the theoretical
modules vs. K curve for a wall K of 4.2 and a wall elastic modules of 41 15
GPa to data points from the literature. [00108] This example demonstrates
that one can move up and down the curve by changing solvent level to
prepare a material that has the dielectric constant for a given
application. 20 COMPARATIVE EXAMPLES [00109j A survey of prior art, spin-on
porous silica-based thin films, in which the values for dielectric constant
and Young's modules are known, was conducted and the normalized wall
elastic modules was calculated. The results of this survey are provided in
Table IX. Table IX also provides the activation time, activation
temperatures, and 25 metal impurity level for each film, if provided within
the reference. FIG. 4 provides a comparison between the dielectric films of
the present invention using array examples 28 -55   through 131 and the
dielectric films of the prior art using theoretical curves based on Eo' of
15, 20, and 72 GPa and the values provided in Table IX. [00110] As Table IX
and FIG. 4 illustrate, none of the prior art films have a K less than about
1.95 and an Eo' greater than about 26 GPa. For films with dielectric
constants 5 below about 2.5 but greater than 2, Eo' averages about 15 GPa
for the Comp. Ex. 2 films, and less than 9 GPa for the Comp. Ex. 1 films.
The Comp. Ex. 7 films have dielectric constants greater than about 2 and
Eo' as high as 33.6 GPa. The Comp. Ex. 6 films have dielectric constants
greater than about 1.95 and Eo' as high as 41.9 GPa. Comp. Ex. 5 films have
dielectric constants greater than about 2 and Eo' as high as 29 GPa. 10
Attempts to calculate Eo' for the Comp. Ex. 3 films were inconclusive
because the elastic modulus was measured on the film prior to a
post-treatment intended to reduce the hydroxyl content, but the dielectric
constant was measured on the film after posttreatment. Only the Comp. Ex. 2
films were reported to have metal contents less than about 500 ppm. 15
[00111] For films with dielectric constants below 1.95, the Comp. Ex. 6
films had an Eo' of 4.2 GPa, the Comp. Ex. 8 films have Eo' as high as 25.8
GPa, and the attempts to calculate Eo' for the Comp. Ex.3 films were
inconclusive as discussed above. None of these films were reported to have
metal contents less than about 500 ppm. Therefore, it could not be
anticipated that the dielectric and mechanical properties of the prior art
20 materials reported herein would be maintained wf yen the reagents are
purified. Moreover, none of these films also had cure temperatures of less
than 450C and cure times less than 30 minutes. -56   J_ D w U a m a U J_ Y
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CLAIMS1.A low dielectric material, the material having:a dielectric
constant of about 3.7 or less;a normalized wall elastic modulus (EO'),
derived in part from the dielectric5 constant of the material, of about 15
GPa or greater; anda metal impurity level of about 500 ppm or less.2.The
material of claim 1 wherein the dielectric constant is about 2.7 or
less.3.The material of claim 2 wherein the dielectric constant is about 2.4
or less.4.The material of claim 3 wherein the dielectric constant is about
2.1 or less.10 5.The material of claim 4 wherein the dielectric constant is
about 1.9 or less.6.The material of claim 5 wherein the dielectric constant
is about 1.7 or less.7.The material of claim 1 wherein the normalized wall
elastic modulus is about17 GPa or greater.8.The material of claim 7 wherein
the normalized wall elastic modulus is about1520 GPa or greater.9.The
material of claim 1 wherein tree material comprises at least one
silica.10.The material of claim 9 wherein the diffraction pattern of the
material does notexhibit diffraction peaks at a d-spacing greater than 10
Angstroms.11.The material of claim 9 wherein the material comprises a
plurality of Si-C20 ~Bonds.12.The material of claim 11 wherein the ratio of
the total number of Si-C bonds tothe total number of Si atoms ranges from
between about 20 to about 80 molepercent.13.The material of claim 12
wherein the ratio of the total number of Si-C bonds to25the total number of
Si atoms ranges from between about 40 to about 60 molepercent. -63   14.The
material of claim 1 wherein the material is porous.15.The material of claim
14 wherein the material is mesoporous.16.The material of claim 14 wherein
the material has a porosity of about 10 toabout 90%.5 17.The material of
claim 14 wherein the material has a porosity of about 40 toabout 85%.18.The
material of claim 1 wherein the metal impurity level is about 100 ppb
orless.19.The material of claim 18 wherein the metal impurity level is
about 10 ppb or10less.20.A low dielectric film comprising the material of
claim 1.21.The film of claim 20 wherein the thickness ranges from between
about 0.05 toabout 2.0 arm.22.A low dielectric; material having a
dielectric constant of less than about 1.9515and a normalized ~nrall
elastic modulus (Eo'), derived in part from the dielectricconstant of the
material, of greater than about 26 GPa.23.The material of claim 22 wherein
the dielectric constant is about 1.9 or less.24.The material of claim 23
wherein the dielectric constant is about 1.7 or less.25.The material of
claim 22 wherein the material is porous.%Cr 26.The material of claim 25
wherein the material is mesopow.,s.27.The material of claim 25 wherein the
material has a porosity of about 40 toabout 85%.28.The material of claim 22
wherein the material comprises at least one silica.29.The material of claim
28 wherein the diffraction pattern of the material does25not exhibit
diffraction peaks at a d-spacing greater than 10 Angstroms. -64   5 30.The
material of claim 28 wherein the diffraction pattern of the material
doesexhibit diffraction peaks.31.The material of claim 28 wherein the
material comprises a plurality of Si-Cbonds.5 32.The material of claim 31
wherein the ratio of the total number of the Si-Cbonds to the total number
of Si atoms ranges from between about 20 to about80 mole percent.33.The
material of claim 32 wherein the ratio of the total number of the Si-Cbonds
to the total number of Si atoms ranges from between about 40 to about1060
mole percent.34.The material of claim 22 wherein the material has a metal
impurity level ofabout 5U0 ppm or less.35.'i h~~ material of claim 34
wherein the metal impurity level is about 100 ppb orI~as.15 36.Tt~e rnateri
al of claim 35 wherein the metal impurity level is about 10 ppb
orless.37.~~ low dielectric film comprising the material of claim
22.38.1'he film of claim 37 wherein the thickness ranges from between about
0.05 toabout 2.0 Nm.20 39.A I~w :fie~ectr!c material, the material having:a
dielectric constant of about 2.0 or less;a normalized wall elastic modulus
(EO'), derived in part from the dielectricconstant of the material, that
ranges between about 5 GPa and about 15 GPa; anda metal impurity level of
about 500 ppm or less.25 40.The material of claim 39 wherein the normalized
wall elastic modulus rangesfrom between about 10 GPa to about 15 GPa. -65
41.The material of claim 39 wherein the dielectric constant is about 1.9 or
less.42.The material of claim 41 wherein the dielectric constant is about
1.7 or less.43.The material of claim 39 wherein the material is
porous.44.The material of claim 43 wherein the material is mesoporous.5
45.The material of claim 43 wherein the material has a porosity of about 40
toabout 85%.46.The material of claim 39 wherein the material comprises at
least one silica.47.The material of claim 46 wherein the diffraction
pattern of the material doesnot exhibit diffraction peaks at a d-spacing
greater than 10 Angstroms.10 48.The material of claim 46 wherein the
diffraction pattern of the material doesexhibit diffraction peaks.49.The
material of claim 46 wherein the material comprises a plurality of
Si-Cbonds.5r~,-rhe material of claim 49 wherein the ratio of the total
number of the Si-C1;:bonds to the total number of Si atoms ranges from
between about 20 to about80 mole percent.51.The material of claim 50
wherein the ratio of the total number of the Si-Cbonds to the total number
of Si atoms ranges from between about 40 to about60 mole percent.20 5?.The
materi3! of Maim 39 ~~r;,Prein the metal impurity level is ahrn ~t 100 r~pb
orless.53.The material of claim 52 wherein the metal impurity level is
about 10 ppb orless.54.A low dielectric film comprising the material of
claim 39.25 55.The film of claim 54 wherein the thickness ranges from
between about 0.05 toabout 2.0 pm. -66   56. A process for forming a low
dielectric film having a dielectric constant of about 3.7 or less and a
normalized wall elastic modulus (Eo'), derived in part from the dielectric
constant of the material, of about 15 G Pa or greater, the process
comprising: 5 providing a mixture comprising a product from the hydrolysis
and condensation of at least one silica source and at least one porogen
wherein the mixture has a metal impurity content of about 500 ppm or less;
dispensing the mixture onto a substrate to form a coated substrate; and
curing the coated substrate to one or more temperatures and for a time 1 c)
sufficient to form the dielectric film. 57. The process of claim 56 wherein
the porogen is selected from the group consisting of labile organic groups,
solvents, thermally decomposable polymers, surfactants, dendrimers, hyper
branched polymers, polyoxyalkylene compounds, small molecules, ~r
combinations thereof. .5 58. The process of claim 57 wherein the porogen is
selected from the group of polyoxyalkylene compounds consisting of
polyoxyalkylene non-ionic surfactants, polyoxyalkylene polymers,
polyoxyalkylene copolymers, polyoxyalkylene oligomers or combinations
thereof. 59. The process of claim 56 wherein the at least one silica source
is selected from the group of compounds represented b~; 'he following
formulas: RaSi(OR')4_a, wherein R represents a hydrogen atom, a fluorine
atom, or a monovalent organic group; R' represents a monovalent organic
group; and a is an integer of 1 or 2; ii. Si(OR2)4, where R2 represents a
monovalent organic 25 group; _67_   iii. R3b(R4O)s-bsl-(R')d-SI(OR5)3-cRsc,
wherein R3 to R6 may be the same or different and each represents a
monovalent organic group; b and c may be the same or different and each is
a number of 0 to 2; R' represents an oxygen atom, a phenylene group, or a 5
group represented by -(CH2)~-, wherein n is an integer of 1 to 6; and d is
0 or 1; or combinations thereof. 60. The process of claim 56 wherein the
mixture further comprises a catalyst. 61. The process of claim 56 wherein
the mixture further comprises a surfactant. 62. The process of claim 56
wherein the mixture further comprises a solvent. 10 63. The process of
claim 56 wherein the curing step is conducted at a temperature no greater
than 450C. 64. The process of claim 63 wherein the curing step is conducted
at a temperature no greater than 400C. 65. The process of claim 56 wherein
the curing step is conducted for a time no t 5 greater than about 30
minutes. 66. The process of claim 65 wherein the curing step is conducted
for a time of no greater than 15 minutes. 67. The process of claim 66
wherein the curing step is conducted for a time of no greater than 6
minutes. 20 f8 The process of claim 56 wherein the disnPnsing step involves
non-c:or~tact induced spreading forces. 69. The process of claim 68 wherein
the dispensing step involves spin coating. 70. The process of claim 56
wherein the dispensing step involves one or more processes selected from
the group consisting of oscillating non-contact 25 induced spreading
forces, gravity-induced spreading forces, wetting-induced spreading forces,
or combinations thereof. -68   71. The process of claim 56 wherein the
mixture has a metal impurity content of about 100 ppb or less. 72. The
process of claim 71 wherein the mixture has a metal impurity content of
about 10 ppb or less. 5 73. The process of claim 56 wherein the mixture
further comprises an ionic additive. 74. The film formed by the process of
claim 56. 75. The film of claim 74 wherein the film has a metal impurity
content of about 500 ppm or less. 10 76. A process for forming a film with
a low dielectric constant, the process comprising: providing a first film
made from a mixture comprising at least one porogen and a product from the
hydrolysis and condensation of at least one silica source; measuring the
elastic modulus value and the dielectric constant value of 15 the first
film; calculating a void fraction value of the first film from the
dielectric constant; determining the normalized wall elastic modulus of the
first film from the elastic modulus and void fraction values; and 20
adjusting the void fraction for a second film to increase or decrease the
elastic modulus of the second film wherein the increased or decreased
elastic modulus results is accompanied by an increase or a decrease in the
dielectric constant of the second film, the second film having
substantially the same normalized elastic modulus as the first film. 25 77.
The process of claim 76 wherein the mixture further comprises a surfactant.
-69   78. The process of claim 77 wherein the adjusting comprises varying
the amount of the surfactant in the mixture. 79. The process of claim 76
wherein the mixture further comprises a solvent. 80. The process of claim
79 wherein the adjusting comprises varying the amount 5 of the solvent in
the mixture. 81. A low dielectric material, the material comprising: at
least one silica having a plurality of Si-C bonds wherein the total number
of the Si-C bonds to the total number of Si atoms ranges from about 20 to
about 80 mole percent; 10 an elastic modulus that ranges from about 0.5 to
about 6.5 GPa; a dielectric constant of about 2.5 and below; and a metal
impurity level of about 500 ppm or less. 82. A low dielectric material, the
material comprising: at least one silica having a plurality of Si-C bonds
wherein the total 15 number of the Si-C bonds to the total number of Si
atoms ranges from about 20 to about 80 mole percent; an elastic modulus
that ranges from about 1.3 to about 6.5 GPa; and a dielectric constant of
about 1.95 and below. 83. The material of claim 82 wherein the material has
a metal impurity content of 20 about 5(?0 ppm or less, 8~. A process for
forming a low dielectric film having a dielectric constant of about 3.7 or
less and a normalized wall elastic modulus (Eo'), derived in part from the
dielectric constant of the material, of about 15 GPa or greater, the
process comprising: 25 providing a mixture comprising a product from the
hydrolysis and condensation of at least one silica source and at least one
porogen; -70   dispensing the mixture onto a substrate to form a coated
substrate; and curing the coated substrate to one or more temperatures no
greater than 450C and for a time sufficient to form the dielectric film.
85. A process for forming a low dielectric film having a dielectric
constant of about 5 2.0 or less and a normalized wall elastic modulus
(Eo'), derived in part from the dielectric constant of the material, that
ranges between about 5 GPa and about 15 GPa, the process comprising:
providing a mixture comprising a product from the hydrolysis and
condensation of at least one silica source and at least one porogen; 10
dispensing the mixture onto a substrate to form a coated substrate; and
curing the coated substrate to one or more temperatures and for a time
sufficient to form the dielectric film. 15 _71 _ 
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