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(57) ABSTRACT

A photovoltaic cell module, a photovoltaic array including at
least two modules, and a method of forming the module are
provided. The module includes a first outermost layer and a
photovoltaic cell disposed on the first outermost layer. The
module also includes a second outermost layer disposed on
the photovoltaic cell and sandwiching the photovoltaic cell
between the second outermost layer and the first outermost
layer. The method of forming the module includes the steps of
disposing the photovoltaic cell on the first outermost layer,
disposing a silicone composition on the photovoltaic cell, and
compressing the first outermost layer, the photovoltaic cell,
and the second layer to form the photovoltaic cell module.
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PHOTOVOLTAIC CELL MODULE AND
METHOD OF FORMING

FIELD OF THE INVENTION

[0001] The present invention generally relates to a photo-
voltaic cell module and a photovoltaic array. More specifi-
cally, the present invention relates to a photovoltaic cell mod-
ule including a first outermost layer, a photovoltaic cell, and a
second outermost layer that has particular properties and that
is disposed on the photovoltaic cell sandwiching the photo-
voltaic cell between the second outermost layer and the first
outermost layer. The present invention also relates to a
method of forming a photovoltaic cell module.

DESCRIPTION OF THE RELATED ART

[0002] Solar or photovoltaic cells are semiconductor
devices used to convert light into electricity. There are two
general types of photovoltaic cells, wafers and thin films.
Wafers are thin sheets of semiconductor material that are
typically formed from mechanically sawing the wafer from a
single crystal or multicrystal ingot. Alternatively, wafers can
be formed from casting. Thin film photovoltaic cells usually
include continuous layers of semi-conducting materials
deposited on a substrate using sputtering or chemical vapor
deposition processing techniques.

[0003] Typically, the photovoltaic cells are included in pho-
tovoltaic cell modules (modules) that also include tie layers,
substrates, superstrates, and/or additional materials that pro-
vide strength and stability. Some modules include glass sub-
strates bonded to glass superstrates using thick tie layers.
These types of modules are usually made using processes that
are slow and inefficient due to a need to control the dispersion
of'the tie layers and to minimize leakage of'the tie layers from
the substrates and superstrates to reduce waste. Other types of
modules are formed using copious amounts of tie layers that
are pushed out from between the substrate and the superstrate
and are discarded. In both types of modules, it is difficult to
control a thickness of the tie layers because the tie layers can
flow across the substrates and superstrates in inconsistent
patterns. Additionally, methods of forming both types of
modules results in increased expense, increased processing
times, and increased processing complexity. These all result
in increased cost for the end purchaser. Accordingly, there
remains an opportunity to develop an improved photovoltaic
cell module, a photovoltaic array of modules, and a method of
forming the modules.

SUMMARY OF THE INVENTION AND
ADVANTAGES

[0004] The instant invention provides a photovoltaic cell
module and a method of forming the module. The photovol-
taic cell module includes a first outermost layer having a light
transmittance of at least 70 percent as determined by UV/Vis
spectrophotometry using ASTM E424-71. A photovoltaic
cell is disposed on the first outermost layer. The module also
includes a second outermost layer opposite the first outermost
layer. The second outermost layer includes a silicone compo-
sition. The second outermost layer is disposed on the photo-
voltaic cell and sandwiches the photovoltaic cell between the
second outermost layer and the first outermost layer.

[0005] A photovoltaic cell module is formed by a method of
this invention. In one embodiment, the method includes the
steps of disposing the photovoltaic cell on the first outermost

Aug. 25,2011

layer, disposing a silicone composition on the photovoltaic
cell, at least partially coating a plurality of fibers with the
silicone composition to form a second layer, and compressing
the first outermost layer, the photovoltaic cell, and the second
layer to form the module. Relative to this embodiment, the
plurality of fibers extends laterally across the second layer to
a periphery of the module on both ends of the module. As
such, the plurality of fibers is able to resist leakage of the
silicone composition from the module during the step of
compressing.

[0006] The second (outermost) layer allows the photovol-
taic cell to be secured within the module while simulta-
neously minimizing an amount of the silicone composition
that must be used. If utilized, the plurality of fibers of the
second (outermost) layer controls dispersion of the silicone
composition and a resulting thickness of the module and also
minimizes loss or leakage of the silicone composition outside
of the module such as during the step of compressing. The
plurality of fibers, in conjunction with the silicone composi-
tion, also provides structural strength to the module,
decreases flammability of the module, and increases adhesion
strength between the photovoltaic cell and the first outermost
layer. The plurality of fibers and the silicone composition also
allow the module to be rigid, semi-rigid, or flexible while
maintaining electrical efficiency and structural integrity. Still
further, the plurality of fibers allows for cost effective and
repeatable production of the module because of controlled
diffusion of the silicone composition, minimization of the
amount of silicone composition used, minimized waste, and
increased consistency of thickness and size of the module.
The plurality of fibers and the silicone composition also allow
for formation of a module without a supporting layer thereby
reducing costs, production complexities, and time needed to
form the module.

BRIEF DESCRIPTION OF THE SEVERAL
VIEWS OF THE DRAWINGS

[0007] Other advantages of the present invention will be
readily appreciated, as the same becomes better understood
by reference to the following detailed description when con-
sidered in connection with the accompanying drawings
wherein:

[0008] FIG. 1 is a side cross-sectional view of a first pho-
tovoltaic cell module including a first outermost layer, a pho-
tovoltaic cell disposed on the first outermost layer, and a
second outermost layer disposed on the photovoltaic cell;
[0009] FIG. 2 is a side cross-sectional view of a second
photovoltaic cell module formed from the method of this
invention and including a first outermost layer, a photovoltaic
cell disposed on the first outermost layer, a second layer
disposed on the photovoltaic cell, and a supporting layer
disposed on the second layer as a second outermost layer;
[0010] FIG. 3 is a side cross-sectional view of a third pho-
tovoltaic cell module including a first outermost layer, a tie
layer disposed on, and in direct contact with, the first outer-
most layer, a photovoltaic cell disposed on, and spaced apart
from, the first outermost layer, and a second outermost layer
disposed on the photovoltaic cell;

[0011] FIG. 4 is a side cross-sectional view of a fourth
photovoltaic cell module formed from the method of this
invention including a first outermost layer, a tie layer disposed
on, and in direct contact with, the first outermost layer, a
photovoltaic cell disposed on, and spaced apart from, the first
outermost layer, a second layer disposed on the photovoltaic
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cell, and a supporting layer disposed on, and in direct contact
with, the second layer as a second outermost layer;

[0012] FIG. 5 is a side cross-sectional view of a second
(outermost) layer including a plurality of fibers that are at
least partially coated with the silicone composition of this
invention;

[0013] FIG. 6A is a side cross-sectional view of a series of
photovoltaic cell modules of FIG. 1 that are electrically con-
nected and arranged as a photovoltaic array;

[0014] FIG. 6B is a magnified side cross-sectional view of
the series of photovoltaic cell modules of FIG. 1 that are
electrically connected and arranged as a photovoltaic array;
[0015] FIG. 7 is a bottom cross-sectional view of the pho-
tovoltaic cell module of FIG. 1 wherein the plurality of fibers
extends laterally (L) across the second layer to a periphery of
the photovoltaic cell module on both ends of the module to
resist leakage of the silicone composition from the photovol-
taic cell module;

[0016] FIG. 8 is a side cross-sectional view of a photovol-
taic cell module including a first outermost layer, a photovol-
taic cell disposed on the first outermost layer, and a second
outermost layer disposed on the photovoltaic cell wherein the
second outermost layer is free of a plurality of fibers and is
formed from a hydrosilylation-curable silicone composition;
[0017] FIG. 9 is a side cross-sectional view of a photovol-
taic cell module formed from the method of this inventionand
including a first outermost layer, a photovoltaic cell disposed
on the first outermost layer, a second layer disposed on the
photovoltaic cell, and a supporting layer disposed on the
second layer as a second outermost layer wherein the second
layer is free of a plurality of fibers and is formed from a
hydrosilylation-curable silicone composition;

[0018] FIG.10is a side cross-sectional view of a photovol-
taic cell module including a first outermost layer, a tie layer
disposed on, and in direct contact with, the first outermost
layer, a photovoltaic cell disposed on, and spaced apart from,
the first outermost layer, and a second outermost layer dis-
posed on the photovoltaic cell wherein the second outermost
layer is free of a plurality of fibers and is formed from a
hydrosilylation-curable silicone composition; and

[0019] FIG. 11 is a side cross-sectional view of a photovol-
taic cell module formed from the method of this invention
including a first outermost layer, a tie layer disposed on, and
in direct contact with, the first outermost layer, a photovoltaic
cell disposed on, and spaced apart from, the first outermost
layer, a second layer disposed on the photovoltaic cell, and a
supporting layer disposed on, and in direct contact with, the
second layer as a second outermost layer wherein the second
layer is free of a plurality of fibers and is formed from a
hydrosilylation-curable silicone composition.

DETAILED DESCRIPTION OF THE INVENTION

[0020] The present invention provides a photovoltaic cell
module 20 (hereinafter referred to as “module™) generally
shown in FIGS. 1-4, 6 A/B, and 7-11 and a method of forming
the module 20. As is known in the art, modules 20 convert
light energy into electrical energy due to a photovoltaic effect.
More specifically, modules 20 perform two primary func-
tions. A first function is photogeneration of charge carriers
such as electrons and holes in light absorbing materials. The
second function is direction of the charge carriers to a con-
ductive contact to transmit electricity.

[0021] The module 20 of the instant invention can be used
in any industry including, but not limited to, automobiles,
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small electronics, remote area power systems, satellites,
space probes, radiotelephones, water pumps, grid-tied elec-
trical systems, batteries, battery chargers, photoelectro-
chemical applications, polymer solar cell applications,
nanocrystal solar cell applications, and dye-sensitized solar
cell applications. In one embodiment, a series of modules 20
are electrically connected and form a photovoltaic array 32, as
set forth in FIG. 6 A. Photovoltaic arrays 32 are typically used
on rooftops, in rural areas connected to battery backups, and
in DC pumps, signal buoys, and the like. The photovoltaic
array 32 of the instant invention may be planar or non-planar
and typically functions as a single electricity producing unit
wherein the modules 20 are interconnected in such a way as to
generate voltage.

[0022] The module 20 includes a first outermost layer 22
that has a light transmittance of at least 70 percent as deter-
mined using UV/Vis spectrophotometry using ASTM E424-
71. In one embodiment, the first outermost layer 22 has a light
transmittance of at least 80 percent. In an alternative embodi-
ment, the first outermost layer 22 has a light transmittance of
at least 90 percent. In still another embodiment, the first
outermost layer 22 has a light transmittance of approximately
100 percent.

[0023] Typically, the first outermost layer 22 provides pro-
tection to a front surface 34 of the module 20, as shown in
FIGS. 1-4, 6 A, and 8-11. Similarly, the first outermost layer
22 may provide protection to a back surface of the module 20.
The first outermost layer 22 may be soft and flexible or may
be rigid and stiff. Alternatively, the first outermost layer 22
may include rigid and stiff segments while simultaneously
including soft and flexible segments. In one embodiment, the
first outermost layer 22 includes glass. In another embodi-
ment, the first outermost layer 22 includes an organic poly-
mer. The organic polymer may be selected from the group of,
but is not limited to, polyimides, ethylene-vinyl acetate
copolymers, and/or organic fluoropolymers including, but
not limited to, ethylene tetrafluoroethylene (ETFE), polyeth-
ylene terephthalate (PET) alone or at least partially coated
with silicon and oxygen based materials (SiO, ), and combi-
nations thereof. The first outermost layer 22 may alternatively
include silicone, may consist essentially of silicone and not
include organic monomers or polymers, or may consist of
silicone. Of course it is to be understood that the first outer-
most layer 22 is not limited to the aforementioned compounds
and may include any compound or composition known in the
art so long as the first outermost layer 22 has a light transmit-
tance of at least 70 percent using ASTM E424-71.

[0024] The first outermost layer 22 may be load bearing or
non load bearing and may be included in any portion of the
module 20. The first outermost layer 22 may be a “top layer,”
also known as a superstrate, or a “bottom layer”, also known
as a substrate, of the module 20. Bottom layers are typically
positioned behind photovoltaic cells 24 and serve as mechani-
cal support. Relative to the method of this invention, the
module 20 may include a first outermost layer 22 as a top
layer and an additional layer that also has a light transmittance
of at least 70 percent using ASTM E424-71 as a bottom layer
of'the module 20 as a superstrate. The additional layer may be
the same as or different from the first outermost layer 22.
Typically, the first outermost layer 22 is positioned on a top of
the module 20 and in front of a light source. Both the first
outermost layer 22 and the additional layer may be used to
protect the module 20 from environmental conditions such as
rain, show, and heat. In one embodiment, the first outermost
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layer 22 has a length and width of 125 mm each. In another
embodiment, the first outermost layer 22 has a length and
width of 156 mm each. Of course it is to be understood that the
first outermost layer 22, and the instant invention, are not
limited to these dimensions.

[0025] In addition to the first outermost layer 22, the mod-
ule 20 also includes a photovoltaic cell 24. The photovoltaic
cell 24 is disposed on the first outermost layer 22. In one
embodiment, the photovoltaic cell 24 is disposed directly on
the first outermost layer 22, i.e., in direct contact with the first
outermost layer 22, as shown in FIGS. 1, 2, 6A/B, 8 and 9. In
another embodiment, the photovoltaic cell 24 is spaced apart
from the first outermost layer 22 as shown in FIGS. 3 and 4
and 10 and 11. The photovoltaic cell 24 may be disposed on,
and in direct contact with (i.e., directly applied to), the first
outermost layer 22 via chemical vapor deposition and/or
physical sputtering. Alternatively, the photovoltaic cell 24
may be formed apart from the first outermost layer 22 and/or
the module 20 and later disposed on the first outermost layer
22. In one embodiment, the photovoltaic cell 24 is be sand-
wiched between the second (outermost) layer 26 and a tie
layer 30, as described in greater detail below and as shown in
FIG. 3 and FIG. 10. It is to be appreciated that the terminology
“second (outermost)” may apply to both the second outer-
most layer and the second layer.

[0026] The photovoltaic cell 24 typically has a thickness of
from 50 to 250, more typically of from 100 to 225, and most
typically of from 175 to 225, micrometers. In one embodi-
ment, the photovoltaic cell 24 has a length and width of 125
mm each. In another embodiment, the photovoltaic cell 24
has a length and width of 156 mm each. Of course it is to be
understood that the photovoltaic cell 24, and the instant
invention, are not limited to these dimensions.

[0027] The photovoltaic cell 24 may include large-area,
single-crystal, single layer p-n junction diodes. These photo-
voltaic cells 24 are typically made using a diffusion process
with silicon wafers. Alternatively, the photovoltaic cell 24
may include thin epitaxial deposits of (silicon) semiconduc-
tors on lattice-matched wafers. In this embodiment, the pho-
tovoltaic cell 24 may be classified as either space or terrestrial
and typically has AMO efficiencies of from 7 to 40%. Further,
the photovoltaic cell 24 may include quantum well devices
such as quantum dots, quantum ropes, and the like, and also
include carbon nanotubes. Without intending to be limited by
any particular theory, it is believed that these types of photo-
voltaic cells 24 can have up to a 45% AMO production effi-
ciency. Still further, the photovoltaic cell 24 may include
mixtures of polymers and nano particles that form a single
multi-spectrum layer which can be stacked to make multi-
spectrum solar cells more efficient and less expensive.
[0028] The photovoltaic cell 24 may include amorphous
silicon, monocrystalline silicon, polycrystalline silicon,
microcrystalline silicon, nanocrystalline silica, cadmium tel-
luride, copper indium/gallium selenide/sulfide, gallium ars-
enide, polyphenylene vinylene, copper phthalocyanine, car-
bon fullerenes, and combinations thereof in ingots, ribbons,
thin films, and/or wafers. The photovoltaic cell 24 may also
include light absorbing dyes such as ruthenium organometal-
lic dyes. Most typically, the photovoltaic cell 24 includes
monocrystalline and polycrystalline silicon.

[0029] The photovoltaic cell 24 has a first side and a second
side. Typically the first side is opposite the second side. How-
ever, the first and second sides may be adjacent each other. A
first electrical lead is typically disposed on the first side while
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a second electrical lead is typically disposed on the second
side. One of the first and second electrical leads typically acts
as an anode while the other typically acts as a cathode. The
first and second electrical leads may be the same or may be
different and may include metals, conducting polymers, and
combinations thereof. In one embodiment, the first and sec-
ond electrical leads include tin-silver solder coated copper. In
another embodiment, the first and second electrical leads
include tin-lead solder coated copper.

[0030] The first and second electrical leads may be dis-
posed on any part of the first and second sides of the photo-
voltaic cell 24. The first and second electrical leads may be of
any size and shape and typically are rectangular-shaped and
have dimensions of approximately 0.005 to 0.080 inches in
length and/or width. The first and second electrical leads
typically connect the module 20 to additional modules 20 in
aphotovoltaic array 32, as shown in FIG. 6 A. The modules 20
may be connected in series or in parallel.

[0031] The module 20 also includes the second (outermost)
layer 26 disposed on the photovoltaic cell 24. More specifi-
cally, the module 22, as set forth in FIGS. 1, 3, 6 A/B, and 8-11
includes the second (outermost) layer 26. The module 22,
including the second (outermost) layer 26, has sufficient
strength and rigidity without use of any supporting layer 28,
described in greater detail below. In other words, the module
22 may include the second (outermost) layer 26 as the bot-
tom-most layer and not include any additional layers apart
from the photovoltaic cell 24 and the first outermost layer 22.

[0032] However, relative to the method of this invention,
the module 22 that is formed may include the second layer 26
as an outermost layer or as an interior layer. Relative to the
instant invention, the second (outermost) layer 26 may bind
the first outermost layer 22 to the photovoltaic cell 24 and/or
at least partially encapsulate the photovoltaic cell 24. The
second (outermost) layer 26 may be disposed directly on the
photovoltaic cell 24, i.e., in direct contact with the photovol-
taic cell 24, as shown in FIGS. 1-4, 6A/B, and 8-11, or may be
spaced apart from the photovoltaic cell 24. In various embodi-
ments, the second (outermost) layer 26 is further defined as a
controlled bead disposed on the photovoltaic cell 24. In vari-
ous embodiments, the second (outermost) layer 26 is a con-
trolled bead of the liquid silicone composition. The controlled
bead is typically applied in a rectangular shape. However, the
controlled bead may be formed in any shape. Typically, the
controlled bead is in contact with an interior portion of the
first outermost layer 22, the photovoltaic cell 24, or both the
first outermost layer 22 and the photovoltaic cell 24 thereby
leaving a space along a perimeter of the first outermost layer
22, the photovoltaic cell 24, or both the first outermost layer
22 and the photovoltaic cell 24 that does not include the
second (outermost) layer 26. In one embodiment, this space is
approximately 12 inch in width. The second (outermost) layer
26 typically has a thickness of from 1 to 50, more typically of
from 4 to 40, even more typically of from 3 to 30, and still
more typically of from 4 to 15, and most typically of from 4
to 10, mils. The second (outermost) layer 26 may be tacky or
non-tacky and may be a gel, gum, liquid, paste, resin, or solid.
In one embodiment, the second (outermost) layer 26 is sub-
stantially free of entrapped air (bubbles). The terminology
“substantially free” means that the second (outermost) layer
26 has no visible air bubbles. In the method of this invention,
the second (outermost) layer 26 is formed from a liquid sili-
cone composition, described in detail below, but may be
cured or partially cured to be tacky or non-tacky and/or a gel,
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gum, liquid, paste, resin, or solid. In one embodiment, partial
curing occurs when less than 90 percent of appropriate (i.e.,
expected) reactive moieties react. In another embodiment,
curing occurs when at least 90 percent of appropriate (i.e.,
expected) reactive moieties react. The second (outermost)
layer 26 may include or be free of one or more of polyethylene
terephthalate, polyethylene naphthalate, polyvinyl fluoride,
and ethylene vinyl acetate.

[0033] Inoneembodiment, the second (outermost) layer 26
includes a plurality of fibers 27, as shown in the Figures. In
another embodiment, the second (outermost) layer 26 is free
of the plurality of fibers 27, as is described in greater detail
below. In FIGS. 6A/B, the detail for the fibers 27 has been
merely omitted for the sake of clarity. The second (outermost)
layer 26 typically includes at least two, and may include an
unlimited number of, individual fibers 27. The terminology
“fiber” includes continuous filaments and/or discrete lengths
of materials that may be natural or synthetic. Natural fibers
include, but are not limited to, those produced by plants,
animals, and geological processes such as vegetable, wood,
animal, and natural mineral fibers. Synthetic fibers include,
but are not limited to, non-natural mineral fibers such as
fiberglass, metallic fibers, carbon fibers, polymer fibers such
as polyamide fibers, PET or PBT polyester fibers, phenol-
formaldehyde (PF) fibers, polyvinyl alcohol fiber (PVOH)
fibers, polyvinyl chloride fiber (PVC) fibers, polyolefins
fibers, acrylic fibers, polyacrylonitrile fibers, aromatic polya-
mide (aramid) fibers, elastomeric fibers, polyurethane fibers,
microfibers, and combinations thereof.

[0034] In one embodiment, the plurality of fibers 27 has a
high modulus and high tensile strength. In another embodi-
ment, the plurality of fibers 27 has a Young’s modulus at 25°
C. of at least 3 GPa. For example, the plurality of fibers 27
may have aYoung’s modulus at 25° C. of from 3 to 1,000 GPa,
alternatively from 3 to 200 GPa, alternatively from 10 to 100
GPa. Moreover, the plurality of fibers 27 may have a tensile
strength at 25° C. of at least 50 MPa. For example, the plu-
rality of fibers 27 may have a tensile strength at 25° C. of from
50 to 10,000 MPa, alternatively from 50 to 1,000 MPa, alter-
natively from 50 to 500 MPa.

[0035] The individual fibers 27 are typically cylindrical in
shape and may have a diameter of from 1 to 100 um, alterna-
tively from 1 to 20 um, and alternatively form 1 to 10 um. The
plurality of fibers 27 may be heat-treated prior to use to
remove organic contaminants. For example, the plurality of
fibers 27 may be heated in air at an elevated temperature, for
example, 575° C., for a suitable period of time, for example 2
h.

[0036] In one embodiment, the plurality of fibers 27 is
further defined as a mat or roving. In another embodiment, the
plurality of fibers 27 is further defined as a textile. The textile
may be woven or non-woven or may include both woven and
non-woven segments. In one embodiment, the textile is
woven and is selected from the group of fiberglass, polyester,
polyethylene, polypropylene, nylon, and combinations
thereof. In another embodiment, the textile is non-woven and
is selected from the group of fiberglass, polyester, polyethyl-
ene, polypropylene, nylon, and combinations thereof. In a
further embodiment, the textile is non-woven fiberglass and is
commercially available from Crane Nonwovens of Dalton,
Mass. Alternatively, the textile may be non-woven polyester
commercially available from Crane Nonwovens. Further, the
textile may be non-woven and include polypropylene or poly-
ethylene terephthalate. Of course, it is to be understood that
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the textile is not limited to aforementioned types of woven
and non-woven textiles and may include any woven or non-
woven textile known in the art. In one embodiment, the sec-
ond (outermost) layer 26 includes more than one textile, e.g.
two, three, or more individual textiles.

[0037] As is known in the art, woven textiles are typically
cloths that are formed by weaving and that stretch in bias
directions. As is also known in the art, non-woven textiles are
neither woven nor knit and are typically manufactured by
putting individual fibers 27 together in the form of a sheet or
web, and then binding them either mechanically, with an
adhesive, or thermally by melting a binder onto the textile.
Non-woven textiles may include staple non-woven textiles
and spunlaid non-woven textiles. Staple non-woven textiles
are typically made by spinning fibers that are spread in a
uniform web and then bonded by using either resin or heat.
Spunlaid non-woven textiles are typically made in one con-
tinuous process by spinning fibers directly disposed into a
web. The spunlaid process can be combined with a meltblow-
ing process to form a SMS (spun-melt-spun) non-woven tex-
tile.

[0038] Non-woven textiles may also include films and fib-
rillates and can be formed using serration or vacuum-forming
to form patterned holes. Fiberglass non-woven textiles typi-
cally are one of two types including wet laid mats having
wet-chopped, denier fibers having 6 to 20 micrometer diam-
eters or flame attenuated mats having discontinuous denier
fibers having 0.1 to 6 micrometer diameters.

[0039] As firstintroduced above, the plurality of fibers 27 is
at least partially coated with a silicone composition. In vari-
ous embodiments, at least 50, 75, or 95 percent of a total
surface area of the plurality of fibers 27 is coated with the
silicone composition. In another embodiment, approximately
100 percent of a total surface area of the plurality of fibers 27
is coated with the silicone composition. FIG. 5 illustrates that
at least 50 percent of a total surface area of the plurality of
fibers 27 may be coated with the silicone composition.
[0040] The terminology “coated” refers to covering at least
part of the surface area of the plurality of fibers 27. Typically,
the silicone composition exudes through portions of the plu-
rality of fibers 27 (e.g. the textile) such as pores. In one
embodiment, as set forth in FIG. 5, the plurality of fibers 27 is
further defined as a textile and defines voids through which
the silicone composition may exude. In an alternative
embodiment, the plurality of fibers 27 is further defined as
being impregnated with the silicone composition. The sili-
cone composition may impregnate some or all of the plurality
of fibers 27. That is, in this embodiment, the silicone compo-
sition coats an exterior (surface area) of the plurality of fibers
27 and is also disposed throughout some or all of the voids
defined by the plurality of fibers 27. In other words, in this
embodiment, the silicone composition may exude through
some voids and not through others. In a further embodiment,
the plurality of fibers 27 is saturated with the silicone com-
position. In another embodiment, the plurality of fibers 27 is
not saturated with the silicone composition. It is also contem-
plated that the silicone composition may encapsulate the plu-
rality of fibers 27 in whole or in part. The silicone composi-
tion may also encapsulate the photovoltaic cell 24 in whole or
in part. The surface area of the plurality of fibers 27 may be
partially coated using any method known in the art including,
but not limited to, spraying, dipping, rolling, brushing, and
combinations thereof. In one embodiment, the plurality of
fibers 27 is placed into the silicone composition. The silicone
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composition typically coats at least a part of the total surface
area of the plurality of fibers 27 in a thickness 1 to 50, more
typically of from 3 to 30, and most typically of from 4 to 15,
mils. Of course, the invention is not limited to these thick-
nesses.

[0041] Referring back, the silicone composition may be
any known in the art and may include, but is not limited to,
silanes, siloxanes, silazanes, silylenes, silyl radicals or ions,
elemental silicon, silenes, silanols, polymers thereof, and
combinations thereof. In addition, the silicone composition
may be cured, partially cured, or completely cured by any
mechanism known in the art including, but not limited to, free
radical reactions, hydrosilylation reactions, condensation or
addition reactions, heat curing, UV curing, and combinations
thereof. Typically, the silicone composition of this invention
is further defined as hydrosilylation-curable. Thus, hydrosi-
lylation cure silicone chemistry is focused on below. How-
ever, the invention is not limited to hydrosilylation cure sili-
cone chemistry, as introduced above.

[0042] In one embodiment, the silicone composition
includes an organosilicon compound, an organohydrogensili-
con compound, and a hydrosilylation catalyst. The organo-
silicon compound typically has at least one unsaturated moi-
ety per molecule and may include a single organosilicon
compound, two organosilicon compounds, or a plurality of
organosilicon compounds. In various embodiments, the orga-
nosilicon compound has two, three, or multiple unsaturated
moieties per molecule. In one embodiment, the organosilicon
compound includes an alkenyl siloxane wherein an alkenyl
group is pending from a siloxane group. The alkenyl group
may be located at any interval and/or location in the siloxane
group. That is, the alkenyl group may be terminal, pendant, or
if the organosilicon compound includes more than one alk-
enyl group, the alkenyl groups may be both terminal and
pendant. In one embodiment, the organosilicon compound is
terminated with a siloxane that is itself alkenyl terminated. In
another embodiment, the alkenyl siloxane is an alkenyl-ter-
minated siloxane, i.e., the alkenyl group may be located at one
ormore terminal ends of the siloxane group. Alternatively, the
alkenyl siloxane may be an alkenyl-pendent siloxane. The
alkenyl-pendent siloxane typically includes at least one alk-
enyl group pending from any location along the siloxane
group other than at one of the terminal ends of the siloxane
group. The alkenyl-terminated or -pendant siloxane may be
linear, branched, cyclic, or any combination thereof. The
alkenyl group may include a carbon chain pending directly
from at least one terminal end of the siloxane group or from a
location along the siloxane group that is not a terminal end,
and may have from two to twelve carbon atoms with at least
one C—C bond. Preferably, the C—C bond is located at an
end of the carbon chain, such as vinyl, 5-hexenyl, 7-octenyl,
etc. In addition, the alkenyl group is not limited to one C—C
bond and may include more than one C—C bond. Further, the
alkenyl-terminated siloxane may include more than one alk-
enyl group. The more than one alkenyl group may be bonded
to the same atom within the siloxane or, alternatively, may be
bonded to different atoms in the siloxane. It is also contem-
plated that the at least one unsaturated moiety may include
alkynyl groups which may be substituted for alkenyl groups,
where chemically appropriate.

[0043] In various embodiments, the organosilicon com-
pound has silicon-bonded alkenyl groups and typically is a
copolymer including R*>SiO;,, units, i.e., T units, and/or
SiQ,,, units, i.e., Q units, in combination with R'R?,Si0, ,,
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units, i.e., M units, and/or R*,Si0,,, units, i.e., D units,
wherein R' is a C, to C,, hydrocarbyl group ora C, to C,,
halogen-substituted hydrocarbyl group, both free of aliphatic
unsaturation, and R” is an alkenyl group. For example, the
organosilicon compound can be further defined as a DT resin,
an MT resin, an MDT resin, a DTQ resin, an MTQ resin, an
MDTQ resin, a DQ resin, an MQ resin, a DTQ resin, an MTQ
resin, or an MDQ resin, so long as it has at least one unsatur-
ated moiety per molecule.

[0044] The C, to C,, hydrocarbyl group and C, to C,,
halogen-substituted hydrocarbyl group represented by R*
more typically have from 1 to 6 carbon atoms. Acyclic hydro-
carbyl and halogen-substituted hydrocarbyl groups contain-
ing atleast 3 carbon atoms can have a branched or unbranched
structure. Examples of hydrocarbyl groups represented by R*
include, but are not limited to, alkyl groups, such as methyl,
ethyl, propyl, 1-methylethyl, butyl, 1-methylpropyl, 2-meth-
ylpropyl, 1,1-dimethylethyl, pentyl, 1-methylbutyl, 1-ethyl-
propyl, 2-methylbutyl, 3-methylbutyl, 1,2-dimethylpropyl,
2,2-dimethylpropyl, hexyl, heptyl, octyl, nonyl, and decyl,
cycloalkyl groups, such as cyclopentyl, cyclohexyl, and
methylcyclohexyl, aryl groups, such as phenyl and naphthyl,
alkaryl groups, such as tolyl and xylyl, and aralkyl groups,
such as benzyl and phenethyl. Examples of halogen-substi-
tuted hydrocarbyl groups represented by R* include, but are
not limited to, 3,3,3-trifluoropropyl, 3-chloropropyl, chlo-
rophenyl, dichlorophenyl, 2,2 ,2-trifluoroethyl, 2,2.3,3-tet-
rafluoropropyl, and 2,2,3,3,4,4,5,5-octafluoropentyl.

[0045] The alkenyl groups represented by R?, which may
be the same or different within the organosilicon compound,
typically have from 2 to 10 carbon atoms, alternatively from
2 to 6 carbon atoms, and are exemplified by, but are not
limited to, vinyl, allyl, methallyl, butenyl, hexenyl, octenyl,
decenyl, cycohexenyl, styryl, and the like.

[0046] Inone embodiment, the organosilicon compound is
further defined as having the formula:

(R'R%810,5),,(R%8105/2)(R?810315),(Si04)- @

wherein R! and R? are as described and exemplified above
and w, x, y, and z are mole fractions. Typically, the organo-
silicon compound represented by formula (I) has an average
of at least two silicon-bonded alkenyl groups per molecule.
More specifically, the subscript w typically has a value of
from 0 to 0.9, alternatively from 0.02 to 0.75, alternatively
from 0.05 to 0.3. The subscript x typically has a value of from
0 to 0.9, alternatively from O to 0.45, alternatively from 0 to
0.25. The subscript y typically has a value of from 0 to 0.99,
alternatively from 0.25 to 0.8, alternatively from 0.5 to 0.8.
The subscript z typically has a value of from 0 to 0.85,
alternatively from 0t0 0.25, alternatively from 010 0.15. Also,
the ratio y+z/(w+x+y+z) is typically from 0.1 to 0.99, alter-
natively from 0.5 to 0.95, alternatively from 0.65 to 0.9.
Further, the ratio w+x/(W+x+y+z) is typically from 0.01 to
0.90, alternatively from 0.05 to 0.5, alternatively from 0.1 to
0.35.

[0047] Additional non-limiting examples of suitable orga-
nosilicon compounds represented by formula (I) set forth
above include, but are not limited to, resins having the fol-
lowing formulae:

(VizMeSiO1/2)0_25(PhSiO3/2)0_75, (ViMe;8i05)0 25
(PhSi03)5)0.75»

(ViMe;8i0/2)025(MeSi03/5)0 25(PhSi03,2)0 50,
(ViMe;8i0/5)0.15(PhSi032)0.75(8104/2)0.1, and

(Vi;MeSiO5)0.15(ViMe;Si0 )01 (PhSi0315)0.75,
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wherein Me is methyl, Vi is vinyl, Ph is phenyl, and the
numerical subscripts outside the parenthesis denote mole
fractions corresponding to either w, X, y, or z as described
above for formula (I) set forth above. The sequence of units in
the preceding formulae is not to be viewed in any way as
limiting to the scope of the invention.

[0048] The organosilicon compound represented by for-
mula (I) typically has a number-average molecular weight
(M,) of from 500 to 50,000, alternatively from 500 to 10,000,
alternatively 1,000 to 3,000, g/mol, where the molecular
weight is determined by gel permeation chromatography
employing a low angle laser light scattering detector, or a
refractive index detector and silicone resin (MQ) standards.
The viscosity of the organosilicon compound represented by
formula (I) at 25° C. may be from 0.01 to 100,000 Pa-s,
alternatively from 0.1 to 10,000 Pa-s, alternatively from 1 to
100 Pa-s.

[0049] The organosilicon compound represented by for-
mula () typically includes less than 10% (w/w), alternatively
less than 5% (w/w), alternatively less than 2% (w/w), of
silicon-bonded hydroxy groups, as determined by 2°Si NMR.

[0050] Inone embodiment, the organosilicon compound is
further defined as a dialkylvinylsiloxy-terminated dialkyl
siloxane. In another embodiment, the organosilicon com-
pound is further defined as a dialkylalkenylsiloxy-terminated
dialkylsiloxane. Non-limiting examples of the organosilicon
compound include dimethylvinylsiloxy-terminated dimeth-
ylsiloxane, dimethylvinylsiloxy-terminated dimethyl silox-
ane, methylvinyl siloxane, and combinations thereof. In yet
another embodiment, the organosilicon compound is further
defined as dimethylvinylsiloxy-pendent dimethylsiloxane.
Alternatively, the organosilicon compound may be further
defined as an alkenyldialkylsilyl end-blocked polydialkylsi-
loxane. In one embodiment, the organosilicon compound is
further defined as vinyldimethylsilyl end-blocked polydim-
ethylsiloxane.

[0051] Referring back, the silicone composition also typi-
cally includes the organohydrogensilicon compound having
at least one silicon-bonded hydrogen atom per molecule. The
organohydrogensilicon compound may include a single orga-
nohydrogensilicon compound, two organohydrogensilicon
compounds, or a plurality of organohydrogensilicon com-
pounds. The organohydrogensilicon compound typically has
an average of at least two silicon-bonded hydrogen atoms per
molecule, and alternatively at least three silicon-bonded
hydrogen atoms per molecule. The organohydrogensilicon
compound may be further defined as an organohydrogensi-
lane, an organohydrogensiloxane, or a combination thereof.
The structure of the organohydrogensilicon compound can be
linear, branched, cyclic, or resinous. In acyclic polysilanes
and polysiloxanes, the silicon-bonded hydrogen atoms can be
located at terminal, pendant, or at both terminal and pendant
positions. Cyclosilanes and cyclosiloxanes typically have
from 3 to 12 silicon atoms, alternatively from 3 to 10 silicon
atoms, alternatively from 3 to 4 silicon atoms.

[0052] The organohydrogensilane can be a monosilane,
disilane, trisilane, or polysilane. Some non-limiting examples
of suitable organohydrogensilanes include diphenylsilane,
2-chloroethylsilane, bis[p-dimethylsilyl)phenyl]ether, 1,4-
dimethyldisilylethane, 1,3,5-tris(dimethylsilyl)benzene, 1,3,
S-trimethyl-1,3,5-trisilane, poly(methylsilylene)phenylene,
and poly(methylsilylene)methylene.
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[0053]
mula:

HR',Si—R3—SiRLH (1)

The organohydrogensilane can also have the for-

wherein R* is as defined and exemplified above and R is a
hydrocarbylene group free of aliphatic unsaturation having a
formula selected from the following structures:

2

S

(CgHg > and

¢
-

(CgHZg

Y
o}

[0054] wherein g is from 1 to 6.

[0055] Specific examples of organohydrogensilanes of the
above formula (II) wherein R' and R are as described and
exemplified above include, but are not limited to, organohy-
drogensilanes having a formula selected from the following
structures:

H(CH,),Si Si(CHy)>H,

-

H(CH,Ha)2Si Si(CHHy)2H,

>

Si(CH;3),H,

H(CH;),Si

QL

H(CH;),Si Si(CHz),H,

X

H(CH3),Si Si(CHs):H,

cm@sxmgm, and

Si(CHz),H.

szO

<

H(CH;),Si

.

H(CH;),Si

-l
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[0056] The organohydrogensiloxane can be a disiloxane,
trisiloxane, or polysiloxane. Specific non-limiting examples
of suitable organohydrogensiloxanes include 1,1,3,3-tetram-
ethyldisiloxane, 1,1,3,3-tetraphenyldisiloxane, phenyltris
(dimethylsiloxy)silane, 1,3,5-trimethylcyclotrisiloxane, a tri-
methylsiloxy-terminated poly(methylhydrogensiloxane), a
trimethylsiloxy-terminated poly(dimethylsiloxane/methyl-
hydrogensiloxane), a dimethylhydrogensiloxy-terminated
poly(methylhydrogensiloxane), and a resin including
HMe,Si0O, , units, Me;SiO,,, units, and SiO,, units,
wherein Me is methyl.

[0057] The organohydrogensiloxane may be further
defined as an organohydrogenpolysiloxane resin, so long as
the resin includes at least one silicon-bonded hydrogen atom
per molecule. The organohydrogenpolysiloxane resin may be
a copolymer including R*SiO, , units, i.e., T units, and/or
SiQ,,, units, i.e., Q units, in combination with R'R*,Si0, ,,
units, i.e., M units, and/or R*,SiO,,, units, i.e., D units,
wherein R' is as described and exemplified above. For
example, the organohydrogenpolysiloxane resin can be a DT
resin, an MT resin, an MDT resin, a DTQ resin, an MTQ
resin, an MDTQ resin, a DQ resin, an MQ resin, a DTQ resin,
an MTQ resin, or an MDQ resin.

[0058] The group represented by R* is typically an orga-
nosilylalkyl group having at least one silicon-bonded hydro-
gen atom. Examples of organosilylalkyl groups represented
by R*include, but are not limited to, groups having a formula
selected from the following structures:

—CHZCHZMeZSiOSiMeZH,
—CHZCHzMeZSiOSiPhMeH,
—CHZCHZMePhSiOSiPhZH,
—CHZCHZMePhSiOSiMeZH,

— CH,CH,SiMe,H,

— CH,CH,SiMe,C, 15, SiMe,H,
— CH,CH,SiMe,C,H,,SiMePhH,

— CH,CH,SiMePhH, —CH,CH,SiPh,H,
— CH,CH,SiMePhC, H,, SiPh,H,

— CH,CH,SiMePhC, I, SiMe,H,
— CH,CH,SiMePhOSiMePhH, and

—CH,CH,SiMePhOSiPh(OSiMePhH),,
wherein Me is methyl, Ph is phenyl, and the subscript n has a
value of from 2 to 10.

[0059] In various embodiments, the organohydrogenpol-
ysiloxane resin has the formula:

(R1R42Sio 1/2)W(R42 Sio2/2)x(R4Si03/2)y(Sio4/2)z

wherein R', R*, w, X, y, and z are each as defined and exem-
plified above. Specific examples of organohydrogenpolysi-
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loxane resins represented by the above formula include, but
are not limited to, resins having the following formulae:

((HMe, SiC (H,SiMe,CH,CH, ),MeSiO ) 1> (Ph-
Si03/2)0.885

((HMe,SiC¢H,,SiMe,CH,CH,),MeSiO) »)o 17(Ph-
Si03/2)0.835

((HMe,SiCH,,SiMe,CH,CH, ),MeSiO ). 1 7(Me-
Si03/2)0. 17(PhSi03/2)0.665

((HMe,SiC¢H,4SiMe,CH,CH,),MeSiO, ) 15(Ph-
8103/2)0.75(8104/2)0.10, and

((HMe,SiC H ,SiMe,CH,CH,),MeSiO | 15)o, 05
((HMe,SiC¢H,,SiMe,CH,CH,)Me5SiO) 15)o 06(Ph-
Si03/2)0.865

wherein Me is methyl, Ph is phenyl, C;H, denotes a para-
phenylene group, and the numerical subscripts outside the
parenthesis denote mole fractions. The sequence of units in
the preceding formulae is not to be viewed in any way as
limiting to the scope of the invention.

[0060] The organohydrogensilicon compound may have a
molecular weight less than 1,000, alternatively less than 750,
alternatively less than 500, g/mol. In addition, the organohy-
drogensilicon compound can be a single organohydrogensili-
con compound or a mixture comprising two or more different
organohydrogensilicon compound, each as described above.
For example, the organohydrogensilicon compound can be a
single organohydrogensilane, a mixture of two different orga-
nohydrogensilanes, a single organohydrogensiloxane, a mix-
ture of two different organohydrogensiloxanes, or a mixture
of an organohydrogensilane and an organohydrogensiloxane,
so long as the organohydrogensilicon compound has at least
one silicon-bonded hydrogen atom per molecule. In one
embodiment, the organohydrogensilicon compound is fur-
ther defined as a dimethylhydrogensilyl terminated polydim-
ethylsiloxane. The organohydrogensilicon compound may
also be further defined as a trialkylsilyl terminated polydi-
alkylsiloxane-alkylhydrogensiloxane co-polymer. In one
embodiment, the organohydrogensilicon compound is fur-
ther defined as a trimethylsilyl terminated polydimethylsilox-
ane-methylhydrogensiloxane co-polymer. In one embodi-
ment, the organohydrogensilicon compound is further
defined as a mixture of a dialkylhydrogensilyl terminated
polydialkylsiloxane and a trialkylsilyl terminated polydi-
alkylsiloxane-alkylhydrogensiloxane  co-polymer. The
dialkylhydrogensilyl terminated polydialkylsiloxane of this
embodiment may be further defined as dimethylhydrogensi-
lyl terminated polydimethylsiloxane and the trialkylsilyl ter-
minated polydialkylsiloxane-alkylhydrogensiloxane
co-polymer of this embodiment may be further defined as a
trimethylsilyl terminated polydimethylsiloxane-methylhy-
drogensiloxane co-polymer.

[0061] Referring back, the silicone composition also typi-
cally includes a hydrosilylation catalyst used to accelerate a
hydrosilylation reaction between the organosilicon com-
pound and the organohydrogensilicon compound. The
hydrosilylation catalyst can be any of the well-known
hydrosilylation catalysts comprising a platinum group metal
(i.e., platinum, rhodium, ruthenium, palladium, osmium and
iridium) or a compound containing a platinum group metal.
Typically, the platinum group metal is platinum, based on its
high activity in hydrosilylation reactions.
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[0062] Specific hydrosilylation catalysts suitable for use
include the complexes of chloroplatinic acid and certain
vinyl-containing organosiloxanes disclosed by Willing in
U.S. Pat. No. 3,419,593, the portions of which address
hydrosilylation catalysts are hereby incorporated by refer-
ence. A catalyst of this type is the reaction product of chlo-
roplatinic acid and 1,3-diethenyl-1,1,3,3-tetramethyldisilox-
ane.

[0063] The hydrosilylation catalyst can also be a supported
hydrosilylation catalyst comprising a solid support having a
platinum group metal on the surface thereof. A supported
catalyst can be conveniently separated from the silicone com-
position by filtration. Examples of supported catalysts
include, but are not limited to, platinum on carbon, palladium
on carbon, ruthenium on carbon, rhodium on carbon, plati-
num on silica, palladium on silica, platinum on alumina,
palladium on alumina, and ruthenium on alumina.

[0064] It is contemplated that the hydrosilylation catalyst
may be a microencapsulated platinum group metal-contain-
ing catalyst comprising a platinum group metal encapsulated
in a thermoplastic resin. Silicone compositions including
microencapsulated hydrosilylation catalysts are stable for
extended periods of time, typically several months or longer,
under ambient conditions, yet cure relatively rapidly at tem-
peratures above the melting or softening point of the thermo-
plastic resin(s). Microencapsulated hydrosilylation catalysts
and methods of preparing them are well known in the art, as
exemplified in U.S. Pat. No. 4,766,176 and the references
cited therein, and U.S. Pat. No. 5,017,654. The hydrosilyla-
tion catalyst of this invention can be a single catalyst or a
mixture comprising two or more different catalysts that differ
in at least one property, such as structure, form, platinum
group metal, complexing ligand, and thermoplastic resin.
[0065] In one embodiment, the hydrosilylation catalyst
includes at least one photoactivated hydrosilylation catalyst.
The photoactivated hydrosilylation catalyst can be any
hydrosilylation catalyst capable of catalyzing the hydrosily-
lation of the organosilicon compound and the organohydro-
gensilicon compound upon exposure to radiation having a
wavelength of from 150 to 800 nm. The photoactivated
hydrosilylation catalyst can be any of the well-known
hydrosilylation catalysts comprising a platinum group metal
or a compound containing a platinum group metal. The plati-
num group metals include platinum, rhodium, ruthenium,
palladium, osmium, and iridium. Typically, the platinum
group metal is platinum, based on its high activity in hydrosi-
lylation reactions.

[0066] Specific examples of photoactivated hydrosilylation
catalysts suitable for purposes of the present invention
include, but are not limited to, platinum(II) p-diketonate com-
plexes such as platinum(I1) bis(2,4-pentanedionate), platinu-
m(II) bis(2,4-hexanedionate), platinum(Il) bis(2,4-hep-
tanedionate), platinum(Il) bis(1-phenyl-1,3-butanedionate,
platinum(II) bis (1,3-diphenyl-1,3-propanedionate), platinu-
m(II) bis(1,1,1,5,5,5-hexafluoro-2,4-pentanedioate); (n-cy-
clopentadienyl)trialkylplatinum complexes, such as (Cp)tri-
methylplatinum, (Cp)ethyldimethylplatinum, (Cp)
triethylplatinum, (chloro-Cp)trimethylplatinum, and
(trimethylsilyl-Cp)trimethylplatinum, where Cp represents
cyclopentadienyl; triazene oxide-transition metal complexes,
such as P{{C,H,NNNOCH, ], Pt[p-CN—
C¢H,NNNOCH,, L., Pt[p-H;COC,H,NNNOC:H,, |, Pt[p-
CH;(CH,),—C-H,NNNOCH;],, 1,5-cyclooctadiene Pt[p-
CN—C,H,NNNOCH;,, 1., 1,5-cyclooctadiene.Pt[p-
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CH,0—CH,NNNOCH; . [(CsHs)sP],Rh[p-CN—
C,HL.NNNOCH, (], and Pd[p-CH,(CH,),—
CH,NNNOCH;],, where x is 1, 3, 5, 11, or 17; (n-diolefin)
(o-aryl)platinum  complexes, such as  (m*1,5-
cyclooctadienyl)diphenylplatinum, 0*-1,3,5,7-
cyclooctatetraenyl)diphenylplatinum, Mm*-2,5-
norboradienyl)diphenylplatinum, (n*-1,5-cyclooctadienyl)
bis-(4-dimethylaminophenyl)platinum, M*1,5-
cyclooctadienyl)bis-(4-acetylphenyl)platinum, and (n*-1,5-
cyclooctadienyl)bis-(4-trifluormethylphenyl)platinum.
Typically, the photoactivated hydrosilylation catalyst is a
Pt(II) p-diketonate complex and more typically the catalyst is
platinum(Il) bis(2,4-pentanedioate). The hydrosilylation
catalyst can be a single photoactivated hydrosilylation cata-
lyst or a mixture comprising two or more different photoac-
tivated hydrosilylation catalysts.

[0067] Methods of preparing photoactivated hydrosilyla-
tion catalysts are well known in the art. For example, methods
of preparing platinum(II) p-diketonates are reported by Guo
et al. (Chemistry of Materials, 1998, 10, 531-536). Methods
of preparing (n-cyclopentadienyl)-trialkylplatinum com-
plexes are disclosed in U.S. Pat. No. 4,510,094. Methods of
preparing triazene oxide-transition metal complexes are dis-
closed in U.S. Pat. No. 5,496,961. Methods of preparing
(n-diolefin)(o-aryl)platinum complexes are taught in U.S.
Pat. No. 4,530,879.

[0068] The concentration of hydrosilylation catalyst is suf-
ficient to catalyze the hydrosilylation of the organosilicon
compound and the organohydrogensilicon compound. Typi-
cally, the concentration of the hydrosilylation catalyst is suf-
ficient to provide from 0.1 to 1000 ppm of a platinum group
metal, alternatively from 1 to 500 ppm of a platinum group
metal, alternatively from 3 to 150 ppm of a platinum group
metal, and alternatively from 1 to 25 ppm of a platinum group
metal, based on the combined weight of the organosilicon
compound and the organohydrogensilicon compound. One
particularly suitable catalyst includes 1,3-diethenyl-1,1,3,3-
tetramethyldisiloxane platinum complexes. The catalysts
may be included in amounts as determined by one of skill in
the art. In one embodiment, the catalyst is included in the
silicone composition in an amount of from 0.05 to 0.30 parts
by weight per 100 parts by weight of the silicone composi-
tion.

[0069] The silicone composition also typically includes a
ratio of silicon-bonded hydrogen atoms per molecule of the
organohydrogensilicon compound to unsaturated moieties
per molecule of the organosilicon compound of from 0.05 to
100. In alternative embodiments, the ratio is from 0.1 to 100,
0.051020,0.05t00.7,0.1100.8,0.1 t0 0.6,0.5t0 2, 1.5t0 5,
175103, 2t0 2.5, and from 0.95 to 1.05. In various embodi-
ments, there is a stoichiometric excess of silicon bonded
hydrogen atoms to unsaturated moieties which may enhance
adhesion between the first outermost layer 22 and the second
(outermost) layer 26 or a tie layer 30, described in greater
detail below. Of course, it is to be understood that the above
referenced ratios do not limit this invention so long as the ratio
is between 0.05 to 100.

[0070] As first introduced above, the second (outermost)
layer 26 may be free of the plurality of fibers 27 or may
include the plurality of fibers 27. In one embodiment, the
silicone composition used to form the second (outermost)
layer 26 is further defined as a hydrosilylation-curable sili-
cone composition which may coat the plurality of fibers 27, as
described above. Typically, this hydrosilylation-curable sili-
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cone composition is liquid, i.e., flows at room temperature.
The hydrosilylation-curable silicone composition may
include a filler or be free of the filler. Conversely, the hydrosi-
lylation-curable silicone composition may include both the
plurality of fibers 27 and the filler.

[0071] The hydrosilylation-curable silicone composition
includes a linear organosilicon compound having two termi-
nal unsaturated moieties per molecule, a branched organosili-
con compound having two terminal unsaturated moieties per
molecule and at least one pendant unsaturated moiety per
molecule, and an organohydrogensilicon compound having
at least one silicon-bonded hydrogen atom per molecule. In
one embodiment, the organohydrogensilicon compound has
at least two silicon-bonded hydrogen atoms per molecule. In
another embodiment, the organohydrogensilicon compound
has at least three silicon-bonded hydrogen atoms per mol-
ecule.

[0072] The hydrosilylation-curable silicone composition
also typically includes the filler, introduced above, and a
hydrosilylation catalyst used to accelerate a hydrosilylation
reaction between the linear organosilicon compound, the
branched organosilicon compound, and the organohydrogen-
silicon compound. Various hydrosilylation catalysts that can
be utilized in this embodiment are described above. In this
embodiment, the linear organosilicon compound is present in
an amount of from 80 to 95 parts by weight and the branched
organosilicon compound is present in an amount of from 5 to
20 as parts by weight, per 100 parts by weight of a sum of the
linear organosilicon compound and the branched organosili-
con compound. In other embodiments, the linear organosili-
con compound is present in an amount of from 85 to 95, from
8610 94, from 88 to 90, from 90 to 95, or from 92 to 94, or of
about 80, 86, 90, or 93, parts by weight, per 100 parts by
weight of a sum of the linear organosilicon compound and the
branched organosilicon compound. In still other embodi-
ments, the branched organosilicon compound is present in an
amount of from 5to 15, from 7 to 10, from 7 to 14, from 10 to
20, or of about 7, 10, 14, or 20, parts by weight, per 100 parts
by weight of a sum of the linear organosilicon compound and
the branched organosilicon compound. It is to be understood
that the linear and/or branched organosilicon compounds
may each be independently utilized in any amount or range of
amounts within those ranges described above.

[0073] Also, in the hydrosilylation-curable silicone com-
position, a ratio of silicon-bonded hydrogen atoms per mol-
ecule of the organohydrogensilicon compound to a sum of
unsaturated moieties per molecule of the linear organosilicon
compound and the branched organosilicon compound is from
1to 1.7, typically from 1.1 to 1.6 or from 1.1 to 1.2. In various
embodiments, the ratio is from 1.5 to 1.55.

[0074] The hydrosilylation-curable silicone composition
may include a first portion and a second portion when used.
The linear organosilicon compound, the branched organosili-
con compound, and the organohydrogensilicon compound
may be present in the first portion, the second portion, or in
both the first and second portions. In one embodiment, the
linear organosilicon compound, the branched organosilicon
compound, and the organohydrogensilicon compound are not
all present in one portion due to a potential to prematurely
react. In another embodiment, the organosilicon compound,
the branched organosilicon compound, and the organohydro-
gensilicon compound are all present in one portion but are not
present with a hydrosilylation catalyst. In still another
embodiment, the linear and branched organosilicon com-
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pounds are present in the first portion and the organohydro-
gensilicon compound and the hydrosilylation catalyst are
present in the second portion. In still other embodiments, the
linear organosilicon compound and/or the branched organo-
silicon compound are present in both the first and second
portions while the hydrosilylation catalyst is present in the
first portion and the organohydrogensilicon compound is
present in the second portion. Typically, any cross-linker or
chain extender is present in the second portion without the
catalyst. In various embodiments, the first and second por-
tions have varying viscosities of from 200 to 15,000 cps at 25°
C. determined according to ASTM D4287. In other embodi-
ments, the first and second portions have approximate vis-
cosities as follows: 289, 289, 1449, 2000, 2064, 3440, 4950,
5344,8,194, 11,212, 12,680, and 14,129, cps at 25° C. deter-
mined according to ASTM D4287.

[0075] The linear organosilicon compound may be any of
the compounds described above or may be different so long as
the linear organosilicon compound has two terminal unsatur-
ated moieties per molecule. Typically, the linear organosili-
con compound has exactly two terminal unsaturated moieties
per molecule. The linear organosilicon compound does not
have pendant unsaturated moieties. In various embodiments,
the linear organosilicon compound is further defined as a
vinyl end-blocked polydialkylsiloxane, e.g. a vinyl end-
blocked polydimethylsiloxane that has two terminal vinyl
groups. In other embodiments, the linear organosilicon com-
pound has an average degree of polymerization (DP) of from
150 to 900, a weight average molecular weight of from
11,000 to 63,000, a viscosity of from 400 to 60,000 cps at 25°
C. determined according to ASTM D4287, and a weight
percent of vinyl groups of from 0.01 to 10. In still other
embodiments, the linear organosilicon compound has the
following physical properties +1%, 3%, +5%, £10%, £15%,
+20%, or £25%. It is also contemplated that the linear orga-
nosilicon compound may have other physical properties not
set forth below.

Weight Avg.  Viscosity
Various Average  Mol. Wt. (cpsat  Wt. % Vinyl
Embodiments Dp (g/mol) 25°C) Groups
Vinyl End-Blocked 297 22,000 2,100 0.21
Polydimethylsiloxane
Vinyl End-Blocked 155 11,500 450 0.46
Polydimethylsiloxane
Vinyl End-Blocked 837 62,000 55,000 0.088

Polydimethylsiloxane

It is also contemplated that the hydrosilylation-curable sili-
cone composition may include more than one linear organo-
silicon compound that is described above. Additional linear
organosilicon compounds that are contemplated for use in
this invention are described in U.S. Pat. No. 5,574,073, which
is expressly incorporated herein by reference.

[0076] The branched organosilicon compound may also be
any of the compounds described above or may be different so
long as the branched organosilicon compound has two termi-
nal unsaturated moieties per molecule and at least one pen-
dant unsaturated moiety per molecule. In various embodi-
ments, the branched organosilicon compound is further
defined as a vinyl end-blocked polydialkylsiloxane having at
least one vinyl pendant group, e.g. a vinyl end-blocked poly-
dimethylsiloxane having two terminal vinyl groups and at
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least one vinyl pendant group. In other embodiments, the
branched organosilicon compound has an average degree of
polymerization (DP) of from 100 to 800, a weight average
molecular weight of from 8,000 to 60,000, a viscosity of from
200 to 30,000 cps at 25° C. determined according to ASTM
D4287, and a weight percent of vinyl groups of from 0.1 to 10.
In one embodiment, the branched organosilicon compound
has an average degree of polymerization (DP) of about 620, a
weight average molecular weight of about 46,000 g/mol, a
viscosity of about 15,000 cps at 25° C. determined according
to ASTM D4287, and a weight percent of vinyl groups of
about 7.7. It is also contemplated that the hydrosilylation-
curable silicone composition may include more than one
branched organosilicon compound that is described above.
Additional branched organosilicon compound that are con-
templated for use in this invention are described in U.S. Pat.
No. 5,574,073, which is expressly incorporated herein by
reference.

[0077] Itis to be understood that the terminology “silicone
composition” and “hydrosilylation-curable silicone compo-
sition,” when used herein, are interchangeable so long as the
hydrosilylation-curable silicone composition remains as
described above. Said differently, this terminology is inter-
changeable so long as the hydrosilylation-curable silicone
composition includes a linear organosilicon compound hav-
ing two terminal unsaturated moieties per molecule, a
branched organosilicon compound having two terminal
unsaturated moieties per molecule and at least one pendant
unsaturated moiety per molecule, and an organohydrogensili-
con compound having at least one silicon-bonded hydrogen
atom per molecule.

[0078] The silicone composition may also include a sili-
cone rubber having a formula selected from the group of (a)
R'R2,S8i0(R?,810),8iR%,R" and (b) R’R',SiO(R'R’SiO)
»SiR',R’; wherein R' and R? are as defined and exemplified
above, R®is R' or —H, subscripts a and b each have a value of
from 1 to 4, alternatively from 2 to 4, alternatively from 2 to
3,and w, X, y, and 7 are also as defined and exemplified above.
Specific examples of silicone rubbers suitable for use as sili-
cone rubber (a) include, but are not limited to, silicone rub-
bers having the following formulae:

ViMe,SiO(Me,SiO),SiMe, Vi,
ViMe,SiO(Ph,Si0),SiMe, Vi, and

ViMe,SiO(PhMeSiO), SiMe, Vi

wherein Me is methyl, Ph is phenyl, Vi is vinyl, and the
subscript has a value of from 1 to 4. Silicone rubber (a) can be
a single silicone rubber or a mixture comprising two or more
different silicone rubbers that each satisfy the formula for (a).
[0079] Specific examples of silicone rubbers suitable for
use as silicone rubber (b) include, but are not limited to,
silicone rubbers having the following formulae:

HMe,SiO(Me,SiO),SiMe, H,
HMe,SiO(Ph, Si0),SiMe,H,
HMe,SiO(PhMeSiO),SiMe,H, and

HMe,SiO(Ph,Si0),(Me,SiO),SiMe,H

wherein Me is methyl, Ph is phenyl, and the subscript b has a
value of from 1 to 4. Component (b) can be a single silicone
rubber or a mixture comprising two or more different silicone
rubbers that each satisfy the formula for (b).
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[0080] In other embodiments of the present invention, the
silicone composition includes a rubber-modified silicone
resin prepared by reacting the organosilicon compound and at
least one silicone rubber (b) selected from rubbers having the
following formulae:

RRLSIORRSi0),SiR SR, and
RIRZ,SIOR2,Si0),SiR%R Y,

wherein R and R are as defined and exemplified above and
c and d each have a value of from 4 to 1000, alternatively from
10 to 500, alternatively from 10 to 50, in the presence of the
hydrosilylation catalyst and, optionally, an organic solvent,
provided that the reaction product of the organosilicon com-
pound and the silicone rubber (b) has at least one unsaturated
moiety per molecule.

[0081] In one embodiment, the silicone composition
includes from 45 to 90 parts by weight of a dimethylvinylsi-
loxy-terminated dimethylsiloxane, from 0.5 to 2 parts by
weight of an alkoxysilane, 0.5 to 2 parts by weight of a
methacryloxypropyltrimethoxysilane, from 0.01 to 0.2 parts
by weight of tetramethyltetravinycyclotetrasiloxane, from 2
to 10 parts by weight of a hydrogen terminated dimethylsi-
loxane, from 0.2 to 1 parts by weight of dimethylmethylhy-
drogensiloxane, and from 0.01 to 0.1 parts by weight of
1,3-diethenyl-1,1,3,3-tetramethyldisiloxane platinum com-
plexes. In another embodiment, the silicone composition
includes from 45 to 90 parts by weight of a dimethylvinylsi-
loxy-terminated dimethylsiloxanes, from 0.5 to 2 parts by
weight of an alkoxysilane, 0.5 to 2 parts by weight of a
methacryloxypropyltrimethoxysilane, from 0.01 to 0.2 parts
by weight of tetramethyltetravinycyclotetrasiloxane, from 2
to 10 parts by weight of a hydrogen terminated dimethylsi-
loxane, from 0.2 to 1 parts by weight of dimethylmethylhy-
drogensiloxane, from 20 to 60 parts by weight of quartz, and
from 0.01 to 0.1 parts by weight of 1,3-diethenyl-1,1,3,3-
tetramethyldisiloxane platinum complexes.

[0082] The silicone composition may also include a sol-
vent, e.g. an organic solvent. The organic solvent can be any
aprotic or dipolar aprotic organic solvent that does not react
with, and is miscible with, the organosilicon compound and
the organohydrogensilicon compound. Non-limiting
examples of suitable organic solvents include saturated ali-
phatic hydrocarbons such as n-pentane, hexane, n-heptane,
isooctane and dodecane, cycloaliphatic hydrocarbons such as
cyclopentane and cyclohexane, aromatic hydrocarbons such
as benzene, toluene, xylene and mesitylene, cyclic ethers
such as tetrahydrofuran (THF) and dioxane, ketones such as
methyl isobutyl ketone (MIBK), halogenated alkanes such as
trichloroethane, halogenated aromatic hydrocarbons such as
bromobenzene and chlorobenzene, and combinations
thereof. The organic solvent may be a single organic solvent
or a mixture comprising two or more different organic sol-
vents, each as described above. The concentration of the
organic solvent in the silicone composition may be from O to
99% (w/w), alternatively from 30 to 80% (w/w), and alterna-
tively from 45 to 60% (w/w), based on the total weight of the
silicone composition.

[0083] Thesilicone composition may also include the filler,
as first introduced above. The filler may be used to dissipate
heat from the module 20. The filler may be any known in the
art and may include a single filler or a combination of fillers.
The filler may be thermally and/or electrically conductive or
insulating. The filler may be further defined as a reinforcing
filler, an extending filler, a thixotropic filler, a pigment, or a
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combination thereof. The filler may include one or more
finely divided reinforcing fillers such as high surface area
fumed and precipitated silicas, zinc oxide, aluminum, alumi-
num powder, aluminum tri-hydrate, silver, calcium carbon-
ate, and/or additional extending fillers such as quartz, diato-
maceous earths, barium sulfate, iron oxide, titanium dioxide
and carbon black, talc, wollastonite, aluminite, calcium sul-
fate (anhydrite), gypsum, calcium sulfate, magnesium car-
bonate, clays such as kaolin, aluminum trihydroxide, magne-
sium hydroxide (brucite), graphite, copper carbonate such as
malachite, nickel carbonate such as zarachite, barium carbon-
ate such as witherite, strontium carbonate such as strontianite,
aluminum oxide, silicates including, but not limited to, oliv-
ine groups, garnet groups, aluminosilicates, ring silicates,
chain silicates, and sheet silicates, and combinations thereof.
The olivine groups may include, but are not limited to, for-
sterite, Mg,Si0,, and combinations thereof. Non-limiting
examples of the garnet groups may include pyrope,
Mg, AL, Si;0, ,, grossular, Ca,Al,Si;0,,, and combinations
thereof. The aluminosilicates may include, but are not limited
to, sillimanite, Al,SiO5, mullite, 3A1,0,.2810,, kyanite,
AlL,SiO4 and combinations thereof. The ring silicates may
include, but are not limited to, cordierite, Al;(MgFe),
[Si,AlO ], and combinations thereof. The chain silicates
may include, but are not limited to, wollastonite, Ca[SiOj],
and combinations thereof. Suitable examples of the sheet
silicates that are not limiting may include mica, K,Al,,
[SigAl,O,0](OH),, pyrophyllite, Al,[SizO,,](OH),, talc,
Mg[SigO,0](OH),, serpentine, asbestos, Kaolinite, Al,
[Si,0,,](OH),, vermiculite, and combinations thereof. Low
density fillers may also be included to reduce weight and cost
per volume. The fillers may include particles that are smaller
than ¥4 of the wavelength of light to avoid scattering but this
is not required. Thus, fillers such as wollastonite, silica, tita-
nium dioxide, glass fibers, hollow glass spheres and clays e.g.
kaolin are particularly preferred.

[0084] In one embodiment, the filler is selected from the
group consisting of aluminum nitride, aluminum oxide, alu-
minum trihydrate, barium titanate, beryllium oxide, boron
nitride, carbon fibers, diamond, graphite, magnesium hydrox-
ide, magnesium oxide, metal particulate, onyx, silicon car-
bide, silicon, tungsten carbide, zinc oxide, and a combination
thereof. The filler may be further defined as a metallic filler,
an inorganic filler, a meltable filler, or a combination thereof.
Metallic fillers include particles of metals and particles of
metals having layers on the surfaces of the particles. These
layers may be, for example, metal nitride layers or metal
oxide layers on the surfaces of the particles. Suitable metallic
fillers are exemplified by particles of metals selected from
aluminum, copper, gold, nickel, silver, and combinations
thereof, and alternatively aluminum. Suitable metallic fillers
are further exemplified by particles of the metals described
above having layers on their surfaces selected from aluminum
nitride, aluminum oxide, copper oxide, nickel oxide, silver
oxide, and combinations thereof. For example, metallic filler
may include aluminum particles having aluminum oxide lay-
ers on their surfaces.

[0085] Suitable inorganic fillers include, but are not limited
to, onyx, aluminum trihydrate, metal oxides such as alumi-
num oxide, beryllium oxide, magnesium oxide, and zinc
oxide, nitrides such as aluminum nitride and boron nitride,
carbides such as silicon carbide and tungsten carbide.

[0086] Suitable meltable fillers include, but are not limited
to, Bi, Ga, In, Sn, Ag, Au, Cd, Cu, Pb, Sb, Zn, alloys thereof,
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and combinations thereof. Non-limiting examples of suitable
meltable fillers include Ga, In—Bi—Sn alloys, Sn—In—Z7n
alloys, Sn—In—Ag alloys, Sn—Ag—Bi alloys, Sn—Bi—
Cu—Ag alloys, Sn—Ag—Cu—Sb alloys, Sn—Ag—Cu
alloys, Sn—Ag alloys, Sn—Ag—Cu—7n alloys, and com-
binations thereof. The meltable filler may have a melting
point ranging from 50° C. to 250° C. or from 150° C. to 225°
C. The meltable filler may be a eutectic alloy, a non-eutectic
alloy, or a pure metal. Suitable meltable fillers are commer-
cially available from Indium Corporation of America, of
Utica, N.Y., Arconium, of Providence, R.I., and AIM Solder
of Cranston, R.1. Suitable aluminum fillers are commercially
available from Toyal America, Inc. of Naperville, I1l. and
Valimet Inc. of Stockton, Calif. Silver fillers are commer-
cially available from Metalor Technologies U.S.A. Corp. of
Attleboro, Mass.

[0087] Additional examples of suitable fillers include, but
are not limited to, precipitated calcium carbonate, ground
calcium carbonate, fumed silica, precipitated silica, talc, tita-
nium dioxide, plastic powders, glass or plastic (such as
Saran™) microspheres, high aspect ratio fillers such as mica
or exfoliated mica, and combinations thereof. The filler may
optionally be treated with a treating agent, such as a fatty acid
(e.g., stearic acid). Precipitated calcium carbonate is available
from Solvay under the trade name WINNOFIL® SPM.
Ground calcium carbonate is available from QCI Britannic of
Miami, Fla., U.S.A. under the trade name Imerys Gam-
masperse. Carbon black, such as 1011, is commercially avail-
able from Williams. Silica is commercially available from
Cabot Corporation.

[0088] The filler may be further defined as a single ther-
mally conductive filler or a combination of two or more
thermally conductive fillers that differ in at least one property
such as particle shape, average particle size, particle size
distribution, and type of filler. For example, it may be desir-
able to use a combination of inorganic fillers, such as a first
aluminum oxide having a larger average particle size and a
second aluminum oxide having a smaller average particle
size. Alternatively, it may be desirable, for example, use a
combination of an aluminum oxide having a larger average
particle size with a zinc oxide having a smaller average par-
ticle size. Alternatively, it may be desirable to use combina-
tions of metallic fillers, such as a first aluminum having a
larger average particle size and a second aluminum having a
smaller average particle size. For example, the first aluminum
may have an average particle size ranging from 8 micrometers
to 100 micrometers, alternatively 8 micrometers to 10
micrometers. The second aluminum may have an average
particle size ranging from 0.1 micrometer to 5 micrometers,
alternatively 1 micrometer to 3 micrometers. Alternatively, it
may be desirable to use combinations of metallic and inor-
ganic fillers, such as a combination of metal and metal oxide
fillers, e.g., a combination of aluminum and aluminum oxide
fillers; a combination of aluminum and zinc oxide fillers; or a
combination of aluminum, aluminum oxide, and zinc oxide
fillers. Using a first filler having a larger average particle size
and a second filler having a smaller average particle size than
the first filler may improve packing efficiency, may reduce
viscosity, and may enhance heat transfer. It is contemplated
that any of the above fillers may be used in combination if
desired.

[0089] An average particle size of thermally conductive
fillers depends on various factors including the type of ther-
mally conductive filler and the amount used. However, in
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various embodiments, the thermally conductive filler has an
average particle size ranging from 0.1 micrometer to 100
micrometers, alternatively 0.1 micrometer to 80 micrometers,
alternatively 0.1 micrometer to 50 micrometers, and alterna-
tively 0.1 micrometer to 10 micrometers.

[0090] In various embodiments, the silicone composition
includes from 10 to 70, from 20 to 60, from 40 to 60, or from
30 to 50, parts by weight of the filler per 100 parts by weight
of'the silicone composition. In one embodiment, the silicone
composition includes from 45 to 55 parts by weight of a
quartz filler per 100 parts by weight of the silicone composi-
tion. In an additional embodiment, the silicone composition
includes from 1 to 150 parts by weight of a filler per 100 parts
by weight of the silicone composition. In a further embodi-
ment, the silicone composition includes about 50 parts by
weight of a quartz filler per 100 parts by weight of the silicone
composition. In yet another embodiment, the silicone com-
position includes a filler selected from the group of quartz,
silicon, aluminum oxide, aluminum tri-hydrate, and combi-
nations thereof present in an amount of from 10 to 80 parts by
weight per 100 parts by weight of the silicone composition.
[0091] The aforementioned fillers may be surface treated
with fatty acids or fatty acid esters such as stearates, orga-
nosilanes, organosiloxanes, organosilazanes such as
hexaalkyl disilazane, and/or short chain siloxane diols, and
combinations thereof to render the filler hydrophobic. This
surface treatment may make the fillers easier to handle and
obtain a homogeneous mixture with the other components of
the silicone composition. The surface treatment may also
make ground silicate minerals easily wetted. Without intend-
ing to be limited, it is believed that the surface modified fillers
resist clumping and can be homogeneously incorporated into
the silicone composition, thus resulting in improved room
temperature mechanical properties. Furthermore, it is
believed that the surface treated fillers are less electrically
conductive than non-treated fillers. As described above, a heat
conducting filler may be used when the first outermost layer
22 is also thermally conductive thus enabling the removal of
excess heat from the photovoltaic cells 24 which improves
cell efficiency.

[0092] In addition to the fillers, the silicone composition
may also include an additive such as a hydrosilylation catalyst
inhibitor such as 3-methyl-3-penten-1-yne, 3,5-dimethyl-3-
hexen-1-yne, 3,5-dimethyl-1-hexyn-3-o0l, 1-ethynyl-1-cyclo-
hexanol, 2-phenyl-3-butyn-2-0l, vinylcyclosiloxanes, and
triphenylphosphine. Other non-limiting examples of addi-
tives include pigments, adhesion promoters, corrosion inhibi-
tors, dyes, diluents, anti-soiling additives, and combinations
thereof. Inclusion of such additives may be based on shelf-
life, cure kinetics and optical properties of the tie layer 26.
[0093] Particularly preferred examples of suitable adhesion
promoters may include, but are not limited to, vinyltriethox-
ysilane, acrylopropyltrimethoxysilanes, alkylacrylopropylt-
rimethoxysilanes such as methacryloxypropyltrimethoxy-
silane, alkoxysilanes, allyltriethoxysilane,
glycidopropyltrimethoxysilane, allylglycidylether, hydroxy-
dialkyl silyl terminated methylvinylsiloxane-dimethylsilox-
ane copolymer, a reaction product of hydroxydialkyl silyl
terminated methylvinylsiloxane-dimethylsiloxane copoly-
mer with glycidopropyltrimethoxysilane, bis-triethoxysilyl
ethylene glycol, hydroxydialkyl silyl terminated methylvi-
nylsiloxane-dimethylsiloxane copolymer, a reaction product
ot hydroxydialkyl silyl terminated methylvinylsiloxane-dim-
ethylsiloxane copolymer with glycidopropyltrimethoxysi-
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lane and bis-triethoxysilyl ethylene glycol,a 0.5:1 to 1:2, and
more typically a 1:1 mixture of the hydroxydialkyl silyl ter-
minated methylvinylsiloxane-dimethylsiloxane copolymer
and a methacrylopropyltrimethoxysilane, and combinations
thereof.

[0094] As described above, the additive may include anti-
soiling additives to reduce/prevent soiling when the photo-
voltaic cells 24 are in use. Particularly preferred anti-soiling
additives include, but are not limited to, fluoroalkenes and
fluorosilicones that have viscosities of 10,000 mPa-s at 25° C.
such as fluorinated silsesquioxanes including dimethylhydro-
gensiloxy terminated trifluoropropyl silsesquioxane,
hydroxy-terminated trifluoropropylmethyl siloxane,
hydroxy-terminated trifluoropropylmethylsilyl methylvinyl-
silyl siloxane, 3,3,4,4,5,5,6,6,7,7,8,8,8-tridecafluorooctyltri-
ethoxysilane, hydroxy-terminated methylvinyl, trifluoropro-
pylsiloxane, dimethylhydrogensiloxy-terminated dimethyl
trifluoropropylmethyl siloxane, and combinations thereof.
The anti-soiling additive is typically present in an amount of
5 or less parts by weight per 100 parts by weight of the
silicone composition.

[0095] The silicone composition may also include optical
brighteners capable of absorbing solar energy at the lower
wavelengths (200-500 nm) and re-emitting at higher wave-
lengths (600-900 nm), rheological modifiers, pigments, heat
stabilizers, flame retardants, UV stabilizers, chain extenders,
plasticizers, extenders, fungicides and/or biocides and the
like (which may be present in an amount of from 0to 0.3% by
weight), water scavengers, pre-cured silicone and/or organic
rubber particles to improve ductility and maintain low surface
tack, and combinations thereof.

[0096] Suitable examples of the fire retardants include alu-
mina powder or wollastonite as described in WO 00/46817,
which is expressly incorporated herein by reference relative
to these fire retardants. The fire retardant may be used alone or
in combination with other fire retardants or a pigment such as
titanium dioxide.

[0097] Any reactions of this invention, such as hydrosily-
lation reactions, may be carried out in any standard reactor
suitable or may occur on the module 22. Suitable reactors
include glass and Teflon-lined glass reactors. Typically, the
reactor is equipped with a means of agitation, such as stirring.
The reaction is typically carried out in an inert atmosphere,
such as nitrogen or argon, in the absence of moisture.
[0098] The silicone composition of this invention may be
tacky or non-tacky and may be a gel, gum, liquid, paste, resin,
or solid. In the method of this invention, the silicone compo-
sition is liquid and is disposed on the photovoltaic cell 24. In
one embodiment, the silicone composition is a film. In
another embodiment, the silicone composition is a gel. In yet
another embodiment, the silicone composition is a liquid that
is cured (e.g. pre-cured or partially cured) to form a gel.
Alternatively, the silicone composition may include multiple
segments, with each segment including a different silicone
and/or different form (e.g. gel and liquid). In one embodi-
ment, the silicone composition consists essentially of the
organosilicon compound, the organohydrogensilicon com-
pound, and the hydrosilylation catalyst and does not include
any additional silicones, fillers, cross-linkers, and/or addi-
tives. Alternatively, the silicone composition may consist of
the organosilicon compound, the organohydrogensilicon
compound, and the hydrosilylation catalyst.

[0099] The silicone composition may be uncured, partially
cured, or completely cured via a hydrosilylation mechanism
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or any of the other mechanisms introduced above. In one
embodiment, the silicone composition is cured at a tempera-
ture of from 0° C. to 150° C. Alternatively, the silicone com-
position may be cured at a temperature of from 50° C. to 150°
C. or at a temperature of from room temperature (~23° C.+2°
C.) to 115° C. However, other temperatures may be used, as
selected by one of skill in the art. If the silicone composition
is cured with heat, heating may occur in any suitable oven or
the like in either a batch or continuous mode. A continuous
mode is most preferred. Additionally, the silicone composi-
tion may be cured for a time of from 1 to 24 hours. However,
the silicone composition may be cured for a shorter or longer
time, as selected by one of skill in the art depending on
application. In various embodiments, the silicone composi-
tion has a viscosity of less than about 100,000, from 50 to
10,000, from 100 to 7,500, from 250 to 5,000, from 250 to
10,000, from 25 to 800, from 2,500 to 5,000, from 250 to 600,
from 3,000 to 4,000, or from 2,000 to 8,000 centipoise (cps)
at 25° C. In alternative embodiments, the silicone composi-
tion has a viscosity of about 400 or about 3,500 cps at 25° C.
The viscosity of the silicone composition may be calculated
using ASTM D1084 or ASTM D4287.

[0100] Referring back, in one embodiment, as set forth in
FIG. 7, the plurality of fibers 27 at least partially coated with
the silicone composition extends laterally (L), i.e., in a lateral
direction, across the second (outermost) layer 26 to a periph-
ery (36) of the module 20 on both ends of the module. In one
embodiment, the plurality of fibers 27 at least partially coated
with the silicone composition extends laterally (L) across the
second (outermost) layer 26 to the periphery (36) of the
module 20 at all ends of the module. The terminology “ends”,
as used herein, includes the front, rear, and/or side periphery
of the module 20. The plurality of fibers 27 may completely
extend from one end of the module 20 to the other. The
plurality of fibers 27 may be coated in some sections and not
coated in others or may be completely coated. In one embodi-
ment, uncoated fibers 27 extend across a portion of the second
(outermost) layer 26 to the periphery 36 while coated fibers
extend across another portion of the second (outermost) layer
26. The plurality of fibers 27 and/or the second (outermost)
layer 26 may totally cover the photovoltaic cell 24 when
disposed on the photovoltaic cell 24. Alternatively, the plu-
rality of fibers 27 and/or the second (outermost) layer 26 may
not totally cover the photovoltaic cell 26 when disposed
thereon and may leave gaps.

[0101] The second (outermost) layer 26 including the plu-
rality of fibers 27 is typically the same size as the first outer-
most layer 22 and the photovoltaic cell 24. However, in one
embodiment, the second (outermost) layer 26 is smaller than
the photovoltaic cell 24 and only extends over a portion of the
photovoltaic cell 24. In a further embodiment, the second
(outermost) layer 26 has a length and width of 125 mm each.
In yet another embodiment the second (outermost) layer 26
has a length and width of 156 mm each. Of course it is to be
understood that plurality of fibers 27 and the second (outer-
most) layer 26, and the instant invention, are not limited to
these dimensions.

[0102] Referring back to the module 20, the module 20 may
also include a supporting layer 28. The supporting layer 28
may be the same or different than the first outermost layer 22.
In one embodiment, the supporting layer 28 is a second out-
ermost layer disposed on the second layer 26 when the second
layer 26 is an interior layer. In this embodiment, the support-
ing layer 28 is disposed opposite the first outermost layer 22
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and is used for supporting the module 20. In an alternative
embodiment, the supporting layer 28 includes glass. In
another embodiment, the supporting layer 28 includes at least
one of a polyimide, polyethylene, an ethylene-vinyl acetate
copolymer, an organic fluoropolymer including, but not lim-
ited to, ethylene tetrafluoroethylene (ETFE), polyvinylfluo-
ride (Tedlar®), polyester/Tedlar®, Tedlar®/polyester/Ted-
lar®, polyethylene terephthalate (PET) alone or at least
partially coated with silicon and oxygen based materials
(Si0,), and combinations thereof. In another embodiment,
the supporting layer 28 includes Tedlar®. As is known in the
art, Tedlar® is polyvinylfiuoride. In one embodiment, the
supporting layer 28 is selected from the group of polyvi-
nylfluoride and polyethylene.

[0103] Typically, the supporting layer 28 has a thickness of
from 50 to 500, more typically of from 100 to 225, and most
typically of from 175 to 225, micrometers. In one embodi-
ment, the supporting layer 28 has a length and width of 125
mm each. In another embodiment, the supporting layer 28 has
a length and width of 156 mm each. Of course it is to be
understood that the supporting layer 28, and the instant inven-
tion, are not limited to these dimensions.

[0104] In addition to the second (outermost) layer 26 and
the supporting layer 28, the module 20 may also include a tie
layer 30. The tie layer 30 may be disposed on the photovoltaic
cell 24 and sandwiched between the photovoltaic cell 24 and
the first outermost layer 22. Alternatively, the tie layer 30 may
be disposed in any other portion of the module 20. The mod-
ule 20 may include more than one tie layer 30 and may
include second, third, and/or additional tie layers. The sec-
ond, third, and/or additional tie layers may be the same or
different than the tie layer 30. The tie layer 30 may include a
second silicone composition with may be the same or differ-
ent from the silicone composition described above. In one
embodiment, the second silicone composition is different
from the silicone composition described above.

[0105] In one embodiment, as shown in FIGS. 3, 4, 10 and
11, the module 20 includes the tie layer 30 disposed on the
first outermost layer 22 and sandwiched between the first
outermost layer 22 and the photovoltaic cell 24. The tie layer
30 may be transparent to UV and/or visible light, imperme-
able to light, or opaque.

[0106] The tie layer 30 may have a penetration of from 1.1
to 100 mm. In various embodiments, the tie layer 30 has a
penetration of from 1.3 to 100 mm and more typically of from
2 to 55 mm. The penetration is determined by first calculating
hardness and then calculating penetration. Thus, the tie layer
30 typically has a hardness in grams (g) of Force of from 5 to
500, more typically of from 5 to 400, and most typically of
from 10 to 300. More specifically, hardness is determined
using a TA-XT2 Texture Analyzer commercially available
from Stable Micro Systems using a 0.5 inch (1.27 cm) diam-
eter steel probe. Test samples of the tie layer 30 having a mass
of'12 g are heated at 100° C. for 10 minutes and are analyzed
forhardness using the following testing parameters, as known
in the art: 2 mm/sec pre-test and post-test speed; 1 mm/s test
speed; 4 mm target distance; 60 second hold; and a 5 g force
trigger value. The maximum grams force is measured at 4 mm
distance into the tie layer 30.

[0107] The tie layer 30 may also have a tack value of less
than -0.6 g.sec. In various embodiments, the tie layer 30 has
atack value of from —0.7 to —300 g.sec and more typically of
from —1to -100 g.sec. In one embodiment, the tie layer 30 has
a tack value of about -27 g.sec. The tack value is determined
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using a TA-XT2 Texture Analyzer commercially available
from Stable Micro Systems using a 0.5 inch (1.27 cm) diam-
eter steel probe. The probe is inserted into the tie layer 30 to
adepth of4 mm and then withdrawn at a rate of 2 mm/sec. The
tack value is calculated as a total area (Force-Time) during
withdrawal of the probe from the tie layer 30. The tack value
is expressed in gram.sec.

[0108] The tie layer 30 is typically tacky and may be a gel,
gum, liquid, paste, resin, or solid. In one embodiment, the tie
layer 30 is a film. In another embodiment, the tie layer 30 is a
gel. In yet another embodiment, the tie layer 30 is a liquid that
is cured (e.g. pre-cured) to form a gel. Alternatively, the tie
layer 30 may include multiple segments, with each segment
including a different composition and/or different form (e.g.
gel and liquid), so long as the segments and the overall tie
layer 30 have the appropriate penetration and tack values, set
forth above. Examples of suitable gels for use as the tie layer
30 are described in U.S. Pat. Nos. 5,145,933, 4,340,709, and
6,020,409, each of which is expressly incorporated herein by
reference relative to these gels. It is to be understood that the
tie layer 30 can have any form. Typically, the tie layer 30 has
a viscosity of from 10 to 100,000 mPa-s measured at 25° C.
according to ASTM D4287 using a Brookfield DVIII Cone
and Plate Viscometer. The tie layer 30 also typically has an
elastic modulus (G' at cure) of from 7x10? to 6x10°, dynes/

cm?

[0109] Inone embodiment, the tie layer 30 is substantially
free of entrapped air (bubbles). The terminology “substan-
tially free” means that the tie layer 30 has no visible air
bubbles. In another embodiment, the tie layer 30 is totally free
of entrapped air including both visible and microscopic air
bubbles.

[0110] The tie layer 30 may be formed from any suitable
compound known in the art. The tie layer 30 may be formed
from and/or include an inorganic compound, and organic
compound, or a mixture of organic and inorganic compounds.
These compounds may or may not require curing. In one
embodiment, the tie layer 30 is formed from a curable com-
position including silicon atoms. The tie layer 30 may be
formed completely from a curable silicone composition such
as those disclosed in U.S. Pat. Nos. 6,020,409 and 6,169,155,
herein expressly incorporated by reference relative to these
curable silicone compositions. In another embodiment, the
curable composition of the tie layer 30 includes at least one of
an ethylene-vinyl acetate copolymer, a polyurethane, an eth-
ylene tetrafluoroethylene, a polyvinylfluoride, a polyethylene
terephthalate, and combinations thereof. Alternatively, the tie
layer 30 may be formed from a curable composition including
one or more of components (A)-(E). Component (A) may
include any organic and/or inorganic compounds known in
the art and may include both carbon and silicon atoms. Typi-
cally, component (A) includes a diorganopolysiloxane. The
diorganopolysiloxane may have high number (M,,) and/or
weight average (M,,) molecular weights and may be a silicone
gum having at least two reactive groups per molecule that are
designed to cure with component (B), described in greater
detail below. Alternatively, the diorganopolysiloxane may be
a resin or may include a gum and a resin. The diorganopol-
ysiloxane typically has a molecular structure which is sub-
stantially linear. However, this structure may be partially
branched. In one embodiment, the diorganopolysiloxane is
the same as the organosilicon compound defined above. Of
course, it is to be understood that component (A) may be
selected independently of the organosilicon compound.
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[0111] Suitable examples of component (A) include, but
are not limited to, dimethylalkenylsiloxy-terminated dimeth-
ylpolysiloxanes, dimethylalkenylsiloxy-terminated copoly-
mers of methylalkenylsiloxane and dimethylsiloxane, dim-
ethylalkenylsiloxy-terminated copolymers of
methylphenylsiloxane and dimethylsiloxane, dimethylalk-
enylsiloxy-terminated copolymers of methylphenylsiloxane,
methylalkenylsiloxane, and dimethylsiloxane, dimethylalk-
enylsiloxy-terminated copolymers of diphenylsiloxane and
dimethylsiloxane, dimethylalkenylsiloxy-terminated
copolymers of diphenylsiloxane, methylalkenylsiloxane, and
dimethylsiloxane, and combinations thereof.

[0112] Alternatively, component (A) may include a com-
pound having hydroxyl or hydrolysable groups X and X'
which may be the same or different. These groups may or may
not be terminal groups and are typically not sterically hin-
dered. For example, this compound may have the general
formula:

X-A-X!

wherein X and/or X' may include and/or terminate with any
of the following groups: —Si(OH),, —(R“)Si(OH),, —(R“)
LSiOH, —R“Si(OR?),, —Si(OR?),, —R“,SiOR” or
—R"zSi—RC—SiRdP(ORb)3_p where each R may indepen-
dently include a monovalent hydrocarbyl group such as an
alkyl group having from 1 to 8 carbon atoms. Typically, R% is
a methyl group. Each R? and R? may independently be an
alkyl group having up to 6 carbon atoms or alkoxy group. R®
is typically a divalent hydrocarbon group which may include
one or more siloxane spacers having up to six silicon atoms.
Typically, p hasavalue 0, 1 or 2. In one embodiment, X and/or
X! include functional groups which are hydrolysable in the
presence of moisture.

[0113] Additionally, in this formula, (A) typically includes
a siloxane molecular chain. In one embodiment, (A) includes
a polydiorgano-siloxane chain having siloxane units of the
following formula

*(RGSSiO(ms)/z)f

wherein each RS is independently an organic group such as a
hydrocarbyl group having from 1 to 10 carbon atoms that is
optionally substituted with one or more halogen group such
as chlorine or fluorine, and s is 0, 1 or 2. More specifically, R®
may include methyl, ethyl, propyl, butyl, vinyl, cyclohexyl,
phenyl, and/or tolyl groups, propyl groups substituted with
chlorine or fluorine such as 3,3,3-trifluoropropyl, chlorophe-
nyl, beta-(perfluorobutyl)ethyl or chlorocyclohexyl groups,
and combinations thereof. Typically, at least some of the
groups R are methyl groups. Most typically, all of the R°
groups are methyl groups. In one embodiment, there are at
least approximately 700 units of the above formula per mol-
ecule.

[0114] Typically, component (A) has a viscosity of greater
than 50 mPa—s. In one embodiment, component (A) has a
viscosity of greater than 1,000,000 mPa-s. In another embodi-
ment, component (A) has a viscosity of 50 to 1,000,000, more
typically of from 100 to 250,000, and most typically of from
100 to 100,000, mPa-s. Each of the aforementioned viscosi-
ties are measured at 25° C. according to ASTM D4287 using
a Brookfield DVIII Cone and Plate Viscometer. Component
(A) is typically present in the curable composition of the tie
layer 30 in an amount of from 25 to 99.5 parts by weight, per
100 parts by weight of the curable composition of the tie layer
30.
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[0115] Insome embodiments, component (A) has a degree
of polymerization (dp) of above 1500 and a Williams plastic-
ity number, as determined using ASTM D926, of from 95 to
125. The plasticity number, as used herein, is defined as a
thickness in millimetersx100 of a cylindrical test specimen 2
cm® in volume and approximately 10 mm in height after the
specimen has been subjected to a compressive load of 49
Newtons for three minutes at 25° C.

[0116] Referring now to component (B), this component
typically includes a silicone resin (M, D, T, and/or Q) or
mixture of resins. The resin(s) may or may not include func-
tional groups that could react with component (A). Compo-
nent (B) may be combined with component (A) with or with-
out solvent. More specifically, component (B) may include an
organosiloxane resin such as an MQ resin including
R®.,Si0,,, units and SiO,,, units, a TD resin including
R®Si0,,, units and R®,Si0,,, units, an MT resin including
R®.Si0, ,, units and R®Si0,,, units, an MTD resins including
R®.Si0, ,, units, R°Si0,,, units, and R®,Si0,,, units, and
combinations thereof. In these formulas, R® is as described
above.

[0117] The symbols M, D, T, and Q used above represent
the functionality of structural units of polyorganosiloxanes
including organosilicon fluids, rubbers (elastomers) and res-
ins. The symbols are used in accordance with established
understanding in the art. Thus, M represents the monofunc-
tional unit R%,Si0,,,. D represents the difunctional unit
R%,Si0,,,. T represents the trifunctional unit R9SiO,,,. Q
represents the tetrafunctional unit Si0,,,. Generic structural
formulas of these units are shown below:

M]
R6
|
R6—Si—O
L
[D]
RG
|
0—Si—O0
L
[T]
|
0—Si—O0
L
[Q]

Typically, the weight average molecular weight of component
(B) is at least 5,000 and typically greater than 10,000 g/mol.
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Component (B) is typically present in the curable composi-
tion of the tie layer 30 in an amount of from 0.5 to 75 parts by
weight per 100 parts by weight per 100 parts by weight of the
curable composition of the tie layer 30.

[0118] Without intending to be bound by any particular
theory, it is believed that the aforementioned components (A)
and (B) impart outstanding UV resistance to the tie layer 30.
Use of these silicones may reduce or eliminate a need to
include a UV additive or cerium doped glass in the module 20.
These silicones may also exhibit long term UV and visual
light transmission thereby maximizing an efficiency of the
module 20.

[0119] Referring now to component (C), this component
typically includes a curing catalyst. The catalyst may be of
any type known in the art and typically is selected from the
group of condensation catalysts, hydrosilylation catalysts,
radical catalysts, UV catalysts, thermal catalysts, and combi-
nations thereof. Choice of this catalyst may reduce produc-
tion and processing times by >20% and may eliminate certain
production steps altogether, thereby leading to decreased pro-
duction costs and purchasing costs for the end user.

[0120] In one embodiment, component (C) is the same as
the hydrosilylation catalyst introduced above. In another
embodiment, component (C) includes a peroxide catalyst
which is used for free-radical based reactions between silox-
anes including, but not limited to, —Si—CH, groups and
other —Si—CH; groups or —Si—CH; groups and —Si-
alkenyl groups (typically vinyl), or —Si-alkenyl groups and
—Si-alkenyl groups. Suitable peroxide catalysts may
include, but are not limited to, 2,4-dichlorobenzoyl peroxide,
benzoyl peroxide, dicumyl peroxide, tert-butyl perbenzoate.
1,1-bis(t-butylperoxy)-3,3,5-trimethylcyclohexane (TMCH)
(2,5-bis(t-butylperoxy)-2,5-dimethylhexane) catalyst 1,1-bis
(tert-amylperoxy)cyclohexane, ethyl 3,3-bis(tert-amylper-
oxy)butyrate, 1,1-bis(tert-butylperoxy)cyclohexane, and
combinations thereof. These catalysts may be utilized as a
neat compound or in an inert matrix (liquid or solid).

[0121] Typically, when one or more peroxide catalysts are
used, a temperature at which curing is initiated is generally
determined/controlled on a basis of a half-life of the catalyst.
However, a rate of cure and ultimate physical properties of the
curable compound and the tie layer 30 are controlled by a
level of unsaturation of compounds used to form the tie layer
30. Additionally, reaction kinetics and physical properties can
be tuned by blending linear non-reactively endblocked poly-
mers with differing degrees of polymerization (dp) with dim-
ethylmethylvinyl-copolymers with or without vinyl end-
blocking.

[0122] Inyetanother embodiment, component (C)includes
a condensation catalyst and may also include a combination
of the condensation catalyst with one or more silanes or
siloxane based cross-linking agents which include silicon
bonded hydrolysable groups such as acyloxy groups (for
example, acetoxy, octanoyloxy, and benzoyloxy groups),
ketoximino groups (for example dimethyl ketoxime and
isobutylketoximino groups), alkoxy groups (for example
methoxy, ethoxy, and propoxy groups), alkenyloxy groups
(for example isopropenyloxy and 1-ethyl-2-methylvinyloxy
groups), and combinations thereof. It is also contemplated
that condensation catalysts may be used in component (C)
when the curable composition of the tie layer 30 includes
resin polymer blends that are prepared such that they form a
sheeting material that, on exposure to a moist atmosphere,
reacts to form a permanent network. Alternatively, condensa-
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tion catalysts may be used in component (C) when the curable
composition of the tie layer 30 includes alkoxy-functional
silicone polymers that are capable of co-reacting with the
moisture triggered polymers.

[0123] Component (C) may include any suitable conden-
sation catalyst known in the art. More specifically, the con-
densation catalyst may include, but is not limited to, tin, lead,
antimony, iron, cadmium, barium, manganese, zinc, chro-
mium, cobalt, nickel, aluminum, gallium, germanium, zirco-
nium, and combinations thereof. Non-limiting particularly
suitable condensation catalysts include alkyltin ester com-
pounds such as dibutyltin dioctoate, dibutyltin diacetate,
dibutyltin dimaleate, dibutyltin dilaurate, butyltin 2-ethyl-
hexoate, 2-ethylhexoates ofiron, cobalt, manganese, lead and
zinc, and combinations thereof.

[0124] Alternatively, the condensation -catalyst may
include titanates and/or zirconates having the general formula
Ti[OR], or Zr[OR], respectively, wherein each R may be the
same or different and represents a monovalent, primary, sec-
ondary or tertiary aliphatic hydrocarbon group which may be
linear or branched and have from 1 to 10 carbon atoms. In one
embodiment, the condensation catalyst includes a titanate
including partially unsaturated groups. In another embodi-
ment, the condensation catalyst includes titanates and/or zir-
conates wherein R includes methyl, ethyl, propyl, isopropyl,
butyl, tertiary butyl, and/or branched secondary alkyl groups
such as 2,4-dimethyl-3-pentyl, and combinations thereof.
Typically, when each R is the same, R is an isopropyl group,
branched secondary alkyl group or a tertiary alkyl group, and,
in particular, a tertiary butyl group. Alternatively, the titanate
may be chelated. Chelation may be accomplished with any
suitable chelating agent such as an alkyl acetylacetonate such
as methyl or ethylacetylacetonate. Examples of suitable tita-
nium and/or zirconium based catalysts are described in EP
1254192 which is expressly incorporated herein by reference
relative to these catalysts. Typically, the condensation cata-
lyst, if utilized, is present in an amount of from 0.01 to 3% by
weight of the total curable composition of the tie layer 30.
[0125] Component (C) may alternatively include a cationic
initiator which can be used when the curable composition of
the tie layer 30 includes cycloaliphatic epoxy functionality.
Typically, the cationic initiators are suitable for thermal and/
or UV cure and may be used when the curable composition of
the tie layer 30 includes iodonium or sulfonium salts that will
produce a cured network upon heating. In one embodiment,
the cationic initiator is used in combination with a radical
initiator. This combination can be cured by UV-visible irra-
diation when sensitized with suitable UV-visible radical ini-
tiators such those described above.

[0126] Referring now to component (D), this component
includes a cross-linking agent which may have a linear, par-
tially branched linear, cyclic, or a net-like structure. The
cross-linking agent may be included independently of, or in
combination with, the catalysts described above. The cross-
linking agent may be any known in the art and typically
includes the organohydrogensilicon compound described
above. Of course, it is to be understood that component (D)
may be selected independently of the organohydrogensilicon
compound.

[0127] In various embodiments, the cross-linking agent
may have two but typically has three or more silicon-bonded
hydrolysable groups per molecule. If the cross-linking agent
is a silane and has three silicon-bonded hydrolysable groups
per molecule, the cross-linking agent may also include a
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non-hydrolysable silicon-bonded organic group. These sili-
con-bonded organic groups are typically hydrocarbyl groups
which are optionally substituted by halogen such as fluorine
and chlorine. Examples of suitable groups include, but are not
limited to, alkyl groups such as methyl, ethyl, propyl, and
butyl groups, cycloalkyl groups such as cyclopentyl and
cyclohexyl groups, alkenyl groups such as vinyl and allyl
groups, aryl groups such as phenyl and tolyl groups, aralkyl
groups such as 2-phenylethyl groups, and halogenated deriva-
tives thereof. Most typically, the non-hydrolysable silicon-
bonded organic group is a methyl group.

[0128] In another embodiment, the cross-linking agent
includes one or more silanes including hydrolysable groups
such as acyloxy groups (e.g. acetoxy, octanoyloxy, and ben-
zoyloxy groups), ketoximino groups (e.g. dimethyl ketoximo
and isobutylketoximino groups), alkoxy groups (e.g. meth-
oxy, ethoxy, and propoxy groups), alkenyloxy groups (e.g.
isopropenyloxy and 1-ethyl-2-methylvinyloxy groups), and
combinations thereof. These siloxanes may be straight
chained, branched, or cyclic.

[0129] As described above, the cross-linking agent may be
combined with the aforementioned catalyst of component
(C). In one embodiment, the cross-linking agent includes
oximosilanes and/or acetoxysilanes and is combined with a
tin catalyst such as diorganotin dicarboxylate, dibutyltin
dilaurate, dibutyltin diacetate, dimethyltin bisneodecanoate,
and combinations thereof. In another embodiment, the cross-
linking agent includes alkoxysilanes combined with titanate
and/or zirconate catalysts such as tetrabuty] titanate, tetraiso-
propyl titanate, chelated titanates or zirconates such as diiso-
propyl bis(acetylacetonyl)titanate, diisopropyl bis(ethylac-
etoacetonyl)titanate, diisopropoxytitanium bis
(ethylacetoacetate), and combinations thereof. Alternatively,
the cross-linking agent may include one or more silanes or
siloxanes which may include silicon bonded hydrolysable
groups such as acyloxy groups (for example, acetoxy,
octanoyloxy, and benzoyloxy groups), ketoximino groups
(for example dimethyl ketoximo and isobutylketoximino
groups), alkoxy groups (for example methoxy, ethoxy, and
propoxy groups) and alkenyloxy groups (for example isopro-
penyloxy and 1-ethyl-2-methylvinyloxy groups). In the case
of' siloxanes, the molecular structure can be straight chained,
branched, or cyclic.

[0130] The curable composition of the tie layer 30 may also
include component (E). This component typically includes a
highly functional modifier. Suitable modifiers include, but are
not limited to, methyl vinyl cyclic organopolysiloxane struc-
tures (E” ) and branched structures such as (M"E,),Q struc-
tures, which are described in EP 1070734 which is expressly
incorporated herein by reference relative to these structures.
If included, component (E) may be used in amounts deter-
mined by those of skill in the art.

[0131] In addition to components (A-E), the curable com-
position of the tie layer 30 may further include a block
copolymer and/or a mixture of a block copolymer and a
silicone resin. The block copolymer may be used alone but is
typically cured using one of the catalysts described above.
The block copolymer may include a thermoplastic elastomer
having a “hard” segment (i.e., having a glass transition point
T,Z the operating temperature of the module 20) and a “soft”
segment (i.e., having a glass transition point T,= the operat-
ing temperature of the module 20). Typically, the soft segment
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is an organopolysiloxane segment. It is contemplated that the
block copolymer may be an AB, an ABA, or (AB),, block
copolymer.

[0132] More specifically, these block co-polymers may be
prepared from a hard segment polymer prepared from an
organic monomer or oligomer or combination of organic
monomers and/or oligomers including, but not limited to,
styrene, methylmethacrylate, butylacrylate, acrylonitrile,
alkenyl monomers, isocyanate monomers and combinations
thereof. Typically, the hard segment polymer is combined or
reacted with a soft segment polymer prepared from a com-
pound having at least one silicon atom such as an organopol-
ysiloxane polymer. Each of the aforementioned hard and soft
segments can be linear or branched polymer networks or
combination thereof.

[0133] Preferred block-copolymers include silicone-ure-
thane and silicone-urea copolymers. Silicone-urethane and
silicone-urea copolymers, described in U.S. Pat. Nos. 4,840,
796 and 4,686,137, expressly incorporated herein by refer-
ence relative to these copolymers, have been known to form
materials with good mechanical properties such as being
elastomeric at room temperature. Desired properties of these
silicone-urea/urethane copolymers can be optimized by vary-
ing a level of polydimethylsiloxane (PDMS), a type of chain
extender used, and a type of isocyanate used. If included, the
block copolymers are typically present in the curable com-
position of the tie layer 30 in an amount of from 1 to 100 parts
by weight per 100 parts by weight of the curable composition
of the tie layer 30.

[0134] The curable composition of the tie layer 30 may also
include a curing inhibitor to improve handling conditions and
storage properties. The curing inhibitor may be any known in
the art and may include, but is not limited to, methyl-vinyl
cyclics, acetylene-type compounds, such as 2-methyl-3-bu-
tyn-2-ol, 2-phenyl-3-butyn-2-ol, 3,5-dimethyl-1-hexyn-3-ol,
1-ethynyl-1-cyclohexanol, 1,5-hexadiene, 1,6-heptadiene,
3,5-dimethyl-1-hexen-1-yne, 3-ethyl-3-buten-1-yne and/or
3-phenyl-3-buten-1-yne, an alkenylsiloxane oligomer such as
1,3-divinyltetramethyldisiloxane, 1,3,5,7-tetravinyltetram-
ethyl cyclotetrasiloxane, or 1,3-divinyl-1,3-diphenyldimeth-
yldisiloxane, a silicone compound including an ethynyl group
such as methyltris(3-methyl-1-butyn-3-oxy)silane, a nitro-
gen compound such as tributylamine, tetramethylethylenedi-
amine, benzotriazole, a phosphorus compound such as triph-
enylphosphine,  sulphur  compounds,  hydroperoxy
compounds, maleic-acid derivatives thereof, and combina-
tions thereof. Alternatively, the curing inhibitor may be
selected from the curing inhibitors disclosed in U.S. Pat. Nos.
6,020,409 and 6,169,155, expressly incorporated herein by
reference relative to the curing inhibitors. If included, the
curing inhibitors are typically included in an amount of less
than 3 parts by weight, more typically of from 0.001 to 3 parts
by weight, and most typically of from 0.01 to 1 part by weight,
per 100 parts by weight of component (A).

[0135] Each of the components (A-E) may be pre-reacted
(or tethered) together, also known in the art as bodying. In one
embodiment, silanol functional polymers are tethered to sil-
anol functional resins. This tethering typically involves con-
densation and re-organization and can be carried out using
base or acid catalysis. Tethering can be further refined by the
inclusion of reactive or non-reactive organo-silane species.
[0136] Still further, the curable composition of the tie layer
30 may include additives such as fillers, extending fillers,
pigments, adhesion promoters, corrosion inhibitors, dyes,
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diluents, anti-soiling additives, and combinations thereof,
which may be the same or different than those described in
detail above. The curable composition of the tie layer 30 may
be cured by any mechanism known in the art including, but
not limited to, those described in detail above.

[0137] Inone embodiment, the tie layer 30 is substantially
free of silicone based resins. In another embodiment, the tie
layer 30 is substantially free of thermoplastic resins. The
terminology “substantially free” represents an amount of the
silicone based resins and/or thermoplastic resins in the tie
layer 30 of less than 1,000, more typically of less than 500,
and most typically of less than 100, parts by weight per one
million parts by weight of the curable composition of the tie
layer 30. In a further embodiment, the tie layer 30 does not
have suitable physical properties such that it could be classi-
fied as a hot melt composition, i.e., as an optionally curable
thermoset product that is inherently high in strength and
resistant to flow (i.e. high viscosity) at room temperature.

[0138] Referring back, the second (outermost) layer 26
typically has a dielectric strength of from 400 to 800 volts per
mil. In one embodiment, the second (outermost) layer 26 has
a dielectric strength of from 400 to 500 volts per mil. In
another embodiment, the second (outermost) layer 26 has a
dielectric strength of from 500 to 600 volts per mil. In a
further embodiment, the second (outermost) layer 26 has a
dielectric strength of from 600 to 700 volts per mil. In yet
another embodiment, the second (outermost) layer 26 has a
dielectric strength of from 700 to 800 volts per mil. The
photovoltaic cell 24 and the second (outermost) layer 26 also
typically have an adhesion strength of from 1 to 10 pounds per
inch according to ASTM D903.

[0139] As described above, the module 20, by itself,
includes the first outermost layer 22, the second (outermost)
layer 26, and the photovoltaic cell 24, one example of which
is set forth in FIG. 1. In one embodiment, the module 20
consists essentially of the first outermost layer 22, the photo-
voltaic cell 24, and the second (outermost) layer 26. In
another embodiment the module 20 consists essentially of the
first outermost layer 22, the photovoltaic cell 24, the second
(outermost) layer 26, and the tie layer 30. In each of these
aforementioned embodiments, the module 20 does not
include any additional tie layers, substrates, or photovoltaic
cells. In a further embodiment, as shown in FIGS. 3 and 10,
the module 20 includes the first outermost layer 22, the tie
layer 30 disposed on, and in direct contact with, the first
outermost layer 22, the photovoltaic cell 24 disposed on, and
spaced apart from, the first outermost layer 22, and the second
(outermost) layer 26 disposed on, and in direct contact with,
the photovoltaic cell 24.

[0140] Alternatively, the module 20 may consist of the first
outermost layer 22, the photovoltaic cell 24, the second (out-
ermost) layer 26, and the electrical leads or consist of the first
outermost layer 22, the photovoltaic cell 24, the second (out-
ermost) layer 26, the tie layer 30, and the electrical leads. It is
also contemplated that the module 20 may be free of or
include polyethylene terephthalate, polyethylene naphtha-
late, polyvinyl fluoride, and/or ethylene vinyl acetate. The
module 20 may be totally free of all polymers except for
silicone polymers. Alternatively, the module 20 may be free
of any layers that include polyethylene terephthalate, poly-
ethylene naphthalate, polyvinyl fluoride, and/or ethylene
vinyl acetate. In one embodiment, the module 20 is free of
Tedlar®.
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[0141] Relative to the method of this invention, each of the
first outermost layer 22, the photovoltaic cell 24, the second
(outermost) layer 26, the tie layer 30, and/or the supporting
layer 28 may be present in the module 20 in any order so long
as the photovoltaic cell 24 is disposed on the first outermost
layer 22 and the second (outermost) layer 26 is disposed on
the photovoltaic cell 24. In one embodiment, as specifically
related to the method of this invention, and as shown in FIGS.
2 and 9, the module 20 includes the first outermost layer 22,
the photovoltaic cell 24 disposed on the first outermost layer
22, the second (outermost) layer 26 disposed on the photo-
voltaic cell 24, and the supporting layer 28 disposed on the tie
layer 26. In another embodiment, as specifically related to the
instant method, and as shown in FIGS. 4 and 11, the module
20 includes the first outermost layer 22, the tie layer 30
disposed on, and in direct contact with, the first outermost
layer 22, the photovoltaic cell 24 disposed on, and spaced
apart from, the first outermost layer 22, the second (outer-
most) layer 26 disposed on, and in direct contact with, the
photovoltaic cell 24, and the supporting layer 28 disposed on,
and in direct contact with, the second layer 26. Additionally,
the module 20 may include a protective seal (not shown in the
Figures) disposed along each edge of the module 20 to cover
the edges. The module 20 may also be partially or totally
enclosed within a perimeter frame that typically includes
aluminum and/or plastic (also not shown in the Figures).
[0142] The instant invention also provides a photovoltaic
array 32, as shown in FIG. 6A. The photovoltaic array 32
includes at least two modules 20. Typically the modules 20
are electrically connected, as described above, to provide
suitable voltage. The photovoltaic array 32 may be of any size
and shape and may be utilized in any industry. More specifi-
cally, in FIG. 6A, the photovoltaic array 32 includes a series
of modules 20 of the type shown in FIG. 1 that are electrically
connected together.

[0143] The present invention also provides a method of
forming the module 20. Relative to the method, the module 20
is not limited to the second layer 26 being a second “outer-
most” layer. The module 20 of the method may include the
first outermost layer 22, the photovoltaic cell 24, and the
second (outermost) layer 26. However, the module 20 of the
method may include the supporting layer 28 as the second
outermost layer while the second layer 26 is an interior layer
and not an outermost layer. In addition, the silicone compo-
sition used in the method is a liquid silicone composition.
[0144] The method includes the steps of disposing the pho-
tovoltaic cell 24 on the first outermost layer 22, disposing the
liquid silicone composition on the photovoltaic cell 24, and at
least partially coating the plurality of fibers 27 with the liquid
silicone composition to form the second (outermost) layer 26.
The method also includes the step of compressing the first
outermost layer 22, the photovoltaic cell 24, and the second
(outermost) layer 26 to form the module 20.

[0145] In one embodiment, the plurality of fibers 27 is at
least partially coated prior to the step of disposing the liquid
silicone composition on the photovoltaic cell 24. In this
embodiment, the plurality of fibers 27 may be at least partially
coated with the liquid silicone composition separately from
the module 22, i.e., the second (outermost) layer 26 may be a
preformed sheet. In another embodiment, the plurality of
fibers 27 is at least partially coated after the step of disposing
the liquid silicone composition on the photovoltaic cell 24.
That is, the liquid silicone composition may be disposed on
the photovoltaic cell 24 and then the plurality of fibers 27 may
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be disposed (e.g. placed) in the liquid silicone composition to
at least partially coat the fibers 27. Alternatively, the plurality
of fibers 27 may be disposed on the photovoltaic cell 24 and
then the liquid silicone composition may be applied to the
plurality of fibers 27 on the photovoltaic cell 24. Further, the
plurality of fibers 27 may be at least partially coated simul-
taneously with the step of disposing the liquid silicone com-
position on the photovoltaic cell 24. In other words, the plu-
rality of fibers 27 may be disposed on the photovoltaic cell 24
atthe same time and in the same space as the plurality of fibers
27 is disposed on the photovoltaic cell 24.

[0146] The photovoltaic cell 24 can be disposed (e.g.
applied) by any suitable mechanism known in the art but is
typically disposed using an applicator in a continuous mode.
In one embodiment, the photovoltaic cell 24 is disposed on
the first outermost layer 22 via chemical vapor deposition or
physical sputtering. Other suitable mechanisms of disposing
the photovoltaic cell 24 on the first outermost layer 22 include
applying a force to the photovoltaic cell 24 to more com-
pletely contact the photovoltaic cell 24 and the first outermost
layer 22.

[0147] Referring to the step of disposing the liquid silicone
composition on the photovoltaic cell 24, this step may also
include any suitable application method known in the art
including, but not limited to, spray coating, flow coating,
curtain coating, dip coating, extrusion coating, knife coating,
screen coating, laminating, melting, pouring, brushing, and
combinations thereof.

[0148] As first introduced above, the method also includes
the step of at least partially coating the plurality of fibers 27
with the liquid silicone composition. The step of at least
partially coating may be accomplished by any means known
in the art including, but not limited to, spray coating, flow
coating, curtain coating, dip coating, extrusion coating, knife
coating, screen coating, laminating, melting, pouring, brush-
ing, and combinations thereof. In one embodiment, the plu-
rality of fibers 27 is at least partially coated by placing the
plurality of fibers 27 in an amount of the liquid silicone
composition. In a further embodiment, the plurality of fibers
27 can be at least partially coated as part of the module 20.
[0149] Inanother embodiment, the silicone composition is
supplied to a user as a multi-part system including a first and
a second part. The first and second parts may be mixed imme-
diately prior to at least partially coating the plurality of fibers
27 and/or immediately prior to disposing the liquid silicone
composition on the photovoltaic cell 24. In a further embodi-
ment, the method further includes the step of partially curing,
e.g. “pre-curing,” the liquid silicone composition and/or cur-
able composition to form the second (outermost) layer 26
and/or the tie layer 30, respectively. Additionally, the method
may include the step of curing the liquid silicone composition
and/or the curable composition to form the second (outer-
most) layer 26 and/or the tie layer 30, respectively. Addition-
ally, the step of at least partially coating the plurality of fibers
27 may be further defined as encapsulating all or a part of the
plurality of fibers 27. In one embodiment, the step of at least
partially coating the plurality of fibers 27 may be further
defined as encapsulating at least part of the photovoltaic cell
24.

[0150] In an additional embodiment, the method may
include the step of treating the first outermost layer 22, the
photovoltaic cell 24, the tie layer 26, the supporting layer 28,
and/or the tie layer 30, with a plasma, as described in U.S. Pat.
No. 6,793,759, incorporated herein by reference.



US 2011/0203664 Al

[0151] Referring now to the step of compressing, it is to be
understood that even after the step of compressing, the pho-
tovoltaic cell 24 and the first outermost layer 22 do not need
to be in direct contact. The step of compressing may be further
defined as applying a vacuum to the photovoltaic cell 24 and
the first outermost layer 22. Alternatively, a mechanical
weight, press, or roller (e.g. a pinch roller) may be used for
compression. The plurality of fibers 27 extending laterally
across the second (outermost) layer 26 to the periphery 36 of
the module 20 resists leakage of the liquid silicone composi-
tion from the module 20 during the step of compressing.

[0152] Further, the step of compressing may be further
defined as laminating. Still further, the method may include
the step of applying heat to the module 20. Heat may be
applied in combination with any other step or may be applied
in a discrete step. The entire method may be continuous or
batch-wise or may include a combination of continuous and
batch-wise steps.

EXAMPLES

Formation of Modules:

[0153] Two modules (Modules A and B) are formed
according to the method of instant invention. In addition, four
comparative modules (Comparative Modules A-D) are also
formed but not according to the method of the instant inven-
tion. In the Modules A and B, a plurality of fibers extends
laterally across a second layer to a periphery of the Modules
on both ends of the Modules.

[0154]

[0155] A 156 mmx156 mmx3.2 mm first outermost layer
(glass) having a light transmittance of at least 70 percent as
determined by UV/Vis spectrophotometry using ASTM
E424-71,

[0156] A 156 mmx156 mmx200 um photovoltaic cell dis-
posed on the first outermost layer;

[0157] A 5-mil second layer uniformly disposed on and
across the photovoltaic cell and including a textile (non-
woven fiberglass) as the plurality of fibers that is at least
partially coated with a first liquid silicone composition; and

[0158] A 156 mmx156 mmx125 pm supporting layer (Ted-
lar®) disposed on the second layer.

[0159] Module B includes:

[0160] A 156 mmx156 mmx3.2 mm first outermost layer
(glass) having a light transmittance of at least 70 percent as
determined by UV/Vis spectrophotometry using ASTM
E424-71,

[0161] A 156 mmx156 mmx200 um contact photovoltaic
cell disposed on the first outermost layer; and

[0162] A 15-mil second layer uniformly disposed on and
across the photovoltaic cell and including a textile (non-
woven polyester) as the plurality of fibers that is at least
partially coated with a second liquid silicone composition.
Module B does not include a supporting layer.

[0163]

[0164] A 156 mmx156 mmx3.2 mm first outermost layer
(glass) having a light transmittance of at least 70 percent as
determined by UV/Vis spectrophotometry using ASTM
E424-71,

More specifically, Module A includes:

Comparative Module A includes:
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[0165] A 156 mmx156 mmx200 um photovoltaic cell dis-
posed on the first outermost layer;

[0166] A 15-mil second layer uniformly disposed on and
across the photovoltaic cell and including the liquid silicone
composition of Module 1; and

[0167] A 156 mmx156 mmx125 pum supporting layer (Ted-
lar®) disposed on the tie layer. Comparative Module A does
not include a plurality of fibers.

[0168]
[0169] A 156 mmx156 mmx3.2 mm first outermost layer
(glass) having a light transmittance of at least 70 percent as
determined by UV/Vis spectrophotometry using ASTM
E424-71;

[0170] A 156 mmx156 mmx200 um photovoltaic cell dis-
posed on the first outermost layer; and

[0171] A 15-mil second layer uniformly disposed on and
across the photovoltaic cell and including the liquid silicone
composition of Module B. Comparative Module B does not
include a plurality of fibers or a supporting layer.

[0172]
[0173] A 156 mmx156 mmx3.2 mm first outermost layer
(glass) having a light transmittance of at least 70 percent as
determined by UV/Vis spectrophotometry using ASTM
E424-71;

[0174] A 156 mmx156 mmx200 um contact photovoltaic
cell disposed on the first outermost layer;

[0175] A 15-mil second layer uniformly disposed on and
across the photovoltaic cell and including a textile (non-
woven fiberglass) as the plurality of fibers that is at least
partially coated with ethylene vinyl acetate polymer; and

[0176] A 156 mmx156 mmx125 pum supporting layer (Ted-
lar®) disposed on the tie layer. Comparative Module C does
not include silicone.

[0177]
[0178] A 156 mmx156 mmx3.2 mm first outermost layer
(glass) having a light transmittance of at least 70 percent as
determined by UV/Vis spectrophotometry using ASTM
E424-71;

[0179] A 156 mmx156 mmx200 um photovoltaic cell dis-
posed on the first outermost layer; and

[0180] A 15-mil second layer uniformly disposed on and
across the photovoltaic cell and including a textile (non-
woven polyester) as the plurality of fibers that is at least
partially coated with an ethylene vinyl acetate polymer. Com-
parative Module D does not include silicone or a supporting
layer.

[0181] The glass is commercially available from AFG
Industries, Inc. under the trade name Solatex® 2000. The
non-woven fiberglass is commercially available from Crane
Nonwovens of Dalton, Mass. The non-woven polyester is
also commercially available from Crane Nonwovens of Dal-
ton, Mass. The photovoltaic cells are commercially available
from Trina Solar and BP Solar. The Tedlar® is commercially
available from DuPont. The ethylene vinyl acetate polymer is
also commercially available from DuPont. The first and sec-
ond liquid silicone compositions are set forth in Table 1 below
wherein all parts are in parts by weight, unless otherwise
indicated. After formation, the Modules 1 and 2 and the
Comparative Modules 1-4 are visually evaluated to determine
a presence of Void Spaces in the second layer. The results of
these evaluations are also set forth in Table 1 below.

Comparative Module B includes:

Comparative Module C includes:

Comparative Module D includes:
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TABLE 1
Comp. Comp. Comp. Comp.
Mod. Mod. Mod. Mod. Mod. Mod.
Formulation A B A B C D
First/Second Yes Yes Yes Yes — —
Silicone
Compositions
Polymer 1 88.31 47.10 8831 47.10 — —
Polymer 2 8.96 4.61 8.96 4.61 — —
Polymer 3 0.60 0.74 0.60 074 — —
Adhesion 1.01 0.98 1.01 0.98 — —
Promoter 1
Adhesion 1.01 0.98 1.01 0.98 — —
Promoter 2
Catalyst 0.06 0.25 0.06 0.25 — —
Cure Inhibitor 0.06 0.01 0.06 0.01 — —
Filler — 45.33 — 45.33 — —
Total ~100 ~100 ~100 ~100 — —
SiH:SiVi 0.95 1.05 0.95 1.05 — —
Ratio
Weight Ratio 15.00 6.27 15.00 6.27 — —
of Polymer 2:
Polymer 3
Amount of 5.05 12.76 5.05 12.76 — —
Platinum
from Catalyst
(ppm)
Ethylene — — — — Yes Yes
Vinyl Acetate
(EVA)
Polymer
Non-Woven Yes — — — Yes —
Fiberglass
Non-Woven — Yes — — — Yes
Polyester
Tedlar ® Yes — Yes — Yes —
Thickness of 5 15 15 15 9 15
Silicone/EVA
(mils)
Void Spaces No No No Yes No No
[0182] Polymer 1 is a vinyldimethylsilyl end-blocked poly-

dimethylsiloxane having a viscosity of 450 mPa-s at 25° C.
and including 0.46 weight percent Si-Vinyl bonds.

[0183] Polymer 2 is a dimethylhydrogensilyl terminated
polydimethylsiloxane that has a viscosity of 10 mPa-s and
0.16 weight percent of Si—H bonds.

[0184] Polymer 3 is a trimethylsilyl terminated polydim-
ethylsiloxane-methylhydrogensiloxane co-polymer having a
viscosity of 5 mPas and including 0.76 weight percent of
Si—H bonds.

[0185] Adhesion Promoter 1 is a reaction product of trim-
ethylsilyl- and dimethylvinylsilyl-treated silica and an orga-
nofunctional silane and has a viscosity of 25 mPa-s.

[0186] Adhesion Promoter 2 is a reaction product of trim-
ethylsilyl- and dimethylvinylsilyl-treated silica and an epoxy
functional silane and has a viscosity of 25 mPa-s.

[0187] Catalyst is a platinum catalyst including platinum
complexes of 1,3-diethenyl-1,1,3,3-tetramethyldisiloxane.
[0188] Cure Inhibitor is methylvinylcyclosiloxane having a
viscosity of 3 mPa-s. with an average DP of 4, an average
weight average molecular weight of 344 g/mol, and 31.4
weight percent of Si-Vinyl bonds.

[0189] Fillerisaquartz filler having an average particle size
of 5 um.
[0190] As set forth in Table 1 above, Modules A and B of

the instant invention can be formed with less material, i.e.,
less silicone, as demonstrated through the decreased thick-
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ness of the silicone in the tie layer of Module A. This reduces
production times, costs, and complexities. The Modules A
and B also do not include Void Spaces. This increases struc-
tural strength and stability of the Modules. As described
above, the Modules A and B are formed by the method of this
invention wherein the plurality of fibers extends laterally
across the second layer to a periphery of the Modules on both
ends of the Modules to resist leakage of the liquid silicone
composition from the Modules during the step of compress-
ing.

Formation of Additional Layers:

[0191] Additional layers (Layers A-E) are also formed and
are evaluated to determine Dielectric Strength (volts/mil) and
Corrected Dielectric Strength (volts/mil). The Layers A-E are
formed and evaluated apart from any first outermost layer and
any photovoltaic cells. Layer A includes only ethylene vinyl
acetate, does not include a plurality of fibers, and does not
represent a tie layer of the instant invention. Layer B includes
only a silicone composition, does not include a plurality of
fibers, and does not represent the second (outermost) layer of
the instant invention. Layer C represents one possible second
(outermost) layer of the instant invention, includes the sili-
cone composition of Layer B, and includes a plurality of
polyester fibers at least partially coated with the silicone
composition. More specifically, Layer C includes a layer of
non-woven polyester fibers that is 4 mils thick. Layer D
represents another possible second (outermost) layer of the
instant invention, includes the silicone composition of Layer
B, and includes a plurality of fiberglass fibers at least partially
coated with the silicone composition. More specifically,
Layer D includes a layer of non-woven fiberglass fibers that is
4 mils thick. Layer E represents yet another possible second
(outermost) layer of the instant invention, includes the sili-
cone composition of Layer B, and includes a plurality of
fiberglass fibers at least partially coated with the silicone
composition. More specifically, Layer E includes two layers
of non-woven fiberglass fibers that are 4 and 5 mils thick,
respectively. The Layers A-E and the results of the evalua-
tions of Dielectric Strength and Corrected Dielectric Strength
are set forth in Table 2 below.

TABLE 2

Layer A Layer B Layer C LayerD LayerE
Silicone No Yes Yes Yes Yes
Composition
Polymer 1 — 90.81 90.81 90.81 90.81
Polymer 2 — 8.5 8.5 8.5 8.5
Polymer 3 — 0.57 0.57 0.57 0.57
Catalyst — 0.06 0.06 0.06 0.06
Cure Inhibitor — 0.06 0.06 0.06 0.06
Total — 100 100 100 100
SiH:SiVi Ratio — 1.1 1.1 1.1 1.1
Pt Content — 4.9 4.9 4.9 4.9
(ppm)
Ethylene Vinyl Yes No No No No
Acetate (EVA)
Polymer
Non-Woven No No No Yes Yes
Fiberglass (2 Layers;
(4 mils) 4+ 5 mil)
Non-Woven No No Yes No No
Polyester
(4 mils)
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TABLE 2-continued
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TABLE 3-continued

Layer A Layer B Layer C LayerD LayerE

Thickness of 17 21 19 19 20
Silicone +

(Non-Woven or

EVA) (mils)

Dielectric 907 720 752 737 790
Strength

(Volts/mil)

Corrected 907 795
Dielectric

Strength

(17 mil)

(Volts/mil)

No Data No Data No Data

[0192] In Table 2, the Polymers 1-3, the Catalyst, and the
Cure Inhibitor are the same as those set forth in Table 1. The
data set forth above suggests that the Layers of this invention
perform as well or better than comparative layers that are not
of this invention. The data also suggests that the plurality of
fibers and the silicone composition of this invention allow for
cost effective and repeatable production of photovoltaic cell
modules because of controlled diffusion of the silicone com-
position, minimization of the amount of silicone composition
used through resistance to leakage of the silicone composi-
tion from the Modules during the step of compressing, mini-
mized waste, and increased consistency of thickness and size
of the module. The plurality of fibers and the silicone com-
position also allow for formation of a module without a sup-
porting layer thereby reducing costs, production complexi-
ties, and time needed to form the module.

Formation of Hydrosilylation-Curable Silicone Composi-
tions:

[0193] A series of hydrosilylation-curable silicone compo-
sitions (Compositions 1-10) are also formed according to this
invention, as set forth in Table 3 below. After formation, the
Compositions 1-10 are heated at about 125° C. for a time of
from 15 to 20 minutes to cure and to form three groups of
corresponding layers (Layers 1-10) that represent various
embodiments of the second (outermost) layer of this inven-
tion. The Layers 1-10 are evaluated for various physical prop-
erties, as further described below.

TABLE 3

Compo- Compo- Compo-
sition 1 sition 2 sition 3 Composition 4

Branched Organosilicon — — — 3.93
Compound

Linear 90.8 35.1 43.15 —
Organosilicon Compound 1

Linear — — — 92.35
Organosilicon Compound 2

Linear — — 5.68 —
Organosilicon Compound 3

Organohydrogensilicon 8.5 — 4.9 —
Compound 1

(chain-extender)

Organohydrogensilicon 0.57 1.44 0.61 3.62
Compound 2

(cross-linker)

Inhibitor 0.07 0.19 0.025 0.03
Catalyst 1 — 0.09 — —
Catalyst 2 0.06 — 0.065 0.07

Filler — 55.38 44.55 —
Pigment — 7.57 — —
Adhesion Promoter 1 — — 1.01 —
Adhesion Promoter 2 — 0.226 — —
Total Wt % 100.00 100.00 99.99 100.00
SiH/SiVi Ratio 1.1 1.12 1.04 1.49
Ratio of Chain-Extender to 15 N/A 8 N/A
Cross-Linker
Pt Concentration (ppm) 4.9 5.4 5.7 6.0
Compo- Compo- Compo-
sition 5 sition 6 sition 7 Composition 8
Branched Organosilicon 6.74 9.33 13.19 9.29
Compound
Linear — — — —
Organosilicon Compound 1
Linear 88.01  84.03 78.18 74.09
Organosilicon Compound 2
Linear — — — 10.01
Organosilicon Compound 3
Organohydrogensilicon — — — —
Compound 1
(chain-extender)
Organohydrogensilicon 5.16 6.54 8.53 6.51
Compound 2
(cross-linker)
Inhibitor 0.03 0.04 0.03 0.03
Catalyst 1 — — — —
Catalyst 2 0.07 0.07 0.07 0.07
Filler — — — —
Pigment — — — —

Adhesion Promoter 1 — — — _
Adhesion Promoter 2 — — — _

Total Wt % 100.01 100.01  100.00 100.00
SiH/SiVi Ratio 1.51 1.51 1.50 1.53
Ratio of Chain-Extender to N/A N/A N/A N/A
Cross-Linker
Pt Concentration (ppm) 6.0 5.8 6.0 5.7
Composition 9 Composition 10
Branched Organosilicon 4.68 4.67
Compound
Linear — —
Organosilicon Compound 1
Linear 42.11 37.22
Organosilicon Compound 2
Linear — 5.03
Organosilicon Compound 3
Organohydrogensilicon — —
Compound 1
(chain-extender)
Organohydrogensilicon 3.32 3.32
Compound 2
(cross-linker)
Inhibitor 0.01 0.03
Catalyst 1 — —
Catalyst 2 0.07 0.06
Filler 49.81 49.67
Pigment — —

Adhesion Promoter 1 — —
Adhesion Promoter 2 — —

Total Wt % 100.00 100.00

SiH/SiVi Ratio 1.54 1.54

Ratio of Chain-Extender to N/A N/A

Cross-Linker

Pt Concentration (ppm) 5.72 5.72
[0194] Branched Organosilicon Compound is a polydim-

ethylsiloxane that includes two terminal unsaturated (i.e.,
vinyl) moieties per molecule and at least one pendant unsat-
urated (i.e., vinyl) moiety per molecule, has a average degree
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of polymerization of about 620, a weight average molecular
weight of about 46,000 g/mol, a viscosity of about 15,000 cps
at 25° C. determined according to ASTM D4287, and a
weight percent of vinyl groups of about 7.7%.

[0195] Linear Organosilicon Compound 1 is a polydimeth-
ylsiloxane that includes two terminal unsaturated (i.e., vinyl)
moieties per molecule, has a average degree of polymeriza-
tion of about 297, a weight average molecular weight of about
22,000 g/mol, a viscosity of about 2,100 cps at 25° C. deter-
mined according to ASTM D4287, and a weight percent of
vinyl groups of about 0.21%.

[0196] Linear Organosilicon Compound 2 is a polydimeth-
ylsiloxane that includes two terminal unsaturated (i.e., vinyl)
moieties per molecule, has a average degree of polymeriza-
tionof about 155, a weight average molecular weight of about
11,500 g/mol, a viscosity of about 450 cps at 25° C. deter-
mined according to ASTM D4287, and a weight percent of
vinyl groups of about 0.46%.

[0197] Linear Organosilicon Compound 3 is a polydimeth-
ylsiloxane that includes two terminal unsaturated (i.e., vinyl)
moieties per molecule, has a average degree of polymeriza-
tion of about 837, a weight average molecular weight of about
62,000 g/mol, a viscosity of about 55,000 cps at 25° C.
determined according to ASTM D4287, and a weight percent
of vinyl groups of about 0.088%.

[0198] Organohydrogensilicon Compound 1 is a dimethyl-
hydrogen terminated dimethyl siloxane chain extender, has a
average degree of polymerization of about 12, a weight aver-
age molecular weight of about 894 g/mol, a viscosity of about
10 centistokes at 25° C. determined according to ASTM
D4287, and a weight percent of Si—H groups of about
0.16%.

[0199] Organohydrogensilicon Compound 2 is a cross-
linker that is a dimethyl, methylhydrogen siloxane that is
trimethylsiloxy terminated. This cross-linker has a average
degree of polymerization of about 10, a weight average
molecular weight of about 684 g/mol, a viscosity of about 5

Aug. 25,2011

centistokes at 25° C. determined according to ASTM D4287,
and a weight percent of Si—H groups of about 0.76%.
[0200] Inhibitor is methylvinylcyclosiloxane having a
average degree of polymerization of about 4, a weight aver-
age molecular weight of about 344 g/mol, a viscosity of about
3 cps at 25° C. determined according to ASTM D4287, and a
weight percent of vinyl groups of about 31.4%.

[0201] Catalyst 1 is a 1,3-diethenyl-1,1,3,3-tetramethyld-
isiloxane complex with platinum in a silicone fluid that has a
weight percent of vinyl groups of about 1.97%.

[0202] Catalyst 2 is a 1,3-diethenyl-1,1,3,3-tetramethyld-
isiloxane complex with platinum in a silicone fluid that has a
weight percent of vinyl groups of about 0.86%.

[0203] Filleris a quartz filler having an average particle size
of 5 um, amedian particle size is 1.8 um, and greater than 97%
of' the filler has an average particle size of 5 pm.

[0204] Pigment includes acetylene black, ZnO, and a sili-
cone fluid

[0205] Adhesion Promoter 1 is methacryloxypropyltri-
methoxysilane.

[0206] Adhesion Promoter 2 is a reaction product of trim-
ethylsilyl and dimethylvinylsilyl treated silica and an epoxy
functional silane and has a viscosity of 25 mPa-s. determined
according to ASTM D4287.

Formation of Layers from the Hydrosilylation-Curable Sili-
cone Compositions:

[0207] Referring back to the Layers 1-10 first introduced
above, the Layers 1-10 are formed in three groups. In a first
group, Layers 1-10 are formed without any plurality of fibers.
In a second group, Layers 1-10 are formed and at least par-
tially coat a 15 mil thick sheet of non-woven fiberglass fibers.
In a third group, Layers 1-10 are formed and at least partially
coat a 15 mil thick sheet of non-woven polyester fibers. After
formation, various samples of the Layers 1-10 from each of
the three groups are evaluated to determine Viscosity, Hard-
ness, Tensile Strength, Elongation, Cut Strength, Dielectric
Strength, Breakdown Voltage, and Volume Resistivity. The
results of the evaluations are set forth below in Table 4.

TABLE 4

Layer 1 Layer 2 Layer 3 Layer 4
Mix Viscosity (cps) 343 3750 5200 1566
Shore 00 Hardness 35 75 73 —
Shore A Hardness — — — 21
Tensile Strength (Ib/in?) Not Tested ~ Not Tested 296 154
% Elongation Not Tested ~ Not Tested 166 161
Cut Strength - Fail Fail Fail Fail
Without Plurality of Fibers
Cut Strength - Pass*+ Pass* Pass* Fail
Including 15 mil Fiberglass
Cut Strength - Not Tested Pass* Pass* Pass*
Including 15 mil Polyester
Dielectric Strength
(volts/mil)
Without Plurality of Fibers 720 Not Tested ~ Not Tested ~ Not Tested
Thickness of Layer (mils) 21 Not Tested ~ Not Tested ~ Not Tested
Dielectric Strength
(volts/mil)
Including 9 mil Fiberglass 790 Not Tested ~ Not Tested ~ Not Tested
Thickness of Layer (mils) 20 Not Tested ~ Not Tested ~ Not Tested
Breakdown Voltage (kV)
Without Plurality of Fibers 15.1 at 21 Not Tested ~ Not Tested ~ Not Tested

mils
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TABLE 4-continued
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23

Including 15 mil Fiberglass

21 at 28 mils

Including 15 mil Fiberglass 15.8 at 20 Not Tested ~ Not Tested ~ Not Tested
mils
Volume Resistivity (ohm-cm)
Without Plurality of Fibers Not Tested ~ Not Tested  NotTested  Not Tested
Including 15 mil Fiberglass Not Tested ~ Not Tested  NotTested  Not Tested
Layer 5 Layer 6 Layer 7 Layer 8
Mix Viscosity (cps) 1801 1768 1706 3006
Shore 00 Hardness — — — —
Shore A Hardness 23 27 32 28
Tensile Strength (Ib/in?) 282 345 426 459
% Elongation 181 155 118 203
Cut Strength - Fail Fail Fail Fail
Without Plurality of Fibers
Cut Strength - Pass* Pass* Pass** Pass™
Including 15 mil Fiberglass
Cut Strength - Pass™ Pass™ Pass™ Pass™
Including 15 mil Polyester
Dielectric Strength
(volts/mil)
Without Plurality of Fibers Not Tested 705 Not Tested ~ Not Tested
Thickness of Layer (mils) Not Tested 23 Not Tested ~ Not Tested
Dielectric Strength
(volts/mil)
Including 15 mil Fiberglass Not Tested 643 Not Tested 802
Thickness of Layer (mils) Not Tested 24 Not Tested 18
Breakdown Voltage (kV)
Without Plurality of Fibers Not Tested 16.2 at 23 Not Tested ~ Not Tested
mils
Including 15 mil Fiberglass Not Tested 154 at 24 Not Tested 144 at 18
mils mils
Volume Resistivity (ohm-cm)
Without Plurality of Fibers Not Tested 1.23E+15 Not Tested 1.38E+15
Including 15 mil Fiberglass Not Tested 1.50E+14 Not Tested 3.94E+14
Layer 9 Layer 10
Mix Viscosity (cps) 9700 13,400
Shore 00 Hardness — —
Shore A Hardness 70 66
Tensile Strength (Ib/in?) 733 708
% Elongation 72 110
Cut Strength - Pass Pass
Without Plurality of Fibers
Cut Strength - Pass™* Pass™*
Including 15 mil Fiberglass
Cut Strength - Pass*t* Pass*t*t
Including 15 mil Polyester
Dielectric Strength
(volts/mil)
Without Plurality of Fibers 781 853
Thickness of Layer (mils) 25 20
Dielectric Strength
(volts/mil)
Including 15 mil Fiberglass 753 855
Thickness of Layer (mils) 28 24
Breakdown Voltage (kV)
Without Plurality of Fibers 19.7 at 25 17.4 at 20
mils mils

21 at 24 mils
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Volume Resistivity (ohm-cm)

1.82E+15
2A45E+15

Without Plurality of Fibers
Including 15 mil Fiberglass

2.81E+15
1.81E+15

*Indicates passage when 7 mil Tedlar backsheet applied to Layer 1

*represents a qualitative visual evaluation of the Layers that indicates that no holes or perforations are present

after the Cut-Test.

*represents a qualitative visual evaluation ofthe Layers that is superior to the (+) above and indicates that there
are no visual protruding marks present on a reverse side of the Layers from a side exposed to the Cut-Test.

+H,

represents a qualitative visual evaluation of the Layers that is superior to the (+) and (++) above and indicates

that there is very little visibility of any marks present on the side of the Layers exposed to the Cut-Test.

[0208] Mix Viscosity is determined at 25° C. determined
according to ASTM D4287.

[0209] Shore 00 Hardness is determined using ASTM D
%(%24100] Shore A Hardness is determined using ASTM D
%(%24101] Tensile Strength (Ib/in?) is determined using ASTM
][)0-241122] % Elongation is determined using ASTM D-412.

[0213] Cut Strength is determined using a Cut-Test. The

Cut-Test is performed using UL-1703 and IEC 61730-2. A
determination of “pass” is made based on visual evaluation of
no holes or perforations in the Layers in addition to passage of
a Wet-Leakage test described in greater detail below. Simi-
larly, a determination of “fail” is made based on visual evalu-
ation of one or more holes or perforations in the Layers and/or
failure of the Wet-Leakage test.

[0214] Dielectric Strength (volts/mil) is determined using
ASTM D 149
[0215] Breakdown Voltage (kV) (also known in the art as

“Breakthrough Voltage”) is calculated as Dielectric Strength
(volts/mil)xsample thickness (mils).

[0216] Volume Resistivity (ohm-cm) is determined using
ASTM D 257
[0217] The data set forth above suggest that the hydrosily-

lation-curable silicone compositions of the instant invention
can generally be used to effectively form modules without
Tedlar back sheets thus reducing costs, production complexi-
ties, and time needed to form photovoltaic modules. The data
also suggests that use of a balance of linear organosilicon
compounds and branched organosilicon compounds can also
strengthen modules and can reduce a need to utilize expensive
fillers and fibers. Moreover, the data suggests that use of the
linear and branched organosilicon compounds along with
fillers and/or fibers can provide additional strength for mod-
ules for use in specialized applications.

Formation of Modules:

[0218] The Compositions 1,3, 6, 8, and 10 are also utilized
to form a series of modules (Modules 1, 3, 6, 8, and 10). The
Modules 1, 3, 6, 8, and 10 are each formed, top to bottom, as
follows in Table 5:

TABLE §

Structure of Modules

1,3,6,8,10

Identity Dimensions

First Outermost Layer (22)

Tie Layer (30)

Photovoltaic Cell (24)

Second Outermost Layer (26) Compositions 1, 3, 6, 8, or 10 +

Backsheet - Module 1 only

Glass having a light transmittance of 204 mm x 204 mm x

at least 70 percent as determined by 125 mils
UV/Vis spectrophotometry using
ASTM E424-71

*Silicone 204 mm x 204 mm x
15 mils

156 mm x 156 mm x

200 pm

Multicrystalline Cell commercially
available from Aleo Solar AG

204 mm x 204 mm x

15 mil non-woven fiberglass sheet 20 mils

Tedlar ® 204 mm x 204 mm x

7 mils

*Silicone is further defined as a “front side” encapsulant and includes 52.77 parts by weight of Linear Organosilicon
Compound 2, 10.75 parts by weight of Linear Organosilicon Compound 3, 32.39 grams of a trimethylsiloxy
terminated dimethyl siloxane having a viscosity of about 100 centistokes at 25° C. determined according to ASTM
D4287, 3.77 parts by weight of Organohydrogensilicon Compound 1, 0.24 parts by weight of Organohydrogensili-
con Compound 2, 0.01 parts by weight of the Inhibitor, and 0.07 parts by weight of Catalyst 2. The front side
encapsulant also has a mixed initial viscosity of about 668 cps at 25° C. determined according to ASTM D4287.
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[0219] A Comparative Module is also formed, top to bot-
tom, as follows in Table 6:

TABLE 6
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Structure of Comparative

Module Identity

Dimensions

First Outermost Layer (22)  Glass having a light transmittance of
at least 70 percent as determined by
UV/Vis spectrophotometry using
ASTM E424-71

Ethylene Vinyl Acetate —

Polymer

Photovoltaic Cell (24)

17 mils
Multicrystalline Cell commercially
available from Aleo Solar AG
Ethylene Vinyl Acetate —

200 pm

204 mm x 204 mm x

125 mils

204 mm x 204 mm x

156 mm x 156 mm x

204 mm x 204 mm x

Polymer 17 mils

Tedlar ® — 204 mm x 204 mm x
7 mils

[0220] The glass of the Modules 1, 3, 6, 8, and 10 and the

Comparative Module is commercially available from AFG
Industries, Inc. under the trade name Solatex® 2000. The
fiberglass of the Modules 1, 3, 6, 8, and 10 is commercially
available from Crane Nonwovens of Dalton, Mass. The pho-
tovoltaic cells of the Modules 1, 3, 6, 8, and 10 and the
Comparative Module are commercially available from Trina
Solar and BP Solar. The Tedlar® of the Module 1 and the
Comparative Module is commercially available from
DuPont. The ethylene vinyl acetate polymer of the Compara-
tive Module is also commercially available from DuPont.

Damp-Heat Resistivity Testing of Modules:

[0221] After formation, samples of each of the Modules 1,
3,6, 8, and 10 and the Comparative Module are evaluated per
IEC 61215 Section 10.13, 1000 Hr Damp Heat Test, to deter-
mine an effect of damp heat on resistivity (MOhm) after
exposure to an environment at approximately 85° C. and 85%
relative humidity (85/85) for varying periods of time. Once
completed, a Wet-Leakage test is performed according to IEC
61215 Section 10.15. More specifically, samples of each of
the Modules 1, 3, 6, 8, and 10 and the Comparative Module
are exposed to the 85/85 environment both before and after
being subjected to the Cut-Test, as described above. Subse-
quently, the samples are then evaluated to determine resistiv-
ity.

[0222] A first set of each of the Modules 1, 3, 6, 8, and 10
and the Comparative Module are placed in the 85/85 environ-
ment for approximately 1152 hours, then subsequently sub-
jected to the Cut-Test. After the Cut-Test, the first set of
Modules is submerged in 22.8° C. water for 2 minutes and
evaluated to determine resistivity per the Wet-Leakage test, as
set forth below in Table 7.

[0223] After the 2 minutes of submersion, the same first set
of Modules remains submerged for an additional 2 minutes
(total of 4 minutes submersion). After 4 total minutes of
submersion, the first set of Modules is again evaluated to
determine resistivity, also set forth below in Table 7.

[0224] Ineach ofthe following tests, summarized in Tables
7-10 below, the Modules 1, 3, 6, 8, and 10 and the Compara-
tive Module are deemed to “pass” if the average resistivity is
greater than 400 MOhms after being submerged for varying
times and undergoing the Cut-Test. In other words, if the

Average of 2 and 4 Minute Data is greater than 400 MOhms,
the Modules “pass.” If less than 400 MOhms, the Modules
“fail”

TABLE 7
Average
of 2 and
MOhm MOhm 4 Minute
2 Min 4 Min Data
First Set  First Set  First Set
(1152 hr) (1152 hr) (1152 hr) Pass/Fail
First Set Module 1 1000 1000 1000 Pass
First Set Module 3 1000 1000 1000 Pass
First Set Module 6 1000 782 891  Pass
First Set Module 8 1000 871 935  Pass
First Set Module 10 1000 1000 1000 Pass
First Set 1000 1000 1000  Pass

Comparative Module

[0225] Additionally, after the submersion for 2 and 4 min-
utes described above, the first set of Modules is placed back in
the 85/85 environment for an additional time of about 1635
hours such that the total time of exposure for the first set of
Modules is approximately 2787 hours. After exposure to the
85/85 environment, the first set of Modules is submerged in
22.8° C. water for 2 minutes and evaluated to determine
resistivity, as set forth below in Table 8.

[0226] After the 2 minutes of submersion, the same first set
of Modules (after exposure to the 85/85 environment for a
total of approximately 2787 hours) remains submerged for an
additional 2 minutes (total of 4 minutes submersion). After 4
total minutes of submersion, the first set of Modules is again
evaluated to determine resistivity, also set forth below in
Table 8.

TABLE 8
Average
of 2 and
MOhm MOhm 4 Minute
2 Min 4 Min Data
First Set  First Set  First Set Pass/
(2787 hr) (2787 hr) (2787 hr) Fail
First Set Module 1 73 63 68%  Fajl**
First Set Module 3 1000 1000 1000 Pass
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TABLE 8-continued TABLE 10
Average Average
of 2 and 1\21(1\)/11@ VOm 4 1;/? antd
) in inute
MOh,m MOh,m 4 Minute Second 4 Min Data
2 Min 4 Min Data Set Second Set  Second Set Pass/
First Set  First Set  First Set Pass/ (2688 hr) (2688 hr) (2688 hr)  Fail
(2787hr) (2787 hr) (2787 hr) Fail
Second Set Module 1 35 30 32% Fail**
First Set Module 6 767 502 634  Pass Second Module 3 1000 1000 1000 Pass
First Set Module 8 936 463 699  Pass Second Module 6 726 370 548 Pass
First Set Module 10 1000 1000 1000 Pass Zecong ﬁog“}e 5150 1égg 18‘58 1388 gass
) econd Module 258
First Set 1000 1000 1000 Pass Second Comparative 945 1000 973 Pass

Comparative Module

Module

*Indicates that the First Set of Module 1 tested at 2,376 hours of exposure to the 85/85
environment failed since a measurement of greater than 400 MOhms is required to pass.

**[ndicates that at 1,968 hours, the sample passes with 831 MOhm average.

[0227] A secondsetof eachofthe Modules 1,3, 6,8, and 10
and the Comparative Module are also prepared and then sub-
sequently subjected to the Cut-Test. After the Cut-Test, the
second set of Modules is placed in the 85/85 environment for
approximately 1152 hours. Subsequently, the second set of
Modules is submerged in 22.8° C. water for 2 minutes and
evaluated to determine resistivity, as set forth below in Table
9.

[0228] After the 2 minutes of submersion, the same second
set of Modules remains submerged for an additional 2 min-
utes (total of 4 minutes submersion). After 4 total minutes of
submersion, the second set of Modules is again evaluated to
determine resistivity, also set forth below in Table 9.

TABLE 9
Average
MOhm of 2 and
2 Min MOhm 4 Minute
Second 4 Min Data
Set Second Set  Second Set Pass/
(1152hr)  (1152hr)  (1152hr) Fail
Second Set Module 1 991 968 980 Pass
Second Module 3 1000 1000 1000 Pass
Second Module 6 470 378 424 Pass
Second Module 8 1000 609 804 Pass
Second Module 10 1000 1000 1000 Pass
Second Comparative 1000 1000 1000 Pass
Module
[0229] Additionally, after the submersion for 2 and 4 min-

utes described above, the second set of Modules is placed
back in the 85/85 environment for an additional time of about
1536 hours such that the total time of exposure for the first set
of Modules is approximately 2688 hours. After exposure to
the 85/85 environment, the second set of Modules is sub-
merged in 22.8° C. water for 2 minutes and evaluated to
determine resistivity, as set forth below in Table 10.

[0230] After the 2 minutes of submersion, the same second
set of Modules (after exposure to the 85/85 environment for a
total of approximately 2688 hours) remains submerged for an
additional 2 minutes (total of 4 minutes submersion). After 4
total minutes of submersion, the second set of Modules is
again evaluated to determine resistivity, also set forth below
in Table 10.

*Indicates that the Second Set of Module 1 tested at 2,376 hours of exposure to the 85/85
environment failed since a measurement of greater than 400 MOhms is required to pass.
**Indicates that at 1,968 hours, the sample passes with 649 MOhm average.

[0231] The data set forth above suggests that the Modules
1,3, 6,8, and 10 of this invention generally perform as well as
the Comparative Module which is not of this invention.
Accordingly, since the Modules 3, 6, 8, and 10 can be formed
without Tedlar, this invention reduces costs, production com-
plexities, and time needed to form photovoltaic modules.
[0232] The invention has been described in an illustrative
manner, and it is to be understood that the terminology which
has been used is intended to be in the nature of words of
description rather than of limitation. Many modifications and
variations of the present invention are possible in light of the
above teachings, and the invention may be practiced other-
wise than as specifically described.

1. A photovoltaic cell module comprising:

A. afirst outermost layer having a light transmittance of at
least 70 percent as determined by UV/Vis spectropho-
tometry using ASTM E424-71;

B. a photovoltaic cell disposed on said first outermost
layer; and

C. a second outermost layer opposite said first outermost
layer, said second outermost layer comprising a plurality
of fibers at least partially coated with a silicone compo-
sition and disposed on said photovoltaic cell sandwich-
ing said photovoltaic cell between said second outer-
most layer and said first outermost layer,

wherein said silicone composition is further defined as
hydrosilylation-curable and comprises:

(1) an organosilicon compound having at least one unsat-
urated moiety per molecule,

(ii) an organohydrogensilicon compound having at least
one silicon-bonded hydrogen atom per molecule, and

(iii) a hydrosilylation catalyst used to accelerate a
hydrosilylation reaction between (i) said organosili-
con compound and (ii) said organohydrogensilicon
compound,

wherein a ratio of silicon-bonded hydrogen atoms per
molecule of (ii) said organohydrogensilicon com-
pound to unsaturated moieties per molecule of (i) said
organosilicon compound is from 0.05 to 100.

2. A photovoltaic cell module as set forth in claim 1
wherein said plurality of fibers is further defined as a non-
woven textile.

3. A photovoltaic cell module as set forth in claim 2
wherein said non-woven textile is selected from the group of
fiberglass, polyester, polyethylene, polypropylene, nylon,
and combinations thereof.

4. A photovoltaic cell module as set forth in claim 1 further
comprising a tie layer disposed on said photovoltaic cell and
sandwiched between said photovoltaic cell and said first out-
ermost layer.
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5. A photovoltaic cell module as set forth in claim 4
wherein said tie layer comprises a second silicone composi-
tion which is the same or different as said silicone composi-
tion.

6. A photovoltaic cell as set forth in claim 1 wherein said
first outermost layer comprises silicone.

7. (canceled)

8. A photovoltaic cell module as set forth in claim 1
wherein said silicone composition is at least partially cured.

9. A photovoltaic cell module as set forth in claim 1
wherein said silicone composition comprises a filler.

10. A photovoltaic cell module as set forth in claim 1
wherein said second outermost layer has a thickness of from
4 to 40 mils.

11. A photovoltaic cell module as set forth in claim 1 that is
free of polyethylene terephthalate, polyethylene naphthalate,
polyvinyl fluoride, and ethylene vinyl acetate.

12. A method of forming a photovoltaic cell module com-
prising a first outermost layer having a light transmittance of
at least 70 percent as determined by UV/Vis spectrophotom-
etry using ASTM E424-71, a photovoltaic cell disposed on
the first outermost layer, and a second layer disposed on the
photovoltaic cell sandwiching the photovoltaic cell between
the second layer and the first outermost layer and comprising
a plurality of fibers at least partially coated with a liquid
silicone composition having a viscosity of less than about
100,000 cps at 25° C., said method comprising the steps of:

A. disposing the photovoltaic cell on the first outermost

layer;

B. disposing the liquid silicone composition on the photo-

voltaic cell; and

C. at least partially coating the plurality of fibers with the

liquid silicone composition to form the second layer;
and

D. compressing the first outermost layer, the photovoltaic

cell, and the second layer to form the photovoltaic cell
module,

wherein the plurality of fibers extends laterally across the

second layer to a periphery of the photovoltaic cell mod-
ule on both ends of the module to resist leakage of the
liquid silicone composition from the photovoltaic cell
module during the step of compressing.

13. A method as set forth in claim 12 wherein the plurality
of fibers is at least partially coated prior to the step of dispos-
ing the liquid silicone composition on the photovoltaic cell.

14. A method as set forth in claim 12 wherein the plurality
of fibers is at least partially coated after the step of disposing
the liquid silicone composition on the photovoltaic cell.

15. A method as set forth in claim 12 wherein the plurality
of fibers is at least partially coated simultaneously with the
step of disposing the liquid silicone composition on the pho-
tovoltaic cell.

16. A method as set forth in claim 12 wherein the step of
disposing the photovoltaic cell on the first outermost layer is
further defined as disposing the photovoltaic cell directly on
the first outermost layer via chemical vapor deposition or
physical sputtering.

17. A method as set forth in claim 12 wherein the second
layer is further defined as a controlled bead disposed on the
photovoltaic cell.
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18. A method as set forth in claim 12 wherein the photo-
voltaic cell module further comprises a second outermost
layer disposed on the second layer opposite the first outer-
most layer for supporting the photovoltaic cell module.

19. A method as set forth in claim 12 wherein the liquid
silicone composition is further defined as hydrosilylation-
curable and comprises:

(1) an organosilicon compound having at least one unsat-

urated moiety per molecule,

(i1) an organohydrogensilicon compound having at least

one silicon-bonded hydrogen atom per molecule, and
(ii1) a hydrosilylation catalyst used to accelerate a hydrosi-
lylation reaction between (i) the organosilicon com-
pound and (ii) the organohydrogensilicon compound,

wherein a ratio of silicon-bonded hydrogen atoms per mol-
ecule of (ii) the organohydrogensilicon compound to
unsaturated moieties per molecule of (i) the organosili-
con compound is from 0.05 to 100.

20. A photovoltaic cell module as set forth in claim 1:

wherein said silicone composition is further defined as

comprising a linear organosilicon compound having two
terminal unsaturated moieties per molecule and present
in an amount of from 80 to 95 parts by weight, a
branched organosilicon compound having two terminal
unsaturated moieties per molecule and at least one pen-
dant unsaturated moiety per molecule and present in an
amount of from 5 to 20 as parts by weight, per 100 parts
by weight of a sum of said linear organosilicon com-
pound and said branched organosilicon compound, and
an organohydrogensilicon compound having at least
three silicon-bonded hydrogen atoms per molecule
wherein a ratio of silicon-bonded hydrogen atoms per
molecule of said organohydrogensilicon compound to a
sum of unsaturated moieties per molecule of said linear
organosilicon compound and branched organosilicon
compound is from 1 to 1.7.

21. (canceled)

22. (canceled)

23. (canceled)

24. (canceled)

25. (canceled)

26. (canceled)

27. (canceled)

28. A photovoltaic cell module as set forth in claim 20
wherein said linear organosilicon compound is further
defined as a vinyl end-blocked polydialkylsiloxane, said
branched organosilicon compound is further defined as a
vinyl end-blocked polydialkylsiloxane having at least one
vinyl pendant group, and said organohydrogensilicon com-
pound s further defined as a dimethyl, methylhydrogen silox-
ane that is trimethylsiloxy terminated.

29. (canceled)

30. (canceled)

31. (canceled)

32. (canceled)

33. (canceled)

34. (canceled)

35. (canceled)

36. (canceled)



