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COATINGS HAVING LOW EMISSIVITY AND LOW SOLAR
REFLECTANCE

CROSS-REFERENCE TO RELATED APPLICATIONS

This application claims priority to U.S. Patent Application No. 60/411,031
filed on September 16, 2002, and U.S. Patent Application No. 60/376,826 filed on
April 29, 2002, the entire disclosure of each of which is hereby incorporated by

reference.

FIELD OF THE INVENTION

The present invention provides coatings for glass and other subsirates.
More particularly, this invention provides low-emissivity coatings that have low
solar reflectance. The invention also provides methods of producing coated
substrates by depositing coatings of this nature, as well as insulating glass units

and monolithic panes bearing these coatings.

BACKGROUND OF THE INVENTION

Windows can reflect a surprising amount of solar radiation. In some cases,
this reflected radiation can become problematic. A certain amount of energy is, of
course, carried in the solar radiation reflected off the exterior of a window. When
this radiation falls on a nearby surface, the surface can be discolored. While this
can occur even with a window having clear uncoated glass, the problem can be
more significant when the window bears a coating that is highly reflective of solar
radiation. This problem can also be more significant if the panes of the window In
question have become inwardly cupped. (The panes of an |G unit can become
cupped, for example, during cold weather when gas in the interior of the unit
contracts.) The concave exterior pane of such a window would concentrate its
reflected radiation at a focal point exterior to the window. This focal point would
tend to move as the sun moves across the sky, thus potentially leaving elongated

paths of discoloration.

As noted above, solar-reflection problems can be particularly significant for
windows and other glazings (e.qg., doors, skylights, etc.) that bear reflective

coatings, such as low-emissivity coatings. Low-emissivity coatings are well known
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in the presént art. These coatings commonly include one or more reflective silver
layers and two or more transparent dielectric layers. The silver layers in these
coatings are highly reflective of infrared radiation. Thus, they favorably reduce the
transmission of radiant heat through the coating. However, these coatings also
tend to have relatively high solar reflectance. For example, a window bearing a
conventional low-emissivity coating would typically have a solar reflectance of at
least about 30%-35%, while the solar reflectance of a window having clear
uncoated glass would typically be around 13%. Thus, from the perspective of
solar reflection problems, conventional low-emissivity coatings are less than ideal.
Accordingly, it would be desirable to provide a low-emissivity coating that has low

solar reflectance.

It would be particularly desirable to provide a low-emissivity coating that
has low solar reflectance and also provides significant shading properties. As is
well known, the solar heat gain coefficient (SHGC) of a window is the fraction of
Incident solar radiation that is admitted through a window. There are a number of
applications where low solar heat gain windows are of particular benefit. In warm
climates, it is especially desirable to have low solar heat gain windows. For
example, solar heat gain coefficients of about 0.4 and below are generally
recommended for buildings In the southern United States. Similarly, any windows
that are exposed to a lot of undesirable sun preferably have a low solar heat gain
coefficient. For example, windows on the east or west side of a building tend to
get a lot of sun in the morning and afternoon. Likewise, sunrooms, solariums, and
greenhouses typically get a great deal of sun. For applications like these, the
solar heat gain coefficient plays a vital role in maintaining a comfortable
environment within the building in question. Thus, it is beneficial to provide
windows of this nature with coatings that establish a low solar heat gain coefficient

(i.e., high shading ability coatings).

A tradeoff i1s sometimes made in high shading ability coatings whereby the
films selected to achieve a low SHGC have the effect of restricting the visible
reflectance to a higher level than is desired. As a consequence, windows bearing

these coatings may have a somewhat mirror-like appearance. It would be
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desirable to provide a high shading ability coating that has sufficiently low visible

reflectance to obviate this mirror-like appearance problem.

In addition to having undesirably high visible reflectance, the transmitted
and reflected colors of conventional high shading ability coatings tend not to be
ideal. For example, these coatings commonly exhibit hues that are more red
and/or yellow than is desired. To the extent a coating has a colored appearance,
it is pleasing if the coating exhibits a transmitted and/or reflected hue that is blue
or blue-green. The chroma of these coatings tends also to be greater than is
desired. In most cases, it is preferable to provide a coating that is as color neutral
(i.e., colorless) as possible. Thus, the reflected and transmitted colors of
conventional low solar heat gain coatings tend to be less than ideal, both in terms

of hue and chroma.

U.S. patent application 60/376,826 (Hoffman), the entire contents of which
are incorporated herein by reference, discloses advantageous low-emissivity
coatings that have low solar reflectance. These coatings achieve an exceptional
combination of properties, including particularly low solar reflectance. In the ‘826
application, Hoffman describes five uniguely preferred low solar reflectance, low-
emissivity film stacks. These film stacks are exceptionally well suited for a variety
of applications. However, it would be desirable to improve these film stacks in
such a way that they impart greater insulating ability in windows. For example, it
would be desirable to achieve substantial decreases in emissivity and U Value.
Unfortunately, the changes required to decrease emissivity and U Value would be
expected to cause an attendant decrease in visible transmittance and/or an
attendant worsening of reflected or transmitted color. As skilled artisans will
appreciate, overcoming this problem is an exceedingly difficult task, particularly
considering the presence of the high absorption primary layer in these coatings,

which renders coating design highly unpredictable.

SUMMARY OF THE INVENTION

In certain embodiments, the present invention provides a pane bearing a

low-emissivity coating. In these embodiments, the low-emissivity coating
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comprises an infrared-reflective layer, a high absorption primary layer, and a
middle coat. The infrared-reflective layer comprises material that is highly
reflective of infrared radiation. The infrared-reflective layer has a thickness of at
least about 175A. The high absorption primary layer comprises material that is
highly absorptive of solar radiation. The high absorption primary layer has a
thickness of at least about 100A. The middle coat comprises at least one

transparent dielectric film and is positioned between the infrared-reflective layer
and the high absorption priméry layer.

In certain embodiments, the invention provides a pane bearing a low-
emissivity coating. In these embodiments, the low-emissivity coating comprises
the following sequence of films (i.e., not necessarily in a contiguous seqguence): an
inner coat comprising at least one transparent dielectric film and having an optical
thickness of between about 216A and about 312A; a high absorption primary layer
comprising material that is highly absorptive of solar radiation and having a
thickness of least about 100A; a middle coat comprising at least one transparent
dielectric film and having an optical thickness of between about 600A and about
872A: an infrared-reflective layer comprising material that is highly reflective of
infrared radiation and having a thickness of at least about 175A; a high absorption
blocker layer comprising material that is highly absorptive of solar radiation and
having a thickness of at least about 45A; and an outer coat comprising at least
one transparent dielectric film and having an optical thickness of between about
410A and about 582A.

In certain embodiments, the invention provides a method of producing
coated substrates. The method comprises providing a pane having generally-
opposed first and second major surfaces. Upon one of the major surfaces, there
is deposited a low-emissivity coating comprising an infrared-reflective layer, a high
absorption primary layer, and a middle coat. The infrared-reflective layer
comprises material that is highly reflective of infrared radiation. The infrared-
reflective layer has a thickness of at least about 175A. The high absorption
primary layer comprises material that is highly absorptive of solar radiation. The
high absorption primary layer has a thickness of at least about 100A. The middle

coat comprises at least one transparent dielectric film. The middle coat is
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positioned between the infrared-reflective layer and the high absorption primary
layer. In some cases, the method comprises depositing the infrared-reflective
layer as a silver-containing film. The method optionally comprises depositing the
infrared-reflective layer at a thickness of between about 182A and about 274A. In
some cases, the method comprises depositing the high absorption primary layer
as a metallic film. The method optionally comprises depositing the high
absorption primary layer as a titanium and/or niobium containing film. In some
cases, the method comprises depositing the high absorption primary layer as a
highly absorptive dielectric film. The method can optionally comprise depositing
the high absorption primary layer at a thickness of between about 104A and about
151A. In some cases, the method comprises depositing the middle coat at an
optical thickness of between about 600A and about 872A. In some such cases,
the method comprises depositing each film of the middle coat as a film having a
refractive index of between about 1.7 and about 2.4.

In some cases, the method comprises depositing the infrared-reflective layer
further from the substrate than the high absorption primary layer. in some such
cases, the method further comprises depositing a high absorption blocker layer
over the infrared-reflective layer, the high absorption blocker layer comprising
material that is highly absorptive of solar radiation and having a thickness of at
least about 45A. Optionally, the method can comprises depositing the high
absorption blocker layer directly over the infrared-reflective layer. In some cases,
the method comprises depositing the high absorption blocker layer as a metallic
film. The method can optionally comprise depositing the high absorption biocker
layer as a titanium and/or niobium containing film. The method can optionally
comprise depositing the high absorption blocker layer at a thickness of between
about 46A and about 78A. In some cases, the method further comprises
depositing an inner coat between the substrate and the high absorption primary
layer, the inner coat comprising at least one transparent dielectric film. The
method can optionally comprise depositing the inner coat at an optical thickness
of between about 216A and about 312A. For example, the method can comprise
depositing each film of the inner coat as a film having a refractive index of

between about 1.7 and about 2.4. In some cases, the method further comprises
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depositing an outer coat further from the substrate than the infrared-reflective
layer, the outer coat comprising at least one transparent dielectric film. In some
such cases, the method comprises depositing the outer coat at an optical
thickness of between about 410A and about 582A. For example, the method can
optionally comprise depositing each film of the outer coat as a film having a

refractive index of between about 1.7 and about 2.4.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a cross-sectional perspective view of an insulating glass unit in

accordance with certain embodiments of the present invention;

Figure 2 is a schematic cross-sectional view of a low solar reflectance

coating in accordance with certain embodiments the invention;

Figure 3 is a schematic side view of a sputtering chamber that has utility in

certain methods of the invention;

Figure 4 is a schematic cross-sectional side view of a glazing carrying a
low solar reflectance coating in accordance with certain embodiments of the

invention;

Figure 4A is a detailed cross-sectional side view of region 4A of the low

solar reflectance coating carried by the glazing of Figure 4,

Figure 5 is a perspective view of a glazing that carries a low solar
reflectance coating and has been mounted in the outer wall of a building in

accordance with certain embodiments the invention:

Figure 6 is a graph of the glass-side solar reflectance of a monolithic pane

carrying a low solar reflectance coating in accordance with certain embodiments

of the invention;

Figure 7 is a graph of the transmitted color of an insulating glass unit
carrying a low solar reflectance coating in accordance with certain embodiments

of the invention;
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Figure 8 is a graph of the exterior reflected color of an insulating glass unit
carrying a low solar reflectance coating in accordance with certain embodiments

of the invention:; and

Figure 9 is a graph of the solar transmittance of a monolithic pane carrying

5 alow solar reflectance coating in accordance with certain embodiments of the

invention.

DETAILED DESCRIPTION OF PREFERRED EMBODIMENTS

The following detailed description is to be read with reference to the
drawings, in which like elements in different drawings have like reference
0  numerals. The drawings, which are not necessarily to scale, depict selected
embodiments and are not intended to limit the scope of the invention. Skilled
artisans will recognize that the examples provided herein have many useful

alternatives that fall within the scope of the invention.

A variety of substrates are suitable for use in the present invention. In most
S5 cases, the substrate 10 is a sheet of transparent material (i.e., a transparent
sheet). However, the substrate 10 is not required to be transparent. For most
applications, the substrate will comprise a transparent or translucent material,
such as glass or clear plastic. In many cases, the substrate 10 will be a glass
pane. A variety of known glass types can be used, and soda-lime glass is

0 expected to be preferred.

Tinted glass can optionally be used in certain embodiments of the
invention. Many suitable types of tinted glass are available from well known glass
suppliers. Thus, a low solar reflectance coating of the invention can be applied to
a pane of tinted glass, if so desired. In some cases, there is provided a multiple

5  pane insulating glass unit (or “IG unit”) wherein the low solar reflectance coating is
applied to a pane of tinted glass, and this coated pane is incorporated (e.g., as an
outboard pane) into an |G unit that also includes at least one pane (e.g., an
inboard pane) of clear glass. While embodiments of this nature are contemplated,
the present low solar reflectance coating 40 is particularly advantageous when

0 used simply with clear glass.
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In certain embodiments, the invention provides an |G unit that is provided
with at least one low solar reflectance coating. |G units are well known In the
present art. Figure 1 depicts one example of an |G unit 8 that can be provided in
accordance with the invention. The invention, however, is not limited to practice
with any particular type of |G unit. To the contrary, all aspects of the invention can
be practiced with |G units of any type (e.g., all-glass units, vacuum units, etc.).
Thus, the illustrated |G unit type is not to be construed as limiting to the invention.
Further, while the term insulating “glass” unit is used throughout the present
disclosure, it is to be understood that the panes need not be formed of giass.

The IG unit 8 shown in Figure 1 includes a first pane 10 and a second pane
10’, together forming a pair of spaced-apart panes. The panes 10, 10" bound a
between-pane space 115 therebetween and an exterior space 250 thereabout.
The panes have confronting inner surfaces 14, 14’ oriented toward the between-
pane space 115 and opposed outer surfaces 12, 12’ oriented away from the
betWeen-pane space 115. In the embodiment of Figure 1, the panes 10, 10" are
held in a spaced-apart configuration (e.g., in a substantially parallel spaced-apart
relationship) by a spacer 101. The spacer 101 joins the peripheral inner surfaces
of the panes. Thus, the spacer 101 and the confronting inner surfaces 14, 14’ of
the panes 10, 10’ together define the between-pane space 115. Useful IG units,
components thereof, and methods of manufacturing and using |G units are
detailed in U.S. patent application 10/076,211, the entire teachings of which are
incorporated herein by reference.

In the embodiment of Figure 1, the illustrated |G unit 8 bears only one
coating 40. However, other coatings can be provided on one or more of the other
major surfaces 12, 12’, 14’ of the I1G unit 8, if so desired. For example, it may be
desirable to provide a variety of different coatings on one or both outer surfaces
1212’ of the 1G unit. In certain embodiments, a hydrophilic coating (not shown) Is
provided on one or both outer surfaces 12, 12". In one embodiment, the #1
surface of an |G unit bears the hydrophilic coating, while the #2 surface bears the
low solar reflectance coating 40. Useful hydrophilic coatings are disclosed in U.S.
patent applications 09/868,542, 09/572,766, and 09/599,301, the entire teachings
of each of which are incorporated herein by reference. In another embodiment,
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the #1 surface bears the hydrophobic coating, while the #2 surface bears the low
solar reflectance coating 40. Useful hydrophobic coatings are disclosed in U.S.
patent 5,424,130 (Nakanishi et al), the entire teachings of which are incorporated
herein by reference.

Further, certain embodiments provide an |G unit 8 wherein a photocatalytic
coating (not shown) is provided on one or both outer surfaces 12, 12’ of the IG
unit 8. In one embodiment, the #1 surface bears the photocatalytic coating, and
the #2 surface bears the low solar reflectance coating 40. Useful photocatalytic
coatings are described in U.S. patents 5,874,701 (Watanabe et al), 5,853,866
(Watanabe et al), 5,961,843 (Hayakawa et al.), 6,139,803 (Watanabe et al),
6,191,062 (Hayakawa et al.), 5,939,194 (Hashimoto et al.), 6,013,372 (Hayakawa
et al.), 6,090,489 (Hayakawa et al.), 6,210,779 (Watanabe et al), 6,165,256
(Hayakawa et al.), and 5,616,532 (Heller et al.), the entire teachings of each of
which are incorporated herein by reference.

The improved low solar reflectance, low-emissivity coating 40 is preferably
carried on the "second” surface of an |G unit. This is perhaps best appreciated
with reference to Figures 4 and 5, wherein there is illustrated an |G unit 8 mounted
upon a frame 90 in an exterior wall 98 of a building 99. In such embodiments, the
“first” (or “#17) surface is that which faces (i.e., is exposed to, and communicates
with) the outdoor environment. Accordingly, it is the #1 surface that radiation SR
from the sun 77 first strikes. In Figures 4 and 5, the outer surface 12 of the first
pane 10 is the so-called first surface. Moving from the #1 surface toward the
interior side 33', the next surface is the “second” (or “#2”) surface. As seen in
Figure 4, the inner surface 14 of the first pane 10 is the so-called second surface.
Moving further toward the interior side 33’, the next surface is the “third” (or “#3”)
surface, followed by the “fourth” (or “#4”) surface. In Figure 4, the inner surface
14’ of the second pane 10’ is the so-called third surface, and the outer surface 12’

of the second pane 10’ is the so-called fourth surface.

Thus, certain preferred embodiments of the invention provide an IG unit
wherein an inner surface bears the low solar reflectance, low-emissivity coating
40. The coating 40 includes an infrared-reflective layer 150 and a high absorption

primary layer 80. The high absorption primary layer 80 comprises titanium,
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niobium, or another material that is highly absorptive of solar radiation (e.g., a
highly absorptive dielectric, such as titanium nitride). The high absorption primary
layer 80 desirably has a thickness of at least about 100A, preferably between
about 104A and about 151A, and more preferably between about 110A and about
144A. The infrared-reflective layer 150 comprises silver or another electrically-
conductive material (e.g., metal), such as gold, copper, or the like. The infrared-
reflective layer 150 desirably has a thickness of at least about 175A, particularly
preferably between about 182A and about 274A, and more preferably between
about 193A and about 262A. The high absorption primary layer 80 is preferably
positioned further to the exterior 77’ than the infrared-reflective layer 150, as is
perhaps best appreciated with reference to Figures 4 and 4A. Preferably, the high
absorption primary layer 80 is separated from the infrared-reflective layer by a
middle coat 90 comprising at least one transparent dielectric film. Thus, certain
embodiments provide a low solar reflectance, low-emissivity coating comprising: a
high absorption primary layer (e.g., of the thickness and composition described In
this paragraph); an infrared-reflective layer (e.g., of the thickness and composition
described in this paragraph); and a middle coat 90 comprising at least transparent
dielectric layer positioned between the high absorption primary layer and the
infrared-reflective layer. In these embodiments, the coating 40 can optionally
include inner 30 and outer 120 coats each comprising at least one transparent
dielectric fiim.

In embodiments where the low solar reflectance coating 40 is carried on
the #2 surface of the IG unit 8, the high absorption primary layer 80 is positioned
closer to the pane 10 than the infrared-reflective layer 150. In some embodiments
of this nature, the low solar reflectance coating 40 comprises, in sequence from
the substrate 10 outwardly (i.e., not necessarily in a contiguous sequence): an
inner coat 30 comprising at least one transparent dielectric film (preferably having
a thickness of between about 108A and about 156A, more preferably between
about 115A and about 150A. and perhaps optimally between about 128A and
about 136A): a high absorption primary layer 80 (e.g., comprising titanium,
niobium, titanium nitride, or another highly absorptive material, preferably having a
thickness of at least about 100A, more preferably between about 104A and about
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151A, and perhaps optimally between about 110A and about 144A); a middle coat
90 comprising at least one transparent dielectric film (preferably having a
thickness of between about 300A and about 435A, more preferably between
about 317A and about 416A, and perhaps optimally between about 353A and
about 378A); an infrared-reflective layer 150 (e.g., formed of silver or another
electrically-conductive material, preferably having a thickness of at least about
175A, more preferably between about 182A and about 274A, and perhaps
optimally between about 193A and about 262A); a high absorption blocker fayer
180 (e.g., comprising titanium, niobium, or another highly absorptive material,
preferably having a thickness of at least about 45A, more preferably between
about 46A and about 78A, and perhaps optimally between about 48A and about
75A); and an outer coat 120 comprising at least one transparent dielectric film
(preferably having a thickness of between about 205A and about 291A, more
preferably between about 217A and about 278A, and perhaps optimally between
about 242A and about 253A).

The present low solar reflectance, low-emissivity coating 40 has a number
of beneficial properties. The ensuing discussion reports several of these
properties. In some cases, these properties are reported in the context of a single
pane bearing the present coating on one surface. In other cases, these properties
are reported in the context of an IG unit having the present coating 40 on its #2
surface. In such cases, the reported properties have been determined for an 1G
unit wherein both panes are 3mm soda-lime float glass, and wherein the |G unit
has a ¥z inch between-pane space filled with an insulative gas mix of 90% argon
and 10% air. Of course, these specifics are by no means limiting to the invention.
Absent an express statement to the contrary, the present discussion reporis
determinations made using Window 4.1 under standard ASHRAE conditions.

An |G unit bearing a conventional double silver low-emissivity coating
would typically have an exterior (i.e., off the glass side of the outboard pane) solar
reflectance R of at least about 30%-35%. Given the solar reflection problems
discussed above, it would be desirable to provide a low-emissivity coating that
offers lower solar reflection. The present |G unit 8 achieves an exterior solar

reflectance Rs of less than about 30%. In fact, the present IG unit 8 achieves an
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exterior solar reflectance Rs of less than about 20%. While the precise level of
solar reflection can be selected and varied in accordance with the teachings of
this disclosure, certain preferred embodiments (e.g., where the coating 40 Is one
of the three uniquely preferred film stacks detailed below) provide an |G unit 8
having an exterior solar reflectance Rs of about 16%.

The term “solar reflectance” is well known in the present art. This term is
used herein in accordance with its well-known meaning to refer to the percentage
of incident solar radiation SR that is reflected off the glass side of a monolithic
pane (which bears the coating 40 on the opposite film side) or off the exterior of
the present |G unit 8. Skilled artisans will appreciate that the solar reflectance off
the glass side of the monolithic pane includes not only solar radiation retflected at
the surface 12, but also solar radiation reflected at the surface 14. Likewise, the
solar reflectance off the exterior side of the IG unit 8 (measured from the exterior
77 of the unit 8) includes not only solar radiation reflected at the surface 12, but
also solar radiation reflected at surfaces 14, 14’ and 12’. The reported solar
reflectance is measured off a central portion of the glass side of the monolithic
pane or off a central portion of the glass side of the outboard pane 10 of the
present |G unit 8, is indicated as Rs where s stands for solar. The solar
reflectance can be determined as specified in “Standard Test Methods for Solar
Energy Transmittance and Reflectance (Terrestrial) of Sheet Materials, ASTM",
the entire contents of which are incorporated herein by reference.

Figure 6 is a graph showing the glass-side reflectance of a monolithic pane
bearing the present low solar reflectance coating (denoted by the solid line)
relative to the glass-side reflectance of a monolithic pane bearing a double silver
low-emissivity coating (denoted by the dashed line). The reflectance is reported in
Figure 6 for wavelengths between about 300 nm and about 2,500 nm. This
wavelength range is of interest because the solar radiation that reaches the earth
is primarily in this range. in Figure 6, it can be appreciated that the total solar
reflection of the present coating 40 is far less than that of the double-silver
coating. Thus, the present coating 40 offers exceptionally low solar reflection.

In addition to low solar reflectance, the present coating 40 has exceptional

shading ability. For example, the solar heat gain coefficient (SHGC) of the
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present |G unit 8 is particularly low. As is well known in the present art, the solar
heat gain coefficient of a window is the fraction of incident solar radiation that is
admitted through the window. The term “solar heat gain coefficient” is used
herein in accordance with its well known meaning. Reference is made to NFRC
200-93 (1993), the entire teachings of which are incorporated herein by reference.

As noted above, there are many applications where low solar heat gain
windows are of particular benefit. In warm climates, for example, it is desirable {o
have low solar heat gain windows. Further, any windows that are exposed to a lot
of undesirable sun should have a low solar heat gain coefficient. For applications
like these, the solar heat gain coefficient plays a vital role in maintaining a
comfortable environment within a building. Thus, it is beneficial to provide
windows of this nature with coatings that establish a low solar heat gain
coefficient. For example, a solar heat gain coefficient of about 0.4 or less is
commonly recommended for buildings in the southern United States and other
warm climates.

The exceptional shading ability of the low solar reflectance coating 40 is
particularly beneficial for warm climate applications. For example, the present IG
unit 8 has a solar heat gain coefficient of less than about 0.4. In fact, the IG unit 8
has a solar heat gain coefficient of less than about 0.3, and preferably less than
about 0.2. While the precise level of shading ability can be selected and varied In
accordance with the teachings of this disclosure, certain preferred embodiments
(e.q., whefe the coating 40 is one of the three uniquely preferred film stacks
detailed below) provide an IG unit 8 having a solar heat gain coefficient of about
0.16. Thus, the low solar reflectance coating 40 is particularly beneficial when
high shading ability is desired.

A limitation of some high shading ability coatings is that they retlect more
visible light than is desired. As noted above, a tradeoff is sometimes made in high
shading ability coatings whereby the films selected to achieve a low SHGC have
the effect of restricting the visible reflectance to a level that is higher than ideal.
As a consequence, windows bearing these coatings may have a somewhat

mirror-like appearance.
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To the contrary, the present coating 40 has sufficiently low visible
reflectance to obviate this mirror-like appearance problem. For example, the
exterior visible reflectance Ry of the present |G unit 8 is less than about 20%. In
fact, the IG unit 8 achieves an exterior visible reflectance R, of less than about
18%. While the precise level of visible reflectance can be selected and varied in
accordance with the present teachings, certain preferred embodiments (e.g.,
where the coating 40 Is 6ne of the three uniquely preferred film stacks detailed
below) achieve an |G unit 8 having an exterior visible reflectance R, of about 11%.
In oontrast,:the exterior visible reflectance of an IG unit having panes of clear
uncoated glass would typically be about 15%. The extraordinarily low visible
eflectance of the coating 40 is exceptional considering the great thickness of the
nfrared-reflective layer. This evidences the surprising results that are achieved

by the particular combination of films used in the present coating 40.

The term “visible reflectance” is well known In the present art. This term is
used herein in accordance with its well-known meaning to refer to the percentage
of all incident visible radiation that is reflected off the glass side of a monolithic
pane (which bears the coating 40 on the opposite film side) or off the exterior of
the present |G unit 8. Skilled artisans will appreciate that the visible reflectance
off the glass side of a monolithic pane includes not only visible radiation reflected
at the surface 12, but also visible radiation reflected at the surface 14. Likewise,
the visible reflectance off the exterior side of the |G unit 8 (measured from the
exterior 77 of the unit 8) includes not only visible radiation reflected at the surface
12. but also visible radiation reflected at surfaces 14, 14, and 12'. The reported
visible reflectance is measured off a central portion of the glass side of the
monolithic pane or off a central portion of the glass side of the outboard pane 10
of the present G unit 8, and is indicated as R, where v stands for visible. Visible
reflectance can be determined as specified in the above-noted “Standard Test
Methods for Solar Energy Transmittance and Reflectance (Terrestrial) of Sheet
Materials, ASTM".

Reference is made once again to Figure 6, wherein there is illustrated the
glass-side reflectance of a monolithic pane bearing the present coating 40 on one

surface. Visible radiation comprises the wavelength range from about 380 nm 1O



10

15

20

25

30

CA 02482528 2004-10-13

WO 03/093187 PCT/US03/13274

15

about 780 nm. As shown in Figure 6, the glass-side reflectance of a pane bearing
the present coating 40 is about 10% over a major portion (in fact, over
substantially all) of the visible wavelength range. Further, the reflectance is well
below 20% (and, in fact, does not exceed about 15%) over the entire visible
range. Thus, it can be appreciated that the present coating 40 offers exceptionally
low visible reflectance.

Figure 9 shows transmission properties of a monolithic pane bearing the
present coating 40 on one surface. As can be appreciated, the transmittance of
the pane is highest across the visible range of wavelengths. Peak transmittance
occurs between the wavelengths of about 400 nm and 450 nm and is about 18%-
19%. Transmittance decreases at wavelengths outside the visible range. As will
be appreciated by skilled artisans, these transmission properties are highly
desirable for a variety of applications, such as high shading applications.

In addition to these beneficial properties, the present coating 40 achieves
color properties that are particularly pleasing. The following discussion of
transmitted and reflected color is reported using the well known color coordinates
of “a” and “b”. In particular, these color coordinates are indicated herein using the
subscript h (i.e., a, and by) to represent conventional use of the well known Hunter
Lab Color System (Hunter methods/units, lll. D65, 10 degree observer). The
present color properties can be determined as specified in ASTM D-2244-93,
“Standard Test Method For Calculation Of Color Differences From Instrumentally
Measured Color Coordinates”, Sept. 15, 1993, as augmented by ASTM E-308-85
Annual Book of ASTM Standards, Vol. 06.01 “Standard Method For Computing
The Colors Of Objects By Using The CIE System’, the entire contents of each of
which are incorporated herein by reference.

The present IG unit 8 exhibits a transmitted color that is particularly
pleasing. As noted above, it is commonly desirable for windows to exhibit hues of
blue or blue-green. The transmitted hue of the present |G unit 8 falls entirely
within the blue-green range. In particular, the 1G unit 8 exhibits a transmitted color
characterized by an ap color coordinate of between about —1.75 and about —4.5
and a by, color coordinate of between about —2 and about —5. In certain preferred

embodiments (e.g., where the low solar reflectance coating 40 is one of the three
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uniquely preferred film stacks detailed below), the IG unit 8 exhibits a transmitted
color characterized by an ay, color coordinate of between about —2.1 and about —
4.2 and a by, color coordinate of between about —2.5 and about —4.5. This can be
appreciated with reference to Figure 7, wherein the transmitted color of such an
IG unit 8 is represented by the color box defined by the dashed lines. In this
figure, it can be appreciated that the transmitted a, and by, color values are both
negative, such that the transmitted hue is in the blue-green range. Further, the
magnitude of the negative an and by, values is very low, indicating very low
chromalvery good color neutrality. Thus, when the present coating 40 Is provided
on an |G unit, the resulting unit 8 exhibits a particularly pleasing transmitted color.
Accordingly, the present coating 40 is especially desirable for applications where
transmitted color is of particular interest, such as in sunrooms, solariums,
greenhouses, and the like.

The present |G unit 8 also exhibits a very pleasing color in reflection. The
reflected color reported herein is measured from the exterior 77’ of the G unit 8.
The present |G unit 8 is nearly colorless in reflection. In particular, the |G unit 8
exhibits a reflected color characterized by an ay color coordinate of between about
1.4 and about —1.6 and a by, color coordinate of between about 0.5 and about —
2.5. In certain preferred embodiments (e.g., where the coating 40 is one of the
three uniquely preferred film stacks detailed below), the |G unit 8 exhibits a
reflected color characterized by an ay, color coordinate of between about 0.9 and
about —1.2 and a by color coordinate of between about 0.0 and about —-2. This is
shown in Figure 8, wherein the reflected color of such an IG unit 8 Is representea
by the color box defined by the dashed lines. In this figure, It can be appreciated
that the chroma of the reflected color is exceptionally low, indicating that the
coating 40 is nearly colorless.

In addition to the beneficial properties discussed above, the present IG unit
8 has exceptional thermal insulating properties. As noted above, the low solar
reflectance coating 40 includes at least one infrared-reflective film 150. This film
150 is highly reflective of infrared radiation (i.e., radiant heat). Since the infrared-
reflective film 150 is typically formed of silver or another electrically conductive

material, this film 150 contributes low emissivity to the low solar reflectance
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coating 40. For example, the emissivity of the present coating 40 is less than
about 0.07. In fact, the emissivity of this coating 40 is less than about 0.05. While
the precise level of emissivity can be selected and varied in accordance with the
oresent teachings, a number of oreferred coating embodiments (e.g., the three
uniquely preferred film stacks detailed below) provide an emissivity of about
0.044. In contrast, an uncoated pane of clear glass would typically have an
emissivity of about 0.84. Thus, the present coating 40 achieves exceptionally low
emissivity, and yet has excellent color properties and exceptionally low visible
reflectance. This surprising combination of oroperties further evidences the
extraordinary results that are achieved by the particular combination of films used
in the present coating 40.

The term “emissivity” is well known in the present art. This term is used
herein in accordance with its well-known meaning to refer to the ratio of radiation
emitted by a surface to the radiation emitted by a blackbody at the same
temperature. The present emissivity values can be determined as specified In
“Standard Test Method For Emittance Of Specular Surfaces Using Spectrometric
Measurements” NFRC 301-93, the entire contents of which are incorporated
herein by reference.

The “U Value” of the present IG unit 8 is also exceptionally low. As is well
known, the U Value of an IG unit Is a measure of the thermal insulating ability of
the unit. The smaller the U value the better the thermal insulating ability of the
unit. The U Value of the present IG unit 8 is less than about 0.4. In fact, the IG
unit 8 has U Value of less than about 0.3. While the orecise level of U Value can
be selected and varied in accordance with the present teachings, certain preferred
embodiments (e.g., where the coating 40 Is one of the three uniquely preferred
sl stacks detailed below) provide an 1G unit 8 wherein the U Value is about 0.25.
In comparison, the U Value of an IG unit having panes of uncoated glass would
typically be about 0.46. Thus, the present coating 40 facilitates exceptionally low
U Value.

The term U Value is well known in the present art. It is used herein In
accordance with its well-known meaning to express the amount of heat that

passes through one unit of area in one unit of time for each unit of temperature
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difference between a hot side of the |G unit 8 and a cold side of the IG unit 8. The

L) Value can be determined in accordance with the standard specified for Uyinter IN
NFRC 100-91 (1991), the entire contents of which are incorporated herein by
reference.

Figure 2 depicts a preferred low solar reflectance coating 40 of the
invention. As can be appreciated, the illustrated coating 40 generally includes the
following sequence of films, moving outwardly (i.e., away from the substrate): a
transparent dielectric inner coat 30; a high absorption primary layer 80; a
transparent dielectric middie coat 90; an infrared-reflective layer 150; a high
absorption blocker layer 180; and a transparent dielectric outer coat 120. The
present disclosure teaches particular combinations of thicknesses and materials

for these films, which combinations achieve the exceptional properties described

above.
As noted above, the present coating 40 includes an infrared-reflective film

150. This infrared-reflective film 150 is preferably formed of an electrically-
conductive material (e.g., metal), such as silver, gold, copper, or the like. Alloys
or mixtures of these metals can also be used. In most cases, it will be preferable
to employ a silver or silver-containing film (e.g., comprising a major weight
percentage of silver). The term “silver-containing” is used herein to refer to any
£ that includes at least some silver. For example, one may provide an infrared-

reflective film in the form of silver combined with a small amount of gold (e.g.,

about 5% gold or less).

The infrared-reflective film 150 is highly reflective of infrared radiation. As a
result, this film 150 substantially reduces the transmission of radiant heat through
the coating 40. Further, the electrically-conductive material of this film 150 has
low sheet resistance, and hence low emissivity. Thus, the infrared-reflective film
150 contributes low emissivity to the coating 40. As noted above, these properties
are desirable for coatings on windows and other glazings (e.g., doors, skylights,
etc.). For example, during a cold winter it is desirable to minimize the heat that
escapes from a warm room through a window to a cold outdoor environment.
Likewise. during a warm summer it is desirable 10 minimize the heat that enters a

cool room through a window from a hot outdoor environment. Thus, the infrared-
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reflective film 150 is advantageous in that it helps reduce the amount of heat that

passes through the coating 40.

The infrared-reflective film 150 is preferably provided at particular
thicknesses. The thickness of this film 150 is desirably at least about 175A,
preferably between about 182A and about 274A, more preferably between about
193A and about 262A, and perhaps optimally between about 215A and about
238A. Forming the infrared-refiective layer 150, especially of silver or a silver-

containing film, at these thicknesses is particularly preferred.

The low solar reflectance coating 40 preferably includes a high absorption
primary layer 80. The high absorption primary layer 80 is preferably formed of
particular materials. For example, this primary layer 80 preferably comprises

titanium, niobium, or another material that is highly absorptive of solar radiation

"~ (e.q., a highly absorptive dielectric material, such as titanium nitride). The high

absorption primary layer 80 absorbs a substantial portion of incident solar
radiation. In certain preferred embodiments, the primary layer 80 comprises
metallic_ titanium, metallic niobium, or another metallic material that is highly
absorpﬁve of solar radiation. Thus, the layer 80 may consist, or consist
essentially, of a highly absorptive metallic material. In some cases, all but a
portion of the high absorption primary layer 80 is metallic. In such cases, the
outer portion (i.e., the portion furthest from the substrate) of this layer 80 may be
oxidized, nitrided, or otherwise reacted to some extent. This tends to occur when
the high absorption primary layer 80 is deposited as metallic film, and the
deposition of a subsequent film is performed in a reactive (e.g., oxidizing and/or
nitriding) atmosphere. In such cases, the outer face of the primary layer 80 is
exposed 1o the reactive atmosphere during an initial period of the subsequent film
deposition, such that the outer portion 80’ of the primary layer 80 is oxidized,.
nitrided, and/or otherwise reacted. In these embodiments, it is desirable if no
more than a minor portion (e.qg., less than 50% of the thickness) of the primary
layer 80 is a reaction product (e.g., an oxide, nitride, and/or oxynitrides), and a
major portion (e.g., 90% or more of the thickness) thereof is metallic. Thus, it can

be appreciated that certain embodiments involve a high absorption primary layer
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80 that consists, or consists essentially, of a highly absorptive metallic material

and reaction products of such metallic material.

The high absorption primary layer 80 is preferably provided at particular
thicknesses. The thickness of the high absorption primary layer 80 is desirably at
least about 100A, preferably between about 104A and about 151A, more
preferable between about 110A and about 144A, and perhaps optimally between
about 123A and about 131A. Forming the high absorption primary layer 80 at
these thicknesses is particularly preferred, especially when this layer 80 is formed

of particular materials, as will now be described.

In certain particularly preferred embodiments, the high absorption primary
layer 80 comprises titanium. In one embodiment, this layer 80 is a titanium-
containing film having a thickness within at least one of the ranges described In
the preceding paragraph. The term “titanium-containing” is used herein to refer to
any film that contains at least some titanium. Thus, absent an express statement
to the contrary, mat<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>