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LOW-MAINTENANCE COATINGS, AND METHODS
FOR PRODUCING LOW-MAINTENANCE
COATINGS

CROSS-REFERENCE TO RELATED APPLICATIONS
The present application claims priority to U.S. Application No. 60/972,527, filed

September 14, 2007; and U.S. Application No. 61/039,760, filed March 26, 2008.

FIELD OF THE INVENTION
The present invention provides thin film coatings for substrates. More particularly,
the invention provides low-maintenance coatings for glass and other substrates. The

invention also provides methods for producing low-maintenance products.
BACKGROUND OF THE INVENTION
Low-maintenance coatings, for example photocatalytic coatings, are well known.

A great deal of research has been done in attempting to develop low-maintenance coatings

that exhibit good properties, such as self-cleaning properties and hydrophilicity.

Most conventional low-maintenance coatings include a layer of titanium dioxide
(ie., TiO,). While many of these coatings are advantageous, there is much room for
improvement. For example, it would be desirable to provide thin low-maintenance
coatings that have low visible reflection and good color neutrality, and yet can achieve
good photoactivity levels, hydrophilicity, and/or activation ability. It would be
particularly desirable to provide coatings that achieve these properties while at the same
time being durable, stable, and resistant to haze formation (e.g., during tempering and

other heat treatments).

SUMMARY OF THE INVENTION
In certain embodiments, the invention provides a substrate having a major surface
on which there is a low-maintenance coating. The low-maintenance coating includes a
functional film comprising both titanium oxide and tungsten oxide. In the present

embodiments, the substrate is glass in an annealed state, and the functional film has a
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thickness of less than 150A yet the low-maintenance coating has an acetone
decomposition rate of greater than 1.4 x 10719 moles/(liter)(second).

Some embodiments of the invention provide a substrate having a major surface on
which there is a low-maintenance coating. The low-maintenance coating includes a
functional film comprising both titanium oxide and tungsten oxide. In the present
embodiments, the substrate is glass in a tempered state, and the functional film has a
thickness of less than 150A yet the low-maintenance coating has an acetone
decomposition rate of greater than 1.8 x 107'° moles/(liter)(second).

In some embodiments, the invention provides a substrate having a major surface on
which there is a low-maintenance coating that includes a base film and a functional film.
The functional film comprises both titanium oxide and tungsten oxide. In the present
embodiments, the base film is a high-rate sputtered film deposited using at least one target
in an atmosphere into which both inert gas and oxidizing gas are flowed. Preferably, the
inflow rate for the inert gas divided by the inflow rate for the oxidizing gas is between 0.4
and 2.5. The functional film in these embodiments preferably is a high-rate sputtered film
deposited from at least one target having a sputterable material comprising both titanium
oxide and tungsten oxide.

Certain embodiments provide a substrate having a major surface on which there is
a low-maintenance coating. In the present embodiments, the low-maintenance coating has
only a single photocatalytic layer, and this layer comprises both titanium oxide and
tungsten oxide throughout an entire thickness of the layer. Further, in these embodiments,
the substrate is glass in an annealed state, and the photocatalytic layer has a thickness of
less than 150A yet the low-maintenance coating has an acetone decomposition rate of

greater than 1.4 x 1071

moles/(liter)(second). In some of these embodiments, the
thickness of the photocatalytic layer is less than 100A and yet the acetone decomposition
rate is greater than 2.1 x 107 moles/(liter)(second).

Some embodiments provide a substrate having a major surface on which there is a
low-maintenance coating. In the present embodiments, the low-maintenance coating has
only a single photocatalytic layer, and this layer comprises both titanium oxide and
tungsten oxide throughout an entire thickness of the layer. Further, in these embodiments,
the substrate is glass in a tempered state, and the photocatalytic layer has a thickness of
less than 150A yet the low-maintenance coating has an acetone decomposition rate of

-10
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thickness of the photocatalytic layer is less than 100A and yet the acetone decomposition
rate is greater than 6.75 x 107 moles/(liter)(second).

Certain embodiments provide a method of depositing of a low-maintenance
coating on a major surface of a substrate. The low-maintenance coating here includes a
base film and a functional film. In the present method, the base film is deposited using a
high-rate sputtering technique wherein at least one target is sputtered in an atmosphere
into which both inert gas and reactive gas are flowed, and wherein an inflow rate for the
inert gas divided by an inflow rate for the reactive gas is between 0.4 and 9. In the present
method, the functional film is deposited by a high-rate sputtering technique that uses at
least one target having a sputterable material comprising both titanium oxide and tungsten
oxide. In some embodiments of this nature, the high-rate sputtering technique for
depositing the base film involves a plurality of targets each carrying a sputterable material
consisting essentially of: 1) one or more metals, or 2) one or more semi-metals, or 3) at
least one metal and at least one semi-metal, while the high-rate sputtering technique for
depositing the functional film involves a plurality of oxide targets each carrying the
sputterable material comprising both titanium oxide and tungsten oxide. For example, the
sputterable target material used in depositing the functional film may include silicon, and
the sputterable target material used in depositing the functional film may include: i)
tungsten in oxide form, ii) TiO, and iii) TiO,. In the present method, the inert gas can
advantageously be argon while the reactive gas is oxygen or nitrogen, and the inflow rate
for the argon gas divided by the inflow rate for the oxygen or nitrogen gas can optionally
be between 0.35 and 9.

Certain embodiments of the invention provide a sputtering technique for depositing
a low-maintenance coating over a major surface of a substrate. The present sputtering
technique includes sputter depositing a base film over the major surface and sputter
depositing a functional film over the base film. The functional film comprises both
titanium oxide and tungsten oxide. In the present embodiments, the sputter deposition is
performed such that the low-maintenance coating, as deposited, has an average surface
roughness of between about 0.35 nm and 3.0 nm. Also, in the present embodiments, the
substrate is glass in an annealed state, and the functional film has a thickness of less than
150A yet the low-maintenance coating has an acetone decomposition rate of greater than
1.4 x 107" moles/(liter)(second).

Further, some embodiments provide a sputtering technique for depositing a low-

maintenance coating over a major surface of a substrate. In the present embodiments, the
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sputtering technique includes depositing a thickness of film comprising titania, wherein at
least part of that thickness includes tungsten oxide and is deposited by sputtering one or
more targets having a sputterable material comprising both titania and tungsten oxide,
wherein the sputterable material includes: i) tungsten in oxide form, ii) TiO, and iii) TiO,.
In some cases, substantially all the tungsten in the sputterable material is in oxide form.
The depositing can be accomplished by sputtering the targets in an atmosphere comprising
argon and oxygen. If desired, the depositing can also be accomplished by sputtering the
targets in an atmosphere comprising argon, oxygen, and nitrogen. In some cases, the
sputterable material is characterized by a metal-only W/Ti weight ratio of between about
0.01 and 0.34, such as between about 0.01 and about 0.2, this ratio being the total weight
of the tungsten in the sputterable material divided by the total weight of the titanium in the
sputterable material. The thickness of the film comprising titania preferably is less than
250A.

A sputtering target is also provided in accordance with certain embodiments. The
target can have a sputterable material comprising both titania and tungsten oxide, wherein
the sputterable material includes: i) tungsten in oxide form, ii) TiO, and iii) TiO,. In some
cases, substantially all the tungsten in the sputterable material is in oxide form. In some
embodiments, the sputterable material consists essentially of: i) tungsten in oxide form, ii)
TiO, and iii) TiO,, The sputterable material can optionally have a metal-only W/Ti weight
ratio of between about 0.01 and 0.34, such as between about 0.01 and about 0.2, this ratio
being the total weight of the tungsten in the sputterable material divided by the total
weight of the titanium in the sputterable material. The target can optionally be a
cylindrical rotary target, with the sputterable material carried on an exterior wall of an
elongated backing tube, and the elongated backing tube having a length of at least 24
inches. In some of the present embodiments, the target is adapted to rotate about a central
axis to which the exterior wall of the backing tube is substantially parallel.

BRIEF DESCRIPTION OF THE DRAWINGS

Figure 1 is a schematic cross-sectional view of a substrate having a major surface
carrying a low-maintenance coating in accordance with certain embodiments;

Figure 2 is a schematic cross-sectional view of a substrate having a major surface
carrying a low-maintenance coating in accordance with certain embodiments;

Figure 3 is a schematic cross-sectional view of a substrate having a major surface

carrying a low-maintenance coating in accordance with certain embodiments;
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Figure 4 is a schematic cross-sectional view of a substrate having a major surface
carrying a low-maintenance coating in accordance with certain embodiments;

Figure 5 is a schematic cross-sectional view of a substrate having a major surface
carrying a low-maintenance coating in accordance with certain embodiments;

Figure 6 is a schematic cross-sectional view of a substrate having one surface
carrying a low-maintenance coating and another surface carrying an additional functional
coating in accordance with another embodiment;

Figure 7 is a partially broken-away schematic cross-sectional side view of a
multiple-pane insulating glazing unit that includes an exterior pane having a first surface
carrying a low-maintenance coating and a second surface carrying an additional functional
coating in accordance with certain embodiments;

Figure 8 is a partially broken-away schematic cross-sectional side view of a
multiple-pane insulating glazing unit that includes an exterior pane having a second
surface carrying a functional coating and an interior pane having a fourth surface carrying
a low-maintenance coating in accordance with certain embodiments;

Figure 9 is a partially broken-away perspective view of a window pane having a
major surface carrying a low-maintenance coating, the pane being mounted in an exterior
wall of a building in accordance with certain embodiments;

Figure 10 is a schematic side view of a downward sputtering chamber adapted for
use in certain methods;

Figure 11 is a schematic side view of an upward sputtering chamber adapted for
use in certain methods;

Figure 12 is a schematic side view of a dual-direction sputtering chamber adapted
for use in certain methods;

Figure 13 is a schematic side view of a downward heating chamber adapted for use
in certain methods;

Figure 14 is a schematic side view of an upward heating chamber adapted for use
in certain methods;

Figure 15 is a schematic side view of an inter-stage section adapted for use in
certain methods;

Figure 16 is a front cross-section view of an inter-stage section adapted for use in

certain methods;
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Figure 17 is a schematic side view of a coating line, including downward
sputtering chambers and a downward heating chamber, which is adapted for use in certain
methods;

Figure 18 is a schematic side view of a coating line, including upward sputtering
chambers and an upward heating chamber, which is adapted for use in certain methods;

Figure 19 is a schematic side view of a coating line, including upward sputtering
chambers and an upward heating chamber, which is adapted for use in certain methods;

Figure 20 is a schematic side view of a coating line, including upward sputtering
chambers and an upward heating chamber, which is adapted for use in certain methods;
and

Figure 21 is a photograph of a testing system used for calculating acetone
decomposition rates for substrates bearing photocatalytic coatings; and

Figure 22 is a photograph of a reactor dish that is part of a testing system used for
calculating acetone decomposition rates for substrates bearing photocatalytic coatings.

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 numbers. 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 given examples
have many alternatives that fall within the scope of the invention.

Many embodiments of the invention involve a coated substrate. A wide variety of
substrate types are suitable for use in the invention. In some embodiments, the substrate
10 is a sheet-like substrate having generally opposed first 12 and second 14 major
surfaces. For example, the substrate can be a sheet of transparent material (i.e., a
transparent sheet). The substrate, however, is not required to be a sheet, nor is it required
to be transparent.

The substrate can optionally be a component of any of a variety of building
materials. Examples of anticipated applications include embodiments wherein the
substrate is a sash (e.g., a window sash or a door sash), a siding panel (e.g., an aluminum
siding panel), a tent panel, a tarpaulin (e.g., a fluorocarbon polymer tarpaulin), a plastic
film (e.g., a fluorocarbon plastic film), a roofing shingle, a window blind (such as a metal,
plastic, or paper window blind), a paper screen (e.g., a shoji), a railing, a baluster, or an

escutcheon. In one embodiment, the substrate is a ceramic tile, such as a wall, ceiling, or
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floor tile. In another embodiment, the substrate is a glass block. A variety of suitable
glass blocks can be obtained commercially from Saint-Gobain Oberland (Koblenz,
Germany). In still other embodiments, the substrate is a polyester film, a polyethylene
film, a terephthalate film, etc. Suitable films of this nature can be obtained commercially
from Nippon Soda Co., Ltd. (Tokyo, Japan). In further embodiments, the substrate is a
fence or wall, such as a noise-reduction fence or wall. The substrate can alternatively be
part of a photovoltaic device (e.g., it can be a cover for a photovoltaic device).

For many applications, the substrate will comprise a transparent (or at least
translucent) material, such as glass or clear plastic. For example, the substrate is a glass
sheet (e.g., a window pane) in certain embodiments. A variety of known glass types can
be used, and soda-lime glass will commonly be preferred. In certain preferred
embodiments, the substrate is part of a window, skylight, door, shower door, or other
glazing. In some cases, the substrate is part of an automobile windshield, an automobile
side window, an exterior or interior rear-view mirror, a bumper, a hubcap, a windshield
wiper, or an automobile hood panel, side panel, trunk panel, or roof panel. In other
embodiments, the substrate is a piece of aquarium glass, a plastic aquarium window, or a
piece of greenhouse glass. In a further embodiment, the substrate is a refrigerator panel,
such as part of a refrigerator door or window. In another embodiment, the substrate is part
of an electrochromic device.

Substrates of various sizes can be used in the present invention. Commonly, large-
area substrates are used. Certain embodiments involve a substrate 10 having a major
dimension (e.g., a length or width) of at least about .5 meter, preferably at least about 1
meter, perhaps more preferably at least about 1.5 meters (e.g., between about 2 meters and
about 4 meters), and in some cases at least about 3 meters. In some embodiments, the
substrate is a jumbo glass sheet having a length and/or width that is between about 3
meters and about 10 meters, e.g., a glass sheet having a width of about 3.5 meters and a
length of about 6.5 meters. Substrates having a length and/or width of greater than about
10 meters are also anticipated.

In some embodiments, the substrate 10 is a generally square or rectangular glass
sheet. The substrate in these embodiments can have any of the dimensions described in
the preceding paragraph and/or in the following paragraph. In one particular embodiment,
the substrate is a generally rectangular glass sheet having a width of between about 3
meters and about 5 meters, such as about 3.5 meters, and a length of between about 6

meters and about 10 meters, such as about 6.5 meters.
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Substrates of various thicknesses can be used in the present invention. In some
embodiments, the substrate 10 (which can optionally be a glass sheet) has a thickness of
about 1-5 mm. Certain embodiments involve a substrate 10 with a thickness of between
about 2.3 mm and about 4.8 mm, and perhaps more preferably between about 2.5 mm and
about 4.8 mm. In one particular embodiment, a sheet of glass (e.g., soda-lime glass) with
a thickness of about 3 mm is used. In one group of embodiments, the thickness of the
substrate is between about 4 mm and about 20 mm. Thicknesses in this range, for
example, may be useful for aquarium tanks (in which case, the substrate can optionally be
glass or acrylic). When the substrate is float glass, it will commonly have a thickness of
between about 4 mm and about 19 mm. In another group of embodiments, the substrate is
a thin sheet having a thickness of between about 0.35 mm and about 1.9 mm.
Embodiments of this nature can optionally involve the substrate 10 being a sheet of
display glass or the like.

Figures 1-7 show a substrate 10 with a major surface 12 bearing a low-
maintenance coating 80. The low-maintenance coating 80 can have photocatalytic
properties, hydrophilic properties, or both. In preferred embodiments, the coating 80 has
photoactivity as determined by the acetone decomposition test that will now be described.

The following system is used to determine the acetone decomposition slope.
Reference is made to Figures 21 and 22. Fourier transform infrared (FT-IR) spectroscopy
is used (Thermo Nicolet 8700 FT-IR with MCT-A liquid nitrogen cooled detector and a
KBr beam splitter). In particular, the following system features are used: Nicolet 8700
Gold system optics; sealed, desiccated optical bench; Ge-on KBr beam splitter (7800 —
350 cm™); MCT-A liquid nitrogen cooled detector (11700 — 600 cm™); Research OMNIC
Professional 7.1; Val-Q System validation package; OMNIC FT-IR Software Operations.
The system is a recycling closed loop system, including a pump (a piston pump) and a
reactor cell (a reactor dish). Stainless steel tubing connects the components. The piston
pump is commercially available from Fluid Metering, Inc. (Syosset, New York, USA):
Item ID = Pump Drive Module, Q 115 VAC 60 Hz; Item ID = Q1CSY, Q Pump Head
Module, and; Item ID = R412-2, Adapter, 3/8” Tube, SS (the pump setting used is 8 out of
a possible 10). The reactor dish can be obtained from Allen Scientific Glass, Inc.
(Boulder, Colorado, USA), e.g., under product code 530. The dish has a solid bottom with
a diameter of 8 inches. The sidewall of the dish has a height of 1.8 inches. The dish is gas
tight and has an internal volume of 1.5 liters. The dish has three ports, each with a

diameter of 3/8 inch. The bottom portion of the dish is Pyrex, and it has a lid formed of
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quartz. Two ports on the dish are connected to stainless steel tubing so that gas circulates,
and another port on the dish is provided to allow acetone injection into the dish through a
rubber disc. The quartz lid is placed on an O-ring that is seated into the lip of the dish’s
Pyrex bottom portion. A delrin hold down ring is placed over the quartz lid, and the ring
and quartz lid are clamped down by a schott flange with quick clamp. Following acetone
injection, the rubber disc seals the port so the system is closed. One 4” X 6” low-
maintenance coated sample is placed in the reactor dish with the low-maintenance coating
facing up. The volumes for the FTIR sample cell, reactor dish, and stainless steel tubing
are: 500 milliliters (FTIR sample cell); 1.5 liters (reactor dish); and 97 milliliters (stainless
steel tubing). The UV source is a 1,000 Watt Oriel Solar Simulator with a 4 inch by 4 inch
beam, which is commercially available from Newport Corporation (Mountain View,
California, U.S.A.). The gas sample cell is commercially available from Infrared Analysis
Inc. (Anaheim, California, USA) under the model number 7.2-V. The gas sample cell is
the 6-PA customized to be a variable-path long path cell adjustable in steps of 0.6 meters
from 0.6 meters to 7.2 meters. The gas sample cell has the following features: black-
anodized aluminum endplates; interior mirror carriage hardware; glass mirror blanks with
protected-Gold optical coating; KCI windows, Viton o-ring seals; laser for path length
verification and mirror alignment.

The test is performed by closing the system and pumping for an hour to stabilize.
Closed means there is no longer any dry air purging through the system, all valves are
closed, and the pump is circulating air through the tubing, reactor dish, and sample cell. A
background scan and three FT-IR scans are taken prior to injecting acetone into the closed
system. One half micro liter of acetone is injected. Once the acetone is injected, FT-IR
scans are taken every 5 minutes. The UV is turned on 2-3 hours after injecting the
acetone. This allows the system to equilibrate prior to turning on the 1000 W Oriel Solar
Simulator. The UV is on for 4-5 hours, during which time FT-IR scans are taken every 5
minutes.

The data resulting from each scan are plotted as a curve of absorbance versus
wavenumbers (cm™”). The FT-IR peaks show the presence of acetone. The acetone peak
from 1260 — 1160 cm™ is used to calculate the acetone decomposition slope. In particular,
the corrected peak area under the curve at 1260-1160 cm’! is calculated using a macro set
up within the FT-IR software and is plotted in Excel versus time in minutes to calculate
the slope (thus, the reported slope is the change in this corrected peak area over time in

minutes). The data points used are those from the linear portion of the data from the time
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UV is turned on until all the acetone is decomposed. The linear portion of the data is
plotted versus time in minutes, and from this the slope is calculated, such plotting and
slope calculation being performed with the Trendline option in Microsoft Excel 2000.

The following discussion of a few acetone peaks is useful to further illustrate the
foregoing method. A first curve results from a scan done prior to the acetone being
injected into the system, and therefore has no peak at 1260 — 1160 cm. Another curve
results from a scan taken once the acetone has equilibrated and just before UV is turned
on. Subsequent curves show the decline in the acetone peak, illustrating
photodecomposition of the acetone and hence a reduction in the amount of acetone
measured by the FT-IR. Thus, the slope is calculated by plotting the change in the area
under the noted curve after the UV light is turned on and prior to all the acetone being
decomposed.

Once an acetone decomposition slope has been determined, the slope can be
converted to a rate using the following equation: acetone decomposition rate = (2.55 x 107
%) x (acetone decomposition slope). It is to be understood that this conversion factor is
specific to the present system; it is not a universal conversion factor. The rate is in units of

moles/(liter)(second). As examples, consider the following:

Product Slope Rate
moles/(liter)(second)
Annealed glass/200A high rate SiO,/55A high rate TiO2:W | .0772 1.97x 1077
Tempered glass/200A high rate SiO,/55A high rate TiOx:W | .2141 5.46x 1077
Annealed glass/200A high rate SiO4/70A high rate TiOz:W | .0839 2.14x 107
Tempered glass/200A high rate SiO,/70A high rate TiO;:W | .2674 6.82x 107

* After being coated, the glass was heat-treated in a furnace to simulate tempering in a commercial production

setting.

In certain embodiments, the low-maintenance coating has an acetone

decomposition rate of greater than 1.4 x 10", preferably greater than 1.785 x 10"°, more

preferably greater than 1.91 x 107", or even greater than 2 x 107'°, and perhaps optimally

greater than 2.1 x 107'°. In some embodiments of this nature, the functional film has a

thickness of less than 1504, or even less than 100A (such as about 50-80A), and yet the

low-maintenance coating has an acetone decomposition rate above one or more of the

-10 -
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noted levels. Some embodiments provide annealed glass bearing a low-maintenance

coating with an acetone decomposition rate above one or more of these levels.

In some embodiments where the substrate is annealed glass, the low-maintenance
coating has an average surface roughness Ra of between 0.35 nm and 3.0 nm, such as
between 0.35 nm and 2.0 nm, and in some cases between 0.4 nm and 1.0 nm. The surface
roughness, though, can be varied; it is by no means required to be within any of these

ranges. Some embodiments, for example, may provide much higher surface roughness.

Glass in an annealed state can readily be scored and cut. Heat treatment above 350
degrees Fahrenheit will normally remove the anneal of soda-lime glass. As is well known,
annealing is a process of slowly cooling glass to relieve internal stresses. The process is
carried out in a temperature-controlled kiln, which is called a lehr. Glass that has not been
annealed, or has lost its anneal, tends to crack or shatter when subjected to temperature
change or mechanical shock. Annealing glass, and retaining the anneal, is desirable for
the durability of the glass. If glass is not annealed, or loses its anneal, it will have

substantial thermal stresses and its strength will be decreased considerably.

In the annealing process, glass is heated until its temperature reaches a stress-relief
point (i.e., the annealing temperature, which is also referred to as the annealing point). At
this point, the glass is sufficiently soft that the stresses in the glass relax, yet it is still too
hard to deform. The glass is then heat-soaked until its temperature is even throughout.
Then, the glass is cooled slowly at a predetermined rate until the temperature of the glass
is below its strain point. Finally, the glass temperature can be dropped to room

temperature. Glass in an annealed state can be cut, drilled, polished, etc.

Thus, some embodiments provide a low-maintenance coating that is on glass in an
annealed state and can achieve acetone decomposition rates above one or more of the
noted levels. Some prior art photocatalytic coatings only report photoactivity (or
significant levels of photoactivity) after being calcined or otherwise heat treated at
temperatures that would remove the anneal of glass. While such high temperature
treatments may be advantageous for increasing the photoactivity of the coating, they may
not be feasible when it is necessary to provide the coating on annealed glass (which can be

readily scored and cut). Thus, the present embodiments provide a low-maintenance
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coating that can provide surprising levels of photoactivity without requiring the coating to

be calcined or otherwise treated at temperatures that would remove the anneal of glass.

Similarly, some embodiments provide a low-maintenance coating made by
maintaining the substrate during deposition at a temperature not exceeding 350 degrees
Fahrenheit, not exceeding 300 degrees Fahrenheit, or not exceeding 250 degrees
Fahrenheit.

In certain embodiments, the invention provides a substrate (optionally glass in an
annealed state) bearing a low-maintenance coating that, if tempered, experiences an
increase of its acetone decomposition rate. Preferably, the increase results in the acetone
decomposition rate being greater than 1.8 x 10™'® moles/(liter)(second), more preferably
greater than 2.5 x 107" moles/(liter)(second), and even more preferably greater than 4 x
107'° moles/(liter)(second). Perhaps optimally, the increase results in the rate being greater
than 5.1 x 107° moles/(liter)(second), greater than 6.3 x 10719 moles/(liter)(second), or

even greater than 6.75 x 107 moles/(liter)(second).

Additionally or alternatively, the low-maintenance coating may in some cases have
the advantageous property that, if tempered, it experiences an increase of its acetone
decomposition rate by more than a factor of 1.5, or by more than a factor of two, or even
by more than a factor of three. The acetone decomposition rate of the first product
tabulated above, for example, increased from 1.97 x 1071° moles/(liter)(second) to 5.46 x
107" moles/(liter)(second) due to tempering, resulting in a post-temper decomposition rate
that is more than 2.75 times its pre-temper rate. And the acetone decomposition rate of the
second product tabulated above increased from 2.14 x 10™'° moles/(liter)(second) to 6.82 x
107" moles/(liter)(second) due to tempering, resulting in a post-temper decomposition rate
that is more than three times its pre-temper rate. However, it is by no means required that
the photoactivity of the present coatings increase if tempered; in some cases, there may be

no substantial change in photoactivity due to tempering.

Tempered glass is much stronger than standard glass. Tempered glass breaks in a
special way. It does not break into large dangerous shards. And if any part of the glass
breaks, then the entire pane shatters. Tempered glass is manufactured by a process that

involves intense heating and rapid cooling, making it harder than standard glass.

-12-



10

15

20

25

30

WO 2009/036284 PCT/US2008/076183
Tempered glass may be characterized, for example, as having a surface compression of

greater than about 10,000 psi.

In tempering, glass is commonly placed in a furnace maintained at about 680-705°C
(preferably controlled to 690-700°C). The glass is typically held in the furnace for 100-120
seconds with constant movement to better ensure temperature uniformity of the product.

This is intended to raise the glass temperature to about 640°C. The glass is then removed
from the furnace and cooled rapidly in a stream of air for about 50 seconds such that the glass

is cool enough for an operator to handle.

Thus, the invention also provides embodiments wherein the substrate bearing the
low-maintenance coating is tempered glass. Here, the substrate is glass in a tempered
state, and the low-maintenance coating preferably has an acetone decomposition rate of
greater than 1.8 x 107 moles/(liter)(second), more preferably greater than 2.5 x 10710
moles/(liter)(second), and even more preferably greater than 4 x 1010
moles/(liter)(second). Perhaps optimally, the rate is greater than 5.1 x 107
moles/(liter)(second), greater than 6.3 x 10™'%, or even greater than 6.75 x 107", In some
embodiments of this nature, the functional film has a thickness of less than 1504, or even
less than 100A (such as about 50-80A), yet the low-maintenance coating has an acetone

decomposition rate above one or more of the noted levels.

In some embodiments where the substrate is tempered glass, the low-maintenance
coating has an average surface roughness Ra of between 0.35 nm and 5.0 nm, such as
between 1.0 nm and 4.5 nm, e.g., between 2.0 nm and 4.0 nm. Again, the surface
roughness is not required to be within any of these ranges. For example, some

embodiments may involve greater roughness.

The coating 80 includes a functional film 50 comprising both titanium oxide and
tungsten oxide. In certain embodiments, some, substantially all, or all of the tungsten in
the functional film 50 is in oxide form. In some cases, the functional film 50 consists
essentially of titanium oxide and tungsten oxide. Preferably, the functional film contains
more titanium oxide than tungsten oxide. In some embodiments, the functional film 50
has between about 1-20 weight percent tungsten, such as about 1-10 weight percent
tungsten, and perhaps optimally about 1-6 weight percent tungsten (such percentages

being determined on the basis of the weight of the tungsten in the film relative to the total
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weight of all components of the film, e.g., which in some cases will consist of the
combined weight of titanium, oxygen, and tungsten in the film).

The functional film 50 can generally be a homogenous film, a substantially
homogenous film, a graded film, or some other type of non-homogenous film. In one
group of embodiments, the functional film 50 is a homogenous or substantially
homogenous film comprising both titanium oxide (e.g., TiO;) and tungsten oxide. The
film 50, for example, can be a substantially homogenous film of a mixed oxide comprising
both titanium oxide and tungsten oxide (as opposed to a film of TiO, with islands of WO
on the surface of the TiO;). In some embodiments, the film is substantially uniform in that
it does not comprise pre-formed particles (e.g., of TiO,) dispersed in a binder (e.g., of
WO).

In some preferred embodiments, the functional film 50 defines an exposed,
outermost face of the low-maintenance coating 80. In alternate embodiments, at least one
film (such as a thin hydrophilic film, or another photocatalytic film) may be positioned
over the functional film. Embodiments of this nature are exemplified in Figure 3, which
depicts an outermost film (OF) over the functional film 50.

Adding tungsten oxide to a film comprising titanium oxide can increase
photoactivity and hydrophilicity. However, a thick film of titanium oxide and tungsten
oxide may be limited in terms of haze resistance, durability, and/or stability. Surprisingly,
the inventors have discovered that incorporating tungsten oxide into a titanium oxide film
of small thickness and/or providing the tungsten load at special percentages can provide
good photoactivity and hydrophilicity while at the same time achieving good haze
resistance, durability, and stability. The inventors have also found that these properties
can be improved by adjusting the surface roughness of the coating (such as by depositing a
base layer using a special high rate process), by adjusting the thickness of the base layer,
or both.

The functional film 50 can include TiO,, TiO, or both. Other forms of titanium
oxide may also be present. In certain embodiments, the film 50 includes titanium oxide,
tungsten oxide, and at least one additional material, such as a material selected from the
group consisting of nitrogen, tantalum, copper, silica, palladium, tin, niobium, and
molybdenum. Other “additional materials” can also be used. The additional material can
be a dopant, which may be present in an amount up to about ten weight percent, such as
about five weight percent or less, e.g., about 2-3 weight percent or less. Larger

concentrations may be preferred in other cases. The additional material, when provided,
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can be present throughout the functional film 50 or only in a certain portion of the film
50.

In one group of embodiments, the functional film 50 includes nitrogen, e.g., it can
comprise an oxynitride. When provided, the nitrogen may be present in an amount of 10
weight percent or less, more preferably 5 weight percent or less.

The thickness of the functional film 50 generally is less than 5004, preferably less
than 300A, more preferably less than 250A, such as less than 2004, less than 1504, or
even less than 100A. In some embodiments, the thickness is 30-90A, preferably 40-854,
and perhaps optimally 50-80A. The inventors have found these thickness ranges to be
particularly advantageous in minimizing, or even eliminating, the color that can occur with
thicker films. In other embodiments, though, thicker films may be used for applications
where more color is desirable, or at least acceptable, or where another coating or pane
neutralizes the color adequately.

The inventors have discovered that when the thickness of the functional film is less
than about 100A (more preferably less than 90A), the coating 80 can achieve an
exceptional degree of haze resistance. For example, the haze of a glass pane carrying the
present low-maintenance coating 80 can be less than 0.40 after tempering, or even less
than 0.30, such as between about 0.2 and about 0.27. Haze can be measured using a BYK
Gardner Haze-Gard Plus device. The specimen surface is illuminated perpendicularly, and
the transmitted light is measured photoelectrically, using an integrating sphere (0°/diffuse
geometry).

The inventors have also discovered that if the thickness of the film comprising
titanium oxide and tungsten oxide is greater than about 40A (more preferably greater than
about 50A), then there is a surprising boost in photoactivity, hydrophilicity, or both when
the coated substrate is tempered. When the thickness is substantially smaller, tempering
does not appear to provide such a boost. Thicknesses of about 40 A or greater, perhaps
optimally 50A or greater (e.g., about 50A-80A, such as about 70A) are therefore preferred
in this regard. The mechanism behind this surprising boost in properties has not been
explained definitively. It is surmised, however, that when the coated substrate is heat
treated, this causes a decrease in density of defect states of the film allowing the
photoexcited electrons in the conduction band of the titania to have a longer lifetime
resulting in an increase in quantum efficiency. The improved quantum efficiency results
in more electron-hole pairs to generate hydroxyl radicals (OH¢) and superoxide ions (O;)

to decompose and mineralize organic compounds by participating in a series of oxidation
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reactions. This results in a favorable change in photoactivity, hydrophilicity, or both.
Surprisingly, the boost seems not to occur unless the noted minimum thickness threshold
is exceeded. The inventors, though, do not wish to be bound by this explanation.

In certain embodiments, the functional film 50 has a tungsten load characterized by
a metal-only atomic ratio of between about 0.001 and 0.4, such as between about 0.01 and
about 0.34. This ratio is the number of tungsten atoms in the film 50 divided by the
number of titanium atoms in the film.

With reference to Figure 2, in some embodiments, the low-maintenance coating 80
includes a base film 15 between the functional film 50 and the substrate 10. In general,
the base film 15 can be any suitable material that adheres well to the substrate, protects the
functional film 50 from sodium ion diffusion, or both. In cases where the base film 15 is
omitted, the substrate 10 itself can optionally be treated to reduce or perhaps deplete the
surface area of the substrate of sodium ions. The base film 15 comprises a dielectric film
in some embodiments. In certain embodiments, the base film comprises silica, alumina, or
both. The base film 15 can optionally be a mixed oxide film including two or more
materials. In some cases, it is a mixed oxide film comprising silica and alumina, or silica
and titania, or silica, alumina and titania. Other materials can be used as well.

The base film 15 can generally be a homogenous film, a substantially homogenous
film, a graded film, or some other non-homogenous film. When provided, the base film
15 may be deposited directly onto the substrate, with the functional film 50 being
deposited directly onto the base film 15. This, however, is by no means required. When
provided, the base film 15 can optionally have a thickness of less than about 300A. In
certain embodiments, the base film 15 has a thickness of less than 275A or even less than
250A. The base film 15, for example, can have a thickness of between 175A and 2254,
such as about 200A - 225A. The noted thickness ranges, however, are merely exemplary;
it may be desirable to provide much greater thicknesses, e.g., to provide more of a barrier
to sodium ion diffusion.

In certain embodiments, the base film 15 comprises or consists essentially of silica
and alumina. The entire thickness of the base film, for example, can optionally comprise a
mixed oxide of silica and alumina. Such a mixed oxide film can be formed by sputtering
an alloy target that includes silicon and aluminum, for example about 50% silicon and
about 50% aluminum, or about 25% silicon and about 75% aluminum, about 75% silicon
and about 25% aluminum, or about 85% silicon and about 15% aluminum. Such alloy

targets can be sputtered in an oxidizing atmosphere. A mixed film of this nature can also
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be formed by co-sputtering two targets, wherein one target is a silicon target and the other
target is an aluminum target. Co-sputtering can be performed in an oxidizing atmosphere.
In other embodiments, the base film 15 comprises or consists essentially of alumina.
Alumina is believed to be a good barrier to sodium ion diffusion. And it may help
improve performance of the coated substrate in certain testing (e.g., 100% relative
humidity testing). ‘

In still other embodiments, the base film 15 comprises or consists essentially of
silicon nitride. One embodiment provides a substrate on which there is a low-maintenance
coating comprising the following films in sequence: substrate/film comprising silicon
nitride/film comprising both titanium oxide and tungsten oxide. In this embodiment, there
can optionally be one or more additional films under, between, and/or over the noted
films. Alternatively, the film comprising silicon nitride can be contiguous to the substrate,
and the film comprising titanium oxide/tungsten oxide can be contiguous to the film
comprising silicon nitride. If desired, these two films can have a combined thickness of
less than 350A. In the present embodiment, the films comprising, respectively, silicon
nitride and titanium oxide/tungsten oxide can have any of the properties and
characteristics described herein for the functional film 50 and the base film 15,
respectively.

In some preferred embodiments, the low-maintenance coating is provided with an
average surface roughness Ra of between 0.35 nm and 5.0 nm, such as between 0.35 nm
and 4.0 nm, and in some cases between 0.4 nm and 3.0 nm. Conventional DC reactive
sputtering may provide a surface roughness of about 0.3 nm for a coating consisting of a
first layer comprising silica at about 75A and an overlying TiO; layer at about 25-45A. In
the present embodiments, special techniques can be used to provide the coating with an
average surface roughness in the specified ranges. The base film, for example, can be
sputter deposited using a special high rate process (e.g., using a large amount of argon).
When a high rate process is used, the base film tends to develop a surface roughness
within the noted ranges (other appropriate deposition methods, other starting materials,
and/or post-deposition treatments could also be used to provide the noted surface
roughness levels, and such other means are within the scope of the present embodiments).
When the functional film 50 is then deposited over this controlled-roughness base film, the
resulting low-maintenance coating can have an advantageous level of surface roughness.
Additionally or alternatively, the functional film 50 can be sputter deposited using a high

rate process (€.g., using an oxide target, a large amount argon, or both). It is surmised that
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the resulting level of surface roughness contributes to the coating’s ability to achieve good
photoactivity while being provided at such a small thickness.

In the present controlled-surface-roughness embodiments, the coating still is
relatively smooth compared to films produced by many other conventional methods that
yield high surface roughness. In this regard, the present films are designed to have a level
of surface roughness that inhibits dirt particles from becoming trapped in the roughness of
the coating. When dirt particles get trapped in the roughness of a coating, it can be
difficult to rinse away the trapped particles. The photoactivity of the coating does not
break down inorganics/minerals, so they may stay trapped in the coating. In contrast, the
present low-maintenance coating can be designed to be smooth enough that many dirt
particles are simply too big to get trapped in the roughness of the coating, thereby
allowing those particles to be readily rinsed away.

One group of embodiments provides the low-maintenance coating 50 with a base
film 15 that is a high-rate sputtered film, which (as an example) can be deposited from at
least one target in an atmosphere into which both inert gas and reactive gas are flowed.
Preferably, the ratio of the inflow rate for the inert gas (e.g., Ar) divided by the inflow rate
for the reactive gas (e.g., Oy) is between 0.4 and 9, such as between 0.4 and 6, commonly
between 0.4 and 2.5, and in some cases between 0.5 and 2. In some embodiments, the
reactive gas consists essentially of oxygen, nitrogen, or both. Some embodiments provide
the base film as a film comprising SiO, or SizNy. In certain embodiments, the high-rate
sputtering technique for depositing the base film involves a plurality of targets each
carrying a sputterable material consisting essentially of: 1) one or more metals, or 2) one
or more semi-metals, or 3) at least one metal and at least one semi-metal. As one
example, the high-rate base film can comprise silica sputtered from targets consisting of
about 85% silicon and about 15% aluminum in an atmosphere into which argon is flowed
at about 40-85% with the remainder being oxygen.

Additionally or alternatively, the functional film 50 can be a high-rate sputtered
film, which (as an example) can be deposited from at least one target having a sputterable
material comprising both titanium oxide and tungsten oxide. In connection with the
atmosphere used to sputter deposit the functional film 50, the ratio of the inflow rate for
the inert gas (e.g., Ar) divided by the inflow rate for the reactive gas (e.g., O2) preferably
is between 0.4 and 9, such as between 0.4 and 6. The functional film 50 can, for example,
be sputtered from oxide targets in an atmosphere into which argon is flowed at about 85%

with the remainder being oxygen. In some embodiments, the oxide targets have a
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sputterable material comprising: i) tungsten in oxide form, ii) TiO, and iii) TiO,. In some
cases, the oxide target comprises a sputterable material consisting essentially of titanium
oxide and tungsten oxide, where the titanium is present at about 59-74 weight %, the
tungsten is present at about 1.4-3.8 weight %, and the oxygen is present at about 23.3-38.6
weight %. The specific composition, of course, will vary depending upon the
requirements for a particular product.

In the present embodiments (where the coating includes a high-rate base layer, a
high-rate functional film, or both), the coating can have a surface roughness within one or
more of the ranges noted herein. Of course, different applications may call for different
levels of surface roughness, so these ranges are not required. Similarly, the coating in the
present embodiments can have the small thickness and high acetone decomposition levels
specified herein. However, this is not strictly required either, since different products may
call for different thicknesses, different photoactivity levels, etc.

When the coating consists essentially of sputtered film, it can have a high degree of
thickness uniformity. In such embodiments, the physical thickness of the coating
preferably varies by less than 40A, and more preferably by less than 20A, across the area
of the coating. That is, the maximum local thickness of the coating preferably is not more
than 40A greater (e.g., not more than 20A greater) than the minimum local thickness of
the coating, taking into account the thickness of the coating at all regions. The thickness
uniformity of such a sputtered coating can provide particularly uniform properties (color,
visible reflection, lack of haze, etc.).

Some embodiments provide the low-maintenance coating with a base film 15 and a
functional film 50 having a combined thickness of less than about 350A, or even less than
300A.

Certain embodiments provide the low-maintenance coating with only a single
photocatalytic layer (e.g., only one layer including titanium oxide). And yet the coating
80 in these embodiments preferably achieves the acetone deposition rates described herein
(e.g., even when the thickness of the sole photocatalytic layer is less than 150A, or less
than 100A). Preferably, the layer 50 in these embodiments contains both titanium oxide
and tungsten oxide throughout the entire thickness of the layer 50. More generally, the
single photocatalytic layer of the present embodiments can have the properties and
characteristics  (thickness, tungsten load, surface roughness, product-by-process
distinction, etc.) of any embodiment described herein.  Further, in the present

embodiments, the coating preferably includes the optional base layer 15. As with the
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photocatalytic layer, the base layer (when provided in the present embodiments) can have
the properties and characteristics (thickness, surface roughness, product-by-process
distinction, etc.) of any embodiment described herein. In the present embodiments, the
coating can be very thin (hence having little or no color) and yet can achieve surprisingly
high photoactivity rates. The inventors have discovered that this good photoactivity can
be achieved even when the coating is so thin that it presents essentially no visible defects
if the coating is scratched or otherwise damaged. Thus, even if the coating is damaged,
the damage can be invisible or at least inconspicuous.

In some embodiments, the coating consists essentially of two layers: a base film 15
and a functional film 50. In other embodiments, between the substrate and a base film 15
there is provided at least one other film, e.g., an optional innermost layer can comprise
silica or silicon nitride, and the base film 15 can comprise alumina, titania, tungsten oxide,
or zirconia. Many other variants are possible and will be apparent to skilled artisans given
the present teaching as a guide.

Additionally or alternatively, the low-maintenance coating 80 can optionally
include at least one additional film 20 between the functional film 50 and a base film 15.
Figures 4 and 5 show a single intermediate film 20 of this nature. However, multiple
intermediate films can be provided, if so desired. When provided, such film(s) 20 can
comprise various materials, such as silica, alumina, titania, zirconia or tungsten oxide to
name just a few.

Table 1 below shows an embodiment where the low-maintenance coating 80 has a
total thickness of about 270A. It is to be appreciated, however, that the coating 80 can
have much larger thicknesses, depending on the requirements of the intended application.
Smaller thicknesses are also anticipated.

Following are several exemplary embodiments.

Table 1 (Coating #1)

Functional Titania and tungsten oxide 50-80A,
Film 50 e.g., 70A
Base Film 15 | Silicon-containing film, optionally | 50A-400A,

comprising SiO; or SisNy e.g., 200A
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Substrate Glass -

Table 2 (Coating #2)

Functional Titania and tunééten oxide 50-80A,
Film 50 e.g. T0A
Base Film 15 | Alumina 50A-400A,
e.g., 200A
Substrate Glass --

Table 3 (Coating #3)

“Functional Titania and tungsten oxide 50-80A,

Film 50 e.c.. T0A

Intermediate | Silicon-containing film, optionally | 10A-300A,

Film 20 comprising SiO; or Si3sN4 e.g., 40A

Base Film 15 | Alumina 10A-3004,
e.g., 30A

Substrate Glass --

5
Table 4 (Coating #4)

Functional Titania and tungsten oxide 50-80A,
Film 50 eg., 70A
Intermediate | Alumina 10A-300A,
Film 20 e.g., 40A
Base Film 15 | Silicon-containing film, optionally | 10A-3004,
comprising SiO; or SizNy e.g., 30A
Substrate Glass --

In Figure 5, the low-maintenance coating 80 includes a film 13 between the
substrate 10 and a base film 15. When provided, film 13 can comprise, for example, a
10  transparent conductive oxide (TCO) film. Film 13 can optionally be in direct contact with

both the substrate 10 and the base film 15. This, however, is not required. For example,
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one or more other films (such as a single film comprising silica, or a film sequence
comprising SiO/SnO/Si0O) can be provided between the substrate 10 and film 13.
Additionally or alternatively, films 15 and/or 20 can be omitted, if so desired. In certain
embodiments, film 13 is a semi-conductor film. Suitable TCO films include zinc
aluminum oxide, fluorine-doped tin oxide, and indium tin oxide. In some embodiments,
film 13 is provided at a thickness of 10,000A or less, such as between about 1,000A to
about 7,0004, e.g., about 3,000A. By providing a transparent conductive film 13 under
the low-maintenance coating 80, it is possible to reduce the overall U value of a glazing

incorporating the coated substrate.

Following are a few exemplary embodiments.

Table 5 (Coating #5)

Functional Titania and tungsten oxide 50-80A,

Film 50 e.g., 70A

Intermediate | Silicon-containing film, optionally | 10A-300A,

Film 20 comprising SiO; or SizNy e.g., 40A

Base Film 15 | Alumina 10A-3004,
e.g., 30A

Semi- Transparent Conductive Oxide 1,000A-

Conductor (zinc aluminum oxide, ITO, 7,000A,

Film 13 fluorine-doped tin oxide, or any e.g., 3,000A

other TCO)
Substrate Glass --
Table SA (Coating #5A)

Functiona Itania and tungsten oxide 50-80A,
Film 50 e.g., 70A
Intermediate | Silicon-containing film, optionally | 10A-300A,
Film 20 comprising Si0; or SizNy e.g., 70A
Semi- Transparent Conductive Oxide 1,000A-
Conductor (zinc aluminum oxide, ITO, 7,000A,
Film 13 fluorine-doped tin oxide, or any e.g., 3,000A
other TCO)
Barrier Layer | Silicon-containing film, optionally 10A-800A,
comprising SiO; or SizNy e.g., S00A
Substrate Glass --
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Table 5B (Coating #5B)

Functional Titania and tungsten oxide 50-80A,
Film 50 e.g., 704
Intermediate | Alumina 10A-300A,
Film 20 e.g., 70A
Semi- Transparent Conductive Oxide 1,000A-
Conductor (zinc aluminum oxide, ITO, 7,000A,
Film 13 fluorine-doped tin oxide, or any e.g., 3,000A
other TCO)
Barrier Layer | Silicon-containing film, optionally 10A-800A,
comprising SiO, or SizNy e.g., 500A
Substrate Glass --

One group of embodiments provides a substrate with a major surface on which the
following films are coated in sequence, moving outwardly from the major surface: (1) a
first functional film comprising a material selected from the group consisting of zinc
aluminum oxide, indium tin oxide, and fluorine-containing tin oxide; and {2) a second
functional film comprising both titanium oxide and tungsten oxide. In some of these
embodiments, a thickness ratio defined as the thickness of the second functional film
divided by the thickness of the first functional film is between about 0.004 and about 0.08,
and perhaps more preferably between about 0.004 and about 0.025. In one example, the
second functional film has a thickness of about 70A and the first functional film (e.g.,
transparent conductive oxide layer) has a thickness of about 3,000, such that the noted
thickness ratio is about 0.023. In another example, the second functional film has a
thickness of about 70A and the first functional film has a thickness of about 2,000A, such
that the noted thickness ratio is about 0.035. In still another example, the second
functional film 50 has a thickness of about 70A and the first functional film has a
thickness of about 5,000A, such that the noted thickness ratio is about 0.014. Inyet
another example, the second functional film 50 has a thickness of about 50A and the first
functional film has a thickness of about 3,000A, such that the noted thickness ratio is
about 0.016. In some of the present embodiments, the noted thickness ratio is within one

or more of the specified ranges in combination with the second functional film being less
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than 200 angstroms thick, e.g., less than 100 angstroms thick, and/or the first functional
film is less than 5,500 angstroms thick, or even less than 3,500 angstroms thick.

In some cases, the low-maintenance coating 80 is provided on one major surface of
the substrate and another functional coating 70 is provided on an opposite major surface of
the same substrate. Figure 6 illustrates one such embodiment. Here, the substrate 10 has a
first surface 12 bearing the low-maintenance coating 80 and a second surface 14 bearing
another functional coating 70. Functional coating 70 can be a single layer or a stack of
layers. Various functional coatings can be used. In some cases, the functional coating 70
is a low-emissivity coating. In some embodiments, the coating 70 has three or more
infrared-reflective layers (e.g., silver-containing layers). Low-emissivity coatings with
three or more infrared-reflective layers are described in U.S. Patent Application Nos.
11/546,152, 11/545,323, 11/545231, 11/545,212, 11/545,211, 11/398,345, and
11/360,266, the salient teachings of each of which are incorporated herein by reference. In
other cases, functional coating 70 can be a “single silver” or “double silver” low-
emissivity coating, which are well-known to skilled artisans. When provided, functional
coating 70 can alternatively comprise a transpareﬁt conductive oxide (TCO) layer, as will
now be discussed.

One particular product includes the following sequence: film comprising both
titanium oxide and tungsten oxide/substrate/film comprising silicon/film comprising zinc
aluminum oxide. As just one example, the film comprising silicon can include silicon
oxide (e.g., Si0,). The zinc aluminum oxide can optionally have a thickness of less than
8,000A, less than 7,000A, or even less than 6,500A, such as about 6,000A. The film
comprising both titanium oxide and tungsten oxide can optionally have a thickness of less
than 200A, such as less than 100A. The substrate can be glass, such as soda-lime glass.
The noted sequence can include other films in addition to those shown. As just one
example, the article can include the following sequence: film comprising both titanium
oxide and tungsten oxide/film comprising silicon oxide/substrate/film comprising silicon
oxide/film comprising zinc aluminum oxide. Additional films, layers, substrates, contacts,
etc. can also be provided.

With reference to Figures 7 and 8, the substrate 10 can optionally be a transparent
pane that is part of an insulating glazing unit 110. Typically, an insulating glazing unit
110 has an exterior pane 10 and an interior pane 10’ separated by a between-pane space
800. A spacer 900 (which can optionally be part of a sash) is commonly provided to

separate the panes 10 and 10'. The spacer 900 can be secured to the interior surfaces of
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each pane using an adhesive or seal 700. In some cases, an end sealant 600 is also
provided. In the illustrated embodiment, the exterior pane 10 has an exterior surface 12
(the #1 surface) and an interior surface 14 the #2 surface). The interior pane 10’ has an
interior surface 16 (the #3 surface) and an exterior surface 18 (the #4 surface). The unit
can optionally be mounted in a frame (e.g., a window frame) such that the exterior surface
12 of the exterior pane 10 is exposed to an outdoor environment 77 while the exterior
surface 18 of the interior pane 10’ is exposed to a room-side interior environment. Interior
surfaces 14 and 16 are both exposed to the atmosphere in the between-pane space 800 of
the insulating glazing unit.

In the embodiment of Figure 7, the exterior surface 12 of pane 10 has the low-
maintenance coating 80. In the embodiment of Figure 8, the exterior surface 18 of pane
10’ has the low-maintenance coating 80. In other embodiments, both exterior major
surfaces of an IG unit have low-maintenance coatings. The coating(s) 80 can be in
accordance with any embodiment described in this disclosure. If desired, the coating 80
can be one of those described in Tables 1-5B. In other words, any of Coatings #1-5B in
Tables 1-5B (or any other embodiment of the low-maintenance coating disclosed herein)
can be provided on exterior surface 12, exterior surface 18, or both. The interior surface
14 of pane 10 can optionally have a functional coating 70 selected from the group
consisting of a low-emissivity coating and a transparent conductive oxide coating. The IG
unit can have two, three, or more panes. For example, one group of embodiments
provides a triple-pane insulating glazing unit having at least one exterior surface bearing
the low-maintenance coating.

Figure 9 exemplifies embodiments where the substrate 10 is a window pane
mounted on a window frame 95 (e.g., in an exterior wall 98 of a building 99). In certain
applications, the first surface of the window carries the low-maintenance coating 80. In
some embodiments of this nature, coated surface 12 is exposed to an outdoor environment
77 (e.g., so as to be in periodic contact with rain).

The invention also provides methods for producing low-maintenance products. In
these methods, each film of the coating 80 can generally be deposited by a variety of well
known coating techniques. Suitable coating techniques include, but are not limited to,
chemical vapor deposition (CVD), plasma enhanced chemical vapor deposition, pyrolytic
deposition, sol-gel deposition and sputtering. In preferred embodiments, the films are

deposited by sputtering.
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Some embodiments involve depositing the low-maintenance coating so as to have
an average surface roughness Ra, as deposited, of between 0.35 nm and 3.0 nm, such as
between 0.35 nm and 3.0 nm, and in some cases between 0.35 nm and 1.5 nm. Different
applications, however, may require different levels of photoactivity, different levels of
surface roughness, etc., so the noted roughness ranges are not required in all embodiments.

Figures 10-12 each schematically depict a coat zone 200 that can be used to
deposit one or more films of the low-maintenance coating 80. Figures 10-12 depict six
targets above and/or below the path of substrate travel in each coat zone. One or more of
the adjacent target pairs, however, can be replaced with a single target, if so desired. In
practice, each adjacent pair of targets may be in its own chamber (or “bay”), and the
chambers may be grouped into separate coat zones. Since many different types of coaters
can be used, these details are by no means limiting.

Sputtering chambers and related equipment are commercially available from a
variety of sources (such as Applied Materials or Leybold). Useful magnetron sputtering
techniques and equipment are described in U.S. Patent 4,166,018, issued to Chapin, the
salient teachings of which are incorporated herein by reference. In Figures 10-12, each
coat zone 200 is shown as being a single chamber that includes a base (or “floor”) 220, a
plurality of side walls 222, and a ceiling (or “top 1id” or “cover”) 230, together bounding a
sputtering cavity 202. However, each coat zone may actually comprise a series of
chambers. The chambers can be connected by a series of tunnels or inter-stage sections.
The substrate 10 is conveyed along the path of substrate travel 45 during film deposition,
optionally over a plurality of spaced-apart transport rollers 210.

In Figure 10, upper targets 270a-270f are mounted above the path of substrate
travel 45. Thus, the coat zone of Figure 10 operates as a downward sputtering chamber.
In Figure 11, lower targets 280a-280f are mounted beneath the path of substrate travel 45.
Thus, the coat zone of Figure 11 operates as an upward sputtering chamber. In Figure 12,
both upper targets 270a-270f and lower targets 280a-280f are provided. One or more
films of the low-maintenance coating 80 can therefore be sputter deposited onto one side
of the substrate, while one or more films of another functional coating 70 are
simultaneously sputtered onto the other side of the substrate. Thus, the coat zone of
Figure 12 can operate as a dual-direction sputtering chamber. Dual-direction sputtering
chambers are described in U.S. Patent No. 6,964,731, the teachings of which concerning
dual-direction sputtering chambers are incorporated herein by reference. Figures 10 and

11 each show six total targets, and Figure 12 shows 12 total targets, but this is by no
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means required. Rather, any suitable number of targets can be provided. Moreover,
Figures 10-12 show cylindrical targets, but planar targets can also be used (in combination
with, or in place of, cylindrical targets).

In certain embodiments, the substrate 10 is subjected to one or more heat
treatments. The substrate, for example, can optionally be heat treated before and/or after
the low-maintenance coating has been deposited. The substrate can also be heat treated
during deposition of the low-maintenance coating. For example, the substrate can
optionally be heated in one or more chambers in which at least some of the film
comprising titania is deposited. In some embodiments, the low-maintenance coating 80
includes a base film 15 and the substrate is heat treated before, after, or during deposition
of the base film 15. It is to be appreciated, though, that the coating is not required to
undergo any heating before, during, or after deposition.

In some embodiments, heat treatment occurs in a heating chamber that is part of a
coater. Reference is made to Figures 13 and 14, which illustrate two exemplary heating
chambers 300. Here, the heating chamber 300 includes a base (or “floor”) 320, a plurality
of side walls 322, and a ceiling (or “top lid” or “cover”) 330, together bounding a heating
cavity 202. When provided, the heating device 370, 380 is adjacent to the path of
substrate travel. In Figure 13, the heating device 370 is mounted above the path of
substrate travel. The heating chamber of Figure 13 may be particularly useful for heating
a substrate on which a low-maintenance coating is deposited by downward sputtering,
such as in a downward sputtering chamber (as illustrated by Figure 10) or a dual-direction
sputtering chamber (as illustrated by Figure 12). In Figure 14, the heating device 380 is
mounted beneath the path of substrate travel. The heating chamber of Figure 14 may be
particularly useful for heating a substrate on which a low-maintenance coating is deposited
by upward sputtering, such as in an upward sputtering chamber (as illustrated by Figure
11) or a dual-direction sputtering chamber (as illustrated by Figure 12). The heating
device 370, 380 can also be used in conjunction with deposition methods other than
sputtering.

The heating device 370, 380 can include any apparatus known in the art for heating
glass substrates or the like. The device 370, 380, for example, can be a resistance heater.
In certain embodiments, the heating device includes ceramic heaters, such as radiant
quartz heaters. One suitable heater is a High Intensity Quartz Faced Radiant Heater sold
commercially by Chromalox, Inc., a corporation having its headquarters in Pittsburgh,

Pennsylvania, USA. In other embodiments, flash lamps are used for heating. Ceramic
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infrared heaters are available from a variety of commercial suppliers, such as National
Plastic Heater Sensor & Control Inc. (Scarborough, Ontario, Canada).

While Figures 13 and 14 illustrate heating chambers that perform the heat treating,
heat treatments can alternatively (or additionally) be performed at other locations inside a
coater. For example, the heat treatments can be performed inside a deposition chamber,
such as inside a sputtering chamber. Thus, a heating device can be provided inside a
deposition chamber. For example, the heating device can be mounted below the path of
substrate travel 45 in a downward deposition chamber (such as a downward sputtering
chamber). As another alternative, the heating device can be mounted above the path 45 in
an upward deposition chamber (such as an upward sputtering chamber). The heating
device can be mounted at a position inside a deposition chamber upstream from where
deposition takes place, downstream from where deposition takes place, or at a location
where deposition takes place.

Heating can also be made to occur inside a deposition chamber by adjusting the
deposition parameters to increase the temperature of the substrate. Methods of adjusting
the deposition parameters are known to skilled artisans and need not be discussed in detail.
In some cases, the deposition chamber is a sputtering chamber and helium or hydrogen is
added to the sputtering atmosphere. In other cases, AC sputtering can be used, rather than
DC sputtering, so as to increase the temperature of the substrate. Thus, the substrate can
optionally be heated in at least one deposition chamber in which the functional film 50 is
deposited, and the heating may be caused at least in part by the sputtering process itself.

In some embodiments, heat treatment takes place at an inter-stage section 400 of a
coater (i.e., in a non-deposition section between neighboring deposition chambers). In
some cases, the inter-stage section 400 comprises a tunnel. Figure 15 schematically
illustrates an inter-stage section 400 connecting a heating chamber 300 and a sputtering
chamber 200. Skilled artisans will understand that the inter-stage section 400 can instead
connect two sputtering chambers or other sections of a coater. Preferably, transport rollers
extend from one chamber, through the inter-stage section 400, and into the next chamber.
The substrate thus travels from one chamber to the next by passing through section 400.
Typically, as substrates are transported from one chamber to the next, heat from the
substrate is lost. Thus, in certain embodiments, the inter-stage section 400 is adapted to
allow the substrate to retain heat, such that as the substrate is transported through it, heat

loss is minimized. In some cases, a heating device is provided in the inter-stage section
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400. In other cases, the inter-stage section 400 is heated by an external heating source,
e.g., a radiant heater.

If desired, the inter-stage section 400 can be fabricated of material that holds heat.
Figure 15 illustrates one embodiment of an inter-stage section 400 that is constructed so
that it maintains heat. Referring to Figure 16, section 400 can optionally have a base (or
“floor™) 420, side walls 422, and a ceiling 430, together bounding an interior space 402
that houses transport rollers 210 that transport a substrate 10. The base 420, side walls
422, and ceiling 430 form a rectangular tunnel, but other shapes, for example square and
circular tunnels, are within the scope of the invention. Preferably, the base 420, side walls
422, and ceiling 430 are formed as a single piece, for example like a matchbox slip. In
Figure 16, the section 400 has a layered configuration, including layers of a conductive
material 450 surrounded by layers of a ceramic material 470. In the illustrated
embodiment, three layers of conductive material 450 and three layers of ceramic material
470 are shown, but any suitable number of layers can be provided. The layer of
conductive material 450 can include any conductive metal, such as aluminum or copper.
The layer of ceramic material 470 can include any dielectric that prevents heat from
escaping outwards. Such ceramic may include silicon nitride, magnesium oxide, calcium
oxide, zirconia, alumina, chromite, silicon carbide, carbon, and mullite. A heating source
500 can be provided, for example a radiant heater that applies heat to one or more of the
conductive layers 450. Such a layered configuration may help to maintain the heat inside
the interior space 402. In some embodiments, the interior space is maintained at a
temperature of at least 160°F.

Some particularly advantageous methods involve depositing a low-emissivity
coating on one major surface of a substrate and depositing a low-maintenance coating on
an opposite major surface. In sputter-up/sputter-down embodiments of this nature, the
low-emissivity coating can optionally be deposited before beginning the sputter deposition
of the low-maintenance coating. This can be advantageous, since the heat associated with
depositing the low-emissivity coating can provide the substrate with an elevated
temperature upon beginning the sputter deposition of the low-maintenance coating. In
connection with the coated glass reported in the examples below (which are also tabulated
above), the low-maintenance coating was deposited by an upward sputtering process that
was begun after a double-silver low-emissivity coating was deposited on the other side of
the glass by a downward sputtering process. It is surmised that the heat associated with

depositing the low-emissivity coating provides the glass with an elevated temperature
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when beginning to sputter deposit the low-maintenance coating, and the reported
photoactivity levels are believed to be achieved at least in part due to this substrate
heating.

Thus, certain embodiments provide a production method wherein a low-emissivity
coating is sputter deposited onto one major surface of a substrate, and thereafter at least
part of (optionally an entirety of) a low-maintenance coating is deposited onto the other
major surface of the substrate. As noted above, the sputter deposition of the low-
emissivity coating can heat the substrate, whereafter the deposition of the low-
maintenance coating can be initiated while the substrate is still hot (i.e., before it has
cooled to room temperature). This may improve the photoactivity, hydrophilicity,
morphology, or other characteristics of the low-maintenance coating.

Figures 17 and 18 schematically illustrate two exemplary coaters that can be used
to produce the low-maintenance coating in accordance with certain embodiments. Figure
17 illustrates a coater having downward coating chambers 200a, 200b, 200c, and 200d
(shown here with upper sputtering targets 270a-270x) and a downward heating chamber
300 (with upper heating device 370). Figure 18 illustrates a coater having upward coating
chambers 200a, 200b, 200c¢, and 200d (shown here with lower sputtering targets 280a-
280x) and an upward heating chamber (with lower heating device 380). A substrate is
conveyed along the path of substrate travel 45 through the coater in the following order:
coating chamber 200a, inter-stage section 400a, coating chamber 200b, inter-stage section
400b, coating chamber 200c, inter-stage section 400c, heating chamber 300, inter-stage
section 400d, and coating chamber 200d. In certain embodiments, coating chambers 200a
and 200b are used to deposit a base film 15 and/or any intermediate films 20, and coating
chambers 200c and 200d are used to deposit the functional film 50. If desired, additional
chambers can be provided, e.g., in embodiments where more films are provided.

In certain embodiments, a base film 15 is deposited in coating chambers 200a and
200b. In these embodiments, coating chambers 200a and 200b can optionally be provided
with targets carrying the same sputterable material (270a-2701, 280a-2801). In other
embodiments, the base film 15 is deposited in coating chamber 200a and an intermediate
film 20 is deposited in coating chamber 200b. In these embodiments, coating chamber
200a is provided with the same sputterable material (270a-270f, 280a-280f) for depositing
a base film 15 and coating chamber 200b is provided with another sputterable material

(270g-2701, 280g-2801) for depositing an intermediate film 20.
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The sputterable material can optionally be a metal, semi-metal, compound of
different metals, or a compound of at least one metal and at least one semi-metal. In such
cases, an oxidizing atmosphere (optionally including some argon and/or nitrogen) may be
used for sputtering. The targets can alternatively be ceramic (e.g., oxide), and an inert (or
slightly oxidizing and/or slightly nitriding) atmosphere may be used. In embodiments
where the base film 15 comprises silica, targets comprising silicon may be used. The
targets comprising silicon may, for example, be silicon-aluminum targets. In
embodiments where the base film 15 comprises alumina, targets comprising aluminum can
be used. When the base film 15 is provided, it can alternatively comprise titanium
dioxide, silicon nitride, tin oxide, zirconium oxide, another dielectric, or a semiconductor.

In embodiments where the base film 15 is a mixed oxide film, a co-sputtering
method can optionally be used. For example, one target in a chamber can comprise one
material while another target in the same chamber comprises another material. For
example, if coating chamber 200a is used to deposit a base film 15, targets 270a, 270c, and
270e (or targets 280a, 280c, 280e) can comprise material A and targets 270b, 270d, and
270f (or targets 280b, 280d, and 280f) can comprise material B. Likewise, if both coating
chambers 200a and 200b are used to deposit a base film 15, targets 270a, 270c, 270e,
270g, 270i, and 270k (or targets 280a, 280c, 280¢, 280g, 280i, and 280k) can comprise
material A and targets 270b, 270d, 270f, 270h, 270j, and 2701 (or targets 280b, 280d, 280f,
280h, 280j, and 2801) can comprise material B.

If desired, the targets can be metal targets and an oxidizing atmosphere (optionally
including argon and/or nitrogen) can be used. The targets can alternatively be ceramic,
and an inert (or slightly oxidizing and/or slightly nitriding) atmosphere can be used. For
example, in embodiments where the base film 15 is a mixed oxide film comprising silica
and titania, material A can comprise silicon and material B can comprise titanium. Any
intermediate film(s) 20 having a mixed oxide film can be deposited in the same manner.

With continued reference to Figures 17 and 18, once the base film 15 and/or any
intermediate films 20 are deposited, in some embodiments the substrate then travels
through chamber 200c, where deposition of the functional film 50 begins. In
embodiments where this film 50 is substantially homogenous, targets 270m-270r, 280m-
280r can all carry the same sputterable material. These targets, for example, can be metal
and an oxidizing atmosphere can be used. The targets can alternatively be ceramic, and an

inert (or slightly oxidizing) atmosphere can be used.
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In the exemplary embodiments of Figures 17 and 18, once a first part of the
functional film 50 is deposited in chamber 200c, the substrate 10 travels through a heating
chamber 300, where a heater 370, 380 supplies heat to the substrate. Again, it is to be
appreciated that the heater can be omitted, if so desired. The substrate then travels through
coater 200d, where the rest of the film 50 is deposited.

As noted above, if the substrate is annealed glass (and is to retain the anneal), it is
preferred not to heat the glass to temperatures that will adversely affect the annealed state
of the glass. For example, maximum glass temperatures below 350°F are preferred, and
temperatures below 300°F (or even below 250°F) may be more preferred. In some
embodiments, the substrate is heated (e.g., during deposition) to a maximum temperature
of between 140°F and 350°F, such as between about 170°F and about 210°F. It is to be
appreciated that the substrate is not required to be heated prior to or during deposition.
Instead, the coated substrate may be heat treated after deposition. Or, the coated substrate
may simply be produced without heat treatment.

One group of embodiments provides a sputtering target having a sputterable
material comprising both titanium and tungsten. For example, the sputterable material can
optionally include titanium in the form of metal titanium, titanium monoxide, titanium
dioxide and/or titanium trioxide, while the tungsten is in the form of metal tungsten,
tungsten oxide, tungsten dioxide, and/or tungsten trioxide. In some cases, the sputterable
material comprises both titanium and tungsten in a variety of the above forms.

In certain embodiments, the sputterable material consists essentially of titanium
metal and tungsten metal. An alloy target comprising both titanium and tungsten could be
used. Or, one could use a metal titanium target provided with strips (or the like) of metal
tungsten. When metal targets are sputtered, an oxidizing atmosphere (optionally with a
slight amount of nitrogen) can be used.

In other embodiments, the sputterable material comprises both titanium oxide and
tungsten oxide. In these cases, an inert atmosphere or a slightly oxidizing atmosphere
(optionally including a small amount of nitrogen) can be used during sputtering. In certain
embodiments, the sputterable material comprises titanium monoxide, titanium dioxide,
and tungsten oxide. In these cases, a slightly oxidizing atmosphere (optionally including a
small amount of nitrogen) can be used during sputtering. Or, the targets could be
sputtered in an inert atmosphere, e.g., if the resulting film is not required to be fully
oxidized (or if it will be further oxidized, such as during a subsequent heat treatment in

air). In certain cases, the sputterable material is characterized by a metal-only W/Ti
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weight ratio of between about 0.01 and 0.34, such as between about 0.01 and about 0.2,
this ratio being the total weight of the tungsten atoms in the sputterable material divided
by the total weight of the titanium atoms in the sputterable material.

A target with sputterable material comprising both titanium and tungsten can be
prepared using a number of different methods. In some embodiments, a target is prepared
by plasma spraying titanium oxide together with tungsten metal onto a target base in an
atmosphere that is oxygen deficient and does not contain oxygen-containing compounds.
During the plasma spraying process, the action of the plasma on the titanium oxide causes
the titanium oxide to lose some oxygen atoms from their lattices. These oxygen atoms are
believed to combine with the metal tungsten to form tungsten oxide, as tungsten has a high
electrochemical potential. The titanium oxide sprayed onto the backing tube may thus
comprise titanium monoxide, titanium dioxide, and tungsten oxide. The sputterable target
may, as just one example, be a cylindrical rotary target having a backing tube with a
length of at least 24 inches. In such cases, the sputterable material is carried on an exterior
wall of the backing tube. Such a cylindrical target is also adapted to rotate about a central
axis to which the exterior wall of the backing tube is substantially parallel. Alternatively,
hot isostatic pressing may be used to form a target. Other target forming methods can also
be used.

When the functional film 50 is deposited by sputtering one or more targets
comprising both tungsten oxide and substoichiometric TiOx, the sputtering is preferably
carried out using argon, a mixture of argon and oxygen, a mixture of nitrogen and argon, a
mixture of nitrogen and oxygen, or a mixture of oxygen, nitrogen, and argon. If the
plasma gas does not contain oxygen, €.g., if pure argon is used, then the coating will not
be fully oxidized when deposited. In contrast, if the plasma gas contains oxygen, then the
reduced form(s) of titanium oxide may be converted during the sputtering process into the
transparent form, which is stoichiometric or substantially stoichiometric. The film’s
degree of transparency will depend upon the amount of oxygen contained in the plasma
gas and/or whether any subsequent heat treatment is performed in air. An exemplary gas
mixture to form transparent film is 70-90% by volume argon and 30-10% by volume of
oxygen. In some cases, the gas mixture can include as little as 1-3% by volume oxygen,
with the remainder being argon.

In embodiments where the film 50 comprises both titanium oxide and tungsten
oxide, a co-sputtering method can optionally be used. For example, one target can

comprise titanium metal while an adjacent target comprises tungsten metal. As another
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option, each target can carry a sputterable metallic material that is a compound (e.g., an
alloy) comprising both titanium metal and tungsten metal.

As noted above, the substrate in some embodiments is glass. It is often desirable
or necessary to use tempered glass for certain applications, as is well known. In such
cases, after the substrate has been coated with the low-maintenance coating 80, the coated
substrate can be tempered. In certain embodiments, the coated substrate is positioned in a
tempering furnace for at least 60 seconds, during which time the furnace is set at a
temperature of at least 650°C. In some cases, this brings the coated substrate to a
temperature of at least about 640°C. Then, the substrate is rapidly cooled down.
Preferably, once the substrate reaches room temperature, it exhibits a haze of less than 0.4
(more preferably less than 0.2, or even less than 0.15) after heat treatment. Skilled artisans
will be familiar with a variety of tempering methods that can be used to produce
commercially acceptable tempered glass.

Some exemplary film stacks and deposition methods will now be described.

Example #1

A soda-lime glass substrate was transported through a coat zone having two
operating pairs of rotary silicon targets (each including about 15% aluminum). A gas mix
comprising about 40-60% argon and the remainder oxygen was provided in each chamber,
and the targets were sputtered to deposit a high-rate base film comprising silica on surface
12 of the substrate. The power on each pair of rotary targets was 60 Kw. The glass was
conveyed at about 275 inches per minute. The base film had a thickness of about 200A.

Next, the substrate was transported through another coat zone, this one having
three operating pairs of rotary ceramic targets (each with sputterable material consisting
essentially of titanium oxide and tungsten oxide, where the titanium is present at about 59-
74 weight %, the tungsten is present at about 1.4-3.8 weight %, and the oxygen is present
at about 23.3-38.6 weight %). A gas mix of about 85% argon (and the remainder oxygen)
was used, and the ceramic targets were sputtered to deposit the functional film. The power
on each pair of rotary targets was 80 Kw. The functional film had a thickness of about
70A. The glass was conveyed at a speed of about 267 inches per minute.

The substrate was annealed glass. No post-deposition tempering or other heat
treatment was performed. However, the low-maintenance coating was applied by upward
sputtering after a double-silver low-emissivity coating was applied by downward

sputtering (the low-emissivity coating was downwardly sputtered in a first part of the
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coater, and the low-maintenance coating was upwardly sputtered in a second part of the
same coater). Thus, it is surmised that the glass retained heat from the deposition of the
low-emissivity coating when the sputtering began for the low-maintenance coating.

The low-maintenance coating had an average surface roughness Ra of about 0.39
nm. The coating exhibited an acetone decomposition rate of about 2.14 x 1010

moles/(liter)(second).

Example #2

A low-maintenance coating was deposited on a glass substrate in the manner
described above in Example #1. Once the coating was deposited, the glass was heat-treated
in a furnace in a manner that simulates tempering in a commercial production setting. The
furnace used is a HengLi RSK-2506 Fast Response Conveyor Furnace manufactured by
HengLi Eletek Co., Ltd. (Hefei.Ah.China). The furnace is approximately 5.3 meters long
with 6 zones for heating and cooling. The coated glass was conveyed in a single pass
through the furnace at about 300 mm/second, taking about 19.4 minutes. The heat zone of
the lab furnace was set at 690°F. The coated glass takes about 7.2 minutes to go through the
approximately 2.2 meter long heat zone. The coated glass then exits the heat zone, ahd enters
and passes through the approximately 1.8 meter cooling zone for about 6 minutes before
exiting the furnace. It is estimated that the glass (which in this example was 3.1 mm soda-
lime glass) reached a temperature of about 640°F.

The low-maintenance coating had an average surface roughness Ra of about 2.75
nm. The coating exhibited an acetone decomposition rate of about 6.82 x 10710

moles/(liter)(second).

Example #3

A soda-lime glass substrate was coated with a base film comprising silica at a
thickness of about 200A in the manner described above in Example #1.

Next, the substrate was transported through another coat zone, this one having
three operating pairs of rotary ceramic targets (with the same sputterable material
described above in Example #1). A gas mix of about 85% argon (and the remainder
oxygen) was used, and the ceramic targets were sputtered to deposit the functional film.
The power on each pair of rotary targets was 80 Kw. The functional film had a thickness

of about 55A. The glass was conveyed at a speed of about 340 inches per minute.
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The substrate was annealed glass. However, this coating was applied by upward
sputtering after a double-silver low-emissivity coating was applied by downward
sputtering. Therefore, it is believed that the glass retained heat from the deposition of the
low-emissivity coating when the sputtering began for the low-maintenance coating. No
post-deposition tempering or other heat treatment was performed.
The low-maintenance coating had an average surface roughness Ra of about 0.44
nm. The coating exhibited an acetone decomposition rate of about 1.97 x 1010

moles/(liter)(second).

Example #4

A low-maintenance coating was deposited on a glass substrate in the manner
described above in Example #3. The glass was then heat treated in the manner described
above in Example #2.

The low-maintenance coating had an average surface roughness Ra of about 2.34
nm. The coating exhibited an acetone decomposition rate of about 5.46 x 1010

moles/(liter)(second).

Comparative Example

A coating having an outer film of titanium dioxide was prepared, and is illustrated

in Table 6 (“Comparative Coating #6”).

Table 6 (Comparative Coating #6)

“Outer Film Titanium Oxide 25-40A
Base Film Silica 75A
Substrate Glass -

Comparative Coating #6 exhibited an acetone decomposition rate of about 1.25 x 1070
moles/(liter)(second).

While certain preferred embodiments of the invention have been described, it should
be understood that various changes, adaptations and modifications can be made without

departing from the spirit of the invention and the scope of the appended claims.
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WHAT IS CLAIMED IS:

1. A substrate having a major surface on which there is a low-maintenance coating,
the low-maintenance coating including a functional film comprising both titanium oxide
and tungsten oxide, wherein the substrate is glass in an annealed state, and wherein the
functional film has a thickness of less than 150A and yet the low-maintenance coating has
an acetone decomposition rate of greater than 1.4 x 1079 moles/(liter)(second).

2. The substrate of claim 1 wherein the thickness of the functional film is less than
100A and yet the acetone decomposition rate is greater than 1.91 x 10710
moles/(liter)(second).

3. The substrate of claim 1 wherein the functional film has a thickness of greater than
40A, and the low-maintenance coating, if tempered, experiences an increase of its acetone
decomposition rate by more than a factor of 1.5 due to the tempering.

4, The substrate of claim 1 wherein the low-maintenance coating, if tempered,
experiences an increase of its acetone decomposition rate, the increase resulting in the
acetone decomposition rate being greater than 1.8 x 107" moles/(liter)(second).

5. The substrate of claim 1 wherein the low-maintenance coating, if tempered,
experiences an increase of its acetone decomposition rate, the increase resulting in the

acetone decomposition rate being greater than 4 x 10719 moles/(liter)(second).

6. The substrate of claim 1 wherein the functional film has a thickness of about 50-
80A.
7. The substrate of claim 1 wherein the functional film has a tungsten load

characterized by a metal-only weight ratio of between about 0.01 and about 0.34, this ratio
being the weight of the tungsten in the film divided by the weight of the titanium in the
film.

8. The substrate of claim 1 wherein the low-maintenance coating has an average
surface roughness of between 0.35 nm and 3.0 nm.

9. The substrate of claim 1 wherein the low-maintenance coating includes a base film
between the substrate and the functional film, and wherein the base film and the functional
film have a combined thickness of less than about 350A.

10.  The substrate of claim 1 wherein the functional film is a substantially homogenous

film defining an exposed, outermost face of the low-maintenance coating.
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11.  The substrate of claim 1 wherein the substrate is a transparent pane that is part of a
multiple-pane insulating glazing unit having a between-pane space, wherein the major
surface bearing the low-maintenance coating faces away from the between-pane space of
the unit.

12.  The substrate of claim 1 wherein the substrate is part of a triple-pane insulating
glazing unit.

13.  The substrate of claim 1 wherein the substrate is part of a multiple-pane insulating
glazing unit having two exterior major surfaces each bearing a low-maintenance coating
comprising both titanium oxide and tungsten oxide.

14. A substrate having a major surface on which there is a low-maintenance coating,
the low-maintenance coating including a functional film comprising both titanium oxide
and tungsten oxide, wherein the substrate is glass in a tempered state, and wherein the
functional film has a thickness of less than 150A and yet the low-maintenance coating has
an acetone decomposition rate of greater than 1.8 x 107" moles/(liter)(second).

15.  The substrate of claim 14 wherein the thickness of the functional film is less than
100A and yet the acetone decomposition rate of the low-maintenance coating is greater
than 4.0 x 10™'° moles/(liter)(second).

16.  The substrate of claim 14 wherein the functional film has a thickness of about 50-
80A.

17.  The substrate of claim 14 wherein the low-maintenance coating includes a base
film between the substrate and the functional film, and wherein the base film and the
functional film have a combined thickness of less than about 350A.

18.  The substrate of claim 14 wherein the functional film has a tungsten load
characterized by a metal-only weight ratio of between about 0.01 and about 0.34, this ratio
being the weight of the tungsten in the film divided by the weight of the titanium in the
film

19. A substrate having a major surface on which there is a low-maintenance coating
that includes a base film and a functional film, the functional film comprising both
titanium oxide and tungsten oxide, the base film being a high-rate sputtered film deposited
using at least one target in an atmosphere into which both inert gas and reactive gas are
flowed, wherein an inflow rate for the inert gas divided by an inflow rate for the reactive
gas is between 0.4 and 9, the functional film being a high-rate sputtered film deposited
from at least one target having a sputterable material comprising both titanium oxide and

tungsten oxide.
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20.  The substrate of claim 19 wherein an average surface roughness of the low-
maintenance coating is between 0.35 nm and 5.0 nm.

21.  The substrate of claim 19 wherein the sputterable target material used in depositing
the functional film includes: i) tungsten in oxide form, ii) TiO, and iit) TiO,.

22.  The substrate of claim 19 wherein the substrate is glass in an annealed state, and
wherein the functional film has a thickness of less than 150A and yet the low-maintenance
coating has an acetone decomposition rate of greater than 1.4 x 107'% moles/(liter)(second).
23.  The substrate of claim 22 wherein the thickness of the functional film is less than
100A and yet the acetone decomposition rate is greater than 2.0 x 10710
moles/(liter)(second).

24. A method of depositing of a low-maintenance coating on a major surface of a
substrate, the low-maintenance coating including a base film and a functional film, the
base film being deposited by a high-rate sputtering technique wherein at least one target is
sputtered in an atmosphere into which both inert gas and reactive gas are flowed, wherein
an inflow rate for the inert gas divided by an inflow rate for the reactive gas is between 0.4
and 9, the functional film being deposited by a high-rate sputtering technique that uses at
least one target having a sputterable material comprising both titanium oxide and tungsten
oxide.

25.  The method of claim 24 wherein the high-rate sputtering technique for depositing
the base film involves a plurality of targets each carrying a sputterable material consisting
essentially of: 1) one or more metals, or 2) one or more semi-metals, or 3) at least one
metal and at least one semi-metal, and the high-rate sputtering technique for depositing the
functional film involves a plurality of oxide targets each carrying the sputterable material
comprising both titanium oxide and tungsten oxide.

26.  The substrate of claim 25 wherein the sputterable material used in depositing the
base film includes silicon, and wherein the sputterable material used in depositing the
functional film includes: i) tungsten in oxide form, ii) TiO, and iii) TiO,.

27.  The method of claim 24 wherein the inert gas is argon and the reactive gas is
oxygen or nitrogen.

28. A sputtering technique for depositing a low-maintenance coating over a major
surface of a substrate, wherein the sputtering technique includes sputter depositing a base
film over said major surface and sputter depositing a functional film over the base film,
the functional film comprising both titanium oxide and tungsten oxide, the sputter

deposition being performed such that the low-maintenance coating, as deposited, has an
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average surface roughness of between about 0.35 nm and 3.0 nm, wherein the substrate is
glass in an annealed state, and wherein the functional film has a thickness of less than
150A and yet the low-maintenance coating has an acetone decomposition rate of greater
than 1.4 x 107" moles/(liter)(second).

29.  The sputtering technique of claim 28 wherein at least part of the thickness of the
functional film is deposited by sputtering one or more targets each having a sputterable
material comprising both titanium oxide and tungsten oxide, the sputterable material
including: 1) tungsten in oxide form, ii) TiO, and iii) TiO;.

30.  The sputtering technique of claim 29 wherein the sputterable material consists
essentially of: i) tungsten in oxide form, ii) TiO, and iii) TiO,.

31.  The sputtering technique of claim 29 wherein substantially all the tungsten in the
sputterable material is in oxide form.

32.  The sputtering technique of claim 29 wherein the sputterable material is
characterized by a metal-only weight ratio of between about 0.01 and about 0.34, this ratio
being the weight of the tungsten in the sputterable material divided by the weight of the
titanium in the sputterable material.

33.  The sputtering technique of claim 28 wherein the sputter deposition of the base
film is performed in an atmosphere into which both inert gas and reactive gas are flowed,
and wherein an inflow rate for the inert gas divided by an inflow rate for the reactive gas is
between 0.4 and 9.

34. The sputtering technique of claim 33 wherein the inert gas is argon and the reactive
gas is oxygen or nitrogen.

35.  The sputtering technique of claim 28 wherein the sputter deposition is performed
such that the average surface roughness of the low-maintenance coating, as deposited, is
between about 0.35 nm and 1.5 nm.

36. A substrate having a major surface on which there is a low-maintenance coating,
the low-maintenance coating having only a single photocatalytic layer, the photocatalytic
layer comprising both titanium oxide and tungsten oxide throughout an entire thickness of
the layer, wherein the substrate is glass in an annealed state, and wherein the
photocatalytic layer has a thickness of less than 150A and yet the low-maintenance coating

has an acetone decomposition rate of greater than 1.4 x 10719 moles/(liter)(second).
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37.  The substrate of claim 36 wherein the thickness of the photocatalytic layer is less
than 100A and yet the acetone decomposition rate is greater than 2.1 x 10710
moles/(liter)(second).

38. A substrate having a major surface on which there is a low-maintenance coating,
the low-maintenance coating having only a single photocatalytic layer, the photocatalytic
layer comprising both titanium oxide and tungsten oxide throughout an entire thickness of
the layer, wherein the substrate is glass in a tempered state, and wherein the photocatalytic
layer has a thickness of less than 150A and yet the low-maintenance coating has an
acetone decomposition rate of greater than 1.8 x 107" moles/(liter)(second).

39.  The substrate of claim 38 wherein the thickness of the photocatalytic layer is less
than 100A and yet the acetone decomposition rate is greater than 6.75 x 10710

moles/(liter)(second).
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