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ENERGY CONTROL COATINGS, STRUCTURES, DEVICES, AND METHODS OF
FABRICATION THEREOF

CROSS-REFERENCE TO RELATED APPLICATION
This application claims priority to U.S. Provisional Application No. 62/486,351,
titled “ENERGY CONTROL COATINGS, STRUCTURES, DEVICES, AND
METHODS OF FABRICATION THEREOF” and filed on April 17, 2017, the entire
contents of which is incorporated herein by reference.

BACKGROUND

The present disclosure relates to optical coatings. More particularly, the
present disclosure relates to optical coatings for low-emissivity or solar control
windows.

Efficient, reliable and economic devices that enable effective control over the
flow of optical, thermal and electrical energy are critical to achieving energy efficiency
and desired passive and active functionalities in a variety of applications.

Perhaps one of the earliest energy control devices is the Dewar flask
conceived by James Dewar, wherein the partially evacuated interspace between two
flasks (one metal flask encapsulating another such that the two are only connected at
the neck) served to significantly reduce heat transfer by conduction and convection
[1]. The design subsequently evolved into a double glass wall Thermos, wherein the
interspace is partially evacuated and the glass wall is coated with a low emissive
metallic film [2]. Thereafter, Osram applied approximately a 50 nm thin gold film with
an antireflective topcoat on a sodium glass lamp thereby achieving significant visible
transparency, reflecting the thermal radiation back into the lamp, and thus increasing
the lamp’s energy efficiency [3]. Shortly after, this coating was superseded by a more
transparent semiconductor tin oxide coating of approximately 320 nm thickness
implemented by Philips [4,5]. Next, Kdstlin reported the application of the tin oxide
coat on the inner surfaces of a double glazed window and thus markedly reducing
the radiative heat loss through a window [6]. Subsequently, Fan and Bachner
reported the synthesis of tin doped indium oxide and titanium oxide/silver/titanium
oxide multilayer metallo-dielectric coatings as effective heat mirrors and proposed the
application of these and similar coatings for a variety of applications including
“solar/thermal/electric conversion, solar heating, solar photovoltaic conversion, and
window insulation” [7].

Since the work of Fan and Bachner, the field of metallo-dielectric based
spectrally selective coatings has been developed extensively, leading to the design
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of a variety of multilayer coatings comprising a range of dielectrics and metals with
the objective of achieving modulation over the visible, near infrared, and mid-infrared
parts of the optical electromagnetic spectrum [8-24]. Dielectric layers have included a
range of metal oxides, metal nitrides, metal oxynitrides, silicon oxide, silicon
oxynitride, silicon nitride, silicon carbide, amorphous silicon and amorphous carbon.
With regard to metals, silver has been the predominant choice when considering
optical properties. Other metals have been used in functional ways such as seed
layers to promote the adhesion of silver or buffer/blocking layers to protect the silver
layer from impurity diffusion and oxidation. Moreover, metal and metal alloy layers
have also been used as tuning layers; for example, to meet transmissive and/or
reflective colour requirements, as well as optical performance stability requirements
vis-a-vis tempering (thermal treatment) needs.

Dielectrics have been used for purposes other than optical modulation, such
as oxygen and moisture protection and improved adhesion of the metal to the
underlying substrate. These structures have evolved into a multitude of multilayer
coatings with the inevitable use of many different materials, and different deposition
processes. The increase in design and fabrication complexities pose a challenge to
effectively and concurrently address numerous functional requirements while facing

the demand of coating economics.

SUMMARY

In various example embodiments of the present disclosure, multilayer
metallo-dielectric energy control coatings are disclosed in which one or more layers
are formed from a transparent hydrogenated metal nitride dielectric. The
hydrogenated metal nitride dielectric may be hydrogenated during or after dielectric
deposition. One or more properties of the multilayer coating can be improved or
configured by appropriately tuning the hydrogen concentration (and/or the spatial
profile thereof) in one or more hydrogenated metal nitride dielectric layers. One or
more metal layers of the multilayer coating may be formed on a hydrogenated nitride
dielectric layer to facilitate adhesion of the metal and enable the formation of thin
metal layers that exhibit substantial transparency in the visible spectrum. In some
example embodiments, hydrogenation of a dielectric layer or a multilayer coating
post-deposition can be carried out at various temperatures and durations using pure
hydrogen gas or gases (such as inert gases (for example, Ar), or nitrogen, or other
gases) containing molecular hydrogen. Post-deposition hydrogenation can also be
carried out using atomic hydrogen. These post-deposition treatments at elevated
temperatures can also be used to improve or maintain multilayer coating properties
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while concurrently shaping the substrate (for example, bending of glass).
Additionally, other transparent dielectric layer(s) can also be incorporated as an
encapsulative layer and/or to improve the multilayer coating properties. Further, the
optical properties can be tailored through plasmonic resonances by engineering
nanostructures in the metal film or by incorporating metallic nanostructures in the
transparent dielectric film. Electrical busbars may be integrated with one or more
metal layers to provide functionality such as de-icing and defogging. Micro/nano-thick
metal grid lines invisible to the human eye may be connected to the busbars without
rendering substantial change in optical performance and to raise power density levels
while operating within the voltage rating of available power supplies.
Accordingly, in a first aspect, there is provided a metallo-dielectric solar
control structure comprising:
a transparent substrate;
a multilayer metallo-dielectric coating formed on said transparent substrate,
said multilayer metallo-dielectric coating comprising the following sequence of layers:
a first transparent dielectric layer formed on said transparent
substrate;
a metal layer formed on said first transparent dielectric layer; and
a second transparent dielectric layer formed on said metal layer;
wherein at least one of said first transparent dielectric layer and said second
transparent dielectric layer is a hydrogenated metal nitride dielectric layer; and
wherein said metal layer is sufficiently thin, and wherein each hydrogenated
metal nitride dielectric layer comprises an effective hydrogen concentration, such that
said structure exhibits transparency of at least 70% in at least a portion of the visible
spectrum.
In another aspect, there is provided a method of fabricating a metallo-
dielectric coating on a transparent substrate, the method comprising:
depositing, onto the transparent substrate, a first transparent dielectric layer;
depositing a metal layer onto the first transparent dielectric layer such that the
metal layer forms a continuous film in the absence of isolated islands; and
depositing a second transparent dielectric layer onto the metal layer;
wherein at least one of said first transparent dielectric layer and said second
transparent dielectric layer is a hydrogenated metal nitride dielectric layer formed by
the deposition of a metal nitride layer in the presence of hydrogen;
wherein a thickness of the metal layer, and a hydrogen concentration of each
hydrogenated metal nitride dielectric layer, are selected such that the metallo-
dielectric coating exhibits a transparency of at least 70% in at least a portion of the
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visible spectrum.

In another aspect, there is provided a method of fabricating a metallo-
dielectric coating on a transparent substrate, the method comprising:

depositing, onto the transparent substrate, a first transparent dielectric layer;

depositing a metal layer onto the first transparent dielectric layer such that the
metal layer forms a continuous film in the absence of isolated islands; and

depositing a second transparent dielectric layer onto the metal layer;

wherein at least one of said first transparent dielectric layer and said second
transparent dielectric layer is a metal nitride dielectric layer;

performing post-deposition hydrogenation such that at least one metal nitride
dielectric layer becomes a hydrogenated metal nitride dielectric layer;

wherein a thickness of the metal layer, and a hydrogen concentration of each
hydrogenated metal nitride dielectric layer, are selected such that the metallo-
dielectric coating exhibits a transparency of at least 70% in at least a portion of the
visible spectrum.

In another aspect, there is provided a metallo-dielectric solar control structure
comprising:

a transparent substrate;

a multilayer metallo-dielectric coating formed on said transparent
substrate, said multilayer metallo-dielectric coating comprising the following
sequence of layers:

a first transparent dielectric layer formed on said transparent

substrate;

a metal layer formed on said first transparent dielectric layer;
and

a second transparent dielectric layer formed on said metal
layer;

wherein at least one of said first transparent dielectric layer and said
second transparent dielectric layer is a hydrogenated metal nitride dielectric layer.

BRIEF DESCRIPTION OF THE DRAWINGS
Embodiments will now be described, by way of example only, with reference
to the drawings, in which:
FIG. 1 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate with a metal layer provided between uniform dielectric layers.
FIG. 2 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate with an underlying hydrogenated metal nitride dielectric layer.
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FIG. 3 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate with an underlying hydrogenated metal nitride dielectric layer
having a continuously or quasi-continuously graded hydrogen concentration.

FIG. 4 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate with an overlying hydrogenated metal nitride dielectric layer.

FIG. 5 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate with an overlying hydrogenated metal nitride dielectric layer
having a continuously or quasi-continuously varying hydrogen concentration.

FIG. 6 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate with hydrogenated metal nitride dielectric layers provided
above and below the metal layer.

FIG. 7 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate with hydrogenated metal nitride dielectric layers provided
above and below the metal layer, and with each of the hydrogenated metal nitride
dielectric layers provided above and below the metal layer having a continuously or
quasi-continuously varying hydrogen concentration.

FIG. 8 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising two metallic layers and a first underlying
hydrogenated metal nitride dielectric layer.

FIG. 9 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising two metallic layers, a first underlying hydrogenated
metal nitride dielectric layer and a second overlying hydrogenated metal nitride
dielectric layer.

FIG. 10 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising two thin metallic layers and three hydrogenated
metal nitride dielectric layers.

FIG. 11 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising two metallic layers and three hydrogenated metal
nitride dielectric layers, where the middle hydrogenated metal nitride dielectric layer
has a continuously or quasi-continuously varying hydrogen concentration.

FIG. 12 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising two metallic layers and three hydrogenated metal
nitride dielectric layers and where the top and middle hydrogenated metal nitride
dielectric layers have continuously or quasi-continuously varying hydrogen
concentration.

FIG. 13 illustrates an example embodiment of a metallo-dielectric multilayer

coating on a substrate comprising two metallic layers and three hydrogenated metal
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nitride dielectric layers, where each hydrogenated metal nitride dielectric layer has
continuously or quasi-continuously varying hydrogen concentration.

FIG. 14 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising three metallic layers, a first underlying
hydrogenated metal nitride dielectric layer, and a second overlying hydrogenated
metal nitride dielectric layer.

FIG. 15 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising three metallic layers, and four hydrogenated metal
nitride dielectric layers.

FIG. 16 illustrates an example embodiment of a metallo-dielectric multilayer
coating on a substrate comprising three metallic layers and four hydrogenated metal
nitride dielectric layers, where each hydrogenated metal nitride dielectric layer has
continuously or quasi-continuously varying hydrogen concentration.

FIGS. 17A and 17B illustrate an example embodiment of a metallo-dielectric
multilayer coating on a substrate wherein electrical busbar contacts are integrated on
the metallic layer.

FIG. 17C illustrates an example defogging or de-icing system.

FIGS. 18A and 18B illustrate an example embodiment of a metallo-dielectric
multilayer coating on a substrate comprising two metallic layers and wherein
electrical busbar contacts are integrated on each of the metallic layers.

FIG. 19 plots the measured dependence of refractive index on wavelength for
a set of AIN:H films prepared using a range of hydrogen concentrations ranging from
approximately 0% to 10% volume fraction.

FIG. 20 plots the measured dependence of extinction coefficient on
wavelength for a set of AIN:H films prepared using a range of hydrogen
concentrations ranging from approximately 0% to 10% volume fraction.

FIGS. 21A-F present scanning electron microscopy (SEM) images for AIN
films prepared (A) without and (B) with hydrogenation; atomic force microscopy
(AFM) viewgraphs for the AIN films prepared (C) without and (D) with hydrogenation,
as well as a plot of the AFM distributions of surface protrusions in the z direction (i.e.
the vertical direction) of the example films (E and F).

FIG. 22 shows the grazing angle x-ray diffraction profiles of example AIN and
AIN:H films.

FIG. 23 plots the transmittance of an example AIN film prior to and post
hydrogenation.

FIG. 24 plots the optical transmittance and reflectance profiles for an example

metallo-dielectric coating on polyethylene terephthalate (PET) film of 50 um
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thickness, as well as profiles for the uncoated PET film.

FIG. 25 plots the optical transmittance and reflectance profiles for an example
metallo-dielectric coating on glass of 1.1 mm thickness.

FIG. 26 plots the optical transmittance and reflectance profiles for an example
metallo-dielectric coating on polycarbonate sheet of 3 mm thickness, as well as
profiles for the uncoated polycarbonate sheet.

FIG. 27 plots the temperature-time profiles for an example metallo-dielectric
coating on glass subjected to different voltage (and hence power) levels.

FIGS. 28A and 28B illustrate the defrosting performance of an example
metallo-dielectric coating on glass, where FIG. 28A plots the dependence of the time
for ice on slightly-inclined glass to slide on the power density, and FIG. 28B plots the
dependence of expended energy on power density.

FIGS. 29A-D illustrate the simulated defogging performance of an example
metallo-dielectric coating on glass, where FIG. 29A plots the time dependence of the
fogged area when current is applied to the stack and FIGS. 29B-D show the
simulated spatial dependence of the fogged areas at three different time points.

FIGS. 30A-D show the optical transmittance curves (A-C) on an example
metallo-dielectric, measured at several points (D), measured at different times
following a series of thermal heating and cooling cycles.

FIG. 31 shows the cross-sectional SEM image of an example metallo-
dielectric coating.

FIG. 32 shows the depth profile from ToF-SIMS of an example metallo-
dielectric coating.

FIG. 33 shows the optical absorption curves of 3 example metallo-dielectric
coating with different silver layer thicknesses.

DETAILED DESCRIPTION

Various embodiments and aspects of the disclosure will be described with
reference to details discussed below. The following description and drawings are
illustrative of the disclosure and are not to be construed as limiting the disclosure.
Numerous specific details are described to provide a thorough understanding of
various embodiments of the present disclosure. However, in certain instances, well-
known or conventional details are not described in order to provide a concise
discussion of embodiments of the present disclosure.

As used herein, the terms “comprises” and “comprising” are to be construed

as being inclusive and open ended, and not exclusive. Specifically, when used in the
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specification and claims, the terms “comprises” and “comprising” and variations
thereof mean the specified features, steps or components are included. These terms
are not to be interpreted to exclude the presence of other features, steps or
components.

As used herein, the term “exemplary” means “serving as an example,
instance, or illustration,” and should not be construed as preferred or advantageous
over other configurations disclosed herein.

As used herein, the terms “about” and “approximately” are meant to cover
variations that may exist in the upper and lower limits of the ranges of values, such
as variations in properties, parameters, and dimensions. Unless otherwise specified,
the terms “about” and “approximately” mean plus or minus 25 percent or less.

It is to be understood that unless otherwise specified, any specified range or
group is as a shorthand way of referring to each and every member of a range or
group individually, as well as each and every possible sub-range or sub -group
encompassed therein and similarly with respect to any sub-ranges or sub-groups
therein. Unless otherwise specified, the present disclosure relates to and explicitly
incorporates each and every specific member and combination of sub-ranges or sub-
groups.

As used herein, the term "on the order of", when used in conjunction with a
quantity or parameter, refers to a range spanning approximately one tenth to ten
times the stated quantity or parameter.

Referring now to FIG. 1, an example of a conventional metallo-dielectric
multilayer solar control structure is illustrated. The multilayer structure includes a
transparent substrate 10 and a multilayer metallo-dielectric coating formed thereon.
The multilayer metallo-dielectric includes a first (underlying) dielectric layer 20, a
metal layer 30, and a second (overlying) dielectric layer 40. The metal layer 30 is
sufficiently thin to permit transmission within the visible spectrum (400-700 nm), while
also exhibiting substantial reflectivity in the infrared.

The present inventors have discovered that the properties and performance
of such a metallo-dielectric structure can be improved when one or more of the
dielectric layers is provided as a hydrogenated metal nitride dielectric layer. In
various example embodiments of the present disclosure, multilayer metallo-dielectric
energy control coatings are disclosed in which one or more layers are formed from a
hydrogenated metal nitride dielectric. As described in detail below, properties of such
a multilayer coating can be improved or selected by appropriately tuning the
hydrogen concentration (and/or the spatial profile thereof) in one or more
hydrogenated metal nitride dielectric layers. In some example embodiments, at least
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one metal layer of the multilayer coating may be formed on a respective
hydrogenated metal nitride dielectric layer. As will be described below, the
hydrogenated metal nitride dielectric layer provides a substrate that facilitates
adhesion of the metal and a low percolation threshold to enable the formation of thin
metal layers that exhibit substantial transparency in the visible spectrum.

Referring now to FIG. 2, an example embodiment of a multilayer metallo-
dielectric stack is illustrated in which one of the dielectric layers is a hydrogenated
metal nitride dielectric layer. In the example embodiment shown, the underlying
dielectric layer (underlying the metallic layer 30) that is formed on the transparent
substrate 10 is provided as a hydrogenated metal nitride dielectric layer 21. The
middle-lying metallic layer 30 is formed on the hydrogenated metal nitride dielectric
layer 21. An overlying dielectric layer 40, which may also be a hydrogenated metal
nitride dielectric layer, is provided above the metallic layer 30.

The hydrogenated metal nitride dielectric layer may be amorphous,
crystalline, or both amorphous and crystalline. Non-limiting examples of the
hydrogenated metal nitride dielectric include hydrogenated aluminum nitride,
hydrogenated titanium nitride, and hydrogenated titanium aluminum nitride. The
overlying dielectric layer 40 may be, for example, a metal nitride, such as aluminum
nitride or titanium nitride or titanium aluminum nitride. The hydrogenated metal nitride
dielectric layer may be uniformly hydrogenated, as shown in FIG. 2, or hydrogenated
in a manner that results in a spatially-dependent hydrogen concentration, as
described in further detail below. As described in detail below, it has been found that
by controlling the hydrogen inclusion in the metal nitride dielectric layer, it is possible
to control, select and/or optimize optical, physical and chemical properties of the
layer and the overall metallo-dielectric structure.

The middle-lying metallic layer 30 is a metal such as silver. Other suitable
metals include, but are not limited to, copper, aluminum, gold and metal alloys
(“metal’, as used herein, refers both to elemental metals and metal alloys).

The substrate 10 may be any suitable transparent dielectric, such as, but not
limited to, flexible films/foils/sheets, such as polymer films/foils/sheets formed from
materials including polyethylene terephthalate, polycarbonate, polyimide, and
polyvinyl butyral (for example, processed in a roll-to-roll sputter deposition system);
and, rigid substrates, such as polycarbonate and glass sheets (glazings) (for
example, processed in an in-line or shuttle sputter deposition system).

The thicknesses of the dielectric layers 21 and 40 and metal layer 30 may be
selected to exhibit suitable optical and electrical properties, including, for example,
optical properties such as, but not limited to, transmissivity in the visible, reflectivity in
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the near infrared, and emissivity in the mid-infrared, and electrical properties such as,
but not limited to, electrical conductivity and sheet resistance. Example thickness
ranges for the hydrogenated metal nitride dielectric layer include, but are not limited
to, 10 nm to 100 nm. Example thickness ranges for the metal layer include, but are
not limited to, 3 nm to 30 nm.

In some example implementations, the layers may be formed via sputter
deposition. Such a process may be performed at ambient, near-ambient or low (e.g.,
50 °C to 200 °C) temperatures. The dielectric layers, including the hydrogenated
metal nitride layer, may be deposited through reactive sputtering. For example,
aluminum nitride films may be deposited using reactive sputtering of aluminum with
argon and nitrogen sputter gases. Aluminum nitride films with varying grain sizes are
usually obtained by varying the substrate temperature.

As described in detail below, various properties (e.g. physical, chemical and
optical properties, such as, but not limited to, refractive index and extinction
coefficient) of the hydrogenated metal nitride dielectric, and various aspects of the
interaction of the hydrogenated metal nitrate dielectric with other layers, such as the
metal layer and/or the transparent substrate (e.g. adhesion, passivation, barrier
protection against moisture and/or oxygen), may be controlled, tuned, modulated,
selected, or otherwise varied by controlling the addition of hydrogen, such as via
controlling the addition of hydrogen gas during reactive sputter deposition, in addition
to the usual deposition parameters of power, precursor gas flow rates — typically
argon and nitrogen, chamber pressure, and substrate temperature. Additionally or
alternatively, the properties of the hydrogenated metal nitride dielectric can be tuned
through the addition of atomic or/and ionic hydrogen source at the growth surface
during the sputter deposition process. In yet another example implementation, the
properties of the hydrogenated metal nitride dielectric can be tuned following sputter
deposition by exposing the layer to an atomic or/and ionic hydrogen source. In
example embodiments involving multiple hydrogenated metal nitride dielectric layers,
any one or more of the layers may be tuned to serve one or more functions, and
collectively render purposeful multilayer coatings.

In one example implementation, hydrogen is incorporated into a metal nitride
dielectric layer, during growth by sputtering, by providing hydrogen gas having a
concentration ranging between 0.25% and 2.5% by volume, or 0.5% and 5% by
volume, or 0.5% and 10% by volume, or 1% and 10% by volume, or 0.5% and 20%
by volume.

In one example implementation, hydrogen is incorporated into a metal nitride
dielectric layer, either during or post growth, at a concentration ranging between 1

10
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ppm and 1000 ppm, or 1 ppm and 10,000 ppm, or 10 ppm and 10,000 ppm, or 100
ppm and 100,000 ppm by weight.

As described in the examples provided below, the addition of elemental
hydrogen gas, having a range of concentrations, in a low-temperature sputter
deposition process, has been found to produce a range of hydrogenated aluminum
nitride (AIN:H) films that exhibit a corresponding range of physical, chemical and
optical properties. In an alternative approach, the addition of atomic and/or ionic
hydrogen flux at various levels at the film growth surface equivalently leads to a
range of hydrogenated aluminum nitride films that exhibit a corresponding range of
physical, chemical and optical properties.

In yet another approach, exposing an aluminum nitride film, post-deposition,
to a range of atomic or, and ionic hydrogen flux at various levels and varying
exposure duration equivalently leads to a range of hydrogenated aluminum nitride
films that exhibit a corresponding range of physical, chemical and optical properties.

In some example embodiments, hydrogenation of a dielectric layer or a
multilayer coating post-deposition can be carried out at various temperatures and
durations using pure hydrogen gas or gases (such as inert gases (for example, Ar),
or nitrogen, or other gases) containing molecular hydrogen. Post-deposition
hydrogenation can also be carried out using atomic hydrogen. These post-deposition
treatments at elevated temperatures can also be used to improve or maintain
multilayer coating properties while concurrently shaping the substrate (for example,
bending of glass). Additionally, other transparent dielectric layer(s) can also be
incorporated as an encapsulative layer and/or to improve the multilayer coating
properties.

In some example embodiments, the hydrogen concentration (either an in-
process concentration such as the concentration of hydrogen gas, or a post-
deposition concentration of hydrogen in the hydrogenated metal nitride dielectric
layer) is selected or controlled such that the refractive index of the hydrogenated
metal nitride dielectric layer lies between approximately 1.5 and 1.7, or between
approximately 1.6 and 1.8, or between approximately 1.5 and 1.8 or between
approximately 1.7 and 2.1 or between approximately 1.6 and 2.1, or between
approximately 1.5 and 2.1 in the visible spectrum.

In some example embodiments, the hydrogen concentration (either an in-
process concentration such as the concentration of hydrogen gas, or a post-
deposition concentration of hydrogen in the hydrogenated metal nitride dielectric
layer) and the thickness of the metal layer deposited on the hydrogenated metal
nitride dielectric layer, (and optionally the number of metal-dielectric bilayers) are
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selected or controlled such that the metallo-dielectric structure exhibits transparency
of at least 70%, or at least 75%, or at least 80%, or at least 85% in at least a portion
of the visible spectrum. In one example implementation, the hydrogen concentration
(either an in-process concentration such as the concentration of hydrogen gas, or a
post-deposition concentration of hydrogen in the hydrogenated metal nitride dielectric
layer) and the thickness of the metal layer deposited on the hydrogenated metal
nitride dielectric layer, (and optionally the number of metal-dielectric bilayers) are
selected or controlled such that the metallo-dielectric structure exhibits transparency
of at least 70% in at least a portion of the visible spectrum and reflectivity of at least
70% in at least a portion of the infrared spectrum.

In some example embodiments, the hydrogen concentration (either an in-
process concentration such as the concentration of hydrogen gas, or a post-
deposition concentration of hydrogen in the hydrogenated metal nitride dielectric
layer) is selected or controlled such that the extinction coefficient of the hydrogenated
metal nitride dielectric layer lies: between (i) 0 and 0.15 or between 0 and 0.07 for
wavelengths between 200 nm to 400 nm; and (ii) between 0 and 0.02 or between 0
and 0.05 for wavelengths in the visible spectrum between 400 nm and 700 nm.

In some example embodiments, the hydrogen concentration (either an in-
process concentration such as the concentration of hydrogen gas, or a post-
deposition concentration of hydrogen in the hydrogenated metal nitride dielectric
layer) and the thickness of the metal layer deposited on the hydrogenated metal
nitride dielectric layer are selected or controlled such that the resistivity (at room
temperature) of the metal layer lies between about 2 pQ2 cm and 6 uQ cm, or between
6 nQ2 cm and 10 pQ cm, or between 10 pu2 cm and 20 pQ2 cm, between 2 pQ cm and
20 p€2 cm, or between 2 pQ2 cm and 10 pQ cm.

In some example embodiments, the hydrogen concentration (either an in-
process concentration such as the concentration of hydrogen gas, or a post-
deposition concentration of hydrogen in the hydrogenated metal nitride dielectric
layer) is selected or controlled such that the average grain size of the hydrogenated
metal nitride dielectric layer lies between 30 and 100 nm, or between 5 and 30 nm, or
between 5 and 100 nm, or is less than 100 nm, less than 30 nm, or 5 nm. Further, in
certain embodiments sufficient process concentration of hydrogen gas is used to
create an amorphous hydrogenated aluminum nitride network absent of
nanocrystallites.

In some example embodiments, the hydrogen concentration (either an in-
process concentration such as the concentration of hydrogen gas, or a post-
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deposition concentration of hydrogen in the hydrogenated metal nitride dielectric
layer) is selected or controlled such that a full width half maximum of a distribution of
the size of surface feature/grain protrusions in growth direction (i.e. the vertical
direction/z-direction), of the hydrogenated metal nitride dielectric layer lies between 3
and 5 nm, or between 2 and 3 nm, or between 1 and 2 nm, or is less than 5 nm, less
than 4 nm, less than 3 nm, less than 2.5 nm, less than 2 nm, or less than 1 nm.

The hydrogen concentration of the hydrogenated metal nitride dielectric layer
21 may be selected to promote overtop the growth of a smooth (continuous) metal
film, such that the metal layer 30 is absent of isolated islands while being sufficiently
thin to exhibit transmission in the visible spectrum (e.g. transmission of at least 70%,
or at least 75%, or at least 80%, or at least 85% in at least a portion of the visible
spectrum) and enhanced electrical conductivity. Accordingly, in one example
implementation, for a given selected metal layer and a given selected metal nitride,
the hydrogen concentration may be varied (e.g. indirectly via varying the amount of
hydrogen present during the hydrogenation process, such as varying a volume
fraction of hydrogen gas), in order to identify suitable conditions for the growth of a
thin yet island-free metal layer.

Without intending to be limited by theory, it is believed that the presence of
hydrogen in the hydrogenated metal nitride layer may also be beneficial for
enhancing adhesion of the metal nitride dielectric layer with the transparent substrate
10. Accordingly, in one example implementation, for a given selected transparent
substrate and a given selected metal nitride, the hydrogen concentration may be
varied (e.g. indirectly via varying the amount of hydrogen present during the
hydrogenation process, such as varying a volume fraction of hydrogen gas), in order
to identify suitable conditions that achieve satisfactory adhesion of the hydrogenated
metal nitride dielectric layer to the transparent substrate.

Without intending to be limited by theory, it is also believed that the
hydrogenated metal nitride dielectric may also provide a dense and tight network with
appropriate formation of hydroxide and oxide at the underlying interface between the
hydrogenated metal nitride dielectric and the transparent substrate. This dense and
tight network may thus serve as an effective and robust barrier to permeation of
moisture and oxygen from the underlying transparent substrate, especially in the
case of permeable polymeric materials. Accordingly, in one example implementation,
for a given selected transparent substrate and a given selected metal nitride, the
hydrogen concentration may be varied (e.g. indirectly via varying the amount of
hydrogen present during the hydrogenation process, such as varying a volume
fraction of hydrogen gas), in order to identify suitable conditions that achieve
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satisfactory barrier protection against permeation of moisture and/or oxygen from the
transparent substrate.

It is noted further that the presence of hydrogen at varying concentrations
during the growth of a metal nitride dielectric layer can provide a variety of potentially
beneficial effects. For example, without intending to be limited by theory, it is believed
that the presence of hydrogen during layer formation can provide passivation of
atomic scale defects, altering the grain size, changing the physical structure — from
crystalline to amorphous, modifying the surface properties, adjusting the chemical
environment. Some of the implications of these changes include enhanced optical
transmittance and reduced extinction coefficient which in a given optical device
design can enhance performance through improved visible transmittance, increased
infrared reflectance, and better clear-neutrality and light-to-solar gain.

The inclusion of hydrogen also leads to a more electrically resistive network,
likely an outcome of passivation of dangling bonds and commensurate mitigation of
defect enabled charge hopping. For example, this in turn can play into alleviating Ag
island formation, lower the percolation threshold and thus promote a smoother
metallic (e.g. silver) film. Further appropriate level of hydrogenation can also lead to
enhanced adhesion, between the metal (e.g. silver) layer and the dielectric film as
well as between the dielectric film and the underlying substrate. Moreover,
appropriate levels of hydrogen can also lead to film stress relaxation. Hydrogenation
also enables modulation of film hardness.

Yet another example use of preceding example embodiments involves the
use of hydrogenated metal nitrides, hydrogenated in-process or post-deposition, to
render a spectrally selective coating, which following exposure to air provides
inherent resistance and stability, through the natural formation of oxynitrides and
hydroxides, against oxidation or corrosion of the metal (for example, Ag).

Yet another variation of preceding example embodiments includes a
spectrally selective coating where another transparent dielectric is deposited above
the metallo-dielectric coating to provide additional/secondary encapsulation. Potential
transparent dielectrics include, but are not limited to, alkali halides (for example,
MgF-) and other large bandgap ceramics (for example, nitrides, metal oxynitrides, or
hydrogenated metal oxynitrides).

Yet another variation of preceding example embodiments includes the
deposition of transparent dielectric layer(s), or thin (for example, 0.05 nm to 3 nm)
metallic layer(s),on or/and below the metal layer so as to serve as an encapsulative
layer(s) or/and as a layer(s) enhancing the properties of the multilayer coating.

In another example embodiment, the top most dielectric layer, when provided
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as an appropriately hydrogenated metal nitride layer, may readily lead to the
formation of hydroxide and oxide upon exposure to ambient oxygen and moisture.
Aluminum hydroxide readily forms at the active grain boundary sites and given its
larger lattice constant will tend to fill any voids in the structure. Aluminum also readily
forms a native oxide. The combination of both aluminum oxide and aluminum
hydroxide may therefore render a robust permeation barrier to oxygen and moisture
permeation.

Without intending to be limited by theory, it is also believed that hydrogenated
metallic film, where the hydrogen concentration (either an in-process concentration
such as the concentration of hydrogen gas, or a post-deposition concentration of
hydrogen in the hydrogenated metallic layer), may lead to the modulation of the
metallic film properties. It is believed that the hydrogen may serve to passivate active
electronic sites and thus ameliorate the electrical conductivity of the network. Further,
it is believed that the hydrogen may affect the growth of metallic films, influencing the
grain structure, and thus its properties. Accordingly, in one example implementation,
for a given selected metal layer and a given selected metal nitride, the hydrogen
concentration may be varied (e.g. indirectly via varying the amount of hydrogen
present during the hydrogenation process, such as varying a volume fraction of
hydrogen gas), in order to identify suitable conditions for the enhanced properties (for
example, optical transmittance, electrical conductivity, etc.) of a thin yet island-free
metal layer.

The variety of embodiments of metallo-dielectric multilayer stacks, including
those described herein, can be produced, for example, in roll-to-roll or in-line/shuttle
manufacturing systems, wherein the roll-to-roll system is typically used to deposit the
multilayer coatings on flexible films/foils while the in-line/shuttle system is typically
used to deposit the multilayer coatings on rigid sheets. In a roll-to-roll system, the
flexible film/substrate is typical of some width, the film width being, for example, 1.6
m or 2.1 m, and the film is on a roll wherein the film is of some length, the web length
(for example, 1 or more kilometres).

In an example roll-to-roll manufacturing system, the deposition of a metallo-
dielectric multilayer stack, for example a hydrogenated aluminum nitride — silver —
hydrogenated aluminum nitride device, could include three sequential deposition
zones. In the dielectric film deposition zone, an RF or DC or pulsed RF or DC
magnetron reactive sputter deposition of hydrogenated aluminum nitride could be
carried out using various standard techniques of reactive sputter deposition of
aluminum nitride along with introduction/injection of hydrogen in the deposition zone.
Alternatively, DC sputtering or low-medium frequency sputtering can be used.
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In one example configuration, molecular hydrogen gas is introduced/injected
at or near the film growth surface where the plasma extending from the aluminum
target would optimally interact with the molecular hydrogen, thereby enabling the
dissociation of molecular hydrogen into hydrogen atoms and ions, which in turn are
chemically integrated in the growth of the hydrogenated aluminum nitride dielectric
film. In another example configuration, hydrogen gas is added at an appropriate
volumetric concentration within the sputter gas, such as an argon-nitrogen mixture,
and thus leads to reactive sputter deposition of hydrogenated aluminum nitride film.
In yet another example configuration, hydrogen is introduced/injected at the film
growth surface and added to the sputter gas, at appropriate levels, to produce the
hydrogenated aluminum nitride film. In yet another configuration, an atomizer/ionizer
is used to introduce/inject atomic hydrogen and, or ionic hydrogen at or near the
growth surface, and thus lead to growth of hydrogenated aluminum nitride film. In the
latter configuration, an atomizer/ionizer would comprise of a hydrogen glow
discharge that appropriately feeds/injects atomic and, or ionic hydrogen at or near
the film growth surface. The hydrogen glow discharge can be produced using
appropriate RF, DC, pulsed or microwave plasma configurations. Similar hydrogen
introduction measures can be integrated for the metallic film deposition zone.

In one example implementation, within a given deposition zone in a roll to roll
manufacturing system, hydrogen injectors may be uniformly distributed laterally, that
is along the web width, thereby ensuring uniformity in gas/plasma chemistry along
the width and hence contributing to attaining uniformity in the properties of the
resulting film along the entire width of the film. Further, in the simplest of
configurations, an appropriate density of hydrogen injectors may be distributed
longitudinally, that is along the direction of motion of the web, thereby providing
uniformity in deposition of the hydrogenated aluminum nitride films in relation to the
deposition zone.

In an alternative configuration, the hydrogen injectors may be subdivided into
two banks longitudinally thereby enabling the injection of hydrogen (molecular or, and
atomic or, and ionic) at two different concentrations longitudinally and thus resulting
in two quasi-continuous regions of the hydrogenated aluminum nitride film in relation
to the hydrogen concentration. In yet another configuration, the hydrogen injectors
may be subdivided appropriately to attain a gradient in hydrogen concentration in
relation to the longitudinal direction, and thus result in an hydrogenated aluminum
nitride film with an essentially continuously graded hydrogen concentration. Similar
techniques can be used in controlling the hydrogen concentration in the deposition
zones for the metallic film and accordingly modulating the properties of the metallic
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film.

In an in-line/shuttle manufacturing system, similar methods to those described
above can be used to introduce the hydrogen and thus effect the desired modulation
in film properties.

Additionally, in an in-line/shuttle manufacturing system, hydrogenation could
be carried out post-deposition. For example, a three-layer stack could include
deposition of aluminium nitride, silver, and aluminum nitride in sequential deposition
zones; and thereafter, the multilayer stack would be treated with gases (such as Ar,
N>, other) containing hydrogen. Further, the post-deposition treatment could occur at
an elevated temperature to improve properties of the multilayer coating. Moreover,
the temperature could be elevated to a sufficiently high level to achieve substrate
shaping (for example, bending of glass) while maintaining coating properties or
improving coating properties. An example gas is forming gas, comprising principally
of nitrogen with a small concentration of hydrogen; in this case, the presence of
nitrogen can also serve to ‘repair’ or ‘heal’ any imperfections in the aluminum nitride
film while the hydrogen can play the role of passivating dangling bonds as well as
providing a reducing environment during the overall process so as to mitigate or
eliminate any oxidation of the metal and dielectric films.

In some example embodiments described below, the metal film deposited on
the hydrogenated metal nitride dielectric layer may be patterned. In one example
implementation for facilitating such patterning, laser ablation sub-systems are
integrated within for example the roll-to-roll manufacturing system following the Ag
deposition zone but prior to the subsequent dielectric film deposition zone, that is, the
vacuum curtain wall separating the two deposition zones. Further, the laser system
may deliver ultra-short pico- or femto-second laser pulses whereby the interaction
between laser light field and the metallic layer (for example, Ag) results in the
emission of an atomic/ionic plasma plume without any substantial heating of the
underlying layer. These processes along with laser beam-delivery control systems,
such as a computer controlled galvo-scanner, enables the creation of patterned
silver, such as nanometre, micrometre or millimeter scale openings to effect specific
electromagnetic transmission/reflection properties (such as, rendering transmission
over a certain band of microwave frequencies), or creating specific radio frequency
transceiver functionalities.

In some example embodiments described below, the fabrication process can
be adapted such that the multilayer metallo-dielectric device exhibits one or more
plasmonic absorption peaks (e.g. one or more peaks in its optical absorption
spectrum). Such plasmonic absorption features may be employed, for example, to
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alter the optical properties of the metallo-dielectric multilayer device for purposes
including, but not limited to, visible colour change and ultraviolet ray protection.
Plasmonic features may be introduced by incorporating metallic nanostructures into
the multilayer metallo-dielectric device. For example, plasmonic absorption can be
introduced by generating nanoscale roughness (RMS roughness between 0.1 nm
and 30 nm) in the metal film that leads to the generation of metallic nanostructures.
Such roughness may be generated, for example, by (i) altering the roughness of the
underlying dielectric layer, where the dielectric layer roughness can be varied by the
sputter deposition rate and sputter gas chemistry; (ii) altering the growth
characteristics of the metal film by varying the sputter deposition rate and sputter gas
chemistry; (iii) atomic/ionic bombardment of the dielectric or, and metallic layer(s). In
another example embodiment, metallic nanoparticles can be incorporated into the
transparent dielectric layer, for example, by (i) varying the metallic film thickness; (ii)
altering the dielectric chemistry, for example through hydrogenation, and thus
promoting metal atom diffusion and agglomeration; (iii) nanoparticle deposition
concurrent with the dielectric film deposition, for example, using a sputter-based
process where metal atoms can agglomerate into nanoparticles prior to impinging the
growth surface, or by spraying metal nanoparticles. In some example embodiments,
the range of wavelengths and/or the strength of the plasmonic absorption can be
controlled. For example, in example implementations in which one or more plasmonic
features are provided via roughness of the metal film, the wavelength and/or strength
of the plasmonic features may be varied by controlling the amount of roughness that
is introduced. Alternatively, in example implementations in which one or more
plasmonic features are provided via the incorporation of metallic nanoparticles into
the transparent dielectric layer, the wavelength and/or strength of the plasmonic
features may be varied by controlling the dispersion of the metallic nanoparticles.
The various example embodiments disclosed herein may be employed for a
wide range of applications, and may be used, for example, as passive or active
devices. For example, various metallo-dielectric structures disclosed here, and
variations thereof, may be employed for applications such as, but not limited to,
spectrally selective coatings which include transparent heat mirrors and transparent
solar control coatings; spectrally selective resistive heaters which include transparent
heat mirrors and transparent solar control coatings that concurrently provide active
resistive heating; spectrally selective resistive heaters, which function as transparent
heat mirrors and transparent solar control coatings, and are used as high efficiency
defrosters and defoggers in automotive, aerospace, marine and allied applications;
spectrally selective radiative cooling coatings; transparent conductors; near invisible
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radio transceivers and transmitters; and near invisible radio frequency energy
harvesters.

The following paragraphs disclose a set of example embodiments of different
structural configurations of a metallo-dielectric structure, involving different layer
configurations and combinations that employ one or more hydrogenated metal nitride
dielectric layers.

Referring to FIG. 3, an alternative example embodiment of a metallo-dielectric
stack is shown in which the underlying dielectric layer 22 is quasi-continuously or
continuously graded in hydrogen concentration thereby locally enhancing the film
properties in correspondence to interfacial requirements as well as bulk
requirements. As shown in the figure, the concentration is graded in a direction
parallel to a surface normal associated with the transparent substrate 10.
Specifically, at the underlying dielectric film — substrate interface, the hydrogen
concentration is selected for adhesion and permeation barrier, while at the underlying
dielectric film — metallic film interface, the hydrogen concentration is selected for
metallic film adhesion and smoothness and suitable electrical and optical properties.

In another embodiment of a metallo-dielectric stack shown in FIG. 4, the
underlying dielectric 20 is a metal nitride dielectric film, the overlying dielectric layer
41 is a hydrogenated metal nitride film, while the middle-lying layer 30 is a metallic
film. Layer 41 is appropriately hydrogenated to support the formation of a hydroxide
and oxide upon exposure to air in order to achieve a dense tight network that serves
as an effective and robust barrier to permeation of oxygen and moisture. Further, the
film may also be appropriately hydrogenated to enhance or, and modulate optical
properties thereby rendering the desired optical performance including clear-
neutrality and light-to-solar gain. The overlying dielectric film 41 also provides a
dense tight hydrogenated network above the underlying metallic film.

In an alternative embodiment of a metallo-dielectric stack illustrated in FIG. 5,
the overlying dielectric 42 is quasi-continuously or continuously graded in hydrogen
concentration thereby locally enhancing the film properties in correspondence to
suitable interfacial requirements as well as bulk requirements. Specifically, at the
overlying dielectric film — metallic film interface, the hydrogen concentration is
selected for adhesion of the overlying dielectric film to the metallic film, while at the
overlying dielectric film — air interface, the hydrogen concentration is selected to
promote a dense tight network and chemical composition for formation of robust
native hydroxide and oxide barrier layers. The film may also be appropriately
hydrogenated so as to enhance or, and modulate optical properties thereby
rendering the desired optical performance including clear-neutrality and light-to-solar
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gain.

In another embodiment of a metallo-dielectric stack shown in FIG. 6, the
underlying dielectric 21 and the overlying dielectric layer 41 are hydrogenated metal
nitride dielectric films, while the middle-lying layer 30 is a metallic film. Layer 21 may
be appropriately hydrogenated to support enhanced adhesion with the underlying
substrate as well as to promote overtop non-islandic smooth Ag film growth. The
underlying layer also provides a dense tight network with appropriate formation of
hydroxide and oxide at the dielectric — substrate interface and thus serves as an
effective and robust barrier to permeation of moisture and oxygen from the
underlying substrate, especially in the case of permeable polymeric materials. Layer
41 may be appropriately hydrogenated to support the formation of a hydroxide and
oxide upon exposure to air in order to achieve a dense tight network that serves as
an effective and robust barrier to permeation of oxygen and moisture. Further, the
film may also be appropriately hydrogenated to enhance or, and modulate optical
properties thereby rendering the desired optical performance including clear-
neutrality and light-to-solar gain. The film also provides a dense tight hydrogenated
network abutting the underlying metallic film.

In an alternative embodiment of a metallo-dielectric stack illustrated in FIG. 7,
the underlying dielectric 22 and overlying dielectric 42 are quasi-continuously or
continuously graded in hydrogen concentration thereby locally enhancing the film
properties in correspondence to interfacial requirements as well as bulk
requirements. Specifically, at the overlying dielectric film — metallic film interface, the
hydrogen concentration is selected for adhesion of the overlying dielectric film to the
metallic film, while at the overlying dielectric film — air interface, the hydrogen
concentration is selected to promote a dense tight network and chemical composition
for formation of robust native hydroxide and oxide barrier layers. While at the
underlying dielectric film — substrate interface, the hydrogen concentration is selected
for adhesion and permeation barrier, while at the underlying dielectric film — metallic
film interface, the hydrogen concentration is selected for metallic film adhesion and
smoothness and suitable electrical and optical properties. Further, the two dielectric
films may also be appropriately hydrogenated so as to enhance or, and modulate
optical properties thereby rendering the desired optical performance including clear-
neutrality and light-to-solar gain.

Another example embodiment of a metallo-dielectric multilayer stack is
illustrated in FIG. 8 wherein 21 is the first underlying dielectric layer, 30 is the first
metallic layer, 40 is the first overlying dielectric layer and second underlying layer, 50
is the second metallic layer, and 60 is the second overlying dielectric layer. The
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multilayer structure is provided on substrate 10. The first underlying dielectric layer
21 is a hydrogenated metal nitride, such as hydrogenated aluminum nitride or
hydrogenated titanium nitride or hydrogenated titanium aluminum nitride, the
dielectric layer 20 is a metal nitride dielectric layer, such as aluminum nitride or
titanium nitride or titanium aluminum nitride, while the middle-lying metallic layer 30 is
a metal film such as silver. The thicknesses of the dielectric layers 21, 40 and 60 and
silver layers 30 and 50 are selected (appropriately tuned) to achieve the desired
optical and electrical properties; in particular, optical properties such as, but not
limited to, transmissivity in the visible, reflectivity in the near infrared, and emissivity
in the mid-infrared, and electrical properties such as, but not limited to, electrical
conductivity and sheet resistance.

In an alternative embodiment of a metallo-dielectric stack illustrated in FIG. 9,
21 is the first underlying dielectric layer, 30 is the first metallic layer, 40 is the first
overlying dielectric layer and second underlying layer, 50 is the second metallic layer,
and 61 is the second overlying dielectric layer. The multilayer structure is on
substrate 10. The first underlying dielectric layer 21 and the second overlying
dielectric layer 61 are hydrogenated.

In another alternative embodiment of a metallo-dielectric stack illustrated in
FIG. 10, 21 is the first underlying dielectric layer, 30 is the first metallic layer, 41 is
the first overlying dielectric layer and second underlying layer, 50 is the second
metallic layer, and 61 is the second overlying dielectric layer. The multilayer structure
is provided on substrate 10. The first underlying dielectric layer 21, the first overlying
dielectric layer and second underlying dielectric layer 41, and the second overlying
dielectric layer 61 are hydrogenated.

In another alternative embodiment of a metallo-dielectric stack illustrated in
FIG. 11, 21 is the first underlying dielectric layer, 30 is the first metallic layer, 42 is
the first overlying dielectric layer and second underlying layer, 50 is the second
metallic layer, and 61 is the second overlying dielectric layer. The multilayer structure
is provided on substrate 10. The first underlying dielectric layer 21 and the second
overlying dielectric layer 61 are hydrogenated, while the first overlying dielectric layer
and second underlying dielectric layer 42 is quasi-continuously or continuously
graded in hydrogen concentration thereby locally enhancing the film properties in
correspondence to interfacial requirements as well as bulk requirements.

In another alternative embodiment of a metallo-dielectric stack illustrated in
FIG. 12, 21 is the first underlying dielectric layer, 30 is the first metallic layer, 42 is
the first overlying dielectric layer and second underlying layer, 50 is the second
metallic layer, and 62 is the second overlying dielectric layer. The multilayer structure
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is provided on substrate 10. The first underlying dielectric layer 21 is hydrogenated,
while the first overlying dielectric layer and second underlying dielectric layer 42 and
the second overlying dielectric layer 62 are quasi-continuously or continuously
graded in hydrogen concentration thereby locally enhancing the film properties in
correspondence to interfacial requirements as well as bulk requirements.

In another alternative embodiment of a metallo-dielectric stack illustrated in
FIG. 13, 22 is the first underlying dielectric layer, 30 is the first metallic layer, 42 is
the first overlying dielectric layer and second underlying layer, 50 is the second
metallic layer, and 62 is the second overlying dielectric layer. The multilayer structure
is provided on substrate 10. The first underlying dielectric layer 22, the first overlying
dielectric layer and second underlying dielectric layer 42, and the second overlying
dielectric layer 62 are quasi-continuously or continuously graded in hydrogen
concentration thereby locally enhancing the film properties in correspondence to
interfacial requirements as well as bulk requirements.

Another example embodiment of a metallo-dielectric multilayer stack is
illustrated in FIG. 14 wherein 21 is the first underlying dielectric layer, 30 is the first
metallic layer, 40 is the first overlying dielectric layer and second underlying layer, 50
is the second metallic layer, 60 is the second overlying dielectric layer and third
underlying dielectric layer, 70 is the third metallic layer, and 81 is the third overlying
dielectric layer. The multilayer structure is provided on substrate 10. The first
underlying dielectric layer 21 and third overlying dielectric layer 81 are hydrogenated
metal nitride, such as hydrogenated aluminum nitride or hydrogenated titanium
nitride or hydrogenated titanium aluminum nitride, while the dielectric layers 40 and
60 are a metal nitride, such as aluminum nitride or titanium nitride or titanium
aluminum nitride, while the middle-lying metallic layers 30, 50 and 70 are a metal film
such as silver. The thicknesses of the dielectric layers 21, 40, 60 and 81 and metal
layers 30, 50 and 70 may be selected (appropriately tuned) to achieve the desired
optical and electrical properties; in particular, optical properties such as, but not
limited to, transmissivity in the visible, reflectivity in the near infrared, and emissivity
in the mid-infrared, and electrical properties such as, but not limited to, electrical
conductivity and sheet resistance.

In an alternative embodiment of a metallo-dielectric multilayer stack illustrated
in FIG. 15, wherein 21 is the first underlying dielectric layer, 30 is the first metallic
layer, 41 is the first overlying dielectric layer and second underlying layer, 50 is the
second metallic layer, 61 is the second overlying dielectric layer and third underlying
dielectric layer, 70 is the third metallic layer, and 81 is the third overlying dielectric
layer. The multilayer structure is provided on substrate 10. The dielectric layers 21,

22



WO 2018/191817 PCT/CA2018/050461

10

15

20

25

30

35

41, 61 and 81 are hydrogenated metal nitride, while the middle-lying metallic layers
30, 50 and 70 are a metal film such as silver. The thicknesses of the dielectric layers
21, 40, 60 and 81 and metal layers 30, 50 and 70 are appropriately tuned to achieve
the desired optical and electrical properties; in particular, optical properties such as,
but not limited to, transmissivity in the visible, reflectivity in the near infrared, and
emissivity in the mid-infrared, and electrical properties such as, but not limited to,
electrical conductivity and sheet resistance.

In another alternative embodiment of a metallo-dielectric multilayer stack
illustrated in FIG. 16, wherein 22 is the first underlying dielectric layer, 30 is the first
metallic layer, 42 is the first overlying dielectric layer and second underlying layer, 50
is the second metallic layer, 62 is the second overlying dielectric layer and third
underlying dielectric layer, 70 is the third metallic layer, and 82 is the third overlying
dielectric layer. The multilayer structure is on substrate 10. The dielectric layers 22,
42, 62 and 82 are quasi-continuously or continuously graded in hydrogen
concentration thereby locally enhancing the film properties in correspondence to
interfacial requirements as well as bulk requirements. The thicknesses of the
dielectric layers 22, 42, 62 and 82 and metal layers 30, 50 and 70 may be selected
(appropriately tuned) to achieve the desired optical and electrical properties; in
particular, optical properties such as, but not limited to, transmissivity in the visible,
reflectivity in the near infrared, and emissivity in the mid-infrared, and electrical
properties such as, but not limited to, electrical conductivity and sheet resistance.

Another example embodiment of a metallo-dielectric multilayer stack is
illustrated in FIGS. 17A and 17B, wherein the stack comprises underlying dielectric
layer 21, metal layer 30, and dielectric layer 41. The multilayer structure is on
substrate 10. Dielectric layers 21 and 41 are hydrogenated metal nitride, such AIN:H,
and layer 30 is a metal such as silver. Electrical busbar contacts 100 and 110 make
ohmic contacts with the metal layer 30, the busbars being situated spatially apart so
as to facilitate the delivery of electrical power to the metallo-dielectric device 90 (plan
view AA); the arrow pointing from the right to the left indicates the direction of electric
current (i.e., the flow of positive charge). The electrical busbars 100 and 110 of
appropriate thickness can be integrated in the metallo-dielectric device by depositing
metallic contacts using a variety of methods including but not limited to electron
beam evaporation of metals and metal alloys, sputter deposition of metals and metal
alloys, and printing of metal inks and pastes with allied etching and firing processes.

FIG. 17C illustrates and example defogging or de-icing system including a
windshield with a solar control structure 90 having at least one hydrogenated metal
nitride dielectric layer, as per the preceding embodiments, and electrical busbars
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100, 110 in electrical communication with at least one metal layer formed within the
structure. The system also includes a power source 430 and control circuitry 400 for
controlling the current delivered to the solar control structure. The control circuitry
400 may be programmed with instructions, stored in the memory 415, and
executable by the processor 410, to deliver time-dependent current to the solar
control structure (as shown schematically by the defogging/deicing module 450). For
example, the control circuitry may provide current continuously, or intermittently, and
optionally according to a pre-determined temporal dependence, over a time duration
suitable for defogging and/or de-icing. The control circuitry may further be connected
to one or more sensors 420 for sensing the presence of ice or fog.

As shown in the example embodiment illustrated in FIG. 17C, the control
circuitry 400 may include a processor 410, a memory 415, a system bus 405, and
one or more optional additional devices.

It is to be understood that the example system shown in the figure is not
intended to be limited to the components that may be employed in a given
implementation. For example, the system may include one or more additional
processors. Furthermore, one or more components of control and processing
hardware 400 may be provided as an external component that is interfaced to a
processing device.

Another example embodiment of a metallo-dielectric multilayer stack is
illustrated in FIGS. 18A and 18B, wherein the stack comprises dielectric layer 21,
metal layer 30, dielectric layer 41, metal layer 50, and dielectric layer 61. The
multilayer structure is on substrate 10. Dielectric layers 21, 41 and 61 are
hydrogenated metal nitride, such AIN:H, and layers 30 and 50 are a metal such as
silver. Electrical busbar contacts 130 and 140 make ohmic contacts with the metal
layers 30 and 50, the busbars being situated spatially apart so as to facilitate the
delivery of electrical power to the metallo-dielectric device 120 (plan view BB); the
arrow pointing from the right to the left indicates the direction of electric current (i.e.,
the flow of positive charge). The electrical busbars 130 and 140 of appropriate
thickness can be integrated in the metallo-dielectric device by depositing metallic
contacts using a variety of methods including but not limited to electron beam
evaporation of metals and metal alloys, sputter deposition of metals and metal alloys,
and printing of metal inks and pastes with allied etching and firing processes.

An alternative embodiment would involve depositing, printing or affixing
electrical bus bars directly on the dielectric; for example, on dielectric layer 40 in FIG.
1 or on dielectric layer 41 in FIG. 4. The metallic bus bar could be e-beam or sputter

deposited directly on to the dielectric; the bus bar could be printed using a metallic
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ink (for example, a silver ink); or a metallic ribbon could be affixed with an
appropriate conductive adhesive-epoxy. These contacts can also be appropriately
heat treated — sintered to achieve a good ohmic contact. Alternatively, during ink
printing the resistive nature of the dielectric can be mitigated through the use of a
plasma discharge to locally strip off the dielectric. Further, laser processing can also
be utilized; for example, laser ablation processes can be used to achieve selective
peeling of the dielectric, and various methods of laser printing of metals, for example
laser induced forward transfer, can be used.

In yet another embodiment silver migration into the dielectric, the Ag
nanoparticles diffusing from the underlying Ag layer into the overlying dielectric, as
illustrated in FIG. 31, could be utilized in conjunction with silver diffusion from the
deposited/printed silver grid atop the dielectric, thereby resulting in a high quality
ohmic contact. Local thermal/optical treatment(s) can be used concurrently to
achieve optimal silver migration and thus low contact resistance.

In addition to the use of electrical bus bars, appropriate micro-nano thin
electrical grids can also be utilized wherein the grids which are connected to the bus
bars facilitate required power density while enabling lower voltage operation. The
grids can be applied in a manner similar to the bus bars described in the preceding
paragraph but being of dimensions undetectable by the human eye. For example, a
plurality of micro-nano-metre thin electrical conducting wires could be utilized.

It will be understood that the preceding example embodiments are provided to
illustrate a non-limiting set of example implementations and applications of multilayer
metallo-dielectric structures having one or more hydrogenated metal nitride dielectric
layers, and that a manifold of other potential embodiments are possible. For
example, in some implementations, the spectrally selective metallo-dielectric
multilayer stacks can be appropriately patterned thereby integrating other
functionalities. For example, these could include appropriate aperture patterning (at
the nano-, micro-, and milli-meter length scales) of the metallic layer there by
rendering selective reflectivity and transmissivity properties in the RF frequency
range wherein these patterns could be on a single or multiple metallic layers. Yet
another example implementation involves the integration of RF electromagnetic
radiation harvesting through the patterning of appropriate antennas and subsequent
rectification which in turn could power appropriate sensor(s) thus resulting in a self-
powered sensor(s). Various example embodiments, in addition to the functionalities
mentioned, could lead to the formation of ultra-smart windows for a given
enclosure/system.

Another example use of the preceding example embodiments involves the

25



WO 2018/191817 PCT/CA2018/050461

10

15

20

25

30

35

use of tunable hydrogenated metal nitrides, such as AIN:H, within the design of a
spectrally selective radiative cooling coating device, where the visible and near-
infrared portions of the electromagnetic spectrum are almost completely reflected
while providing a transparent window in the mid-infrared, for example over the range
of ~8-13 um, thus permitting radiative thermal energy to be emitted from a given
volume toward the cold outer space and hence effecting radiative cooling. As an
example, a photonic-crystal cooling device could be constructed of various photonic-
crystal layers wherein a broadband solar reflector comprising of bilayers of low and
high index large bandgap materials on a silver substrate would utilize the
hydrogenated nitrides.

EXAMPLES

The following examples are presented to enable those skilled in the art to
understand and to practice embodiments of the present disclosure. They should not
be considered as a limitation on the scope of the disclosure, but merely as being
illustrative and representative thereof.
Example 1: Dependence of Refractive Index and Extinction Coefficient on
Hydrogen Concentration for Hydrogenated AIN Films

FIG.19 shows an example data set for the optical index, as a function of
wavelength, of AIN:H films deposited using RF reactive sputtering on glass substrate
with hydrogen concentration ranging from approximately 0% to 10% volume fraction
during sputtering. The principal sputter gases comprised of argon and nitrogen.

These films, deposited using reactive RF sputtering, were prepared in a
cryogenically pumped multi-target sputtering chamber with nominal total gas flow rate
of 20 sccm, wherein the argon flow rate is 15 sccm, nitrogen flow rate is 5 sccm, and
the hydrogen flow rate is 0 to 10 sccm. Argon was introduced proximal to the
aluminum target while nitrogen and hydrogen were introduced proximal to the growth
surface. The chamber pressure during deposition is nominally 5 mTorr. The RF
power ranges from 150 to 350 W. The substrate was initially at ambient temperature
and was not actively heated or cooled.

FIG. 20 shows the corresponding data set for the extinction coefficient of
AIN:H films. The variation in precursor hydrogen content evidently serves to
modulate the optical index. Further, the introduction of hydrogen is observed to lead
to a reduction in the extinction coefficient of the dielectric film over a range of optical
wavelengths. The reduction in extinction coefficient is attributed to hydrogen bonding
at atomic scale defect sites. The variation in optical index is a function of hydrogen

bonding as well as modulation of the physical structure — grain size of the films.
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Example 2: Morphology and Grain Size of Hydrogenated AIN Films

FIG. 21 (A-F) show scanning electron microscopy (SEM) and atomic force
microscopy (AFM) viewgraphs of example AIN and AIN:H films deposited on glass,
and their distributions of surface feature/grain protrusion/height in the Z (vertical)
direction. Hydrogenation of aluminum nitride evidently reduces the grain size (see
FIGS. 21A and 21B showing SEM viewgraphs of AIN and AIN:H films, respectively)
and yields a smoother film. The average grain size and standard deviation for the AIN
film is 48.6 + 9 nm and for the AIN:H film is 25.4 + 9 nm. The surface roughness of
the films is observed in the AFM scans (see FIGS. 21C and 21D showing AFM scans
of AIN and AIN:H film surfaces, respectively). Further, the distributions of surface
feature/grain protrusion/height in the Z direction are shown in FIG. 21E and FIG. 21F;
in FIG. 21E the AIN:H film has a narrower distribution with a full-width at half-
maximum (FVWHM) of approximately 2.2 nm while the AIN film has a FWHM of
approximately 3.6 nm; in FIG. 21F distributions for another example of AIN and a set
of AIN:H films show FWHM of approximately 2.5 nm and approximately 1.4 nm,
respectively.
Example 3: Small Angle X-Ray Diffraction (XRD) Studies of Hydrogenated AIN
Films

FIG. 22 shows three small angle x-ray diffraction (XRD) patterns, one for AIN
and two for AIN:H films, deposited using RF reactive sputtering on Si (100), where
the latter were grown with 1.25% and 2.5% volume fraction hydrogen in the precursor
gas flow. The top most XRD scan shows the diffraction pattern for AIN while the
second and third XRD scans show the diffraction patterns for AIN:H grown using
1.25% and 2.5% hydrogen, respectively. It is observed that the characteristic
crystalline peak/line intensities are reduced with increasing hydrogen and the film
progressively assumes an increasing amorphous character.
Example 4: Hydrogenation during Film Deposition and Post-Deposition

FIG. 23 illustrates that the optical transmission of AIN can be equivalently
enhanced by post-deposition hydrogenation. Specifically, an example AIN film
deposited on glass is exposed to an RF hydrogen plasma. The optical transmission
of the AIN film prior to hydrogenation and post hydrogenation (denoted HAIN) show
that optical transmittance of the film is improved over a range of optical wavelengths.
Example 5: Measured Optical Properties of Metallo-Dielectric Stacks with and
without Hydrogenation

The optical properties of an example metallo-dielectric multilayer stack,
comprising an underlying dielectric layer, a middle-lying metal layer, and an overlying

dielectric layer, are shown in FIG. 24. The metallo-dielectric stack is deposited using
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sputter deposition. The dielectric layers are hydrogenated aluminum nitride and the
metal layer is silver. The substrate is a polyethylene terephthalate (PET) film. The
transmission and reflection curves for the bare PET film and the coated PET film are
shown in the figure. The peak transmittance in the visible is 86%, the photopic
weighted visible transmittance is 85%, and the total solar energy rejection is 35%.
The discontinuity in the transmittance curves near ~900 nm is a detector shift.

The optical properties of another example metallo-dielectric multilayer stack,
comprising a first underlying dielectric layer, a first metal layer, a first overlying and
second underlying dielectric layer, a second metal layer, and second overlying
dielectric layer, are shown in FIG. 25. The metallo-dielectric stack is deposited using
sputter deposition. The dielectric layers are hydrogenated aluminum nitride and the
metal layers are silver. The substrate is glass. The transmission and reflection curves
for the coated glass are shown in the figure. The peak transmittance in the visible is
77%, the photopic weighted visible transmittance is 76%, and the total solar energy
rejection is 47%. The colour parameters for the coated glass are L* = 90.10, a* = -
0.55, and b* = 0.63. Discontinuity in the transmittance curves near ~900 nm is a
detector shift.

The optical properties of another example metallo-dielectric multilayer stack,
comprising a first underlying dielectric layer, a first metal layer, a first overlying and
second underlying dielectric layer, a second metal layer, and second overlying
dielectric layer, are shown in FIG. 26. The metallo-dielectric stack is deposited using
sputter deposition. The dielectric layers are hydrogenated aluminum nitride and the
metal layers are silver. The substrate is polycarbonate sheet. The transmission and
reflection curves for the polycarbonate sheet are shown in the figure. The peak
transmittance in the visible is 71%, the photopic weighted visible transmittance is
70%, and the total solar energy rejection is 49%. The colour parameters for the
coated polycarbonate are L* = 87.04, a* = -1.48, and b*= 1.42; the colour parameters
for the uncoated polycarbonate are L* = 90.9, a* = -0.52, b* = 0.50.

Example 6: Experimental Studies of Performance of Metallo-Dielectric Devices
with Hydrogenated AIN Layers for De-icing and Defogging Applications

The heating performance of an example metallo-dielectric multilayer stack is
illustrated in FIG. 27. The multilayer stack is deposited on a glass substrate.
Electrical busbars in contact with the metallic layer are connected to a variable power
source. Profiles of the temperature evolution as a function of time are shown for
various power levels. Temperature is measured on the opposite glass surface.

The defrosting performance of an example metallo-dielectric multilayer stack
is illustrated in FIG. 28 (A, B). The multilayer stack is deposited on a glass substrate
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wherein the electrical busbars in contact with the metallic layer in the stack are
connected to a variable power source. A sheet of ice, approximate thickness of 1
mm, is frozen directly onto the uncoated side of the glass substrate. While under a
prevailing ambient temperature of approximately -10°C, the stack is electrically
powered and the time required to eliminate the ice from the glass surface is noted for
a variety of power levels. Upon sufficient uniform power delivery to the glass — ice
interface, a thin melted layer of water develops at the interface (i.e., the entire
surface of the interface) and leads to sliding of the sheet of ice. The ‘time to slide’ is
defined as the duration of time between power-on and eventual sliding of the sheet of
ice. FIG 28 A shows the time to slide as a function of the electrical power density.
Direct and uniform application of high power density over the entire ice covered area
results in swift freeing of the sample surface from ice, without requiring full melting of
the ice and without losing heat to the surroundings — as deicing is very rapid. This
leads to significant energy savings. FIG. 28 B illustrates the existence of the
minimum energy required to free surface of ice. The figure also includes voltages and
currents required for equivalent defrosting in a full scale standard vehicle windshield
of approximately 0.7m x 1.4m.

The projected defogging performance of an example metallo-dielectric
coating is shown in FIG. 29 (A-D). The device structure is similar to that described
above. Using a benchmarked, fully convective COMSOL Multiphysics model, the
fraction of the example coated glass surface covered with fog as a function of time is
shown in FIG. 29 A. Electrical power to the coating is turned on at time zero. FIGS.
29 B-D present 2-dimensional maps of the defogging pattern at different times (time
0, 2 seconds, and 2.5 seconds, respectively).

Example 7: Thermal Stability of Metallo-Dielectric Devices with Hydrogenated
AIN Layers

The stability of example metallo-dielectric multilayer stacks is illustrated in
FIG. 30 (A-D). The metallo-dielectric stack is on glass. Temperature is measured on
the opposite glass surface. Optical transmission is measured at three different
locations (as shown in the sketch FIG. 30 D) at different times; initially at time zero
and subsequently at different times following a series of thermal heating and cooling
cycles. Each thermal cycle comprised of turning on the electrical power for 10
seconds followed by a 15 minute power-off cool-down period. Typical initial
temperature is room temperature while the peak temperature following the heating
portion of the thermal cycle is approximately 100 °C.

Example 8: Plasmonic Absorption of Metallo-Dielectric Devices with
Hydrogenated AIN Layers
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A cross-sectional SEM image of an example metallo-dielectric multilayer
stack is illustrated in FIG. 31. The image, in back-scatter mode, illustrates the
presence of silver (500), seen as white particles (520), in the top hydrogenated AIN
layer (5610), seen as a dark grey layer. The silver nanoparticles give rise to localized
surface plasmon resonance.

A depth profile obtained via Time of Flight Secondary lon Mass Spectrometry
(ToF-SIMS) of an example metallo-dielectric multilayer stack is plotted in FIG. 32.
The sputter time on the horizontal axis is a proxy for the distance from the stack
surface. Labels at the top identify the different regions of the plot as the top
hydrogenated AIN layer, the middle silver layer, the bottom hydrogenated AIN layer,
and the silicon substrate. The plot shows the presence of silver inside the top
hydrogenated AIN layer, corroborating the observations in the SEM image shown in
FIG. 31.

Plasmonic absorption of example metallo-dielectric multilayer stacks is
illustrated in FIG. 33. The metallo-dielectric coatings with varying silver layer
thicknesses are deposited on glass substrates. Optical transmission and reflection is
measured from the coated side of the substrate and used to determine the
absorption. A distinct absorption peak in the violet wavelength range (380 — 450 nm)
is evident. The observed plasmonic absorption is a signature of Localized Surface
Plasmon Resonance, a phenomenon in keeping with the prediction of Effective
Medium Theory given the presence of silver nanoparticles in the dielectric layer. Both
the peak intensity and peak wavelength decrease with decreasing silver layer
thickness, demonstrating the plasmonic absorption wavelength tunability. Additional
tunability may be integrated by varying the dielectric composition (for example,
through varying hydrogenation level), and as per Fig. 19 and Fig. 20 the dielectric
constant of the top hydrogenated metallic nitride layer. In keeping with plasmon
frequency dependence on the dielectric constant, varying the dielectric properties
can shift the resonance wavelength of the plasmonic peak and thus permit variation
in optical properties (for example, designing of different reflection colours).

The specific embodiments described above have been shown by way of
example, and it should be understood that these embodiments may be susceptible to
various modifications and alternative forms. It should be further understood that the
claims are not intended to be limited to the particular forms disclosed, but rather to
cover all modifications, equivalents, and alternatives falling within the spirit and scope

of this disclosure.
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THEREFORE WHAT IS CLAIMED IS:

1. A metallo-dielectric solar control structure comprising:
a transparent substrate;
a multilayer metallo-dielectric coating formed on said transparent substrate,
said multilayer metallo-dielectric coating comprising the following sequence of layers:
a first transparent dielectric layer formed on said transparent
substrate;
a metal layer formed on said first transparent dielectric layer; and
a second transparent dielectric layer formed on said metal layer;
wherein at least one of said first transparent dielectric layer and said second
transparent dielectric layer is a hydrogenated metal nitride dielectric layer; and
wherein said metal layer is sufficiently thin, and wherein each hydrogenated
metal nitride dielectric layer comprises an effective hydrogen concentration, such that
said structure exhibits transparency of at least 70% in at least a portion of the visible

spectrum.

2. The metallo-dielectric solar control structure according to claim 1 wherein at least
one hydrogenated metal nitride dielectric layer is a hydrogenated aluminum nitride

layer.

3. The metallo-dielectric solar control structure according to claim 1 or 2 wherein the
hydrogen concentration of within at least one hydrogenated metal nitride dielectric

layer is between 1 ppm and 1000 ppm by weight.

4. The metallo-dielectric solar control structure according to any one of claims 110 3
wherein the hydrogen concentration within at least one hydrogenated metal nitride
dielectric layer is spatially graded in a direction parallel to a surface normal
associated with said transparent substrate.

5. The metallo-dielectric solar control structure according to any one of claims 1 to 4
wherein a minimum extinction coefficient in the visible spectrum is less than 0.02.

6. The metallo-dielectric solar control structure according to any one of claims 110 5

wherein a refractive index of at least one hydrogenated metal nitride dielectric layer is

between 1.5 and 1.8.
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7. The metallo-dielectric solar control structure according to any one of claims 110 6
wherein a resisitivity of said metal layer is between 2 and 6 microOhm cm.

8. The metallo-dielectric solar control structure according to any one of claims 1to 7
wherein fan average grain size of at least one hydrogenated metal nitride dielectric
layer is less than 30 nm.

9. The metallo-dielectric solar control structure according to any one of claims 1to 8
wherein a full width half maximum of a distribution of grain sizes within at least one
hydrogenated metal nitride dielectric layer, in a growth direction of said at least one
hydrogenated metal nitride dielectric layer, is less than 3 nm.

10. The metallo-dielectric solar control structure according to any one of claims 1 to

8 wherein said metal layer is a silver layer.

11. The metallo-dielectric solar control structure according to any one of claims 1 to
10 wherein a thickness of said metal layer is between 3 nm and 30 nm.

12. The metallo-dielectric solar control structure according to any one of claims 1 to
11 wherein said metal layer is sufficiently thin, and each hydrogenated metal nitride
dielectric layer comprises an effective concentration of hydrogen, such that said
metallo-dielectric solar control structure exhibits transparency of at least 70% in at
least a portion of the visible spectrum, and reflectivity of at least 85% in a least a

portion of the infrared spectrum.

13. The metallo-dielectric solar control structure according to any one of claims 1 to
12 wherein said multilayer metallo-dielectric coating further comprises busbars in
electrical communication with said metal layer and an electrical power source.

14. The metallo-dielectric solar control structure according to claim 1 wherein said
first transparent dielectric layer is a first hydrogenated metal nitride dielectric layer
and said second transparent dielectric layer is a second hydrogenated metal nitride

dielectric layer.
15. The metallo-dielectric solar control structure according to claim 14 wherein said
metal layer and said second hydrogenated metal nitride dielectric layer form a

metallo-dielectric bilayer, and wherein said multilayer metallo-dielectric coating
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further comprises one or more additional metallo-dielectric bilayers.

16. The metallo-dielectric solar control structure according to claim 15 wherein the
hydrogen concentration within at least one hydrogenated metal nitride dielectric layer
of said multilayer metallo-dielectric coating is spatially graded in a direction parallel to
a surface normal associated with said transparent substrate.

17. The metallo-dielectric solar control structure according to any one of claims 1 to
16 wherein a metal-dielectric interface between said metal layer and one or more of
said first transparent dielectric layer and said second transparent dielectric layer is
characterized by nanoscale roughness.

18. The metallo-dielectric solar control structure according to claim 17 wherein said
roughness is configured to generate at least one plasmonic feature is an absorption
spectrum of said structure.

19. The metallo-dielectric solar control structure according to any one of claims 1 to
16 wherein one or more of said first transparent dielectric layer and said second
transparent dielectric layer comprises a distribution of metallic nanoparticles.

20. The metallo-dielectric solar control structure according to claim 19 wherein said
metallic nanoparticles have a size and composition configured to generate at least
one plasmonic feature is an absorption spectrum of said structure.

21. A vehicle windshield comprising a solar control structure according to any one of

claims 1 to 20.

22. The vehicle windshield according to claim 21 wherein said multilayer metallo-
dielectric coating further comprises busbars in electrical communication with said

metal layer and an electrical power source.

23. A vehicle comprising:
a vehicle windshield according to claim 22;
the electrical power source; and
control circuitry configured to deliver an electrical current to said metal

layer over a time duration suitable for deicing said vehicle windshield.
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24. A vehicle comprising:
a vehicle windshield according to claim 22;
the electrical power source; and
control circuitry configured to deliver an electrical current to said metal

layer over a time duration suitable for defogging said vehicle windshield.

25. A method of fabricating a metallo-dielectric coating on a transparent substrate,
the method comprising:

depositing, onto the transparent substrate, a first transparent dielectric layer;

depositing a metal layer onto the first transparent dielectric layer such that the
metal layer forms a continuous film in the absence of isolated islands; and

depositing a second transparent dielectric layer onto the metal layer;

wherein at least one of said first transparent dielectric layer and said second
transparent dielectric layer is a hydrogenated metal nitride dielectric layer formed by
the deposition of a metal nitride layer in the presence of hydrogen;

wherein a thickness of the metal layer, and a hydrogen concentration of each
hydrogenated metal nitride dielectric layer, are selected such that the metallo-
dielectric coating exhibits a transparency of at least 70% in at least a portion of the

visible spectrum.

26. The method according to claim 25 wherein each hydrogenated metal nitride
dielectric layer is formed via a sputtering process in the presence of hydrogen gas.

27. The method according to claim 25 or 26 wherein the hydrogen concentration
during formation of at least one hydrogenated metal nitride dielectric layer is between

1% and 10% by volume.

28. The method according to claim 26 wherein the hydrogen concentration during
formation of at least one hydrogenated metal nitride dielectric layer is between 0.25%

and 20% by volume.
29. The method according to claim 26 wherein the hydrogen concentration during
formation of at least one hydrogenated metal nitride dielectric layer is between 0.25%

and 2.5% by volume.

30. The method according to claim 26 wherein the hydrogen concentration during
formation of at least one hydrogenated metal nitride dielectric layer is between 0.25%
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and 5% by volume.

31. The method according to any one of claims 25 to 30 wherein at least one
hydrogenated metal nitride dielectric layer is formed having a hydrogen concentration
between 1 ppm and 1000 ppm by weight.

32. The method according to any one of claims 25 to 31 wherein a hydrogen
concentration within at least one hydrogenated metal nitride dielectric layer is
spatially graded in a direction parallel to a surface normal associated with the
transparent substrate.

33. The method according to any one of claims 25 to 32 wherein the first transparent
dielectric layer forms a first hydrogenated metal nitride dielectric layer and said
second transparent dielectric layer forms a second hydrogenated metal nitride
dielectric layer.

34. The method according to claim 33 wherein the metal layer and said second
hydrogenated metal nitride dielectric layer form a metallo-dielectric bilayer, the
method further comprising depositing one or more additional metallo-dielectric

bilayers.

35. The method according to claim 34 wherein a hydrogen concentration within at
least one hydrogenated metal nitride dielectric layer is spatially graded in a direction

parallel to a surface normal associated with the transparent substrate.

36. A method of fabricating a metallo-dielectric coating on a transparent substrate,
the method comprising:

depositing, onto the transparent substrate, a first transparent dielectric layer;

depositing a metal layer onto the first transparent dielectric layer such that the
metal layer forms a continuous film in the absence of isolated islands; and

depositing a second transparent dielectric layer onto the metal layer;

wherein at least one of said first transparent dielectric layer and said second
transparent dielectric layer is a metal nitride dielectric layer;

performing post-deposition hydrogenation such that at least one metal nitride
dielectric layers becomes a hydrogenated metal nitride dielectric layer;

wherein a thickness of the metal layer, and a hydrogen concentration of each
hydrogenated metal nitride dielectric layer, are selected such that the metallo-
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dielectric coating exhibits a transparency of at least 70% in at least a portion of the

visible spectrum.

37. The method according to claim 36 wherein each metal nitride dielectric layer is

formed via a sputtering process.

38. The method according to claim 36 or 37 wherein post-deposition hydrogenation
is performed such that at least one hydrogenated metal nitride dielectric layer has a
hydrogen concentration between 1 ppm and 1000 ppm by weight.

39. The method according to any one of claims 36 to 38 wherein a hydrogen
concentration within at least one hydrogenated metal nitride dielectric layer is
spatially graded in a direction parallel to a surface normal associated with the

transparent substrate.

40. The method according to any one of claims 36 to 39 wherein the first transparent
dielectric layer forms a first hydrogenated metal nitride dielectric layer, and said
second transparent dielectric layer forms a second hydrogenated metal nitride
dielectric layer.

41. The method according to claim 40 wherein the metal layer and said second
hydrogenated metal nitride dielectric layer form a metallo-dielectric bilayer, the
method further comprising depositing one or more additional metallo-dielectric

bilayers.

42. The method according to claim 40 wherein a hydrogen concentration within at
least one hydrogenated metal nitride dielectric layer is spatially graded in a direction
parallel to a surface normal associated with the transparent substrate.

43. The method according to any one of claims 36 to 42 wherein post-deposition
hydrogenation is performed at a temperature sufficiently high to permit bending of the
transparent substrate.

44. A metallo-dielectric solar control structure comprising:

a transparent substrate;

a multilayer metallo-dielectric coating formed on said transparent substrate,
said multilayer metallo-dielectric coating comprising the following sequence of layers:
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a first transparent dielectric layer formed on said transparent
substrate;
a metal layer formed on said first transparent dielectric layer; and
a second transparent dielectric layer formed on said metal layer;
wherein at least one of said first transparent dielectric layer and said second
transparent dielectric layer is a hydrogenated metal nitride dielectric layer.

45. The metallo-dielectric solar control structure according to claim 44 wherein a
metal-dielectric interface between said metal layer and one or more of said first
transparent dielectric layer and said second transparent dielectric layer is
characterized by nanoscale roughness.

46. The metallo-dielectric solar control structure according to claim 45 wherein said
roughness is configured to generate at least one plasmonic feature is an absorption
spectrum of said structure.

47. The metallo-dielectric solar control structure according to claim 44 wherein one
or more of said first transparent dielectric layer and said second transparent dielectric
layer comprises a distribution of metallic nanoparticles.

48. The metallo-dielectric solar control structure according to claim 47 wherein said

metallic nanoparticles have a size and composition configured to generate at least
one plasmonic feature is an absorption spectrum of said structure.

39



WO 2018/191817 PCT/CA2018/050461

1/39

4

o

o

3
2

o

1
_:?1
/

~

(=]

L L

1 =T

FIG.1



WO 2018/191817 PCT/CA2018/050461

2/39

FIG. 2



WO 2018/191817 PCT/CA2018/050461

3/39

FIG.3



WO 2018/191817 PCT/CA2018/050461

4/39

FIG. 4



WO 2018/191817 PCT/CA2018/050461

5/39

42

30
20

10

J\
j\

FIG.5



WO 2018/191817 PCT/CA2018/050461

6/39

FIG. 6



PCT/CA2018/050461

WO 2018/191817

7/39

42

FIG. 7



WO 2018/191817 PCT/CA2018/050461

8/39

FIG. 8



WO 2018/191817 PCT/CA2018/050461

9/39

FIG.9



WO 2018/191817 PCT/CA2018/050461

10/39

FIG. 10



PCT/CA2018/050461

WO 2018/191817

11/39

FIG. 11



PCT/CA2018/050461

WO 2018/191817

12/39

FIG. 12



PCT/CA2018/050461

WO 2018/191817

13/39

-

FIG. 13



WO 2018/191817 PCT/CA2018/050461

14/39

FIG. 14



WO 2018/191817 PCT/CA2018/050461

15/39

FIG. 15



PCT/CA2018/050461
16/39

WO 2018/191817

-

. -

- -~

FIG. 16




WO 2018/191817

PCT/CA2018/050461

17/39

FIG. 17A

7’
AA %0
100

)

FIG. 17B



WO 2018/191817 PCT/CA2018/050461
110 90
100
430
POWER SOURCE L—
400
CONTROL CIRCUITRY
405
410 |/ 415
MEMORY —

S~ PROCESSOR

450

<

DEFOGGING/DEICING MODULE

FOG/ICE SENSOR

420

FIG. 17C



WO 2018/191817 PCT/CA2018/050461

19/39

FIG. 18A

7
140 BB 120

130

(9

+

FIG. 18B



WO 2018/191817

Index n

2.0 ~

1.9

1.8 4

1.7 +

1.6 ~

PCT/CA2018/050461

20/39

0~ N -AIN-0%H -55.6 nm
1—— N - H:AIN - 1.25% H - 55.9 nm
2 N-HAIN-247% H-47.4 nm
3— N - H:AIN - 3.66% H - 57.1 nm
4—— N -H:AIN-4.82% H - 57.2 nm
5—— N-H:AIN-6.7% H -48.6 nm
6 N-HAIN-7.7%H-54.1 nm
7— N-HAIN-87%H-49.8 nm
g N-HAIN-97%H-51.1 nm

H
i
i
i

O NOUNT A WN O

D

1.5

T T T T T T T T
500 1000 1500 2000 2500

Wavelength A (nm)

FIG.19



WO 2018/191817

Extinction Coefficient x

0.10

0.08 -

0.06

0.04 -

0.02 -

0.00 4

PCT/CA2018/050461

21/39

T  K-AIN-0%H-556nm
1—— K- H:AIN - 1.25% H - 55.9 nm

!
2 K-HAIN-247% H-47.4 nm
3——K-H:AIN-3.66%H-57.1nm
44— K - H:AIN - 4.82% H - 57.2 nm
5— K-HAIN-6.7% H-48.6 nm
6— K-HAIN-77%H-54.1nm
7 K-HAIN-87%H-49.8 nm
g— K-HAIN-97%H-51.1nm

T 1 ¥ ¥

S S A B LA ™
200 300 400 500 600 700 800 900 1000

Wavelength A (nm)

FIG. 20



WO 2018/191817 PCT/CA2018/050461

22/39

FIG. 21B

FIG. 21A

200mm

SUB230 1.5kV 3.6mm x200k SE(U)

FIG. 21D

8230 1.0kY 4.3mrﬁ %220k SE(U)

FIG. 21C

Frequency

Frequency




PCT/CA2018/050461

WO 2018/191817

23/39

, ¢¢ OId
(0W)0D (0)02
06 08 0L 09 0% )74
%&%@f:‘? .ﬁgs B R L e R
(Loz) i # gxyﬁ?} %(}zf
5: ey
gt}
i)
(200)
(Lot X
i 1
G0N 00 | 12 - 0607 1dS 2Xil fd [Wer exij-21i6 Z-Niv]
1, L4 L 3.4?. o
T %@% i%is%i.‘%z;z )
(o2 s %i}fm}a%zf?%% ﬁi;%??%g%&g? 2&%@{; %ﬁ«&%
@11) V &@: .L
{804 &
fiL)
mmaov
(1ot
00N 00| J2- 080F IdS a¥l gd m%_ Xy mmmw NIV
G z?_ N i %Eﬁ_%%%}i %
smmf,wiéw é zzgj & }fw: e ;m?@éﬁgﬁ %_5‘
x T, etk
@ &c: M \_
(Lot} M
o1} ” M_w
zoo} | m
|
i
_
BPUN WIUILNGY - NIY <O%PE-680-10 (1ot}

00M 00 L |2 - 060k LdS 2xi d | B&@NKW 2

(sdD)Aususyu)



WO 2018/191817 PCT/CA2018/050461

24/39

95

90

Transmittance (%)
[o3] @ ~| ~] co o]
(o] m o w (=) (9]

[4;]
4]

50

45 1 1 1 1
300 400 500 600 700 800

Wavelength (nm)

FIG. 23



WO 2018/191817

T, R (%)

PCT/CA2018/050461

100

80

60

40

20

i 1 H ] ] H 1
ST \ Transmission of polyethylene

[ N terephthalate (PET) film -
o/ \\

: .13‘ \\\
i N .

! Transmission of "\,

| metallo-dielectric -
/ ° “

i coating on PET > o .

& AN Reflection of

i metallo-dielectric
; o coating on PET

| .

! T

{ —

! S .

’ — i
| _
| e e
SV Reflection of PET film

(4 i i I ] i i

400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

FIG. 24



WO 2018/191817

T, R (%)

26/39

PCT/CA2018/050461

2000

100 T T T T ; T T
80 - .
s TN
P N\
/ \ e Reflection of
60 i o \ metallo-dielectric i
: Transmission of \ coating on glass
~ metallo-dielectric
| coating on glass \\
i A
40 | Y, .
N
N,
.
20 - N :
0 /1 I‘M i i L 1
400 600 800 1000 1200 1400 1600 1800

Wavelength (nm)

FIG. 25



WO 2018/191817 PCT/CA2018/050461
100 T T T T T T T T
Transmission of polycarbonate (PC)
80 - L k i
80 - f;’ N\ , Reflection of i T
- : \ LW
£ ; Transmission \_ metallo- : ;
= § of metallo- dielectric f
4| | dielectric coating on PC |
; coating on PC 5
| \ ;
|
20 b g \.v\\\ ; =
i \\ 3"3
\Reflection ofPC - \ N
O e i ] 1 ) H i - i
400 600 800 1000 1200 1400 1600 1800 2000

Wavelength (nm)

FIG. 26



WO 2018/191817 PCT/CA2018/050461

28/39

300 1 T T T 1 T ¥
30Volts, 1.8A —
18Volts, 1.11A
12Voits, 0.72A ——
10Volts, 0.63A -
250 8Volts, 0.49A -
6Volts, 0.38A -~
/ 30 volts
: |
7 200 b i B
3 /
8 /
& /
@ /
D 10r / 18 volts 7]
® /
=
@
ful
o
C‘E’ 100 1 | 12 volts 7]
10 volts
8 volts
6 volts §
O 1 | i H i H i
0 50 100 150 200 250 300 350 400

Time (seconds)

FIG. 27



WO 2018/191817 PCT/CA2018/050461

29/39

FIG. 28A
300
250 -
200 % E
R
@ %
[ ]
=
E 150}
@
j=
[
160}
"E‘\
50 ==
L]
U
0 ‘ ; ‘
0 200 400 600 800 1000 1200 1400
Power density, mW/cm?
FIG. 28B
Current required for 1 m?, 12 @ windshield, A
0.0 12.9 183 22.4 25.8 28.9 31.6 34.2
Voltage required for 1 m®, 12 0 windshield, V ‘
0.0 154.9 219.1 268.3 309.8 346.4 3795 409.9
‘ Total power for 1 m?, 12 @ windshield, kW
0 2 4 6 3 10 12 14
1800 T T
1600 [ — Theoretical fit
-;'! ww ww First series
1400% ; +=s Second series
=
& 1200}
g
2 1000
@
5
g a0 | 1
g ' , t
00 | e
!
400 - ]
200 L -
0 200 400 600 800 1000 1200 1400
Power density, mWjcm?




WO 2018/191817 PCT/CA2018/050461

30/39

2.4

\

I 4
- o4

1.4 1.8 1.8

2
Time
FIG. 29A

0.6 0.8

0.4

.2

055
0.5
03,45

R @
o w| g o

0.5 -
0.7%
0.7
.65

(%58 > Aupuiry) pabBoj eeie plRIEPUIR JO %



WO 2018/191817

vertical extent, m

0.11

0.1

0.09

0.08

0,07

0.06

0.05

0.04

0.03

.02

0.01

31/39

Time=0 Condensation indicator {1 fogged, 0 clear}

PCT/CA2018/050461

F

] i ]

It

Il

-0.02

-0.01

0

0.01 002 003
horizontal extent, m

FIG. 29B

0.04

0.05

Q.06




WO 2018/191817

vertical extent, m

0.1

0.08

g.08

0.07

0.06

.05

.04

0.03

0.02

0.01

Time=2 Condensation indicator (1 fogged, 0 clearn)

PCT/CA2018/050461

32/39

i

0.9

0.8

0.7

0.3

0.1

-0.02

-0.01

0

001 002 003 004 005 006 0
horizontal extent, m ¥ 0.5624

FIG. 29C



WO 2018/191817

vertical extent, m

0,09

.08

0.07

0.08

0.05

0,04

0.03

0.02

0.01

33/39

Time=2.49 Condensation indicater (1 fogged, 0 clear)

PCT/CA2018/050461

i

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

-0.02

-0.01

0

0.01 0.02 0.03
horizontal extent, m

FIG. 29D

0.04

0.05

0.06

3]
¥ 0.0224



WO 2018/191817 PCT/CA2018/050461

34/39

Extreme Cyclic Stability: center

90 30V, 1200 mW/om?, on-time: 10 s, off-time: 15 min
sof 7
I
|
L ]
w70} % / 0, 24, 48,72,
: i § 96,120 h
2
5%
&
=3
2
& 5o,
e After O hrs (0 cycl)
After 24 hrs {95 cycl)
wd After 48 hrs {190 cycl) ’
~ - Aftar 72 hrs (285 cyci - outiier)
After 96 hrs (380 cycl)
After 120 hrs (475 cycl)

3%00 400 500 6{50 700 800
Wavelength, nm

FIG. 30A



WO 2018/191817 PCT/CA2018/050461

35/39

Extreme Cyclic Stability, edge

30V, 1200 mW/icm?®, on-time: 10 s, off-time: 15 min

90

0,24, 48,72,
120h 96,120 h

Transmissian, % - e 1%

—  After 0 hrs {0 cycl)

—  After 24 hrs (95 cych)

— After 48 hrs (190 cycl) E

-~ After 72 hrs (285 cycl - outlier)
After 96 hrs (380 cycl)

vvvvvvv After 120 hrs (475 cyci)

55 00 550 ) 760
Wavelength. nm

FIG. 30B



WO 2018/191817 PCT/CA2018/050461

36/39

extreme Cyclic Stahility, long edge

50 30V, 1200 mW/cm?, on-time: 10 s, off-time: 15 min

0, 24, 48, 72,
96,120 h

70
96 h

Transmission, % - err +2%

- After 0 hrs {0 cycl)

—  After 24 hrs (95 cycl)

vvvvvvvvvvvvvv After 48 hrs {190 cych)

~ - After 72 hrs {285 cycl - outlier)
After 96 hrs (380 cyci)

~~~~~~~~ After 120 hrs {475 cycl)

Bgt 0 400 500 660 700 8OO
Wavelength, nm

FIG. 30C

40

UVvis measurement

. i Substrate with
positions notation:

coating on to
1: Center 0 g P
2: Edge
3: Long Edge

1 2

3

FIG. 30D Busbars



WO 2018/191817 PCT/CA2018/050461

37/39

AIN:H

510

500

SU5000 5.0kV. 5.6mm x100k BSE-COMP

FIG. 31



WO 2018/191817 PCT/CA2018/050461

38/39
CANH> € Ag> €ANH> € si >
—— Ag+ e A2+ === 295i+

104 [ \ —
b
[
o
o caduren
L} ,‘suaﬂ LY L5 ,“
S 10° E

S
*

10

Yo #
b oo,

0 50 100 150 200 250 300

Sputter Time (s)

L TN

FIG. 32



WO 2018/191817 PCT/CA2018/050461

39/39

100 -

80 4 ™ — S$2 (300 nm Ag)
- \\ — = S6 (25 nm Ag)
§ “ * S7 (18 nm Ag)
o 60 -~ )
2 i
5 3
S 407 3
Q 3

" ----- \
20 - e,
0 | T T T | T

200 300 400 500 600 700 800
Wavelength (nm)

FIG. 33



International application No.

PCT/CA2018/050461

INTERNATIONAL SEARCH REPORT

A. CLASSIFICATION OF SUBJECT MATTER
IPC: GO2B 1/10 (2015.01) , B32B 37/02 (2006.01), B32B 7/02 (2006.01), B60.J 3/04 (2006.01),

B82Y 20/00 (2011.01), GO2B 1/12(2006.01)  (more IPCs on the last page)

According to International Patent Classification (IPC) or to both national classification and IPC

B. FIELDS SEARCHED

Minimum documentation searched (classification system followed by classification symbols)
IPC(2015.01): GO2B; IPC(2006.01): B32B, B60I, G02B, HO5B; IPC(2011.01): B82Y

Documentation searched other than minimum documentation to the extent that such documents are included in the fields searched

Electronic database(s) consulted during the international search (name of database(s) and, where practicable, search terms used)

Canadian Patent Database, Questel Orbit, Google Scholar: (Keywords: metallo-dielectric; solar; transparent substrate; multilayer; coating;
transparent dielectric layer; hydrogenated metal nitride)

C. DOCUMENTS CONSIDERED TO BE RELEVANT

Category™ Citation of document, with indication, where appropriate, of the relevant passages Relevant to claim No.

A US 2016/0298384 A1 (YOU et al.) 13 October 2016 (13-10-2016) 1-48
* Whole document *

A WO 2016/183691 A1 (KHERANI et al.) 24 November 2016 (24-11-2016) 1-48
* Whole document *

A US 2002/0192473 A1 (GENTILHOMME et al.) 19 December 2002 1-48
* Whole document *

w Further documents are listed in the continuation of Box C. M See patent family annex.
* |Special categories of cited documents: “T” |later document published after the international filing date or priority

“A” |document defining the general state of the art which is not considered date and not in conflict with the application but cited to understand
to be of particular relevance the principle or theory underlying the invention

“E” |earlier application or patent but published on or after the international “X” |document of particular relevance; the claimed invention cannot be
filing date considered novel or cannot be considered to involve an inventive

“L” |document which may throw doubts on priority claim(s) or which is step when the document is taken alone
cited to establish the publication date of another citation or other “Y” |document of particular relevance; the claimed invention cannot be
special reason (as specified) considered to involve an inventive step when the document is

“0” |document referring to an oral disclosure, use, exhibition or other means combined with one or more other such documents, such combination

being obvious to a person skilled in the art

“P” |document published prior to the international filing date but later than “&” |document member of the same patent family

the priority date claimed

Date of the actual completion of the international search Date of mailing of the international search report

19 July 2018 (19-07-2018) 30 July 2018 (30-07-2018)

Name and mailing address of the ISA/CA Authorized officer

Canadian Intellectual Property Office

Place du Portage I, C114 - 1st Floor, Box PCT Patrick Abou-Antoun (819) 639-1681
50 Victoria Street

Gatineau, Quebec K1A 0C9
Facsimile No.: 819-953-2476

Form PCT/ISA/210 (second sheet ) (January 2015) Page 2 of 4




INTERNATIONAL SEARCH REPORT

International application No.

Information on patent family members PCT /C A2018 /050461

Patent Document Publication Patent Family Publication

Cited in Search Report Date Member(s) Date

US2016298384A1 13 October 2016 (13-10-2016) US2016298384A1 13 October 2016 (13-10-2016)
US9903154B2 27 February 2018 (27-02-2018)
CN105814149A 27 July 2016 (27-07-2016)
EP3081605A1 19 October 2016 (19-10-2016)
EP3081605A4 30 November 2016 (30-11-2016)
TP2017500266A 05 January 2017 (05-01-2017)
KR20150069533A 23 June 2015 (23-06-2015)
KR101788368B1 20 October 2017 (20-10-2017)
WO02015088267A1 18 June 2015 (18-06-2015)

WO02016183691A1 24 November 2016 (24-11-2016) WO02016183691A1 24 November 2016 (24-11-2016)
US2016338494A1 24 November 2016 (24-11-2016)

US2002192473A1 19 December 2002 (19-12-2002) US2002192473A1 19 December 2002 (19-12-2002)
AT399743T 15 July 2008 (15-07-2008)
AU7528400A 24 April 2001 (24-04-2001)
BRO014240A 21 May 2002 (21-05-2002)
BR0014240B1 13 January 2009 (13-01-2009)
CA2384970A1 29 March 2001 (29-03-2001)
CA2384970C 11 December 2012 (11-12-2012)
C720021017A3 17 March 2004 (17-03-2004)
CZ7302432B6 11 May 2011 (11-05-2011)
DE60039362D1 14 August 2008 (14-08-2008)
EP1218307A1 03 July 2002 (03-07-2002)
EP1218307B1 02 July 2008 (02-07-2008)
EP1947485A1 23 July 2008 (23-07-2008)
ES2308994T13 16 December 2008 (16-12-2008)
FR2799005A1 30 March 2001 (30-03-2001)
FR2799005B1 17 January 2003 (17-01-2003)
TP2003509327A 11 March 2003 (11-03-2003)
TP5043266B2 10 October 2012 (10-10-2012)
MXPA02002833A 30 August 2002 (30-08-2002)
PL354237A1 29 December 2003 (29-12-2003)
PL193781B1 30 March 2007 (30-03-2007)
PT1218307E 06 October 2008 (06-10-2008)
WO0121540A1 29 March 2001 (29-03-2001)

Form PCT/ISA/210 (patent family annex ) (January 2015)

Page 3 of 4




INTERNATIONAL SEARCH REPORT

International application No.

PCT/CA2018/050461

G02B 5/20 (2006.01), HO5B 3/84 (2006.01)

Form PCT/ISA/210 (extra sheet) (January 2015)

Page 4 of 4




	Page 1 - front-page
	Page 2 - front-page
	Page 3 - description
	Page 4 - description
	Page 5 - description
	Page 6 - description
	Page 7 - description
	Page 8 - description
	Page 9 - description
	Page 10 - description
	Page 11 - description
	Page 12 - description
	Page 13 - description
	Page 14 - description
	Page 15 - description
	Page 16 - description
	Page 17 - description
	Page 18 - description
	Page 19 - description
	Page 20 - description
	Page 21 - description
	Page 22 - description
	Page 23 - description
	Page 24 - description
	Page 25 - description
	Page 26 - description
	Page 27 - description
	Page 28 - description
	Page 29 - description
	Page 30 - description
	Page 31 - description
	Page 32 - description
	Page 33 - description
	Page 34 - description
	Page 35 - claims
	Page 36 - claims
	Page 37 - claims
	Page 38 - claims
	Page 39 - claims
	Page 40 - claims
	Page 41 - claims
	Page 42 - drawings
	Page 43 - drawings
	Page 44 - drawings
	Page 45 - drawings
	Page 46 - drawings
	Page 47 - drawings
	Page 48 - drawings
	Page 49 - drawings
	Page 50 - drawings
	Page 51 - drawings
	Page 52 - drawings
	Page 53 - drawings
	Page 54 - drawings
	Page 55 - drawings
	Page 56 - drawings
	Page 57 - drawings
	Page 58 - drawings
	Page 59 - drawings
	Page 60 - drawings
	Page 61 - drawings
	Page 62 - drawings
	Page 63 - drawings
	Page 64 - drawings
	Page 65 - drawings
	Page 66 - drawings
	Page 67 - drawings
	Page 68 - drawings
	Page 69 - drawings
	Page 70 - drawings
	Page 71 - drawings
	Page 72 - drawings
	Page 73 - drawings
	Page 74 - drawings
	Page 75 - drawings
	Page 76 - drawings
	Page 77 - drawings
	Page 78 - drawings
	Page 79 - drawings
	Page 80 - drawings
	Page 81 - wo-search-report
	Page 82 - wo-search-report
	Page 83 - wo-search-report

