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is arranged to reflect incident light within an infrared (IR) wavelength band and within an ultraviolet (UV) wavelength band while

O being at least partially transmissive for light having a wavelength within the visible wavelength band.
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A SPECTRALLY SELECTIVE PANEL

Field of the Invention

The present invention relates to a spectrally selective
5 panel and relates specifically, though not exclusively, to
a pahel that is transparent for visible light and diverts

infrared light.

Background of the Invention

10 Overheating of interior spaces,'such as spaces that
receive sunlight through large windows, is a problem that
may be overcome usingbair’conditionefs. A large amount of
enefgy is globally used to cool interior spaces. The
majority of electrical enerdy is generated using non

15 . sustainable sources, which is of increasing environmental

concern.

Us patént number US 6285495 (owned by the present
applicant) disc;oses a material that may be used as a

20 windowpane and that is largely transmissive for visible
light, but diverts a.portion of incident light to side
portions of the panel wheré it is absorbed by photovoltaic
cells to.generate electricity. This material is of dual
benefit: As the transmission of IR radiation is reduced,

25 heating of interior spaces can be reduced and at‘the same

time elethical energy can be generated.

Summary of the Invention

The present invention provides in a first aspect a

30 spectrally selective panel comprisihg:
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a first panel portion that is at least partially
transmissive for light havihg aIWavelength in the visible
wavelength range; and .

a first reflective component that is arranggd to
reflect incident light within an iﬁfréred (IR) wavelength
band and_withinian ultraviélet (UV) wavelength band while
being at least partially transmissive for light having a
wavelength within the visible wavelength band, the first
reflective component. being arranged to reflect more than
90% of the incident radiation at a wavelengths range»from

appréximately 300nm to approximately 420nm. .

The first reflective component typically is arranged to

reflect more than 92%, more than 94%, more than 96% or
more than 98% of the incident radiation at a wavelength

range from approximately 300nm to approximétély 420nm,

The present invention provides in a second aspeét a
spectrally selective panel comprising: |

a- first panel portion that is at least partially
tranémissive for light having a wavelength in the visible
wavelength range; and

a first reflective component that is arranged to
reflect incident light within an infrared (IR) wavelength
band and within‘an ultraviolet (UV) wavelength band whiie_
being largely transmissive for at least the majority of
light having a wavelength within the visible wavelength
band, the first reflective compohent being arranged such
that within‘a wavelengths range from approximately 380nm
to‘apprbximatély 420nm the transmittance increases from

less than 10% to more than 60%.
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The first reflective component typically is arranged such
that within a wavelengths range from approximately 380nm

to approximately 420nm the transmittance increases from

~less than 5% to more than 80%.

The present invention proQides-in a third aspect a
spectrally selective panel comprising:

a first panel portion that is at least partially
transmissive for light having a'wavelength in the visible
wavelength range; and ‘

a first reflective component that is arranged to

reflect incident light within an infrared (IR) wavelength

" band and within an ultraviolet (UV) wavelength band while

- being arranged such that more than 40%, 50%, 60%, 70%, 80%

or 90% of incident light is transmitted within a
waveleﬁgths range of approximately 400nm to approximately
680 - 750 nm. |

The present invention provides in a fourth aspect a
spectrally selective panel comprising:

a first panel portion that is at ieast partially

‘transmissive for 1ight having a wavelength in the visible

. wavelength range; and .

‘a first reflective component that is arranged to
reflect incident light within an infrared (IR) wavelength
band and within an ultraviolet (UV) wavelength band while
being largely transmissive for at least the majority of’
light having a wavelength within the visiblevwavelength
band, the first.refleétive component being arranged such
that within a wavelengths range from approximately 600nm
to approximately-SOOnm the transmittance decreéses from at

least 60% to less than 10%.
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The first reflective component of the fourth aspect

typically is arranged'such that within a wavelengths range

of from approximately 600nm to approximately 800nm the

transmittance decreases from at leaét 80% to less. than 5%.

The spectrally selective panel according to the fourth
aspect typically is also arranged such that within a
waveiengths range from approximately 380nm to
approximately 420nm the transmittance increases from less
than 5% - 10% to more than 60 - 80%. |

The spectrally selective panel according to the fourth

aspect may also be arranged to ieflect‘more than 90%, more
than 92%, more than 94%, more than 96% or moré than_98% of
the incident radiation aE a wavelength a wavelengths range

of approximately 300 tO'approximately 410 nm.

"The present invention provides in a fifth aspeét a

spectrally selective panel comprising:

a first panel portion that is at least partially
transmissive fof light having a wavelength in the visible
wavelength rarge; and

a first reflective component that is arranged to
reflect incident light within an infrared (IR) wavelength .
band and within an ultraviolet (UV) wavelength band while
being largely transmissive for at least the majority of
light having a wavelength within the visible wavelength
band, ‘ v
the'firSt reflective component being arranged to reflect

more than 90% of solar energy of the incident radiation at
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a wavelengths range of approximately 700nm to

approximately 1700nm.

The first reflective component typically is arranged to
reflect more than 92%, more than 94%, more than 96% or
more than 98% of solar energy of the incident radiation at
a wavelengths range of approximately 700nm to

approximately 1700nm.

The present invention provides in a sixth aspect a
spectrally selective panel comprising:

a first panel portion that is at least partially
transmissive for light having a wavelength in the visible
wavelength range; and |

a first refléctive component that is arranged to
reflect incident light within an infrared (IR) wavelength
band and within an ultraviolet (UV) wavelength band while
being largely transmissive for at least the majority of
light having a wavelength within the visible wavelength
band,_the first reflective component comprising

exclusively dielectric materials.

The following description relates to the first, second,

third, fourth fifth and sixth aspects of the present

invention.

The spectrally selective panel typically is arranged such
that at least a portion of an energy associated with IR
light incident from a transversal direction of the
spectrally selective panel is reflected by the first

reflective component and subsequently directed along the

panel towards a side portion of the panel.
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The spectrally selective panel may be used for various -

purposes. For example, the spectrally selective panel may,

be provided in the form of, or may comprise, a windowpane

of a building, car, boat or any other object that
comprises windows or blinds. Further, the spectrally

selective panel may form a covering of an'object.

The first reflective component typically is_a film such as
an optical interference coating that may be attached to,
or deposited onto, the first pahel portion) which for
example may be provided in the ferm of a glass panel-
portion or may.be formed from a polymeric material that

may be flexible.

The spectrally selective panel typically also comprises a

luminescent material arranged to absorb at least'a'portion

of incident‘and/or reflected light having a wavelength in

the IR wavelength band and emit light by luminescence.

The spectrally selective panel may be arranged such that
IR light incident from a transversal direction within a
plurality of spatial angles (adding up to 2*Pi steradians)
within a light incidence semi-space is reflected by the

first reflective component.

In one specific embodiment of the present invention the

first reflective component is provided in the form of a

reflective layer that typically comprises a layered
structure. The layered structure typically is an optical
interference structure such as a triple-stack edge filter

comprising at least two, typically three stacks of
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respective material layers that may for example comprise

Al,03, SiO; or Taz0s. In one embodiment the layered

structure functions as short-wavelength pass'filter and
also a heat mirror. The layer typically has anti-
reflective properties for at least the majority or even

the entire wavelength range of the visible light.

The first panel portion may comprise two or more component

panel portions, such as glass panel portions, that may be

'coupled'together in a face-to-face relationship. The

component panelnportions may be coupled together uSing a

suitable adhesive.

-In one specific embodiment the spectrally selective panel

comprises a second reflective component that is arranged
to reflect at least a portion of radiation having a
wavelength in an IR wavelength range, such as in a
wavelength range of thermai IR radiation. The second
reflective component may be arranged to reflect at leastba
portion, typically the majority, of radiation having a
wavelength in the range of 1500nm to 5000nm, 1500nm to
10000nm, 1500 to 20000nm. The second reflective component .
typically is arranged such that transmission of radiation
having a wavelength in the range of 750 nm to 1300nm, 750
to 1400nm, or 750nm to 1500nm is 50%, 70%, 80% or even 90%

greater than transmission of radiation having a wavelength

of the order of 1500nm to 2000nm, 1600nm to 5000 nm or
1700nm to 5000 nm. In one specific embodiment the secbnd'
reflecti?e component is arranged such that transmission ofi
at least the majority of radiation having a wavelength

within the range of 1600nm to 10000nm, 1700nm to 10000nm

or 1800nm to 10000nm has an ihtensity that is reduced
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20%, 15%, 10%, 5%, 3%, 2% or even 1% of the incident

radiation.

The second reflective component typically is provided in

the form of a film such as an optical interference coating

. that may be attached to, or deposited onto, the first

panel portion.

The second reflective component typically is arranged such

that at least a portion, typically the majority, of energy

_associated with thermal IR radiation, such as thermal IR

:adiationfthat is incident form an interior space adjacent

the spectrally selective component, is reflected and at

least a portion, typically the majority, of incident solar

light within an IR wavelength band is allowed to transmit
through the second reflective component. As described
above, the first reflective component typically is\
arranged to reflect‘incident solar light within an IR
wavelength band and within an UV wavelength bandehile
being at least partially transmissive for light having a
wavelength within the visible 'wavelength band. The
spectrally selective component typically is in use
pbsitioned such that incident solar lightlis firsﬁ passing
through the second reflective component before passing

through the first reflective component. Further, the

- spectrally selective component typically is in use

positioned such that thermal IR radiation, such as thermal
IR radiation form an interior space adjacent the
spectially selective component, is first passing through
the first reflective component before passing through the
second reflective compdnent. The combination of the first

reflective component with the second reflective component
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in accordance with a specific embodiment of the present
invention combines the thermal insulating properties
offered by the second reflective component with solar

selective properties of the first reflective component.

The first and second reflective components typically are
attached to, or dep051ted on, opposite sides of the first
panel portion. Alternatlvely, the first panel portion may
comprise two or moOore component panel portlons and the
10 .second reflective component may Be attached to another
- component panel portion than the first reflective:
‘component. For example, the spectrally selective panel may
be arranged such that the first reflective component faces
an interior space (such as an interior space of a
15 building) and the second reflective component is located
at a position that is spaced apart from the ‘interior space

‘and the first reflective component

The spectrally selective panel typically also comprises a

20 vscattering material that is artanged to increase
scattering of incident light, such as a scattering
material that predominantly scatters light having a
wavelength in the IR Wavelength range. For‘ekampie, the
scattering material may comprise micro- or nano-sized

25 particles and may be provided in the form of a film.
Alternatively, the scattering material'may be dispersed
within'thevfirst panel portion, or within the adhesive
that couples two panel portions. Scattering of light may
be achieved in a substantially'losslesé_(non-absorbing)

30 manner within the IR and/or visible wavelength range if

for example scattering materials are used that have
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relatively wide energy band-gaps, such as particles of

rare earth oxides (Yb203 or Nd,O03 for example).

In one specific embodiment the first panel portion
comprises component panel portions and the scattering
material is sandwiched betwéen»édjacénp ones of the
¢omponent panel portions that are positioned in a face-to-
face relationship. In this embodiment the scattering
material may also comprise the luminescent material and
may function as an adhesive that couples the component

panel portions together in a face-to-face relationship.

The spectrally selective panel may also compriSe a gap
between compoﬁent panel portions, which may be spaced
apart using suitable spacers. The gap typically is filled'
with a fluid such as air or another suitable gaseous
material or a suitable liquid. For example, surfaces of
the component panel portions defining the gap may be
coated with the scattering mate;ial and/or the luminescent
material. The surfaces of the component panel portions.may

also comprise optical diffractive elements.

In one specific example the scattering materiél is )
arrangéd for preferential scattering,of IR light while at
least the majority of incident visible.light largely
transmits through the scattering material. The scattering
material may comprise a'layered structure having a
plurality of layers and one or more of the layers may have
an amorphous structure. The scattering material may
further comprise composite materials in which nano- or
micro-crystals are surrounded by an amorphous-material =

matrix.
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Further, the scattering material may comprise optical
elements such as diffractive elements or phase masks
(optical phase gratings) that result in séattering and/or

directional deflection of incident and/or reflected light.

The spectrally selective panel typically is arranged such

that the first reflective component, which typically is a

refiective layer, is positioned at a bottom portion of the
spectrally selective panel and the first reflective

component reflects a portion of IR light that is.

transmitted through the first panel portion.

Further, the spectrally selective panel may comprise a top

layer on which light is incident prior to transmission

through the first panel portion of the spectrally

selective panel. The top layer typically is a multi-

layered structure that is largely transmissive or even
anti-reflective for visible light and arranged for
reflecting a portion of IR light, such as IR light that is
emitted by the luminescent material. The top layer may for
example comprise oxide materials such as Al§O3, Si0,; and
Taz0s.

In one specific embodiment the spectrally selective panel
comprises at least one photovoltaicbcell that is
positioned at or near a side porﬁioﬁ of the spectrally
selective panel for réceiving a portion of the IR and
other light that is directed towards that side portion by
the spectrally selective panel. For example, the at least
one photovoltaic cell may be a Ge- or GaAs-based, or a

CIGS (Copper Indium Gallium Diselenide), or CIS (Copper
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Indium Diselenide)‘photovoltaic cell that has a relatively
small bandgap suitable for absorption of light in the IR
wavelength fange. Further, the at least one photovoltaié
cell may comprise a stack of photbvoltaic cells having

multiple bandgaps.

The present invention provides in an eighth aspect a

method of designing a spectraily selective panel, the
method comprising the steps of: o
calculating properties of stacks of layers such that
a layered structure having the stack of the layers is
arranged to reflect incident light within an inﬁrared (IR)
wavelength band and within an ultraviolet (UV) wavelength

band while being largely transmissive for at least the

majority of light having a wavelength within the visible

wavelength band, and
forming the layered structure at or on a panel
portion that is at least partially transmissivé for light

having a waveleﬂgth in the visible wavelength range.’

. The method typically is conducted such that the spectrally

selective component is formed in accordance with any one

of the first to seventh aspect of the present invention.

The invention will be more fully understood from- the
following description of specific embodiments of the
invention. The description is provided with reference to

the accompanying drawings.

' Brief Description of the Drawings
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Figure 1l is a representation of a spectrally selective
panel in accordance with a specific embodiment of the
present invention; 4
Figure 2 ié a representation of a spectfally selective
5 panél in accordance with a fnrther specific embodiment of

a present invention;

Figures 3 and 4 show results of measurements that were
taken using components in accordance with specific ‘

10 embodiments of the present invention;

Figures 5 shows a calculated spectral power density that
relates to a spectrally seléctive panel in accordancé with
a specific embodimént of the present invention; and

15 | |
Figure 6 shows a calculated ttransmission spectrum of a
spectrally:selective panel in accordance with a Specific-'

‘embodiment of the present invention;

20 Figure 7 is a representation of a spectrally selective
panel in accordance with a another specific embodiment of

a present invention; and

Figure 8 shows a calculated transmission spectrum of a
25 spectrally selective panel in accordance with a specific

embodiment of the present invention.
]

Detailed Description of Specific Embodiments

30 Referring initially to Figure 1, a spectrally selective
panel 100 is now described. The spectrally selective

panel 100 may for example be provided in the form of a
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wiﬁdowpane of a building, car, ship or any other suitable
object. The spectrally selective panel reduces
transmission of light having a wavelength in an IR
wavelength band while being largely transmissive for
visible light. In one embodiment. the spectrally selective
panel 100 is arranged to divert IR light and use the

diverted IR light for generation of electrical energy.

The spectrally selective panel 100 comprises in this
embodiment glass.panels 102" and 104. The glass panels 102
and 104 are spaced apart by.transparent glass spacer 106. '
Interior surfaces of the glass panels 102 and 104 are |
coated with coatings 108. Exterior surfaces of the panele
102.and 104 are coated with multilayer coatings 112 and
110, respectively. Solar cells 114 are positioned at side

portions of the spectrally selective panel 100.‘

FUrther,-the multilayer coating 110 is anti-reflective for
visible light and reflective for incident UV light.
Consequently, a portion of IR and UV light that is
incident from a top portion of the spectrally selective
panel 100 is transmitted . through the glass-pahels 102 and
104 and then reflected by the multilayer coating 110. The
glass paﬁels 102 and 104 are afranged such that, dependent
on the angle of reflection, a portion of the reflected
light isvguided along the glass panels 102 and 104ttowards
solar cells 114, where the IR light can be absorbed for

generating electrical energy.

Coatings 108 comprise in this embodiment nano- or micro-
sized particles of rare earth oxides having a relatively

wide energy bandgap such that scattering of suitable light
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is effectively lossless (non—absorbing). Consequently,
the layefs 108 funétion as scatters. Furﬁﬁer, the layers
108 may comprise an epoxy that couples the glass panels
102 and 104 to the spacers 106:

The layers 108 also comprise luminescent matérials and the
above mentioned rare earth oxides are doped to have that
function. For example, if light is incident from a
transversal direction of the spectrally éelective panel
and then absorbed by the luminescent material, the
subsequently emitted luminescent radiation is emitted in
random directions. This results in rédiation that is less
transversely oriented and thus a significant portion of
the emitted luminescent radiation will be emitted in such
directions that the glass panels 102 and'ld4 will guide
the luminescent radiation towards the solar cells 114 for

generation of electrical energy.

The glass panels 102 and 104 may also be doped with

luminescent materials that absorb a portion of the

incoming IR and UV light and emit luminescent radiation in

random directions.

Further, the layers 108 are arranged such that IR light is
predominantly scattered, which will be discussed in detail
further below. A portion of IR light that is reflected by
the layer 110 in a transversal direction is scattered by
the layers 108 such thatvcorresponding light intensity is.
directed by multiple scattering and/or internal feflection
towards the solarbgells 114. Consequently, the scattering

properties of the layers 108 facilitate reduction of
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throughput of IR radiation and improve the efficiency of

energy generation.

The (optional) top coating 1121has anti-reflective
properties in the UV and visible wavelehgth range and
functions as én IR reflector. In another embodiment, the
top coéting 112 is arranged to be highly-reflective for

the UV fadiationnwhilst being antireflective for the

" visible light and optionally also highly-reflective within

an IR wavelength (sub)-band within which the luminophore

materials emit light. The antireflection property in the

UV band is in this example used to protect the

luminophores from being adversely affected by the incident
UV radiation. This coating is a multi-layered structure
that is designed to reflect IR light predominantly within

the wavelength iange at which the luminescent material

"emits light. Consequently, the coating 112 largely

prevents that generated luminescent radiation escapes
without being directed to the photovoltaic cells 114.

In this ehbodiment the gap between the glass panels 102
and 104 is filled with air. Similar to a double-glazing
window structure, the gap provides thermal insulation,
improved overall-structural stability, noise insulation
and additional ﬁigh—index—cdntrast interfacés'which lead
to idmproving the lighﬁ'trapping probability on multiple
reflections within the glass panels due to total internal

reflections.

It is to be appreciated that in alternative embodiments

that gap may be filled with any other suitable dielectric
material. It will also be appreciated that in variations

of the described embodiment the spectrally selective panel
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100 may comprise any number of glass panels that may or
may not define gaps between adjacent glass panels.
Further, the glass panels may be replaced by panels of a
suitable other material, such as a polymeric material
including for example polyvinyl butyrai (PVB) or polyvinyl
chloride (PVC) and may also be provided in the form of a

laminate such as a safety glass.

The luminescence material, in this example included
provided in the layer 108, is located at top and bottom
faces of the glass panels 102 and 104, respectively.
Alternatively, the ldminescent material may be positioned
at only one of the glass panels 102 and 104 may be doped

with, or may comprise, the luminescent material.

In addition, it is to be appreciated that in an
alternative embodiment the spectrally'selectivé panel 100
may not necessarily comprise photovoltaic cells 114, but
may for example comprise vents, heat-sinks or the like
that are arranged for removal of thermal energy that is

directed in the form of IR radiation to side portions of

‘_the spéctrally selective panel 100. Some of the side

portions may also be coated by highly-reflective materials
including Al or Ag or any suitable dielectric coatings
which will re-direct the light away from such side

surfaces towards other side-surfaces of the panel.

Referring now to Figure 2, a spectrally selective panel
200 in accordance with a further embodiment of the present
invention is now deséribed. The spectrally selective
panel 200 comprises glass panels 202 and 204. 1In this

embodiment, the glass panels are spaced apart by a layer
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206 comprising an optical epoxy in which a luminescent
scattering powder and pigments are dispersed. The
luminescent scattering powder comprises a single material
that is a chposition and that provides luminescence and
also the scattering functions. Alternatively, the
luminescent scattering power may be a mixture of component
materials and each componeht material may have a
respective function. Consequently, the layer 206 combines
the functions of coupling the glass panels 202 and 204 to
each other, providing a luminescent material and acting as
scattering layers. The spectrally selective panel 200

also comprises a bottom coating 208 that is reflective for

IR radiation and has anti-reflective properties in the

visible wavelengths range. The bottom coating 208 has

properties that are analogous to those of the above-

vdesc?ibed coating 110. Further, the spectrally selective

‘panel 200 also comprises a top coating that is in this

example anti-reflective for visible and UV light, has a
medium or moderate reflectivitylfOr a first part of the
near infra- red radiation and a high reflectivity for a
second part of the near infra-red radiation-waQelength.
band at which the 1uminescent material of the layer 206
emits luminescence light. Similar to the»spectrally :
selective panel 100 shown in Figure 1, the spectrally
selective panel 200 may also comprise photovpltaic cells
(not shown) positioned at side portions of the spectrally

selective panel 200.

Further, the spectrally selective panel 100 or 200
comprises a diffractiVe optical element (not shown) that
is arranged for spectrally-selective deflection of. -

incident and reflected IR light. The diffractive optical
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element is operated as either reflection-mode or 
transmission-mode blazed diffraction gratings and is
designed such that the majority of the incident solar IR
light is deflected into a single preferential order of

5 diffraction. Further, the diffractive optical element is
arranged to allow transmission of visible light. The
diffractive element is attached on a top face of the
panel, but may in variations of the described embodiment
also be located (or formed on) otherlfaces of the panel-

‘ 10.'100'or 200 for example at surfaces that define a gap
between two component panels. The spectral properties of
the diffraction element can be designed by those skilled
in the art by adjusting the following parameters: ‘
substrate’s refractive index, grating profile shape,‘blaze

15 angle, duty cycle, gfating period, number of phase levels
and etching depth(s).

The IR reflective layers 110 and 208 of the spectrally
selective panels 100 and 200, respectively, will now be

20 described in further detail.

The layers 110 and 208 are provided a in the form of
multilayer optical interference‘coating filters that have
ultrafbroadband heat-mirror properties and uselé triple-
25 stack edge-filter coating design type. The layérs 110 and
208 are also reflective in the UV range. The layers 110
and 208 are formed from A1203; Si0; and Ta0s using RF
sputteriné techniques. The total thickness of such a
céating is in this embodiment between 4-8 um and the order
30 of optical materials within a sequence of layers may vary,
‘dependiﬁg on a chosen désign, Annealing experiments (3 hrs.

at .600°C with temperaturé ramp-rates of 5°C/min)
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demonstrated exceilent-mechanical, stress-exposure
related, thermal exposure-related and adhesipn stability
of our coatings. The layeré 110 and 208 are scratch- and
crack—resistant; heat~resistant, non—hygioscopic and
stable with respect to the action of common chemical

solvent types.

‘The performance characteristics of the coatings of the

type 110 and 208 on glass were tested and modelled.
Results indicated that the fraction of total integrated
solar-IR light power contained within the wavelength range
of 700-1700nm and that transmits optically through the
substrate-coating system is only approximatély 4%. Since
the coatings 110 and 208 have ultra-wideband properties,
IR power reflectivity is efficient for a wide range of
incident angles. ' ’ '

In one embodiment of the present invention the coatings of
the typé of 110 and 208 are provided on transparent film
or flexiblevtransparent substrates (not shown) that alsd
have an adhesive coating. In this embodiment the films
provide effectively (portable) IR mirrors that can be
applied to objects. A person skilled will appreciate'that
various types of foils and adhesive materials may be used

for this purpose.

The coating 110 will now be described in further detail.
The coating 110 is a multilayer coating and is arranged to
reflect inéident IR light within a wide IR wavelength
band. The coatingrllo has in this embodiment also a
relatively high reflectivity (>90% or even > 98%) of solar
light across a wide (controlled-width) UV band of solar
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radiation within the general limits between 300-410 nm.
Further, .the coating 110 has a rather steep spectral
transmission responsevslope near approximétely 400nm, such
that the lightitransmission raises from near-zero (sub 5%)
level for the wavelengths just below 400-415 nm, to a
significant optical transmission level exceeding 60-80%
already within the adjacent violet light region near 400-

420 nm. The steepness of this slope is defined as

percentage of transmittance (T) change per nanometre

bandwidth. The coating 110 has a UV-to-visible

transmission-slope tangent of 8-10 %T/nm, with the UV-to-

visible transmission slopes positioned in the Vicinity.of

400nm.

The coating 110 also has a Spectrélly—flat transmissive
properties in the visible spectral region contained within
380 - 750 nm. The “stability” of the visible transmission
response regidn can be described by the ratio between the
80%T-level bandwidth (in nm) of the transmitted radiation
band to the full width at half maximum bandwidth of the

same transmission band. The coating 110 typically has a

response stability in excess of 0.9.

The coating 110 is also arranged to have a steep épectral
transmission response slope near approximately 700 +/-
100nm, such that the transmittance decreases from the
level within the visible band (typically over 60-80%)
level for the wavelengths above 400+/- 20 nm, but below
700 +/- 100nm to a rather small optical transmission level
not exceeding 5-10 % already within the adjacent red or
near-IR light region near the vicinity 6f 700 nm where the

significant transmission change is engineered to occur.
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This loss of tranSmiSsion that within the wavelength range
just above theivisiblejband in wavelength, is engineered.
to_occﬁr due to the increased reflectivity of light by the
coating-glass substrate system, rather than being due to

any increase in the optical absorbance within that

" wavelength region.

‘The steepness of this spectra;'tfansmission-reduction

slope can be characterised by the percentage of

transmittance change per nanometre bandwidth. The coating

110 is arranged such that the visible light band to the

near-infrared solar light slope tangents is about -2.5 -
(-3) %T/nm with the visible-to-IR transmission response
slopes typically positioned spectrally in the vicinity of
either 700 nm (+/- 20 nm) or 750 nm (+/- 20 nm).

The coéting 110 also has a spectrally-broad (in excess of
200-300 nm) high-reflectivity region within the solar IR

spectral region of solar radiation immediately following

(on the high-wavelength side of spectrum) the previously-

' desCribed visible-to-IR transmission response slope.

For quantifyiné the.performancevof the coating 110 it is
assumed that a fraction of incident solar IR energy within
the standard AM 1.5 solar spectrum between e.g. 700-1700
nm which is transmitted at normal incidence thfough.a

glass coated with the coating 110. A calculation‘of the

-performance of the coating 110 indicates that only 18.69

Watts/m? are transmitted, out of the total 467.85 Watts/m?
incident, which is only 3.99% of the total solar IR heat
energy. between 700-1700 nm transmitted throughvglass.

_Figure 5 illustrates the: calculated spectral power -

density. The energy integration is done numerically using
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measured spectral data points relevant to AM 1.5, the
coating reSponse, and the Simpson’s formula. 96% of the
sclar IR energy contained between 700-1700 nm is thus
reflected off this coating in the example provided.
Importantly, these figures assume normal incidence of
solar light onto glass and the window intercepting.all
solar energy flux at a 90 degree flux angle. In reality,
even less IR energy will be transmitted in real
applications, due to intercepting less energy flux by
vertical glass panels, as well as due to the typically
larger reflectivity at larger incidence angles. Due to the
broad spectral band of reflection, the IR light arriving
at large angles of incidence is also reflected

efficiently.

The folloWing will summarise the design of the coating
110. The coating 110 is a multiple stack edge mirror that
comprises layers of dielectric materials. Each of say 3
stacks of the layers comprises typically more than 10
layers. Layer properties may be calculated as follows
using a suitable software routine and a high-performance
Needle Optimization or Random Optimization, or Genetic

algorithms:
S {a}(L/2HL/2)" {b}(L/2HL/2)" {c} (L/2>HL/2)p {d} (LMHML) ¢

with S identifying the location of the substrate with

respect c¢f film sequence and L, H and M denoting the

- quarter-wave optical thickness layers of the corresponding

materials. The design wavelength in each set of brackets
is varied according to the preceding multiplication factor

in the “{ }” brackets, with respect to a base design
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Wavelength. For example for a design wavelength of 500nm,
the opﬁical layer thicknesses in the sub-stack
{2.0) (HLM)10 is calculated as being 1000 nm for all
layers within that sub-stack within the” ()” brackets.

»5> Consequently, the physical thickness of each the layer "RH"
is 1000nm/ (4*n (H)) . |

The aim of the optimization algorithm is to minimise sub-
stack repetition indices m, n, p, and q as well as

10 minimise the total thickness and layer number required to
achieve the desired spectral response shape'for any given
application. Another goal is to optimize the'local (sub-
'stack’s) individual design-wavelength multiplication
factors a, b, ¢, and d. If desired, in any addiﬁional

15 layers may be inserted into the sequence of layers, in
between sub—stacks or any index-matching layers'in order
to further adjust a resultant performance and spectrum the

coating 110.

20 An example of one embodiment of this design approach is:

provided in the following:

S{2.11} (L/2HL/2)'2{1.64} (L/2KL/2)®{2.85} (L/2HL/2)®(1.4} (LMHM
Iyt . .
25
"A (base) design’wavelength of 500nm was used for the
optimisation and the materials used were Ta;0s, Al;03 and .
sioz.‘ 61 layers in the deposition sequence (thickness % of
the wavelength of the light),‘total thickness of coating .
30 shown in this example is 9.4um. Eigure 6 showé a

calculated transmission spectrum relating to this example.
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Both the low-wavelength and the high-wavelength
transmission slopes can be shifted spectrally and thus the
slopé locations can be controlled, through adjusting the
design sequence and individual layer thicknesses. The

5 high-transmission band is shifted towards the green-red
region in this example, as well és a rather narrow short-

wave~rejection band results from this example design.

As indicated above, the top coatings 112 and 210 are
provided in the form of spectrally selective emission

10 mirrors. The coatings 110 and 208 comprise multiple layers
(20 - 25) Ovalzd3, SiO{ and Ta0s and are prepared.using RF
sputtering techniqués. In this embodiment the layers 112
and 210 are designed such that especially luminescent
radiatibn that is generated within the spectrally

15 selective paneis 100 and 200 is prevented from
transmission through_thé coatings 102 and 210 by
reflection. The thickness of such coatings varies with

design requirements and is in the range of several pm.

20 A distinctive feature of the spectrallyvselective panels
100 and 200 relates to the IR-specific design of‘the
coatings 102, 108, 110, 210, 208 and material 206 in
cémbination with (at least partially) visibly-transparent
luminophoﬁes with IR-excitable photoluminescence of

25 material 206 and coatings 108.

In the embbdiments shown in Fiéure 1 and 2 the spectrally
selective panels 100 and 200 comprise scattering layers
108 and 206, respectively. It will be appreciated that in
30 variations of the described embodiments the spectraliy
selective panels 100 and 200 may not cdmprise such

scattering layers.
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As mentioned above, the spectrally selective panels 100
and 200 may also comprise scattering layers. These layers
were formed using RF sputtering and may comprise rare
earth oxides. The scattering layers may be included, or
provided instead of, the above-described layers 108 and
206. These rare earth oxide layers are prepared such that
they have preferential scattering/diffusing properties in
the IR wavelength.range and have an amorphous surface

covering (formed by an oven annealing process), which is

- responsible for the preferential scattering in the IR

wavelengrh range. The preferential scattering in the IR
range is related to the properties such as the
characteristic particle size and inter-particle
separations typical of the amorphous-oxide precipitate—

like features found on the film surfaces after annealing.

The scattering layers 108 and 206 combine scattering
functions,.such as opticelly—lossless scattering, with
luminescent energy-conversion functions. The layers 108
and 206 have a thickness of a few 100nm and comprise nano-
or micro-sized particles of rare earth materials (such as
Yb203, Nd,03) that have wide bandgaps within their
electronic_energy—level_structures and enable essentially
lossless light scattering in the IR and also visible
wavelength ranges. The;rare earth particles are,linked'by
opticall?-transparent UV—curable‘epoxies (such as Norland
NOA63 epoxy). Further, luminophores (pigments and nano-
powdered materiais) are dispersed within the epoxy
material of the layers 108 and 206. In one example IR-

excitable hybrid organic-inorganic luminophores are
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dispersed in the epoxy at a concentration of approximately

around 0.25 - 1 wt%.

The rare earth oxides may also be doped with rare earth
luminescent materials représentéd for example by rare-

earth metal ions, and may for example be provided in the

5
. form of Y,0;3:Eu, Y,03:Er or NaY¥YFs:Yb.

Figure 3 shows transmission and absorption spectra of such
a rare eérth oxide layer on glass (intensity as a function
éf wavelength in nm). Plot 300 shows that transmission
spectrum for a scatterer layer having a thickness of
around 1 um, plot 302 shows total (specular and

diffused) reflection and plot 304 shows the coiresponding
optical-loss spectrum (represented by the sum of

absorption and scattering transmission-loss and

_reflection-loss contributions). The layer showed

preferential scattefing within the IR spectral range which
coVéred most of near IR range. The visible transparency
was near B0%. After being brought into contact with an
optical epoxy of refractive index close to 1.49 (matched
to glass), the scattering reduces and transpaiency
improves. This rare earth oxide scatterer layer has

luminophore properties when excited by suitable light.

Figure 4 shows transmission spectra for thé spectrally
selective panels 100 and 200 (transmitted fraction of
intensity as a function of wavelength in nm). Plot 400
shows the measuréd transmission data for a panel of the
type of the spectrally selective panel 100 (with air gap)

and plot 402 shows the measured transmission data for a
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panel of‘the-type of the spectrally selective panel 200

(no air gap).

It is worth noting the air gap of the panel 100 does not

- significantly affect the visible transmission. Further, as

the epoxy is index-matched to glass, the epoxy itself does

not cause any significant transmission loss.

The function of the spectrally selective panel 100 may be
summarised as follows. After multiple scattering passes
through scattering layers and interfaces, (statistically)
moté photons will propagate at angles exceeding the total
internal reflection anglevfor light rays propagating
within a glass panel surrounded by‘sir. Considering that a
large fraction of the solar IR light is incident at large

angles (facilitated by scattering and emission of

luminescence radiation), a large fraction of this IR light

will be trapped within the spectrally selective panel 100
and will reach the side portions of the panel 100. The top
cbating 112 is designed to reflect the light emitted by
the luminophores and is visibly tfansparent. The bottom
coating.llo reflects the vast majqrity of IR light at all
anglésvand wavelengths. These properties combined with the
angular redistribution bf the incoming photons by multi-
pass scattering within relatively thin non-absorbing or
weale-absOrbing and luminescent layers 108 is-a unique
feature of the spectrally selective panels 100 in
accdrdancé with embodiments of the present invention. The
scattering effects are also capable of enhancing the
luminescence processes by improving the luminophore

absorption pathlengths.
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- Referring no to Figure 7, a Spectrally selective panel 700

in accordance with another embodiment of the present
invention is now described. The spectrally selective panel
700 cdmprises the above-described panel portions 202 and
204 and the solar selective bottom coating 208. In this
embodiment the panel .portions 202 and 204 are spaced apart
by an air gap 702. Further, the spectrally selective
component 700 comprises a low thermal emission coating
704. The coating 704 has high transmission propertiés for
visible light and relatively high reflectivity for a
relatively broad IR wavelength range. Figure 8 shbwsia

calculated transmission spectrum of the coating 704. The

‘speCtrum of the coating 704 has in this embodiment a

relatively steep slope separating high and low
transmission ranges at 1500+/- 100nm. The transmission of
IR radiation is reduced to below 10% or even below 1-2% in

a very broad range of wavelengths typicélly extending from

. this slope to wavelengths in excess of 10 microns or even

20 microns.

For example, the spectrally selective panel 700 may form a

.pane of a window in a building. In this case the

spectrally panel 700 typically is oriented such that the
coating 208 faces towards an interior of the building. The
low (thermal) emission coating 704 allows transmission of
most of the visibie-range and solar-IR energy from the
exterior of the building, which allows harvesting of solar
energy using the coating 208 in the above-described
manner. At the same time, the low emission coating 704
reflects most thermal IR radiation originating from
heaters and the like within the interior of the building

back into the interior of the building, which reduces loss
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of thermal energy. The coatings 208 and 704 consequently

both contribute to a reduction in energy consumption and.

reduce incurred cost.

In this embodiment the coating 704 comprises 1l layers
that are composed of Ag and Y;03 haVing thicknesses that
are selected to achieve the spectral characteristics as

shown in Figure 8.

Aiperson'skilled in the art will eppreciate that the
coating 704 may alternatively be formed from other
suitable materials and may have a different number of
layers. Further, it is to be appreciated that the
spectrally selective component 700 may alternatively be
provided in another form. For example, the-spectrally
selective component 700 may comprise the above-described
top coating 210. Further, the air'gap 704 may be replaced
with the layer 206. In addition, the low emission 1ayer
704 may alternatively be positioned at another surface,

such as a surface of the panel 204.

Although the invention has been described with reference
to particular examples, it will be appreciated by those

skilled in the art that the invention may be embodied in

- many other forms.
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The Claims:

1. A spectrally selective panel comprising:

a first panel portionvthat is at least partially
transmissive for light having a wavelength in the visible
wavelength range; and o

a first reflective component that is arranged to
reflect incident light within an infrared (IR) wavelength
band and within an ultraviolet (UV) wavelength band while
being largely transmissive for at leest the ﬁajority of
light having a wavelength within the visible wavelength
band, the first»feflective component being arranged to
;eflect more than 90% of the incident radiation at a
wavelengths range from approximately 300nm to

approximately 420nm.

2. The spectrally selective component of claim 1 wherein
the first reflective component is arranged to reflect more
than 92% of the incident radiation at a wavelengths range

from approximately 300nm to approximately 420nm.

3. A spectrally selective panel comprising:

a first panel portion that is at least partiaily
transmissive for light having a wavelength in the’visible
wavelength range; and

a first reflective component that is érranged to
reflect incident light within en infrared (IR) wavelength
band and within an ultraviolet (UV) wavelength band'while
being largely transmissive fer at least the majority of
light having a wavelength within the visible wavelength
band, the first reflective component being arranged such

that within a wavelengths range'from approximately 380nm
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to approximately 420nm the transmittance increases from

less than 10% to more than 60%.

4. The spectrally selective component of claim 3 wherein
the first reflective component is arranged such that
within a wavelengths range from approximately 380nm to
approximately 420nm the transmittance increases from less

than 5% to more than 80%.

5. A speétrally selective panel comprising:

a first panel portion that is at least partially
transmissive for light having a WaVelength in the visible:
wavelength range; and |

~a first reflective component that is arranged to
reflect incident light within an infrared (IR) wavelength
band and within an ultraViolet (UV) wavelength band while
being largely transmissive for at least the majority of
light having.a wavelength within the visible wavelength
band, the_first reflective component being arranged such
that more than 80% of incident light'is transmitted within
a wavelengths range of approximately 400nm to

approximately 680nm.

6. The speétrally selective component of claim 5 wherein
the first reflective component is arranged such that more
than 90 % of incident light is transmitted within a

wavelengths range of approximately 400nm to approximately

680 ~ 750 nm.

7. A spectrally selective panel comprising:
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a first panel portion that is at least partially
transmissive for light having a wavelength in the visible
wavelength range; and

a first reflective component that is arranged to
refiect_incident light within an infrared (IR) wavelength
band and within an ultraviolet (UV) wavelength band while
being largely transmissive for at least the majority of
iight having a wavelength within the visible wavelength

band, the first reflective component is arranged such that

within a wavelengths range from approximately 600nm to

approximately 800nm the transmittance decreases from at
least 60% to less than 10%.

8. The spectrally selective component of claim 7 wherein -

"the first reflective component is arranged such that
~within a wavelengths range from approximately 600nm to

~approximately 800nm the transmittance decreases from at

least 80% to less than 5%.

9. Thevspectrallynselective panel of claim 7 or 8
wherein the‘first‘reflective component is arranged such
that within a wavelengths‘range from approximately 380nm
to approximately 420nm‘the transmittance increases from

less than 5% - 10% to more than 60 - 80%.

10.  The spectrally selective,panel of any one of claims 7
to 9 wherein the first reflective component is arranged to
reflect more than 90% of the incident radiation at a
Wavelengths range of apprbximate;y 300nm to approximately
410nm. ’ '

11. A‘spectrally selective panel comprising: -
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a first panel portion that is at least partially

transmissive for light having a wavelength in the visible

wavelength range; and |
a first reflective componént that is arranged to

reflect incident light within an infrared (IR) wavelength
baﬁd and within an ultraviolet (UV) wavelength band while
being largely transmissive for at least the majority of
light having a wavelength within the visible wavelength
band, the first reflective compbneﬁt being arranged to
reflect more than 90% of solar enefgy of the.incident ‘
rédiation at a wavelengths range of approximately 700nm to -

approximately 1700nm.

12. The spectrally selective component of claim 11
wherein the first reflective ¢qmponent is arranged to
reflect more than 92% of solar energy of ﬁhe'incident
radiation at a wavelengths range of approximately 700nm to

approximately 1700nm.

- 13. A spectrally selective panel comprising:

a first panel portion that is at least partially
transmissive for Light having a wavelength in the visible
wavelength range; and '

a first reflective éomponent that is arranged to
reflect incident light within an infrared (IR) wavelength
band and within an ultraviolet (UV) wavelength band while

being largely transmissive for at least the majority of

light having a wavelength within the visible wavelength

band, the first reflective component ccmprising

exclusively dielectric materials. .
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14, The spectrally selective panel of any one of the
preceding claims wherein the spectrally selective panel is
arranged such that at least a portion of an energy
associated with IR light incident from a transversal
direction of the spectrally selective panel is reflected
by the first reflective component and subsequently ‘
difected along the panel towards a side portion of the

panel.

15. The spectrally selective panel of any one of the
preceding claims wherein the first reflective component is

an optical interference coating.

16. The spectrally selective panel of any one of the
preceding claims wherein the first panel portion is

provided in the form of a glass panel portion.

17. The spectrally selective component of any Qne of
claims 1 to 15 wherein the first panel portion is formed

from a polymeric material.

18. The spectrally selective panel of any one of the
preceding claims wherein the spectrally selective panel

comprises, or is provided in the form of, a windowpane.

19. The spectrally selective panel of any one of claims 1
to 17 wherein the spectrally selective panel is applied to

an object.

20. The spectrally selective panel of any one of the

preceding claims wherein the first panel portion comprises
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two or more component panel portions that are coupled

together.

21. The spectrally selective panel of any one of the
preceding claims compriéing a luminescent material
arranged td-absorb at least a portion of ing¢ident and/or
eflected light hav1ng a wavelength in the IR wavelength

band and emit llght by lumlnescence

22. The spectrally selective panel of claim 21 wherein
the luminescent material is arranged such that a portion
of light that lS incident form a transversal dlrectlon, or:
is reflected in a transversal dlrectlon, is absorbed by
the luminescent material resulting in emission of

luminescent light in random directions.

23. The spectrally selective'panel of claim 21 or 22
wherein the luminescent materiai comprises visibiy
transparent luminophores that are arranged for absorption
of IR light. |

. 24. The spectrally selective panel of any one of-claimé

21 to 23 wherein the luminescent material is located

within the first panel portion at a bottom or top side of

the first panel portion.

25. The spectrally selective panel of any one of claims

21 to 24 wherein at least some of the luminescent material

is concentrated near a central region of the first panel

portion.
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26. The spectrally selective panel of any one of claims

22 to 25 wherein the luminescent material forms a layer

- within or on the first panel portion or is dispersed

within the first panel portion.

27. The spectrally selective panel of any one of the
preceding claims also comprising a scattering material

that is arranged to increase scattering of incident light.

28. The spectrally selective panel of claim 27 wherein

the scattering material comprises micro- or nano-sized

particles and is provided in the form of a film.

29. The spectrally selective component of claims 27 or 28
wherein in‘ﬁse scattering of light is achieved in a.
substantially lossless (non-absorbing) manner within the
IR and/or visible wavelength range and wharein the

scattering material comprises rare earth oxides.

30. The spectrally selective component of any one of
claims 27 to 29 comprising a luminescent material and
wherein the first panel portion comprises component panel
portions and the scattering material is sandwiched between
adjacent ones of the component panel porfions’that are
positioned in a face-to-face relationship and wherein the
scattering material also comprises at‘least a portion cf
thevluminescent matérial and functions as an adhesive that

couples the component panel portions together in a face-

-to-face relationship.
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31. The spectraily selective component of any one of
"claim 19 or 30 having a gap between adjacent component

panel portions.

5 32. The spectrally-selective panél.of any one of claims
27 to 30 wherein the scéttering material comprises at
least one of a diffractive element, a phase masks and
optical phase grating that result in scattering or
directional deflection of incident and/or reflected light.

10 | |
33. The spectrally selective panel of any one of the
preceding claims comprising a top layer on which light is
incident prior to transmission through the first panel
portion of the spectrally selective panel.

15
34, The spectrally selective panel of claim~33 wherein
the top layer is a multi-layéred struéture thét is largely
transmissive for visible light and arranged for reflecting
IR light that is emitted by the luminescent material.

20 ' ,

.35. The spectrally selective panel of any one of the
preceding claims comprising at least one photovoltaic cell
that is'positioned’at a side portion of the spectrally,
selective panel for receiving a portion of the IR light

25 that is directed towards that side portion by the

spectrally selective panel.

36. The spectrally selective panel of any one of the
preceding claims comprising a second reflective component
30 - that is arranged to reflect at least a portion of

radiation having abwavelength in an IR wavelength range.
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37. The spectrally selective panel of claim 36 wherein
the second reflective component is arranged to reflect the
majority of radiation having a wavelength in the range of

1500nm to 20000nm.

38. The spectrally selective compbnent of claims 36 or 37
wherein the second reflective component is arranged such
that transmissiod of at least the majority of radiation
having a wavelength within the range of 1600nm to 10000nm
has an intensity that-is reduced 10% of the incident

radiation.

39. The spectrally selective component of any one of
claims 36 to 38 wherein the second reflective component is
provided in the form of a film that is attached to, or

deposited onto, the first panel portion.

40. The spectrally selective componeﬁt of any one of
claim 36 to 39 wherein the second reflective component is
arranged such that at least a portion, typically the

majority, of energy associated with thermal IR radiation

"is reflected and at least a portion of incident solar

light within an IR wavelength band is allowed to transmit

through the second reflective component.

41, The spectrally selective component of any one of
claims 36 to 40 wherein the first and second reflective
components are attached to, or deposited on, opposite

sides of the first panel portioh.

42. The spectrally selective component of any one of

claims 36 to 41 wherein the spectrally selective component
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comprises two or more compohent panel'portions_and the
second reflective component is attached to another
component panel portidn than the first reflective

component.

43. - The spectrally selective component of any one of

claims 36 to 42 wherein the spectrally selective component

is arranged such that the first reflective component faces
an interior space and the second reflective component is
located at a position that is spaced apart from the

interior space and the first reflective component.
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