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METHODS AND APPARATUS FOR IMPLEMENTING COLOR CONSISTENCY IN

REMOTE WAVELENGTH CONVERSION
FIELD

[0001] This disclosure relates to solid-state light emitting devices and lamps that utilize

remote wavelength conversion using photoluminescence materials.
BACKGROUND

[0002] Color temperature is a characteristic of visible light that has important applications in
lighting. The color temperature of a light source is the temperature of an ideal black-body
radiator that radiates light of comparable hue to that of the light source. Color temperature is
conventionally stated in the unit of absolute temperature, the kelvin, having the unit symbol K.
[0003] Typically, the color temperature of a white light source is determined predominantly
by the mechanism used to generate the light. For example incandescent light sources typically
have a relatively low color temperature around 3000K, called “warm white”. Conversely,
fluorescent lights have a higher color temperature around 7000K, called “cool white”, The
choice of warm or cool white is determined when purchasing the light source or when a building
design or construction is completed. In many situations, such as street lighting, warm white and
cool white light are used together,

[0004] Recently, white light emitting LEDs (“white LEDs™) have become more popular and
are rapidly being used to replace conventional fluorescent, compact fluorescent and incandescent
light sources. White LEDs generally include one or more photoluminescent materials (e.g., one

or more phosphor materials), which absorb a portion of the radiation emitted by the LED and re-
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emit light of a different color (wavelength). The phosphor material may be provided as a layer
on, or incorporated within a wavelength conversion component that is located remotely from the
LED. Typically, the LED generates blue light and the phosphor(s) absorbs a percentage of the
blue light and re-emits yellow light or a combination of green and red light, green and yellow
light, green and orange or yellow and red light. The portion of the blue light generated by the
LED that is not absorbed by the phosphor material combined with the light emitted by the
phosphor provides light which éppears to the eye as being nearly white in color. Such white
light LEDs are characterized by their long operating life expectancy (>50,000 hours) and high
luminous efficacy (70 lumens per watt and higher).

[0005] For such white LEDs, light is emitted by photoluminescence rather than thermal
radiation. Thus, the emitted radiation does not follow the form of a black-body spectrum. These
sources are assigned what is known as a correlated color temperature (CCT). CCT is the color
temperature of a black body radiator which to human color perception most closely matches the
light from the lamp.

[0006] One concern with many white LED configurations is that they may generate light
having inconsistent color emissions. For example, consider the lighting configuration shown in
FIG. 1 which includes a blue LED light source 104 and a remote phosphor component 102. It
can be seen that the remote phosphor component 102 has a tall and narrow aspect ratio, such that
there are unequal distances from the LED 104 to different portions of the remote phosphor
component 102. In operation, blue excitation light interacts with the phosphor material in
component 102 to generate photoluminescence light. However, differing portions of the
component 102 may receive differing levels of blue light and may also interact to different

extents. This is due to many possible reasons. One possible reason is that, given the tall and
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narrow profile of the component 102, there exists many different distances for the conversion
paths to convert the blue LED light into phosphor light. In addition, the angles at which the blue
light is emitted from LED 104 causes at least some of the blue light to strike the inner surface of
the component at angles above the critical angle thereby reflecting such light upwardly towards
the top of the component 102 rather than coupling into the component and interacting with the
phosphor. In contrast, at locations closest to the LED 104 blue light strikes the component at
angles equal to or less than the critical angle thereby coupling into the component and interacting
with the phosphor to generate converted light. Additionally differences in conversion path
distances (i.e. the effective distance that light can travel through the component) can cause a shift
in color over the length of the component 102,

[0007] Moreover, differing levels of emitted phosphor light from the component 102
contribute to shifts in color. Due to the isotropic nature of the photoluminescence process,
photoluminescence light is emitted equally in all directions, resulting in converted light re-
entering the interior of the component. In this way, light which is converted at one location on
the component 102 may be “recycled” before being emitted from the lighting device at a
different location on the component.

[0008] These problems potentially exist with any LED-based lighting architecture that may
include long light paths from an excitation light source to a remote phosphor component. FIG, 2
illustrates how a light pipe 202 having side emission chambers 206 may generate shifts in color
over the length of the component due to long light paths. Color shifts occur in the light pipe 202
due to excitation light not being evenly distributed from the LED source 204 due to the length of
the light pipe. The unequal conversion paths may also be caused by indirect light paths from the

LED 204 caused by reflective light off reflective surfaces 214 within the light pipe 202. The
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interior of the light pipe 202 may be filed with either air or an optical medium.

[0009] FIG. 3 illustrates a planar remote phosphor component 302 mounted over a wide
mixing chamber 306, where the configuration includes a central excitation source 304. Color
shifts occur due to excitation light not being evenly distributed from the center-only source 304
across the width of the planar phosphor component 302, both due to unequal length light paths
directly from the LED 304 to the component 302, as well as unequal length reflective light paths
caused by reflection off reflective surfaces 314 within the mixing chamber 306.

[00010] This problem is most visible in high aspect ratio configurations. Uniform components
(such as domes and spheres) generally do not have this issue.

[00011] In many cases, visible inconsistencies in color over a lighting product can
detrimentally affect the aesthetic appearance and usefulness of that product. Therefore, it is
important for a light manufacturer to be able to construct a lamp having a consistent, advertised

color.

BRIEF DESCRIPTION OF THE DRAWINGS

[00012] In order that the present invention is better understood lighting arrangements, light
emitting devices and wavelength conversion components in accordance with embodiments of the
invention will now be described, by way of example only, with reference to the accompanying
drawings in which like reference numerals are used to denote like parts, and in- which:

[00013] FIGs. 1-3 illustrate LED light devices having unequal length conversion paths for
LED light;

[00014] FIG. 4 illustrates an embodiment of the invention in which variable thickness is

utilized to perform color tuning;
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[00015] FIG. 5 shows a configuration for a wavelength conversion component having thicker
walls at both the lower portion and upper portion, with thinner walls in the middle portion of the
component;

[00016] FIG. 6 illustrates an alternate embodiment, in which color tuning is effected by
changing the loading of the phosphor materials within different portions of the component;
[00017] FIG. 7 illustrates an approach in which the phosphor in a wavelength conversion
component is deposited as a layer of material onto a transparent substrate, and color tuning is
effected by changing the thickness of the phosphor layer on the substrate;

[00018] FIG. 8 illustrates an embodiment where the thickness ¢ of a planar wavelength
conversion component is adjusted to control the conversion ratio of the blue excitation light from
an LED;

[00019] FIGs. 9A-9B illustrate embodiments where the print layer thicknesses is controlled by
either using a patteming approach or by using multiple print layers combined with patterning to
create different phosphor layer thicknesses;

[00020] FIGs. 10A and 10B illustrate views of an example of light emitting devices that
utilize remote wavelength conversion according to embodiments of the invention; and

[00021] FIG. 11 illustrates a flowchart of a method for tuning a light-emitting device in

accordance with some embodiments.
SUMMARY

[00022] Embodiments of the invention concern lighting arrangements and light emitting
devices with remote wavelength conversion, The present invention provides an approach to

implement lighting arrangements (architectures) which provides consistent color despite
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inconsistent light path lengths for phosphor light conversions. Various approaches can be taken
to perform color tuning according to embodiments of the invention. In some embodiments, the
thickness of the wavelength conversion component is varied to perform color tuning. According
to other embodiments, phosphor loading and/or concentrations can be varied within the
component to perform color tuning.

[00023] According to some embodiments, an LED lighting arrangement comprises at least
one LED operable to emit light of a first wavelength range and a wavelength conversion
component that is operable to emit light of a second wavelength range when excited by light of
the first wavelength range from the at least one LED. The emitted light from the LED lighting
arrangement comprises combined light from both the at least one LED and the wavelength
conversion component, where the wavelength conversion component is remote from the at least
one LED. The wavelength conversion component has differing amounts of photoluminescent
materials at different portions of the wavelength conversion component, wherein a visibly
uniform color of light is producible from the LED lighting arrangement based at least in part on
the differing amounts of photoluminescent materials at different portions of the wavelength
conversion component.

[00024] The differing amounts of the photoluminescent materials is implemented to
generally equalize a ratio of emitted photoluminescence light compared to emitted LED light
from the wavelength conversion component. The differing amounts of photoluminescent
materials at the different portions of the wavelength conversion component can be implemented
by different ways. In one embodiment, varying wall thicknesses is implemented for the
wavelength conversion component. For example, the wavelength conversion component is

planar in shape, and a central portion is thicker than an edge portion of the wavelength
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conversion component. The wavelength conversion component may also be generally dome-
shaped, and a lower wall portion comprises thicker walls compared to a central wall portion of
the wavelength conversion component.

[00025] The lighting arrangement may also be implemented where the differing amounts
of photoluminescent materials at the different portions of the wavelength conversion component
is implemented by varying concentration of the photoluminescent materials within the
wavelength conversion component. The differing amounts of photoluminescent materials at the
different portions of the wavelength conversion component can also be implemented by varying
thickness of a photoluminescent material layér on a substrate in the wavelength conversion
component, The photoluminescent material layer can be implemented with a pattern that is not
contiguous over the wavelength conversion component. In some embodiments, the pattern
comprises at least one of dots or pixels of the photoluminescent materials at variable size or
frequency over the photoluminescent material layer.

[00026] In some embodiments, more of the photoluminescent material is provided at
portions of the wavelength conversion component receiving having higher levels of LED light
and less of the photoluminescent material is provided at portions of the wavelength conversion
component receiving having lower levels of LED light.

[00027] Some embodiments are directed to a wavelength conversion component that is
operable to emit light of a second wavelength range when excited by light of the first wavelength
range from at least one LED, where emitted light comprises combined light from both the at least
one LED and the wavelength conversion component. Differing amounts of photoluminescent
materials are present at different portions of the wavelength conversion component, where a

visibly uniform color of light is producible based at least in part on the differing amounts of

7



WO 2013/163573 PCT/US2013/038454

photoluminescent materials at different portions of the wavelength conversion component.
[00028] The differing amounts of photoluminescent materials at the different portions of
the wavelength conversion component can be implemented in various ways, and is to generally
equalize a ratio of emitted photoluminescent light compared to emitted LED light from the
wavelength conversion component. The differing amounts of photoluminescent materials at the
different portions of the wavelength conversion component can be implemented by different
ways. In one embodiment, varying wall thicknesses is implemented for the wavelength
conversion component. For example, the wavelength conversion component is planar in shape,
and a central portion is thicker than an edge portion of the wavelength conversion component.
The wavelength conversion component may also be generally dome-shaped, and a lower wall
portion comprises thicker walls compared to a central wall portion of the wavelength conversion
component.

[00029] The lighting arrangement may also be implemented where the differing amounts
of photoluminescent materials at the different portions of the wavelength conversion component
is‘ implemented by varying concentration of the photoluminescent materials within the
wavelength conversion component. The differing amounts of photoluminescent materials at the
different portions of the wavelength conversion component can also be implemented by varying
thickness of a photoluminescent material layer on a substrate in the wavelength conversion
component. The photoluminescent material layer can be implemented with a pattern that is not
contiguous over the wavelength conversion component. In some embodiments, the pattern
comprises at least one of dots or pixels of the photoluminescent materials at variable size or
frequency over the photoluminescent material layer.

[00030] The wavelength conversion component according to the invention may comprise

8



WO 2013/163573 PCT/US2013/038454

any shape. In some embodiments, the wavelength conversion component comprises a three-
dimensional shape (such as a generally dome shaped shell) having an aspect ratio that is not one
to one, e.g., greater than or less than 1:1 ratio, The wavelength conversion component may also
comprise a planar shape, and a combination of the planar shape with a mixing chamber
corresponds to an aspect ratio that is not one to one. In some embodiments, a mixing chamber
exists for the wavelength conversion component having a three-dimensional shape, where the
interior of the wavelength conversion component in combination with a substrate forms a mixing
chamber.

[00031] The wavelength conversion component may be planar in shape, and a central
portion is thicker than an edge portion of the wavelength conversion component.  The
wavelength conversion component may be generally dome-shaped, with a lower wall portion
having thicker walls compared to a central wall portion of the wavelength conversion
component.

[00032] Some embodiments are directed to a method for color tuning an LED lighting
arrangement, comprising identifying at least one LED operable to emit light of a first wavelength
range and configuring a wavelength conversion component that is operable to emit light of a
second wavelength range when excited by light of the first wavelength range from the at least
one LED. The emitted light from the LED lighting arrangement comprises combined light from
both the at least one LED and the wavelength conversion component, and the wavelength
conversion component being remote from the at least one LED. The wavelength conversion
component is color tuned by implementing differing amounts of photoluminescent materials at
different portions of the wavelength conversion component, wherein a visibly uniform color of

light is producible from the LED lighting arrangement based at least in part on the differing
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amounts of photoluminescent materials at different portions of the wavelength conversion
component.

[00033] The differing amounts of photoluminescent materials at the different portions of
the wavelength conversion component is implemented by at least one of (a) varying wall
thicknesses for the wavelength conversion component, (b) varying concentration of the
photoluminescent materials within the wavelength conversion component, or (c) varying
thickness of a photoluminescent material layer on a substrate in the wavelength conversion
component.

[00034] Profiles of the at least one LED and the wavelength conversion component are
analyzed to configure the differing amounts of the photoluminescent materials to generally
equalize a ratio of emitted photoluminescent light compared to emitted LED light from the
wavelength conversion component. The profile of the at least one LED that is analyzed
comprises an emission profile, and the profile of the wavelength conversion component
comprises an aspect ratio for the wavelength conversion component or for a mixing chamber that
incorporates the wavelength conversion component. Simulation can be performed to analyze the
at least one LED and the wavelength conversion component. A physical sample of the
wavelength conversion component is analyzed and adjusted to perform color tuning.

[00035] Further details of aspects, objects, and advantages of the invention are described
below in the detailed description, drawings, and claims. Both the forégoing general description
and the following detailed description are exemplary and explanatory, and are not intended to be

limiting as to the scope of the invention.
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DETAILED DESCRIPTION

[00036] As noted above, problems with color inconsistencies may exist in lighting
architectures having unequal light path lengths from an excitation light source to a remote
phosphor component. The present invention provides an approach to implement lighting
architectures which provides consistent color despite inconsistent light path lengths for phosphor
light conversions.

[00037] Various embodiments are described hereinafter with reference to the figures. It
should be noted that the figures are not necessarily drawn to scale. It should also be noted that
the figures are only intended to facilitate the description of the embodiments, and are not
intended as an exhaustive description of the invention or as a limitation on the scope of the
invention. In addition, an illustrated embodiment need not have all the aspects or advantages
shown. An aspect or an advantage described in conjunction with a particular embodiment is not
necessarily limited to that embodiment and can be practiced in any other embodiments even if
not so illustrated. Also, reference throughout this specification to “some embodiments” or “other
embodiments” means that a particular feature, structure, material, or characteristic described in
connection with the embodiments is included in at least one embodiment. Thus, the appearance
of the phrase “in some embodiment” or “in other embodiments” in various places throughout this
specification are not necessarily referring to the same embodiment of embodiments,

[00038] For the purposes of illustration only, the present description is made with reference to
photoluminescent materials embodied specifically as phosphor materials. However, the
invention is applicable to any type of photoluminescent material, such as either phosphor

materials or quantum dots. A quantum dot is a portion of matter (e.g. semiconductor) whose
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excitons are confined in all three spatial dimensions that may be excited by radiation energy to
emit light of a particular wavelength or range of wavelengths. As such, the invention is not
limited to phosphor based wavelength conversion components unless claimed as such.

[00039] As previously discussed, FIG. 1 shows an example lighting arrangement that may
include célor shift problems due to unequal path lengths. One possible cause of the shifts in
color is the nature of blue light conversion that occurs. Within the lighting arrangement, with
each successive collision of blue excitation lighf from LED 104 with the remote phosphor
component 102, a proportion of the blue light is absorbed and converted by a process of
photoluminescence into light of a different color (e.g., green, yellow, or red). The further the
excitation light travels through the remote phosphor component, the more collisions that take
place, leaving a higher percentage of phosphor light versus the original blue light from the
excitation source (LED 104).

[00040] Therefore, in high aspect ratio components (e.g., greater than 1:1) like the one shown
in FIG. 1, light generated at the base is "cooler" because it has a higher proportion of blue light
to photoluminescence light since the excitation primarily comes from the blue light source
(LED). Blue light is converted into warm light by the phosphor. Further away from the blue light
source, the illumination primarily comes from “recycled” light thus causing an external color
shift from cool at the base to warmer at the top.

[00041] The invention solves this problem by color tuning the wavelength conversion
component to ensure a consistent emission of color from the lighting arrangement. Various
approaches can be taken to perform color tuning according to embodiments of the invention. In
some embodiments, the thickness of the wavelength conversion component is varied to perform

color tuning. According to other embodiments, phosphor loading and/or concentrations can be
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varied within the component to perform color tuning.

[00042] FIG. 4 illustrates an embodiment of the invention in which variable thickness is
utilized to perform color tuning. In this approach, the thickness of the walls 408 of the remote
phosphor component 402 determines the amount of blue light from the excitation light source
(LED) 404 that is converted into photoluminescence light versus that amount of blue light that
passes through the component without being converted. Varying the thickness of the walls 408
on component 402 permits adjustments/tuning of this ratio of conversion.

[00043] Near the excitation source 404, the light is primarily coming from the blue LED 404.
In this region, a thicker wall is used to convert more of the blue light into photoluminescence
light. As the light travels farther away from the LED 404, more blue light is converted to
photoluminescence light. In response, the wall thickness is reduced, proportionately to reduce
the conversion ratio of blue light to photoluminescence light and to thereby allow blue light to
pass more easily through thé: component 402. By varying the wall thickness this reduces the
variation in the ratio of blue light to photoluminescence light resulting in a more uniform color
emission over the entire length of the component“402.

[00044] This approach therefore provides a solution to the color shift problem that is both
efficient and simple to manufacture. This approach also increases conversion efficiencies since
light is not required to pass through more phosphor than is required to generate light of a desired
color,

[00045] The different wall thicknesses are tuned to match emissions characteristics of the
LED light source, the aspect ratio of the remote phosphor component, and the expected
interactions that occur between the emitted excitation light and the phosphor component. As

such, the wall thicknesses can be provided in any appropriate configuration suitable to effect
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consistent color over the length of the component. For example, it is possible that the lighting
architecture results in relatively higher amounts of blue light being emitted from both the top and
bottom portions of the component, causing cooler light colors at those portions of the component
and a shift towards warmer colors emitted from the central portion of the component. FIG. 5
shows a configuration for the wavelength conversion component 502 having thicker walls at
both the lower portion 508a and upper portion 508c of the component (where a relatively higher
ratio of blue light would otherwise be emitted), with thinner walls in the middle portion 508b
(where a relatively lower ratio of blue light would otherwise be emitted). The result is a more
uniform emission of color from this lighting arrangement.

[00046] FIG. 6 illustrates an alternate embodiment, in which color tuning is effected by
changing the loading of the phosphor materials within different portions of the component 602.
In this approach, the amount and/or concentration of phosphor within the material that make up
the phosphor is adjusted to control the conversion ratio of blue light and the amount of blue light
that passes through the component 602. In this example, since the aspect ratio is greater than
1:1, the concentration of phosphor materials in the lower portions 608a of the component wall is
greater than the concentration of phosphor materials in the central portions 608b of the
component 602. The concentration at portion 608c may also be separately increased/decreased
depending upon whether the emitted color from that portion needs to be tuned. In configurations
where the aspect ratio is less than 1:1, the concentration of phosphor materials may be reversed,
where the concentration in the lower portions of the component wall is less than the
concentration of phosphor materials in the upper portions of the component.

[00047] FIG. 7 illustrates yet another approach that can be taken tune colors for the lighting

arrangement. In this approach, the phosphor in wavelength conversion component 702 is
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deposited as a layer of material 702a onto a transparent substrate 702b, and color tuning is
effected by changing the thickness of the phosphor layer 702a on the substrate 702b. The
thickness of the phosphor layer 702a is adjusted to control the ratio of blue light that is converted
by the phosphor materials into photoluminescence light. Any suitable deposition approach can
be taken to vary the thickness of the phosphor layer. For example, any one of printing, spraying,
or coating techniques may be used to implement the phosphor layer 702a and to control the
thickness of that layer.

[00048] This color shift problems may also exist in lighting arrangement that use planar
wavelength conversion components. Recall that FIG. 3 illustrates a planar remote phosphor
component over a wide mixing chamber having a central excitation source, where color shifts
occur due to excitation light not being evenly distributed from the center-only source over the
length of the phosphor component. FIG. 8 illustrates an embodiment of a solution to this
problem, where the thickness # of the planar wavelength conversion component 802 is adjusted
to control the conversion ratio of the blue excitation light from LED 804. In this illustrative
configuration, the highest ratio of blue light to photoluminescence light would otherwise be
emitted from the central portion 808a of the component. As such, color tuning is performed by
increasing the thickness of the component at that central portion 808a. In contrast, the lowest
ratio of blue light to photoluminescence light would likely be emitted from the edges 808b of the
planar component. Therefore, color tuning is performed by decreasing the thickness of the
component at the edge portions 808b. Assuming a gradient shift in color this configuration, then
tuning is performed by having a gradient change in thickness from the central portion 808a to the
edge portion 808b of the component 802. This approach can similarly be applied to perform
color tuning of the light pipe configuration illustrated in FIG. 2.
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[00049]  Another possible solution for the planar and light pipe configurations is to control the
phosphor thicknesses when applied as a phosphor layer onto a substrate. As illustrated in FIGs,
9A-9B, the print layer thicknesses for the wavelength conversion component 902 can be
controlled, for example, by either using a patteming approach 910a or 910b or by using multiple
print layers combined with patteming to create different phosphor layer thicknesses. In light
pipes, it is possible the layers do not need to be contiguous over the entire panel. Instead, pixels
and/or dots may be printed at variable dot size and for frequency distributed over the panel.
[00050] FIGs. 10A and 10B illustrate views of an example of light emitting devices 1000 that
utilize remote wavelength conversion according to embodiments of the invention. The device
1000 comprises a dome-shaped wavelength conversion component 1002 that is mounted onto a
substrate 1012.

[00051] In some embodiments, the substrate 1012 comprises a MCPCB (metal core printed
circuit board). As is known a MCPCB comprises a layered structure composed of a metal core
base, typically aluminum, a thermally conducting/electrically insulating dielectric layer and a
copper circuit layer for electrically connecting electrical components in a desired circuit
configuration,

[00052] The LEDs 1004 may be configured in various arrangements. The device 1000
according to the embodiment of FIG. 10A comprises a single LED 1004 while the device 1000
of according to the embodiment of FIG. 10B comprises a plurality/array of blue light emitting
LEDs (blue LEDs) 1004 that are mounted to the substrate 1012 of the device 1000. The LEDs
1004 can be implemented using any suitable solid-state light emitter device, such as a blue light
emitting diode (LED). Each solid-state light emitter can comprise a gallium nitride-based blue

light emitting LED, such as a W InGaN/GaN (indium gallium nitride/gallium nitride) based
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LED chip which is operable to generate blue light of wavelength 400 to 465 nm. In some
embodiments, the LEDs 1004 are configured such that their principle emission axis is parallel
with the axis of the lighting device 1000.

[00053] The wavelength conversion component 1002 may comprise phosphor material. In
this situation, the color of the emission product produced by the wavelength conversion
component will depend on the phosphor material composition and the quantity of phosphor
material per unit area in the wavelength conversion component.

[00054] In the present invention, the wavelength conversion component 1002 is configured to
tune the light emissions characteristics of the device 1000 to produce consistent color emissions
over all (or part) of its exterior. In some embodiments, color tuning is performed by varying the
thickness of the walls for the wavelength conversion component 1002. For example, since the
aspect ratio is greater than 1:1, the concentration of phosphor materials in the lower portions
1008a of the component wall may be configured to be greater than the concentration of phosphor
materials in the central portions 1008b of the component 1002. The concentration at top portion
1008c may also be separately increased/decreased depending upon whether the emitted color
from that portion needs to be tuned.

[00055] In an alternate embodiment, the concentration of phosphors within the wavelength
conversion component 1002 is adjusted to color tune the device 1000. In some embodiments the
wavelength conversion component 1002 may include a wavelength conversion layer comprising
photoluminescent material situated on a light transmissive substrate, where the thickness and/or
loading of the wavelength conversion layer is adjusted to perform color tuning.

[00056] The wavelength conversion component 1002 comprises any suitable photo-

luminescent materials, and may comprise an inorganic or organic phosphor such as for example
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silicate-based phosphor of a general composition A3Si(O,D)s or A;Si(O,D)s in which Si is
silicon, O is oxygen, A comprises strontium (Sr), barium (Ba), magnesium (Mg) or calcium (Ca)
and D comprises chlorine (Cl), fluorine (F), nitrogen (N) or sulfur (S). Examples of silicate-
based phosphors are disclosed in United States patents US 7,575,697 B2 “Silicate-based green
phosphors”, US 7,601,276 B2 “Two phase silicate-based yellow phosphors”, US 7,655,156 B2
“Silicate-based orange phosphors” and US 7,311,858 B2 “Silicate-based yellow-green
phosphors”. The phosphor can also comprise an aluminate-based material such as is taught in
co-pending patent application US2006/0158090 A1 “Novel aluminate-based green phosphors”
and patent US 7,390,437 B2 “Aluminate-based blue phosphors”, an aluminum-silicate phosphor
as taught in co-pending application US2008/0111472 A1 “Aluminum-silicate orange-red
phosphor” or a nitride-based red phosphor material such as is taught in co-pending United States
patent application US2009/0283721 Al "Nitride-based red phosphors” and International patent
application W02010/074963 Al “Nitride-based red-emitting in RGB (red-green-blue) lighting
systems”. It will be appreciated that the phosphor material is not limited to the examples
described and can comprise any phosphor material including nitride and/or sulfate phosphor
materials, oxy-nitrides and oxy-sulfate phosphors or garnet materials (YAG).

[00057] The wavelength conversion component 1002 is operable to absorb a proportion of the
blue light A; generated by the LEDs 1004 and convert it to light of a different wavelength by a
process of photoluminescence (i.e. converting light to X;). Not all of the blue light A; generated
by the LEDs 1004 is absorbed by the wavelength conversion component 1002 and some of it is
emitted. The emission product of the device 1000 thus comprises the combined light of
wavelength A generated by the LEDs 1004 and the wavelength A, generated by the wavelength

conversion component 1002. Light generated by the wavelength conversion component 1002
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refers to the emitted light resulting from conversion of the LED light into light of a different
wavelength through photoluminescence. The CCT of the emission product is thus a combination
of the CCT of the light generated by the LED (&) and the CCT of the light (X,) generated by the
wavelength conversion component 1002, Color tuning is performed by adjusting the
characteristics of different portions of the wavelength convérsion component to change the
overall CCT of those portions of the component, so that a more uniform CCT is provided over all
or substantially all of the component.

[00058] The color tuning is performed to specifically address emissions characteristics of the
LED light source, the aspect ratio of the remote phosphor component, and the expected
interactions that occur between the emitted excitation light and the phosphor component. The
relative characteristics of these components may differ from one lighting arrangement to another
lighting arrangement, thereby necessitating different tuning arrangements as needed. For
example, the wavelength conversion component of FIG. 10A having a single LED blue light
source is different frofn the configuration of FIG. 10B having multiple LED blue light sources,
though the external shape of the component is the same for each configuration. Therefore, it is
likely that, even if all other aspects of the configuration are the same or similar (such as the
aspect ratio of the wavelength conversion component), the color tuning will result in different
levels of wall thicknesses needed to provide consistent color.

[00059] FIG. 11 illustrates a flowchart of a method for tuning a light-emitting device in
accordance with some embodiments. At 1102, the performance profile of the LED(s) for the
lighting arrangement is identified. This step identifies the expected light emission pattern to be
generated by the one or more LEbs used in the lighting arrangement, e.g., by using a polar
diagram to identify expected light distribution patterns from the LED(s).
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[00060] At 1104, identification is made of the physical profile for the wavelength conversion
component. In some embodiments for three-dimensional components, this step is performed by
identifying the aspect ratio and/or dimensions of the component. For two-dimensional
components, this step is performed by identifying the shape and/or dimensions of the component.
[00061] In addition, the expected configuration of the LED(s) relative to the wavelength
configuration component can be identified at this point. This step identifies the expected
placement of the one or more LEDs relative to the wavelength conversion component.

[00062] Next, at 1106, analysis is performed to predict the expected color emissions from the
different portions of the component. In one embodiment, a model is constructed of the lighting
arrangement, and computer-based simulation, using for example a ray tracing program, is
performed to predict the expected color emissions from the lighting arrangement.

[00063] At 1108, based on at least the analysis results, the wavelength conversion component
is configured to provide uniform color emissions. Any suitable manner of configurations may be
performed for this step. For example, the wall thickness of the component may be adjusted to
balance color emissions by the lighting arrangement. Additional analysis/simulations may be
performed to determine whether the expected performance of the configuration provides uniform
color emissions.

[00064] A sample lighting arrangement is then manufactured having the configuration from
step 1108. The lighting arrangement is physically tested at 1110 to determine whether the
arrangement will produce uniform color emissions in real world conditions.

[00065] At 1112, adjustments can be made to fine-tune the design configurations. For
example, wall thicknesses can be expanded and/or contracted at various portions of the

wavelength conversion component. Thereafter, the design is finalized and ready for
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manufacture.

[00066] Any suitable approach can be taken to manufacture the lighting device of the
invention. For example, injection molding may be performed to manufacture color tuned
wavelength conversion components. In the embodiment where color tuning is performed by
adjusting wall thicknesses, then the injection molding process merely needs to produce desired
thicknesses at specific locations for the component. In the embodiment where color tuning is
performed by adjusting phosphor concentrations, then the component can be co-injection moding
such that different parts of the component have different loadings and/or concentrations of
photoluminescent materials. Alternatively the component the molding process can occur in
stages, where different source materials and/or combinations of source materials having differing
phosphor levels are provided when molding the parts of the component intended to have
differing concentrations of the phosphor materials.

[00067] In the foregoing specification, the invention has been described with reference to
specific embodiments thereof. It will, however, be evident that various modifications and
changes may be made thereto without departing from the broader spirit and scope of the
invention. For example, the above described wavelength conversion components are described
without specific reference to any optical mediums within an interior of the components and/or
within a mixing chamber. In fact, the invention is applicable with any interior configuration,
including where the interiors of the wavelength conversion component and/or the mixing
chamber are filed with either air or an optical medium. The specification and drawings are,

accordingly, to be regarded in an illustrative rather than restrictive sense.
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WHAT IS CLAIMED IS:

1. An LED lighting arrangement comprising;:

at least one LED operable to emit light of a first wavelength range;

a wavelength conversion component that is operable to emit light of a second wavelength
range when excited by light of the first wavelength range from the at least one LED, wherein
emitted light from the LED lighting arrangement comprises combined light from both the at least
one LED and the wavelength conversion component; the wavelength conversion component
being remote from the at least one LED; and the wavelength conversion component having
differing amounts of photoluminescent materials at different portions of the wavelength
conversion component, wherein a visibly uniform color of light is producible from the LED
lighting arrangement based at least in part on the differing amounts of photoluminescent

materials at different portions of the wavelength conversion component.

2. The lighting arrangement of Claim 1, wherein the differing amounts of photoluminescent
materials at the different portions of the wavelength conversion component is implemented by

varying wall thicknesses for the wavelength conversion component.

3. The lighting arrangement of Claim 2, wherein the wavelength conversion component is

planar in shape, and a central portion is thicker than an edge portion of the wavelength

conversion component.

4, The lighting arrangement of Claim 2, wherein the wavelength conversion component is
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generally dome-shaped, and a lower wall portion comprises thicker walls compared to a central

wall portion of the wavelength conversion component.

5. The lighting arrangement of Claim 1, wherein the differing amounts of photoluminescent
materials at the different portions of the wavelength conversion component is implemented by
varying concentration of the photoluminescent materials within the wavelength conversion

component.

6. The lighting arrangement of Claim 1, wherein the differing amounts of photoluminescent
materials at the different portions of the wavelength conversion component is implemented by
varying thickness of a photoluminescent material layer on a substrate in the wavelength

conversion component.

7. The lighting arrangement of Claim 6, wherein the photoluminescent material layer is

implemented with a pattern that is not contiguous over the wavelength conversion component.

8. The lighting arrangement of Claim 7, in which the pattern comprises at least one of dots
or pixels of the photoluminescent materials at variable size or frequency over the

photoluminescent material layer.

9. The lighting arrangement of Claim 1, wherein the differing amounts of the
photoluminescent materials is implemented to generally equalize a ratio of emitted

photoluminescent light compared to emitted LED light from the wavelength conversion
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component.

10.  The lighting arrangement of Claim 1, wherein more of the photoluminescent materials is
provided at portions of the wavelength conversion component receiving having higher levels of
LED light and less of the photoluminescent materials is provided at portions of the wavelength

conversion component receiving having lower levels of LED light.

11.  The lighting arrangement of Claim 1, wherein the wavelength conversion component

comprises a three-dimensional shape having an aspect ratio that is not one to one.

12.  The lighting arrangement of Claim 11, wherein the wavelength conversion component
comprises a generally dome shape, and the generally dome shape corresponds to an aspect ratio

greater than one to one,

13. © The lighting arrangement of Claim 1, wherein the wavelength conversion component
comprises a planar shape, and a combination of the planar shape with a mixing chamber

corresponds to an aspect ratio that is not one to one.

14.  The lighting arrangement of Claim 1, wherein the photoluminescent materials comprise

at least one of phosphor material and quantum dots.

15. A component for an LED lighting arrangement, comprising:

a wavelength conversion component that is operable to emit light of a second wavelength
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range when excited by light of the first wavelength range from at least one LED, wherein emitted
light comprises combined light from both the at least one LED and the wavelength conversion
component, and in which differing amounts of photoluminescent materials are present at
different portions of the wavelength conversion component, wherein a visibly uniform color of
light is producible based at least in part on the differing amounts of photoluminescent materials

at different portions of the wavelength conversion component.

16.  The component of Claim 15, wherein the differing amounts of photoluminescent
materials at the different portions of the wavelength conversion component is implemented by

varying wall thicknesses for the wavelength conversion component.

17.  The component of Claim 16, wherein the wavelength conversion component is planar in
shape, and a central portion is thicker than an edge portion of the wavelength conversion

component.

18.  The component of Claim 16, wherein the wavelength conversion component is generally
dome-shaped, and a lower wall portion comprises thicker walls compared to a central wall

portion of the wavelength conversion component.

19.  The component of Claim 15, wherein the differing amounts of photoluminescent
materials at the different portions of the wavelength conversion component is implemented by
varying concentration of the photoluminescent materials within the wavelength conversion
component.
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20.  The component of Claim 15, wherein the differing amounts of photoluminescent
materials at the different portions of the wavelength conversion component is implemented by
varying thickness of a photoluminescent material layer on a substrate in the wavelength

conversion component.

21.  The component of Claim 20, wherein the photoluminescent material layer is implemented

with a pattern that is not contiguous over the wavelength conversion component.

22.  The component of Claim 21, in which the pattern comprises at least one of dots or pixels
of the photoluminescent materials at variable size or frequency over the photoluminescent

material layer.

23, The component of Claim 15, wherein the differing amounts of the photoluminescent
materials is implemented to generally equalize a ratio of emitted photoluminescent light

compared to emitted LED light from the wavelength conversion component.

24.  The component of Claim 15, wherein more of the photoluminescent materials is provided
at portions of the wavelength conversion component configured to receive having higher levels
of LED light and less of the photoluminescent materials is provided at portions of the

wavelength conversion component configured to receive having lower levels of LED light.

25.  The component of Claim 15, wherein the wavelength conversion component comprises a
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three-dimensional shape having an aspect ratio that is greater than or less than one to one.

26.  The component of Claim 25, wherein the wavelength conversion component comprises a

generally dome shape, and the generally dome shape corresponds to an aspect ratio greater than

one to one.

27.  The component of Claim 15, wherein the wavelength conversion component comprises a
planar shape, and a combination of the planar shape with a mixing chamber corresponds to an

aspect ratio that is not one to one.

28. A method for color tuning an LED lighting arrangement comprising:

identifying at least one LED operable to emit light of a first wavelength range;

configuring a wavelength conversion component that is operable to emit light of a second
wavelength range when excited by light of the first wavelength range from the at least one LED,
wherein emitted light from the LED lighting arrangement comprises combined light from both
the at least one LED and the wavelength conversion component; the wavelength conversion
component being remote from the at least one LED; and the wavelength conversion component
is color tuned by implementing differing amounts of photoluminescent materials at different
portions of the wavelength conversion component, wherein a visibly uniform color of light is
producible from the LED lighting arrangement based at least in part on the differing amounts of

photoluminescent materials at different portions of the wavelength conversion component.

29.  The method of Claim 28, wherein the differing amounts of photoluminescent materials at
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the different portions of the wavelength conversion component is implemented by at least one of
(a) varying wall thicknesses for the wavelength conversion component, (b) varying concentration
of the photoluminescent materials within the wavelength conversion component, or (c) varying
thickness of a photoluminescent material layer on a substrate in the wavelength conversion

component.

31.  The method of Claim 28, wherein profiles of the at least one LED and the wavelength
conversion component are analyzed to configure the differing amounts of the photoluminescent
materials to generally equalize a ratio of emitted photoluminescent light compared to emitted

LED light from the wavelength conversion component.

32.  The method of Claim 31, wherein the profile of the at least one LED that is analyzed
comprises an emission profile and the profile of the wavelength conversion component
comprises an aspect ratio for the wavelength conversion component or for a mixing chamber that

incorporates the wavelength conversion component.

33.  The method of Claim 31, wherein simulation is performed to analyze the at least one

LED and the wavelength conversion component.

34.  The method of Claim 28, wherein a physical sample of the wavelength conversion

component is analyzed and adjusted to perform color tuning.
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