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LIGHTING DEVICES HAVING REMOTE LUMIPHORS THAT ARE EXCITED BY
LUMIPHOR-CONVERTED SEMICONDUCTOR EXCITATION SOURCES

CROSS REFERENCE TO RELATED APPLICATIONS
[0001]  The present application claims priority as a continuation-in-part from U.S.
Patent Application Serial No. 11/624,811, filed January 19, 2007, which, in turn, claims
priority from U.S. Provisional Patent Application Serial No. 60/760,455, filed January 20,
2006, U.S. Provisional Patent Application Serial No. 60/761,310, filed January 23, 2006 and
from U.S. Provisional Patent Application Serial No. 60/794,379, filed April 24, 2006. The
entire contents of each of the above applications is incorporated herein by reference as if set

forth fully herein.

BACKGROUND

[0002]  The present invention relates to lighting devices and, more particularly, to
lighting devices that include a semiconductor light emitting device and a lumiphor for up-
converting and/or down-converting radiation emitted by the semiconductor light emitting
device.

[0003] A wide variety of lighting devices are known in the art including, for
example, incandescent light bulbs, fluorescent lights and semiconductor light emitting
devices such as light emitting diodes ("LEDs"). LEDs have the potential to exhibit very high
efficiencies relative to conventional incandescent or fluorescent lights. However, significant
challenges remain in providing LED-based lighting devices that simultaneously achieve high
efficiencies, high luminous flux, good color reproduction and acceptable color stability.

[0004]  LEDs generally include a series of semiconductor layers that may be
epitaxially grown on a substrate such as, for example, a sapphire, silicon, silicon carbide,
gallium nitride or gallium arsenide substrate. One or more semiconductor p-n junctions are
formed in these epitaxial layers. When a sufficient voltage is applied across the p-n junction,
electrons in the n-type semiconductor layers and holes in the p-type semiconductor layers

flow toward the p-n junction. As the electrons and holes flow toward each other, some of the



WO 2012/154665 PCT/US2012/036761

electrons will recombine with corresponding holes and, each time this occurs, a photon of
light is emitted, which is how LEDs generate light. The wavelength distribution of the light
generated by an LED generally depends on the semiconductor materials used and the |
structure of the thin epitaxial layers that make up the "active region" of the device (i.e., the
area where the light is generated).

[0005] Most LEDs are nearly monochromatic light sources that appear to emit
light having a single color. Thus, the spectral power distribution of the light emitted by most
LEDs is centered about a "peak" wavelength, which is the wavelength where the spectral
power distribution or "emission spectrum" of the LED reaches its maximum as detected by a
photo-detector. The "width" of the spectral power distribution of most LEDs is between
about 10 nm and 30 nm, where the width is measured at half the maximum illumination on
each side of the emission spectrum (this width is referred to as the full-width-half-maximum
or "FWHM" width). LEDs are often identified by their "peak" wavelength or, alternatively,
by their "dominant" wavelength. The dominant wavelength of an LED is the wavelength of
monochromatic light that has the same apparent color as the light emitted by the LED as
perceived by the human eye. Because the human eye does not perceive all wavelengths
equally (it perceives yellow and green better than red and blue), and because the light emitted
by LEDs extends across a range of wavelengths, the color perceived (i.e., the dominant
wavelength) may differ from the peak wavelength.

[0006]  Inorder to use LEDs to generate white light, LED lighting devices have
been provided that include several LEDs that each emit light of a different color. The
different colors combine to produce a desired intensity and/or color of white light. For
example, by simultaneously energizing red, green and blue LEDs, the resulting combined
light may appear white, or nearly white, depending on, for ‘example, the relative intensities,
peak wavelengths and spectral power distributions of the source red, green and blue LEDs.

[0007)  White light may also be produced by partially or fully surrounding a blue,
purple or ultraviolet LED with one or more luminescent materials such as phosphors that
convert some of the light emitted by the LED to light of one or more other colors. The
combination of the light emitted by the LED that is not converted by the luminescent
material(s) and the light of other colors that are emitted by the luminescent material(s) may
produce a white or near-white light.

[0008]  As one example, a white-light emitting lighting device may be formed by
coating a gallium nitride based, blue light emitting LED with a yellow light emitting

luminescent material such as a cerium-doped yttrium aluminum garnet phosphor (which has
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the chemical formula Y3Als04,:Ce, and is commonly referred to as YAG:Ce). The blue LED
produces an emission with a peak wavelength of, for example, about 460 nm. Some of blue
light emitted by the LED passes between and/or through the YAG:Ce phosphor particles
without being affected by the phosphor particles, while other of the blue light emitted by the
LED is absorbed by the YAG:Ce phosphor, which becomes excited and emits yellow
fluorescence with a peak wavelength of about 550 nm (i.e., the blue light is "down-
converted” to yellow light). A viewer will perceive the combination of blue light and yellow
light that is emitted by the coated LED as white light. This light is typically perceived as
being cool white in color, as it includes a greater percentage of blue light which is in the
lower half (shorter wavelength side) of the visible emission spectrum. To make the emitted
white light appear more "warm" and/or exhibit better color rendering properties, red-light
emitting luminescent materials such as CaAlSiN; based phosphor particles may be added to
the coating. Alternatively, the cool white emissions from the combination of the blue LED
and the YAG:Ce phosphor may be supplemented with a red LED (e.g., an AllnGaP-based
LED having a dominant wavelength of approximately 619 nm) to provide warmer white
light, as is described in U.S. Patent Application Publication No. 2007/0170447,

[0009]  Phosphors are a luminescent material that is widely used to convert single-
color (typically blue or violet) LEDs into white LEDs. Herein, the term "phosphor" may
refer to any material that absorbs light at one wavelength and re-emits light at a different
wavelength in the visible or ultra violet spectrum, regardless of the delay between absorption
and re-emission and regardless of the wavelengths involved. Thus, the term "phosphor"
encompasses materials that are sometimes called fluorescent and/or phosphorescent. In
general, phosphors may absorb light having emissions in a first wavelength distribution and
re-emit ligﬁt having emissions in a second wavelength distribution that is different from the
first wavelength distribution. For example, "down-conversion" phosphors may absorb light
having shorter wavelengths and re-emit light having longer wavelengths. In addition to
phosphors, other luminescent materials include scintillators, day glow tapes, nanophosphors,
quantum dots, and inks that glow in the visible spectrum upon illumination with (e.g.,
ultraviolet) light.

[0010] A medium that includes one or more luminescent materials that is
positioned to receive light that is emitted by an LED or other semiconductor light emitting
device is referred to herein as a "lumiphor." With respect to LEDs, exemplary lumiphors
include layers or "globs" that contain luminescent materials that are (1) coated or sprayed

directly onto the LED, (2) coated or sprayed onto surfaces of a lens or other elements of the
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packaging of the LED, and/or (3) included within clear encapsulants (e.g., epoxy-based or
silicone-based curable resin or glass or ceramic) that are positioned on or over the LED. A
lumiphor may include one or multiple types of luminescent materials. Other materials may
also be included within a lumiphor such as, for example, fillers, diffusants, colorants, or other
materials that may improve the performance or cost of the material. If multiple types of
luminescent materials are provided in a lumiphor, they may, for example, be mixed together

in a single layer or deposited sequentially in successive layers.

SUMMARY

[0011]  Pursuant to some embodiments of the present invention, lighting devices
are provided that include a semiconductor light emitting device and first and second spaced-
apart [umiphors. The first lumiphor has a first surface that is positioned to receive radiation
emitted by the semiconductor light emitting device and a second surface opposite the first
surface. The second lumiphor has a first surface that is positioned to receive radiation
emitted by the semiconductor light emitting device and radiation emitted by the luminescent
materials in the first lumiphor. The first lumiphor is a leaky lumiphor in that the luminescent
materials therein convert less than 90% of the radiation from the semiconductor light emitting
device light that is incident on the first lumiphor. In other embodiments, the first lumiphor
may convert less than 75% of the radiation from the semiconductor light emitting device light
that is incident on the first lumiphor. In still other embodiments, the first lumiphor may
convert less than 50% of the radiation from the semiconductor light emitting device light that
is incident on the first lumiphor. In some embodiments, a surface area of a lower surface of
the second lumiphor that is opposite an upper surface of the first lumiphor may be at least a
factor of twenty larger than the upper surface of the first lumiphor.

[0012]  Insome embodiments, the light emitting device may be a blue LED that
emits light having a peak wavelength between 400 and 489 nm, and the second lumiphor may
include luminescent materials that emit light having a peak wavelength between 510 and 599
nm. The luminescent materials in the first lumiphor may emit light having a peak wavelength
between 490 and 515 nm or, alternatively, may emit light having a dominant wavelength of at
least 600 nm. In some embodiments, the first lumiphor may be coated directly onto the blue
LED. The device may also include a red LED that emits saturated radiation having a
dominant wavelength of at least 600 nm.

[0013]  In some embodiments, the ratio of the average particle size of the

luminescent materials in the first and second lumiphors may be at least 4:1. The combination
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of the blue light emitted by the blue LED and the light emitted by the luminescent materials
in the second lumiphor may have a color point that falls (1) within the region on the 1931
CIE Chromaticity Diagram defined by x, y chromaticity coordinates (0.32, 0.40), (0.36,
0.48), (0.43 0.45), (0.36, 0.38), (0.32, 0.40) or (2) within the region on the 1931 CIE
Chromaticity Diagram defined by x, y chromaticity coordinates (0.35, 0.48), (0.26, 0.50),
(0.13 0.26), (0.15, 0.20), (0.26, 0.28), (0.35, 0.48). The lighting device may emit a warm
white light having a correlated color temperature between about 2500K and about 4100K and
a CRI Ra value of at least 90.

[0014]  In some embodiments, the device may include a second blue LED that
emits radiation having a peak wavelength between 400 and 489 nm, a third lumiphor that
includes different luminescent materials than the luminescent materials that are included in
the first and second lumiphors, the third lumiphor having a first surface that is positioned to
receive radiation emitted by the second blue LED. In such embodiments, the second
lumiphor may be positioned to receive radiation emitted by the second blue LED and may be
spaced-apart from the third lumiphor. The luminescent materials in the first fumiphor may
emit light having a peak wavelength between 490 and 515 nm, the luminescent materials in
the second lumiphor may emit light having a peak wavelength between 540 and 590 nm, and
the luminescent materials in the third lumiphor may emit light having a dominant wavelength
of at least 600 nm.

[0015]  Pursuant to further embodiments of the present invention, lighting devices
are provided that include a blue LED that emits light having a peak wavelength between 400
and 489 nm and first and second spaced-apart lumiphors. The first lumiphor is positioned
adjacent to the blue LED and includes luminescent materials that emit light having a peak
wavelength between 490 and 515 nm and/or luminescent materials that emit light having a
dominant wavelength of at least 600 nm. The second lumiphor is positioned to receive
radiation emitted by the blue LED and includes luminescent materials that emit light having a
peak wavelength between 530 and 599 nm.

[0016]  In some embodiments, the first lumiphor includes luminescent materials
that emit light having a dominant wavelength of at least 600 nm. In other embodiments, the
first lumiphor includes luminescent materials that emit light having a peak wavelength
between 490 and 515 nm. The lighting device may also include a red LED that emits
saturated radiation having a dominant wavelength of at least 600 nm. The ratio of the
average particle size of the luminescent materials in the first and second lumiphors may be at

least 4:1. The surface area of a lower surface of the second lumiphor that is opposite an
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upper surface of the first lumiphor may be at least a factor of twenty larger than the upper
surface of the first lumiphor.

[0017]  Pursuant to additional embodiments of the present invention, lighting
devices are provided that include a plurality of semiconductor light emitting devices, at least
some of which devices include a respective associated first lumiphor that has a first surface
that is positioned to receive radiation emitted by its associated semiconductor light emitting
device. These lighting devices also include a different second lumiphor that is positioned to
receive radiation emitted by the semiconductor light emitting devices and that is spaced-apart
from the first lumiphors. The ratio of average particle size of the luminescent materials in at
least one of the first lumiphors to average particle size of the luminescent materials in the
second lumiphor is at least 4:1.

[0018]  In some embodiments, at least one of the semiconductor light emitting
devices is a blue LED that emits light having a peak wavelength between 400 and 489 nm,
and the second lumiphor includes luminescent materials that emits light having a peak
wavelength between 540 and 599 nm. At least one of the first lumiphors may include
luminescent materials that emit light having a peak wavelength between 490 and 515 nm or
light having a dominant wavelength of at least 600 nm.

[0019]  Pursuant to yet additional embodiments of the present invention, lighting
devices are provided that include a semiconductor light emitting device, a first lumiphor that
is positioned to receive radiation emitted by the semiconductor light emitting device and a
second lumiphor that is positioned to receive radiation emitted by the semiconductor light
emitting device and radiation emitted by the first lumiphor, the second lumiphor being
spaced-apart from the first lumiphor and from the semiconductor light emitting device. A
surface area of the second lumiphor is af least a factor of ten times larger than a surface area
of the semiconductor light emitting device.

[0020]  In some embodiments, the first lumiphor may include luminescent
materials that emit light having a dominant wavelength of at least 600 nm or having a peak
wavelength between 490 and 515 nm, and the second lumiphor may include luminescent
materials that emit light having a peak wavelength between 540 and 599 nm. These devices
may also include one or more red LEDs that emits saturated radiation having a dominant

wavelength of at least 600 nm.
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BRIEF DESCRIPTION OF THE DRAWINGS

[0021]  FIG. 1is a graph of a 1931 CIE Chromaticity Diagram illustrating the
location of the black-body locus.

[0022]  FIGS. 2A-B are schematic cross-sectional and top plan views of a lighting
device according to certain embodiments of the present invention

[0023]  FIG. 2C is a schematic top plan view of a lighting device according to
embodiments of the present invention that illustrates that a pair of lumiphors included therein
may have disparate surface areas.

[0024]  FIG. 3 is another version of the 1931 CIE Chromaticity Diagram that
includes trapezoids illustrating color points that may be produced by blue-shifted-yellow and
blue-shifted-green LEDs.

[0025]  FIG. 4 is a schematic top plan view of a lighting device 100 according to
further embodiments of the present invention.

[0026]  FIG. 5 is a graph of an exemplary emission spectrum for a semiconductor
light emitting device that includes a blue LED, a yellow light-emitting phosphor and a red
light source.

[0027]  FIG. 6 is a schematic diagram that illustrates how backscattering of light
can lead to absorption that reduces the luminous output of a lighting device.

[0028]  FIGS. 7A-Q are schematic block diagrams of lighting devices according
to various embodiments of the present invention.

[0029]  FIGS. 8A-D are various views of a lighting device according to certain
embodiments of the present invention.

[0030]  FIGS. 9A-C are schematic diagrams illustrating exemplary configurations
for the remote lumiphors according to embodiments of the present invention.

[0031]  FIG. 10 is a schematic diagram illustrating a lighting device having spaced

apart lumiphors where neither lumiphors is directly on an LED of the lighting device.

DETAILED DESCRIPTION
[0032] Embodiments of the present invention are directed to lighting devices that
include at least one semiconductor light emitting device such as an LED and first and second
lumiphors. The first lumiphor may be a "local” lumiphor that is applied (e.g., coated,
sprayed, etc.) directly onto the LED or otherwise located closely adjacent to the LED, while
the second lumiphor may be a "remote" lumiphor that is spaced apart from both the LED and

the first lumiphor. These lighting devices may be designed to emit light that appears white to
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a human observer. In some embodiments, these lighting devices may be designed to emit
warm white light that has good color rendering properties.

[0033]  In some embodiments, the local lumiphor may comprise a "leaky"
lumiphor in that it allows at least 10% of the radiation from an excitation source that is
capable of exciting the luminescent materials in the lumiphor to pass through the lumiphor
without up-conversion or down-conversion. To provide such a leaky local lumiphor, the
local lumiphor may have a low concentration of luminescent materials, luminescent materials
having large particle sizes and/or comprise a relatively thin layer. In some embodiments, the
leaky local lumiphor may allow a substantial amount of the radiation from the excitation
source (e.g., 25% to 75%) passes through the local lumiphor without conversion, and may
then be used to excite luminescent materials contained in the remote lumiphor. In some
embodiments, the leaky local lumiphor may convert less than 90% of the radiation from the
semiconductor light emitting device light that is incident thereon. In other embodiments, the
leaky local lumiphor may convert less than 75% of the radiation from the semiconductor light
emitting device light that is incident thereon. In still other embodiments, the leaky local
lumiphor may convert less than 50% of the radiation from the semiconductor light emitting
device light that is incident thereon. The luminescent materials included in the local
lumiphor may be selected so that most of the light emitted by the local lumiphor will not
excite the luminescent materials included in the remote lumiphor. This can advantageously
reduce the number of incidences where light emitted by the LED is down-converted (or up-
converted) multiple times, which may improve the efficiency of the lighting device.

[0034]  In some embodiments, the lighting device can include at least one LED
having a local lumiphor that includes luminescent materials that emit light having a peak
wavelength in the cyan color range. In other embodiments, the lighting device can include at
least one LED having a local lumiphor that includes luminescent materials that emit light
having a dominant wavelength in the red color range. In still further embodiments, the
lighting device may include a first group of LEDs that include cyan light emitting local
lumiphors and a second group of LEDs that include red light emitting local lumiphors. In
each of the above embodiments, the remote lumiphor may include luminescent materials that
emit light having a peak wavelength in the yellow color range and/or luminescent materials
that emit light having a peak wavelength in the green color range. Herein, the yellow color
range refers to light having wavelengths between 571 and 599 nm, and the green color range

refers to light having wavelengths between 510 and 570 nm.
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[0035] - Insome embodiments, the lighting device may include at least one local
lumiphor and at least one remote lumiphor, where the ratio of the average particle sizes of the
luminescent materials in a first of the local lumiphors to the average particle sizes of the
luminescent materials in a first of the remote lumiphors is at least 4:1. In other embodiments,
the ratio may be 6:1, 8:1 or even 10:1. Moreover, in some embodiments, the sum of the
surface areas of the upper surfaces of all of the local lumiphors may be less than 10% the sum
of the surface area of the lower surface of the remote lumiphors.

[0036]  As used herein, the term "semiconductor light emitting device" refers to
LEDs, laser diodes and any other light emitting device that includes one or more
semiconductor layers, regardless of whether or not these light emitting devices are combined
with packaging elements, lumiphors, light mixing elements, light focusing elements,
electrical leads, electrical contacts or other elements that are commonly included in a
packaged lighting device. These semiconductor light emitting devices may include, for
example, silicon, silicon carbide, gallium nitride, zinc oxide and/or other semiconductor
layers, an optional semiconductor or non-semiconductor substrate, and one or more
conductive contact layers. The term "light emitting device," as used herein, is not limited,
except that it be a device that is capable of emitting light, and the term "lighting device"
refers to a device that includes at least one light emitting device.

[0037]  Semiconductor light emitting devices according to embodiments of the
invention may include III-V nitride (e.g., gallium nitride) based LEDs fabricated on a silicon
carbide, sapphire, gallium nitride or silicon substrates such as various devices manufactured
and/or sold by Cree, Inc. of Durham, North Carolina. Such LEDs may (or may not) be
configured to operate such that light emission occurs through the substrate in a so-called "flip
chip" orientation. These LEDs may have a cathode contact on one side of the LED, and an
anode contact on an opposite side of the LED, or may alternatively have both contacts on the
same side of the device. Some embodiments of the present invention may use semiconductor
light emitting devices, device packages, fixtures, luminéscent materials, power supplies
and/or control elements such as described in U.S. Patent Nos. 7,564,180; 7,456,499;
7,213,940; 7,095,056; 6,958,497; 6,853,010; 6,791,119; 6,600,175, 6,201,262; 6,187,606;
6,120,600; 5,912,477; 5,739,554; 5,631,190; 5,604,135; 5,523,589; 5,416,342; 5,393,993;
5,359,345; 5,338,944; 5,210,051; 5,027,168; 5,027,168; 4,966,862, and/or 4,918,497, and
U.S. Patent Application Publication Nos. 2009/0184616; 2009/0080185; 2009/0050908;
2009/0050907; 2008/0308825; 2008/0198112; 2008/0179611, 2008/0173884, 2008/0121921;
2008/0012036; 2007/0253209; 2007/0223219; 2007/0170447; 2007/0158668; 2007/0139923,
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and/or 2006/0221272. The design and fabrication of semiconductor light emitting devices
are well known to those skilled in the art, and hence further description thereof will be
omitted.

[0038]  As noted above, lighting devices according to embodiments of the present
invention may be designed to produce warm white light and/or light having good color
rendering properties. Before describing these devices in detail, it is useful to discuss what
qualifies as warm white light and good color rendering. In particular, the apparent color of
visible light to humans can be illustrated with reference to a two-dimensional chromaticity
diagram, such as the 1931 CIE Chromaticity Diagram illustrated in FIG. 1, which defines the
different colors of visible light as a weighted sums of colors.

[0039]  Asshown in FIG. 1, colors on a 1931 CIE Chromaticity Diagram are
defined by x and y coordinates (i.e., chromaticity coordinates, or color points) that fall within
a generally U-shaped area that includes all of the hues perceived by the human eye. Colors
on or near the outside of the area are saturated colors composed of light having a single
wavelength, or a very small wavelength distribution. Colors on the interior of the area are
unsaturated colors that are composed of a mixture of different wavelengths. White light,
which can be a mixture of many different wavelengths, is generally found near the middle of
the diagram, in the region labeled 2 in FIG. 1. There are many different hues of light that
may be considered "white," as evidenced by the size of the region 2. For example, some
"white" light, such as light generated by tungsten filament incandescent lighting devices, may
appear yellowish in color, while other "white" light, such as light generated by some
fluorescent lighting devices, may appear more bluish in color.

[0040]  Each point in the diagram of FIG. 1 is referred to as the "color point" of a
light source that emits a light having that color. As shown in FIG. 1 a locus of color points
that is referred to as the "black-body" locus 4 exists which corresponds to the location of
color points of light emitted by a black-body radiator that is heated to various temperatures.
The black-body locus 4 is also referred to as the "planckian" locus because the chromaticity
coordinates (i.e., color points) that lie along the black-body locus obey Planck's equation:
E(\)=A\° /(eB/T -1), where E is the emission intensity, X is the emission wavelength, T is the
color temperature of the black-body and A and B are constants. Color coordinates that lie on
or near the black-body locus 4 yield pleasing white light to a human observer.

[0041]  As a heated object becomes incandescent, it first glows reddish, then
yellowish, and finally bluish with increasing temperature. This occurs because the

wavelength associated with the peak radiation of the black-body radiator becomes

10
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progressively shorter with increased temperature, consistent with the Wien Displacement
Law. Illuminants that produce light which is on or near the black-body locus 4 can thus be
described in terms of their correlated color temperature (CCT). The 1931 CIE Diagram of
FIG. 1 includes temperature listings along the black-body locus that show the color path of a
black-body radiator that is caused to increase to such temperatures. As used herein, the term
"white light" refers to light that is perceived as white, is within 7 MacAdam ellipses of the
black-body locus on a 1931 CIE chromaticity diagram, and has a CCT ranging from 2000K
to 10,000K. White light with a CCT of 3000K may appear yellowish in color, while white
light with a CCT of 8000K or more may appear more bluish in color, and may be referred to
as "cool" white light. "Warm" white light may be used to describe white light with a CCT of
between about 2500K and 4500K, which is more reddish or yellowish in color. Warm white
light is generally a pleasing color to a human observer. Warm white light with a CCT of
2500K to 3300K may be preferred for certain applications.

[0042]  The ability of a light source to accurately reproduce color in illuminated
objects is typically characterized using the color rendering index ("CRIRa"). The CRIRa of
a light source is a modified average of the relative measurements of how the color rendition
of an illumination system compares to that of a reference black-body radiator when
illuminating eight reference colors. Thus, the CRI Ra is a relative measure of the shift in
surface color of an object when lit by a particular lamp. The CRI Ra equals 100 if the color
coordinates of a set of test colors being illuminated by the illumination system are the same
as the coordinates of the same test colors being irradiated by the black-body radiator.
Daylight generally has a CRI Ra of nearly 100, incandescent bulbs have a CRI Ra of about
95, fluorescent lighting typically has a CRI Ra of about 70 to 85, while monochromatic light
sources have a CRI Ra of essentially zero. Light sources for general illumination
applications with a CRI Ra of less than 50 are generally considered very poor and are
typically only used in applications where economic issues preclude other alternatives. Light
sources with a CRI Ra value between 70 and 80 have application for general illumination
where the colors of objects are not important. For some general interior illumination, a CRI
Ra value of greater than 80 is acceptable. A light source with color coordinates within 4
MacAdam step ellipses of the black-body locus 4 and a CRI Ra value that exceeds 85 is more
suitable for general illumination and various other applications, as with these applications it is
often desirable to provide a lighting device that generates white light having a relatively high

CRI Ra so that objects illuminated by the lighting device may appear to have more natural
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coloring to the human eye. Light sources with CRI Ra values of more than 90 provide good
color quality.

[0043]  Asnoted above, various methods are available for using one or more
semiconductor light emitting devices to generate warm white light. For example, lighting
devices have been provided that include separate red, green and blue semiconductor light
emitting devices which, when simultaneously energized, produce a combined light output
that may appear white, or nearly white, depending on the relative intensities of the red, green
and blue sources. However, the combined light, while appearing white, may have a low CRI
Ra value, particularly if the emitters generate saturated light, because such light may lack
contributions from many visible wavelengths.

[0044]  As is also noted above, in another conventional approach, a lighting device
that emits relatively warm white light may be formed by combining (1) a blue-light emitting
LED that is coated with a yellow light emitting lumiphor such as a lumiphor that includes
YAG:Ce phosphor particles with (2) a red light emitting AllnGaP LED. A viewer will
perceive the combination of the unconverted blue light that passes through the lumiphor, the
yellow light emitted by the phosphor in the lumiphor and the red light emitted by the
AlInGaP LED as being white light. Such lighting devices, while having high CRI Ra values
(typically 85 to 95) and very good efficacy, use LEDs formed in two different material
systems (namely both GaN-based blue LEDs and AllnGaP-based red LEDs). Unfortunately,
LEDs formed in disparate material systems may react differently under various
environmental parameters such as temperature and/or may degrade at ditferent rates over
time. As such, lighting devices that use LEDs formed in disparate material systems may
require more complex drive circuitry that includes, for example, temperature or usage-based
compensation circuitry, which can increase the size, cost and complexity of the lighting
device.

[0045] A third approach for using semiconductor light emitting devices to
generate warm white light is to use one or more LEDs that are from the same material system
along with lumiphors that include luminescent materials that emit light in various color
ranges across the visible light spectrum. In representative examples of such an approach, a
gallium nitride based blue LED may be coated with a lumiphor that includes green light
emitting, yellow light emitting and red light emitting luminescent materials or, alternatively,
three gallium nitride based LEDs may be provided, each of which is coated with a lumiphor
that includes either green light emitting, yellow light emitting or red light emitting

luminescent materials, and a diffuser may be provided that mixes the light output by the three
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LEDs. As such lighting devices only uses gallium nitride based LEDs, the need for
temperature or usage-based compensation circuits may be reduced or eliminated.

[0046]  However, a number of problems may arise with such lighting devices.

For example, luminescent materials that are commonly used to convert blue light to red light
tend to be leaky (e.g., because the luminescent materials have large particle sizes), and hence
a significant amount of the blue light from the LED passes unconverted through such
luminescent materials, which can negatively affect both the color temperature and the CRI Ra
value of the lighting device. In order to address this problem, the lumiphor including the red
light emitting luminescent materials may be coated more thickly onto the blue LED, but this
increases material costs, and the thicker lumiphor may generate increased back-scattering of
the emitted light and can increase the temperature of the lumiphor in operation, which may
necessitate a reduction in the drive current to the LED, and a corresponding decrease in the
luminous output thereof. Additionally, when multiple luminescent materials are mixed
within the same lumiphor (either in the same layer or in successive layers), the number of
multiple conversions increases (i.e., blue light is converted to green light by a first
luminescent material, and the generated green light is then converted to yellow or red light by
a second luminescent material). As each conversion of a photon has an efficiency loss, an
increased number of multiple conversions reduces the luminous output of the lighting device.

[0047]  Pursuant to embodiments of the present invention, semiconductor light
emitting devices are provided that may be designed to emit warm white light and to have high
CRI Ra values, including CRI Ra values that can exceed 90. These devices may also exhibit
high luminous power output and good efficacy. As discussed above, these lighting devices
may achieve this performance by employing both a local lumiphor and a remote fumiphor
that is spaced-apart from the local lumiphor, where the output of the local lumiphor is used at
least in part to excite the luminescent materials in the remote lumiphor.

[0048]  FIGS. 2A and 2B are, respectively, schematic cross-sectional and plan
views of a lighting device 10 according to certain embodiments of the present invention.
FIG. 2C is a schematic plan view of a lighting device according to embodiments of the
present invention that illustrates that a pair of lumiphors included therein may have disparate
sizes.

[0049]  As shown in FIGS. 2A-B, the lighting device 10 includes an LED 20 that
is mounted in or on a reflective element 30, a local lumiphor 40, a transparent element 50 and

a remote lumiphor 60.
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[0050]  The LED 20 may comprise, for example, a gallium nitride based LED that
emits light having a peak wavelength in the blue color range, namely between 400 and 490
nm. Electrical connections (not shown) may be made to appropriate surfaces of the LED 20
to provide connections to an external circuit (not shown) that provides a drive current to the
LED 20. Appropriate electrical connections are well known in the art, including wire bonds,
bond pads, circuit traces, contact pads and the like. The electrical connections can be made
to one or both sides of the LED 20 depending upon the orientation of the LED 20 and the
locations of the contacts to the p-type and n-type layers thereof. While only a single LED 20
is included in the lighting device 10, in other embodiments, multiple LEDs 20 may be
provided. In such embodiments, the multiple LEDs may, for example, be electrically
connected in series, in parallel, in a combination of series and parallel connections and/or
may be grouped into multiple groups of separately driven LEDs.

[0051]  The LED 20 may be mounted in or on the reflective element 30. The
reflective element 30 may comprise, for example, a cup, a submount, a printed circuit board
or any other appropriate mounting element. All or part of an upper surface of the reflective
element 30 may comprise a reflective material such as, for example, a reflective metal. The
reflective element 30 may include one or more angled sidewalls 32 that facilitate transmitting
reflective light out of an optical cavity 34 that is defined, for example, by the sidewalls 32
and upper surface of the reflective element 30.

[0052]  The local lumiphor 40 may cover an upper surface of the LED 20. In
some embodiments, the local lumiphor 40 may also partially or completely cover sidewalls of
the LED 20. In some embodiments, the local lumiphor 40 may be applied to the LED 20 by
coating, spraying or otherwise applying a medium that includes luminescent materials onto
the LED 20. The local lumiphor 40 may, for example, be applied to the LED 20 in liquid
form and then cured by heat or some other curing agent to leave a resin layer having
luminescent materials therein on the LED 20. The local lumiphor 40 may include, for
example, the luminescent materials and one or more binder materials such as silicone or
epoxy resins. The local lumiphor 40 may also include other elements such as, for example,
diffuser particles (e.g., titanium dioxide particles). Any suitable luminescent materials may
be used in the local lumiphor 40.

[0053]  In some embodiments, the first local lumiphor 40 may include luminescent
materials that are excited by the radiation from the blue LED 20 to emit light having a peak
wavelength between about 490 and about 515 nm (i.e., in the cyan color range) such as, for

example, a phosphor that emits light having a peak wavelength in the cyan color range. The
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average size of the phosphor particles (or other luminescent materials) in the local lumiphor
40 may be relatively large, such as particles having an average diameter of at least 20
microns (e.g., most particle sizes might have diameters in the range between 25 microns and
40 microns). It will be appreciated that the particles may not be round; the "diameter" of
luminescent particles that are not round is considered to be the diameter of a sphere that has
the same surface area as the particle. Cyan light emitting phosphor particle having large
diameters are available from Intematrix. In some embodiments, the wavelength conversion
material that emits cyan light may be quantum dots rather than phosphor particles.

[0054]  Insome embodiments, the local lumiphor 40 may have a thickness of less
than about 60 microns. If phosphor particles are used that have an average diameter of
between 25 microns and 40 microns, it is apparent that in most places in the local lumiphor
40 there will be only a single phosphor particle for a photon of light to pass through (i.e.,
multiple photons will not be stacked vertically in the layer as the size of most of the particles
will be more than 50% of the thickness of the lumiphor layer 40). As a result, most gaps
between adjacent phosphor particles in the local lumiphor 40 provide a transmission path
where a photon of light may "leak" through the local lumiphor without contacting a phosphor
particle (since, in most places, phosphor particles will not be stacked on top of each other).

[0055]  In other embodiments, the local lumiphor 40 may include luminescent
materials that are excited by the radiation from the blue LED 20 to emit light having a peak
wavelength of at least 600 nm such as, for example, a phosphor that emits light having a peak
wavelength in the red color range. Suitable luminescent materials for these embodiments
may include Lu,O3:Eu’* phosphors; (Sr2xLa,)(Ce;.«Euy)O4 phosphors; Sr,Ce;_«Eu,O4
phosphors; Sry xEu,CeO4 phosphors; StTiOs:Pr’*,Ga phosphors; (Cay.,Sry)SiAIN3:Eu®*
phosphors; and/or Sr,SisNg:Eu** phosphors.

[0056]  The transparent element 30 may comprise, for example, a transparent disk,
a transparent lens or the like that is mounted above the LED 20 and the local lumiphor 40. In
some embodiments, The transparent element 30 can have many different shapes such as, for
example, hemispheric, ellipsoid bullet, flat, hex-shaped, square, etc. The transparent element
30 can be formed of various materials including, for example, silicones, plastics, epoxies or
glass. The transparent element 30 can be textured to improve light extraction, and can be
designed to act as a diffuser by mixing light that impinges thereon.

[0057]  The remote lumiphor 60 may, for example, be coated, sprayed or
otherwise applied to a surface of the transparent element 30 (e.g., an inner or outer surface).

In some embodiments, the remote lumiphor 60 may be applied to the inner surface of the
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transparent element 30, and the transparent element 30 may be designed to mix light so that
the light exiting the transparent element 30 is a well-mixed mixture of the light emitted by the
LED 20, the luminescent materials in the local lumiphor 40 and the luminescent materials in
the remote lumiphor 60.

[0058])  In some embodiments, the remote lumiphor 60 may include luminescent
materials that are excited by the radiation from the blue LED 20 to emit light having a peak
wavelength between about 571 and about 599 nm such as, for example, a phosphor that emits
light having a peak wavelength in the yellow color range. In some embodiments, YAG:Ce
phosphor particles may be used. Other suitable yellow light emitting luminescent materials
that may be used include, for example, other phosphors based on the (Gd,Y)3(Al, Ga)sO4,:Ce
system; Tb; xRE,O12:Ce (TAG) phosphors where RE=Y, Gd, La, Lu; and/or Srp..
yBaxCa,SiO4:Eu phosphors.

[0059]  In other embodiments, the local lumiphor 60 may include luminescent
materials that are excited by the radiation from the blue LED 20 to emit light having a peak
wavelength between about 510 and about 570 nm such as, for example, a phosphor that emits
light having a peak wavelength in the green color range. Suitable green light emitting
luminescent materials include, for example, LuAG:Ce phosphor particles, (Sr,Ca,Ba)
(Al,Ga),S4: Eu** phosphors; Bay(Mg,Zn)Si,O7: Eu** phosphors;

Gdo.46S10.31Al1.930,F; 35:Eu*g.06 phosphors; (Bay.x.,St,Ca,)SiO4:Eu phosphors; Ba,SiO4:Eu?t
phosphors; SrsPsBOg:Eu phosphors; MSi,O,N,:Eu?t phosphors; and/or Zinc Sulfide:Ag
phosphors with (Zn,Cd)S:Cu:Al.

[0060]  In still other embodiments, the local lumiphor 60 may include luminescent
materials that are excited by the radiation from the blue LED 20 to emit light having a peak
wavelength between about 490 and about 515 nm such as, for example, a phosphor that emits
light having a peak wavelength in the cyan color range.

[0061]  Insome embodiments, the LED 20 and the remote lumiphor 60 may
together comprise a so-called blue-shifted-yellow or "BSY" LED. A "BSY LED" refers to a
blue LED and an associated lumiphor that together emit light having a color point that falls
within a trapezoidal "BSY region" on the 1931 CIE Chromaticity Diagram defined by the
following x, y chromaticity coordinates: (0.32, 0.40), (0.36, 0.48), (0.43 0.45), (0.36, 0.38),
(0.32, 0.40), which is generally within the yellow color range. In other embodiments, the
LED 20 and the remote lumiphor 60 may together comprise a so-called blue-shifted-green or
"BSG" LED. A "BSG LED" refers to a blue LED and an associated lumiphor that together
emit light having a color point that falls within a trapezoidal "BSG region" on the 1931 CIE
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Chromaticity Diagram defined by the following x, y chromaticity coordinates: (0.35, 0.48),
(0.26, 0.50), (0.13 0.26), (0.15, 0.20), (0.26, 0.28), (0.35, 0.48), which is generally within the
green color range. FIG. 3 is a reproduction of the 1931 CIE Chromaticity Diagram that
graphically illustrates the BSY region 6 and the BSG region 8 and shows the locations of the
BSY region 6 and the BSG region 8 with respect to the black-body locus 4.

[0062]  Referring again to FIGS. 2A-B, in some embodiments, the remote
lumiphor 60 may include luminescent materials that have typical particle size distributions
and an average particle size of, for example, between 2 microns and 6 microns. In some
embodiments, the ratio of the average particle size of the luminescent materials in the local
lumiphor 40 to the average particle size of the luminescent materials in the remote lumiphor
60 may be at least 4:1. In other embodiments, the ratio of the average particle size of the
luminescent materials in the local lumiphor 40 to the average particle size of the luminescent
materials in the remote lumiphor 60 may be at least 6:1. In other embodiments, the ratio may
be 8:1 or even 10:1. The lighting device 10 may emit a warm white light having a correlated
color temperature between about 2500K and about 4100K and a CRI Ra value of at least 90.

[0063]  The remote lumiphor 60 may be between about 10 microns and about 50
microns thick. In some specific embodiments, the remote lumiphor 60 may be between about
15 microns and about 25 microns thick. Assuming, for example, that the average particle size -
(diameter) in the remote lumiphor 60 is between 3 microns and 5 microns, then a 20 micron
thick lumiphor 60 could have about 4-6 phosphor particles stacked vertically throughout the
lumiphor. This stacked arrangement tends to fill in the gaps, and thus the [umiphor may
convert a higher percentage of the photons that are incident thereon, since fewer gaps
between photons will exist that extend all the way (or most of the way) through the layer.

[0064]  Referring now to FIGS. 2B and 2C, the surface area of a first surface of
the remote lumiphor 60 that faces a first surface of the local lumiphor 40 may be larger than
the surface area of the first surface of the local lumiphor 40. As shown in FIG. 2C, in some
embodiments, the surface area of the first surface of the remote lumiphor 60 (i.e., the surface
area of the lower surface of remote lumiphor 60 may greatly exceed the surface area of the
opposed first surface (i.e., the upper surface) of the local lumiphor 40. In some embodiments,
the ratio of the surface areas of the facing surfaces of the remote lumiphor 60 and the local
lumiphor 40 may exceed 10:1 or even 20:1. In other embodiments, this ratio may exceed
50:1 or even 100:1. As discussed herein, by designing the device 10 to have a remote

lumiphor 60 and local lumiphor 40 that have facing surfaces where the surface area of the
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surface of the remote lumiphor 60 greatly exceeds the surface area of the surface of the local
lumiphor 40, the light extraction from the device 10 may be improved in some cases.

[0065]  FIG. 4 is a schematic top plan view of a lighting device 100 according to
further embodiments of the present invention. As is evident from a comparison of FIGS. 2
and 4, the lighting device 100 may be very similar to the lighting device 10 of FIG. 2, except
that in addition to the first LED 20 that has the local lumiphor 40 applied thereon, the lighting
device 100 also includes a second LED 20' that has a second local lumiphor 40" applied
thereon. Additionally, the shape of the reflective element 30 and the transparent element 50
and remote lumiphor 60 have also been modified in the lighting device 100 to better fit the
two LED design of lighting device 100.

[0066]  In one exemplary embodiment of the lighting device 100 of FIG. 4, the
first and second LEDs 20, 20' may each comprise LEDs that emit light having a peak
wavelength between 400 and 490 nm, the local lumiphor 40 may include luminescent
materials that emit light having a peak wavelength in the cyan color range, and the local
lumiphor 40' may include luminescent materials that emit light having a peak wavelength in

"the red color range. In another exemplary embodiment, the first LED 20 may comprise an
LED that emits light having a peak wavelength between 400 and 490 nm, the second LED
20" may comprise an LED that emits nearly saturated light having a peak wavelength of at
least 600 nm, the local lumiphor 40 may include luminescent materials that emit light having
a peak wavelength in the cyan color range, and the local lumiphor 40' may be omitted. In
each of these embodiments, blue light, cyan light and red light are emitted from the
combination of the LEDs 20, 20' and the local lumiphors 40, 40'. This light is incident on the
remote lumiphor 60. The blue light that passes unconverted through the local lumiphor 40
and the local lumiphor 40' (if provided) excites yellow light or green light emitting
luminescent materials in the remote lumiphor 60, to add yellow and or green light to the
emission spectra of the device 100.

[0067]  The lighting devices 10 and 100 described above may exhibit a number of
design and/or performance advantages over various prior art lighting devices.

[0068]  For example, a lighting device that includes a blue LED, a yellow light
emitting phosphor and a red light source (e.g., a red light emitting phosphor or a red LED)
may have an emission spectrum similar to the spectrum shown in the graph of FIG. 5. In
FIG. 5, the curve labeled 70 represents the emissions from the blue LED that pass
unconverted through the yellow light emitting phosphor, the curve labeled 72 represents the

emissions from the yellow light emitting phosphor, the curve labeled 74 represents that
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emissions from the red light source, and the curve labeled 80 represents the total combined
emissions of the device. As is apparent from FIG. 5, the resulting emissjon spectrum (curve
80) may have a noticeable valley in the cyan color range that falls between the blue and green
color ranges. As discussed above, according to embodiments of the present invention, the
local lumiphor may include luminescent materials that emit light having a peak wavelength in
the cyan color range. The light so emitted may help "fill-in" this gap in the emission
spectrum, which may improve the CRI Ra value of the lighting device.

[0069]  As another example, one potential problem with the use of phosphors that
emit light having a peak wavelength in the cyan color range is that such phosphors may tend
to have large average particle sizes. While larger sized phosphor particles tend to
advantageously be more efficient than smaller phosphor particles, lumiphors that include
larger phosphor particles also tend to be leaky in that they tend to convert a smaller
percentage of the excitation radiation that passes through the lumiphor. As noted above, if,
for example, too much blue light escapes through a lumiphor, the output of the lighting
device may have "cooler" white light and/or a lower CRI Ra value. However, by providing a
remote lumiphor that is excited by blue light that travels without conversion through the local
lumiphor, the potential disadvantage of blue light leakage may be avoided. Moreover, the
fact that the larger particle sizes in the first local phosphor are more efficient remains as an
advantage. Hence, the lighting devices 10 and 100 described above can have improved
efficiency. The local lumiphor may be designed to emit light that does not appreciably excite
the remote lumiphor (e.g., less than 25% of the radiation emitted by local fumiphor will
excite lquntlinescent~ materials in the remote lumiphor). This can reduce the occurrences of
"multiple conversions" where a photon of light is wavelength-converted by luminescent
materials more than once before exiting the lighting device. This may be advantageous, as
the more multiple conversions that occur the lower the efficiency of the lighting device.

[0070]  Additionally, as noted above, the ratio of the surface areas of the facing
surfaces of the remote and local lumiphors may exceed 20:1, 50:1 or even 100:1 in certain
embodiments of the present invention. As discussed below with reference to FIG. 6, such a
design can reduce absorption losses for the lighting device.

[0071]  In particular, FIG. 6 is a schematic diagram that illustrates how
backscattering of light can lead to absorption that reduces the luminous output of, for
example, the lighting device 10 of FIGS. 2A and 2B. As shown in FIG. 6, blue light 200
that is emitted by the blue LED 20 enters the local lumiphor 40. A first portion 202 of this
blue light is reflected back into the LED chip 20, a second portion 204 passes through the |
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Jocal lumiphor 40 without conversion, and a third portion 206 is absorbed by luminescent
materials such as phosphor particles (here we will assume that these phosphor particles emit
light in the cyan color range) in the local lumiphor 40. Some of the blue light 202 that is
reflected into LED chip 20 will be absorbed by the LED chip 20, while other portions of the
blue light 202 will be reflected back into the local lumiphor 40, where it will appear just like
the blue light 200 and hence will become part of the first through third portions 202, 204, 206
of blue light described above. |

[0072]  The third portion 206 of the blue light that is absorbed by phosphor
particles will cause some of the phosphor particles to emit cyan colored light 210. As is also
shown in FIG. 6, a first portion 212 of this cyan light may be reflected back into the LED
chip 20 (due to, for example, collisions with other elements in the local lumiphor 40), a
second portion 214 of the cyan light passes the rest of the way through the local lumiphor 40,
a third portion 216 of the cyan light is absorbed by phosphor particles, which may or may not
result in the re-emission of additional cyan light. Some of the cyan light 212 that is
reflected into LED chip 20 will be absorbed by the LED chip 20, while other portions of the
cyan light 212 will be reflected back into the local lumiphor 40, where it will appear just like
the cyan light 210 and hence will become part of the first through third portions 212, 214,
216 of cyan light described above.

[0073]  The blue light 204 that passes unconverted through the local lumiphor 40
will include portions that (1) pass into the remote lumiphor (either directly or after various
reflections) or (2) are reflected back into the local lumiphor 40. In particular, the blue light
204 that passes unconverted through the local lumiphor 40 includes a first portion 222 that is
reflected back into local lumiphor 40 (e.g., after reflecting off a reflective surface in the
optical cavity, the remote lumiphor 60, etc.), a second portion 224 that passes into and
through the remote lumiphor 60 without conversion, and a third portion 226 that is absorbed
by luminescent materials such as phosphor particles (here we will assume that these phosphor
particles emit light in the yellow color range) in the remote lumiphor 60. Some of the blue
light 222 that is reflected into the local lumiphor 40 will be absorbed by the local lumiphor 40
or the underlying LED chip 20, while other portions of the blue light 222 will be reflected
back into the optical cavity where it will appear just like the blue light 204.

[0074]  The third portion 226 of the blue light that is absorbed by phosphor
particles in the remote lumiphor 60 will cause some of the phosphor particles to emit yellow
colored light 230. As is also shown in FIG. 6, a first portion 232 of this yellow light may be

reflected back into the optical cavity (due to, for example, collisions with other elements in
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the remote lumiphor 60), a second portion 234 of the yellow light passes the rest of the way
through the remote lumiphor 60, and a third portion 236 of the yellow light is absorbed by
other phosphor particles in the remote lumiphor 60, which may or may not result in the re-
emission of additional yellow light. Some of the yellow light 232 that is reflected into the
optical cavity will be absorbed by the LED chip 20 or the local lumiphor 40, while other
portions of the yellow light 232 will be reflected back into the remote lumiphor 60, where it
will appear just like the yellow light 236.

[0075]  Likewise, the cyan light 214 that escape the local lumiphor 40 will include
portions that (1) pass into the remote lumiphor 60 (either directly or after various reflections)
or (2) are reflected back into the local lumiphor, 40. In particular, the cyan light 214 that
escapes the local lumiphor 40 includes a first portion 242 that is reflected back into the local
lumiphor 40 (e.g., after reflecting off a reflective surface in the optical cavity, the remote
lumiphor 60, etd.), a second portion 244 that passes into and through the remote lumiphor 60
without conversion, and a third portion 246 that is absorbed by phosphor particles in the
remote lumiphor 60. Some of the cyan light 242 that is reflected into the local Iumiphor 40
will be absorbed by the local lumiphor 40 or the underlying LED chip 20, while other
portions of the cyan light 242 will be reflected back into the optical cavity where it will
appear just like the cyan light 214,

[0076]  The third portion 246 of the cyan light that is absorbed by phosphor
particles in the remote lumiphor 60 will typically not cause the phosphor particles to emit
yellow colored light 230, as the phosphor particles may be chosen so that they have low
excitation to cyan colored light, which will help limit the amount of absorption of the cyan
light by the phosphor particles in the remote lumiphor 60. As shown in FIG. 6, the light
exiting the lighting device 10 may include the unconverted blue light 224, the yellow colored
light 234 from the phosphor particles in the remote lumiphor, and the cyan colored light 244
from the phosphor particles in the local lumiphor that pass unconverted through the remote
lumiphor. ‘

[0077]  Numerous parameters effect the efficiency of a lumiphor coated LED.
Those parameters include (1) the amount of light that is emitted by the LED that is absorbed
by elements within the optical cavity and lost and (2) the degree to which light is absorbed
and reemitted by luminescent materials multiple times before exiting the optical cavity, as
such phosphor conversions also include efficiency losses. The discussion above with respect
to FIG. 6 helps illustrate how the lighting devices according to embodiments of the present

invention may provide increased efficiency.
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[0078]  In particular, as shown by the above discussion, light of various colors
may be reflected off of elements in the local lumiphor 40 and/or in the remote lumiphor 60.
Such reflections are typically referred to as "back-scattering," Back-scattered light that hits
reflective surfaces in the optical cavity tends to just be reflected again, where it can pass into
the local lumiphor 40 or, more likely, into the much larger remote lumiphor 60. While a
small amount of light that hits these reflective surfaces may be absorbed, the amount of
absorption into the reflective surfaces tends to be small (e.g., 2-3%) and hence may not
significantly impact the efficiency of the lighting device 10.

[0079]  In contrast, the light that is reflected back into the LED 20 tends to
experience much higher absorption losses, which losses can more significantly impact the
efficiency of the lighting device 10. If the remote lumiphor 60 is coated directly on top of the
local lumiphor 40, then a fairly high percentage of the light that is reflected in the remote
lumiphor 60 may be reflected back into the local lumiphor 40 and the LED chip 20, where
high absorption losses may occur. However, by spacing the remote lumiphor 60 apart from
the local lumiﬁhor 40, most of the light reflected by the remote lumiphor 60 will hit the
various reflective surfaces in the optical Cavity instead of impinging on the local lumiphor 40
and LED chip 20, as the size of the pattern of the light reflected by the remote lumiphor 60
will increase exponentially with distance, much like the pattern of the pellets fired by a
shotgun. Consequently, if the area of a lower surface of the remote lumiphor 60 is made to
be substantially larger than the area of an upper surface of the LED chip 20, and if the
distance between the LED chip 20 and the remote lumiphor 60 is increased, then it may be
possible to greatly reduce the amount of light that is reabsorbed into the LED chip 20 and
lost.

[0080]  As also noted above, the efficiency of a lighting device 10 may also
depend upon the extent to which light is absorbed and re-emitted multiple time by
luminescent materials included in the lumiphors 40, 60 thereof. Once again, by separating
the remote lumiphor 60 from the local lumiphor 40 it may be possible to reduce the amount
of back-scattered light that enters the local lumiphor 40 where such re-absorption can occur.

[0081]  Inlight of the above, pursuant to some embodiments of the present
invention, the remote lumiphor 60 may be positioned at least 2 mm from the local lumiphor
40. In some embodiments, the remote lumiphor 60 may be positioned at least 4 mm or even
at least 6 mm from the local lumiphor 40. As noted above, by spacing the remote lumiphor
60 apart from the local lumiphor 40 the amount of light that back-scatters into the local
lumiphor 40 and/or the LED 20 may be advantageously reduced.
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[0082]  Photons of light from the LED 20 may pass through the local lumiphor 40
and exit a top surface thereof, and then pass through the optical cavity and enter the remote
lumiphor 60 via a lower surface thereof. As noted above, the surface area of the lower
surface of the remote lumiphor 60 that receives light from the local lumiphor 40 may be, in
some embodiments, af least ten or even twenty times greater than the surface area of the
upper surface of the local lumiphor 40. In other embodiments, the surface of the lower
surface of the remote lumiphor 60 may be at least fifty times greater than the surface area of
the upper surface of the local lumiphor 40. In still other embodiments, the surface area of the
lower surface of the remote lumiphor 60 may be at least 100 times greater than the surface
area of the upper surface of the local lumiphor 40.

[0083]  As noted above, in some embodiments, more than a single LED chip 20
may be included in the optical cavity. In such embodiments, a single local lumiphor 40 may
be coated over all of the LED chips 20 that include lumiphors, a separate local lumiphor 40
may be provided for each such LED chip 20, or these two approaches can be combined. In
such devices, the lighting device may include a single remote lumiphor 60 or, alternatively, a
plurality of remote lumiphors 60 may be provided. In such multi-LED chip embodiments of
the present invention, the sum of the surface areas of the lower surfaces of the one or more
remote lumiphors 60 may be at least ten, twenty, fifty or even 100 times greater than the sum
of the surface areas of the upper surfaces of the one or more local lumiphors 40.

[0084]  As the absorption losses that occurs in the LED chips with respect to back-
scattered light may exceed the losses that occur in the local lumiphors 40, embodiments of
the present invention also define the ratio of the surface area of the lower surface of the
remote lumiphor 60 to the sum of the surface areas of the top surfaces of the LED chips 20.
In some embodiments, the surface area of the lower surface of the one or more remote
lumiphors 60 may be at least ten or even at least twenty times greater than the sum of the
surface areas of the top surfaces of the LED chips 20. In other embodiments, the surface area
of the lower surface of the one or more remote lumiphors 60 may be at least fifty times
greater than the sum of the surface areas of the top surfaces of the LED chips 20. Instill
other embodiments, the surface area of the lower surface of the one or more remote
Jlumiphors 60 may be at least 100 times greater than the sum of the surface areas of the top
surfaces of the LED chips 20. |

[0085]  FIGS. 7A-Q are schematic block diagrams of lighting devices according
to various embodiments of the present invention. In particular, FIGS. 7A-Q illustrate

different combinations of LEDs, local lumiphors and remote lumiphors that may be used to
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provide lighting devices that emit warm white light and/or have relatively high CRI Ra
values. In FIGS. 7A-Q, only one of each different type of LED (and any associated local
lumiphor) that is included in the lighting device is depicted to simplify the drawings.
However, it will be appreciated that more than one of some or all of these LEDs and
associated local lumiphors may be provided in each depicted embodiment.

[0086]  Turning first to FIG. 7A, a lighting device 300 is depicted that includes a
blue LED 302. A local lumiphor 304 that includes cyan light-emitting luminescent materials
is deposited on and/or around the blue LED 302. A remote lumiphor 306 that includes
yellow light emitting luminescent materials is spaced-apart from the local lumiphor 304 and
positioned to receive light emitted by the local lumiphor 304. Both cyan light that is
generated by the cyan light-emitting luminescent materials and blue light from the LED 302
that is not converted by any of the cyan light-emitting luminescent materials is emitted
through the top surface of the local lumiphor 304. The local lumiphor 304 may be a "leaky"
lumiphor in that it may allow at least 10% of the received blue light to pass unconverted
therethrough. The unconverted blue light that passes through the local lumiphor 304 may
excite the yellow-light emitting luminescent materials in the remote lumiphor 306. The
combination of blue light that passes unconverted through both the local and:remote
lumiphors 304, 306, the cyan light that is generated in the local lumiphor 304 that passes
through the remote fumiphor 306, and the yellow light that is generated in the remote
lumiphor 306 and passes therethrough combines to generate white light. The provision of the
cyan light in the emitted emission spectrum may improve the CRI Ra value of the device 300.

[0087]  FIG. 7B depicts a lighting device 310 that includes a blue LED 312. A
local lumiphor 314 that includes redllight—emitting luminescent materials is deposited on
and/or around the blue LED 312. A remote lumiphor 316 that includes yellow light emitting
luminescent materials is spaced-apart from the local lumiphor 314 and positioned to receive
light emitted by the local lumiphor 314. Both red light that is generated by the red light-
emitting luminescent materials and blue light from the LED 312 that is not converted by any
of the red light-emitting luminescent materials passes through the local lumiphor 314, which
may be a "leaky" lumiphor. The unconverted blue light that passes through the local
lumiphor 314 may excite the yellow-light emitting luminescent materials in the remote
lumiphor 316. The combination of blue light, yellow light and red light that is emitted from
the remote lumiphor 316 combines to generate warm white light.

[0088]  FIG. 7C depicts a lighting device 320 that includes a first blue LED 322.

A first local lumiphor 324 that includes cyan light-emitting luminescent materials is
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deposited on and/or around the first blue LED 322. A second blue LED 326 is provided, and
a second local lumiphor 328 that includes red light-emitting luminescent materials is
deposited on and/or around the second blue LED 326. A remote lumiphor 330 that includes
yellow light emitting luminescent materials is spaced-apart from the first and second local
lumiphors 324, 328 and positioned to receive light emitted by the first local and second local
lumiphors 324, 328. Cyan light that is generated by the cyan light-emitting luminescent
materials, red light that is generated by the red light-emitting luminescent materials and
unconverted blue light from the LEDs 322, 326 pass into the remote lumiphor 330. The
unconverted blue light may excite the yellow-light emitting luminescent materials in the
remote lumiphor 330. The combination of blue light, cyan light, yellow light and red light
that is emitted from the remote lumiphor 330 combines to generate warm white light that may
have a high CRI Ra value.

[0089]  FIG. 7D depicts a lighting device 340 that includes a blue LED 342. A
local lumiphor 344 that includes cyan light-emitting luminescent materials is deposited on
and/or around the blue LED 342. A remote lumiphor 346 that includes green light emitting
luminescent materials is spaced-apart from the local lumiphor 344 and positioned to receive
light emitted by the local lumiphor 344. Both cyan light that is generated by the cyan light-
emitting luminescent materials and blue light from the LED 342 that is not converted by any
of the cyan light-emitting luminescent materials pass through the local lumiphor 344, which
may be a leaky lumiphor. The unconverted blue light that passes through the local lumiphor
344 may excite the green-light emitting luminescent materials in the remote Iumiphor 346.
The combination of blue light, cyan light and green light that is emitted from the remote
lumiphor 346 combines to generate white light.

[0090]  FIG. 7E schematically depicts a lighting device 350 that includes a blue
LED 352. A local lumiphor 354 that includes red light-emitting luminescent materials is
deposited on and/or around the blue LED 352. A remote lumiphor 356 that includes green
light emitting luminescent materials is spaced-apart from the local lumiphor 354 and
positioned to receive light emitted by the local lumiphor 354. Both red light that is generated
by the red light emitting luminescent materials and blue light from the LED 352 that is not
converted by any of the red light emitting luminescent materials pass through the local
lumiphor 354, which may be a leaky lumiphor. The unconverted blue light that passes
through the local lumiphor 354 may excite the green light emitting luminescent materials in
the remote lumiphor 356. The combination of blue light, green light and red light that is

emitted from the remote lumiphor 356 combines to generate warm white light.
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[0091]  FIG. 7F depicts a lighting device 360 that includes a first blue LED 362.
A first local lumiphor 364 that includes cyan light-emitting luminescent materials is
deposited on and/or around the first blue LED 362. A second blue LED 366 is provided, and
a second local lumiphor 368 that includes red light-emitting lumiﬁescent materials is
deposited on and/or around the second blue LED 366. A remote lumiphor 370 that includes
green light emitting luminescent materials is spaced-apart from the first and second local
lumiphors 364, 368 and positioned to receive light emitted by the first local and second local
lumiphors 364, 368. Cyan light that is generated by the cyan light-emitting luminescent
materials, red light that is generated by the red light-emitting luminescent materials and
unconverted blue light from the LEDs 362, 366 pass into the remote lumiphor 370. The
unconverted blue light may excite the green-light emitting lJuminescent materials in the
remote lumiphor 370. The combination of blue light, cyan light, green light and red light that
is emitted from the remote lumiphor 370 combines to generate warm white light that may
have a high CRI Ra value.

[0092]  FIG. 7G depicts a lighting device 380 according to still further
embodiments of the present invention. As shown in FIG. 7G, the lighting device 380
includes a first blue LED 382 that has a first local lumiphor 384 that includes cyan light-
emitting luminescent materials deposited thereon. A second blue LED 386 is provided, and a
second local lumiphor 388 that includes red light-emitting luminescent materials is deposited
on and/or around the second blue LED 386. A third blue LED 390 is provided, and a third
local lumiphor 392 that includes green light-emitting luminescent materials is deposited on
and/or around the third blue LED 390. A remote lumiphor 394 that includes yellow light-
emitting luminescent materials is spaced-apart from the first, second and third local
lumiphors 384, 388, 392 and positioned to receive light emitted by the first, second and third
local lumiphors 384, 388, 392. Cyan light that is generated by the cyan light-emitting
luminescent materials, red light that is generated by the red light-emitting luminescent
materials, green light that is generated by the green light-emitting luminescent materials and
unconverted blue light from the LEDs 382, 386, 390 pass into the remote lumiphor 394. The
unconverted blue light may excite the yellow-light emitting luminescent materials in the
remote lumiphor 394. The combination of blue light, cyan light, yellow light, green light and
red light that is emitted from the remote lumiphor 394 combines to generate warm white light
that may have a high CRI Ra value.

[0093]  FIG. 7TH depicts a lighting device 400 according to still further

embodiments of the present invention that includes a first blue LED 402 that has a first local
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lumiphor 404 that includes cyan light-emitting luminescent materials deposited thereon. A
second blue LED 406 is provided, and a second local lumiphor 408 that includes red light-
emitting luminescent materials is deposited on and/or around the second blue LED 406. A
third blue LED 410 is provided, and a third local lumiphor 412 that includes yellow light-
emitting luminescent materials is deposited on and/or around the third blue LED 410. A
remote lumiphor 414 that includes green light-emitting luminescent materials is spaced-apart
from the first, second and third local lumiphors 404, 408, 412 and positioned to receive light
emitted by the first, second and third local lumiphors 404, 408, 412. Cyan light that is
generated by the cyan light emitting luminescent materials, red light that is generated by the
red light emitting luminescent materials, yellow light that is generated by the yellow light
emitting luminescent materials and unconverted blue light from the LEDs 402, 406, 410 pass
into the remote lumiphor 414. The unconverted blue light may excite the green-light emitting
luminescent materials in the remote lumiphor 414. The combination of blue light, cyan light,
yellow light, green light and red light that is emitted from the remote lumiphor 414 combines
to generate warm white light that may have a high CRI Ra value.

[0094]  FIG. 71 depicts a lighting device 420 that includes a blue LED 422. A
local lumiphor 424 that includes cyan light-emitting luminescent materials is deposited on
and/or around the blue LED 422. A remote lumiphor 426 that includes yellow light emitting
luminescent materials is spaced-apart from the local lumiphor 424 and positioned to receive
light emitted by the local lumiphor 424. Both cyan light that is generated by the cyan light-
emitting luminescent materials and blue light from the LED 422 that is not converted by any
of the cyan light-emitting luminescent materials pass through the local lumiphor 424. The
unconverted blue light may excite the yellow-light emitting luminescent materials in the
remote lumiphor 426. The device 420 further includes a red light emitting LED 428 such as
an AllnGaP based LED, and light from the LED 428 may also pass unconverted through the
remote lumiphor 426. The combination of blue light, yellow light, red light and cyan light
that is emitted from the remote lumiphor 426 combines to generate white light.

[0095]  FIG. 7] depicts a lighting device 430 that includes a blue LED 432. A
local lumiphor 434 that includes cyan light-emitting luminescent materials is deposited on
and/or around the blue LED 432. A remote lumiphor 436 that includes green light emitting
luminescent materials is spaced-apart from the local lumiphbr 434 and positioned to receive
light emitted by the local lumiphor 434. Both cyan light that is generated by the cyan light-
emitting luminescent materials and blue light from the LED 432 that is not converted by any

of the cyan light-emitting luminescent materials pass through the local lumiphor 434. The
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unconverted blue light may excite the green-light emitting luminescent materials in the
remote lumiphor 436. The device 430 further includes a red light emitting LED 438 such as
an AlInGaP based LED, and light from the LED 438 may also pass unconverted through the
remote lumiphor 436. The combination of blue light, green light, red light and cyan light that
is emitted from the remote lumiphor 436 combines to generate white light.

[0096]  FIG. 7K depicts a lighting device 440 that includes a first blue LED 442.
A first local lumiphor 444 that includes cyan light-emitting luminescent materials is
deposited on and/or around the first blue LED 442. A second blue LED 446 is provided, and
a second local lumiphor 448 that includes green light-emitting luminescent materials is
deposited on and/or around the second blue LED 446. A remote lumiphor 450 that includes
yellow light emitting luminescent materials is spaced-apart from the first and second local
Jumiphors 444, 448 and positioned to receive light emitted by the first local and second local
lumiphors 444, 448. Cyan light that is generated by the cyan light-emitting luminescent
materials, green light that is generated by the green light-emitting luminescent materials and
unconverted blue light from the LEDs 442, 446 pass into the remote lumiphor 450. The
unconverted blue light may excite the yellow-light emitting luminescent materials in the
remote lumiphor 450. The device 440 further includes a red light emitting LED 452 such as
an AllnGaP based LED, and light from the LED 452 may also pass unconverted through the
remote lumiphor 450. The combination of blue light, cyan light, green light, yellow light and
red light that is emitted by the device 440 combines to generate warm white light that may
have a high CRI Ra value.

[0097]  FIG. 7L depicts a lighting device 460 that includes a first blue LED 462.
A first local lumiphor 464 that includes cyan light-emitting luminescent materials is
deposited on and/or around the first blue LED 462. A second blue LED 466 is provided, and
a second local lumiphor 468 that includes yellow light-emitting luminescent materials is
deposited on and/or around the second blue LED 466. A remote lumiphor 470 that includes
green light emitting luminescent materials is spaced-apart from the first and second local
lumiphors 464, 468 and positioned to receive light emitted by the first local and second local
lumiphors 464, 468. Cyan light that is generated by the cyan light-emitting luminescent
materials, yellow light that is generated by the yellow light-emitting luminescent materials
and unconverted blue light from the LEDs 462, 466 pass into the remote lumiphor 470. The
unconverted blue light may excite the green-light erﬁitting luminescent materials in the
remote lumiphor 470. The device 460 further includes a red light emitting LED 472 such as
an AllnGaP based LED, and light from the LED 472 may also pass unconverted through the
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remote lumiphor 470. The combination of blue light, cyan light, green light, yellow light and
red light that is emitted by the device 460 combines to generate warm white light that may
have a high CRI Ra value.

(0098]  FIG. 7M depicts a lighting device 480 that includes a blue LED 482. A
local lumiphor 484 that includes yellow and/or green light-emitting luminescent materials is
deposited on and/or around the blue LED 482. A remote lumiphor 486 that includes Cyan
light emitting luminescent materials is spaced-apart from the local lumiphor 484 and
positioned to receive light emitted by the local lumiphor 3484. Both yellow and/or green
light that is generated by the yellow and/or green light-emitting luminescent materials and
blue light from the LED 482 that is not converted by any of the yellow and/or green light-
emitting luminescent materials passes through the local lumiphor 484, which may be a
"leaky" lumiphor. The unconverted blue light that passes through the local lumiphor 484
may excite the cyan-light emitting luminescent materials in the remote lumiphor 486. In
some cases, the yellow and/or green light that is emitted by the local lumiphor 484 may also
excite the cyan-light emitting luminescent materials in the remote lumiphor 486. The
combination of blue light, yellow and/or green light and cyan light that is emitted from the
remote lumiphor 486 combines to generate warm white light.

[0099]  FIG. 7N depicts a lighting device 490 that includes a first blue LED 492.
A first local lumiphor 494 that includes yellow and/or green light-emitting luminescent
materials is deposited on and/or around the first blue LED 492. A second blue LED 496 is
provided, and a second local lumiphor 498 that includes red light-emitting luminescent
materials is deposited on and/or around the second blue LED 496. A remote lumiphor 499
that includes cyan light emitting luminescent materials is spaced-apart from the first and
second local lumiphors 494, 498 and positioned to receive light emitted by the first local and
second local lumiphors 494, 498. Yellow and/or green light that is generated by the yellow
and/or green light-emitting luminescent materials, red light that is generated by the red light-
emitting luminescent materials and unconverted blue light from the LEDs 492, 496 pass into
the remote lumiphor 499. The unconverted blue light may excite the cyan-light emitting
luminescent materials in the remote lumiphor 499. In some cases, the yellow and/or green
light that is emitted by the local lumiphor 494 may also excite the cyan-light emitting
luminescent materials in the remote lumiphor 499. The combination of blue light, cyan light,
yellow and/or green light and red light that is emitted from the remote lumiphor 330

combines to generate warm white light that may have a high CRI Ra value.
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[00100]  FIG. 70 depicts a lighting device 800 according to still further
embodiments of the present invention. As shown in FIG. 70, the lighting device 800
includes a first blue LED 802 that has a first local lumiphor 804 that includes yellow light-
emitting luminescent materials deposited thereon. A second blue LED 806 is provided, and a
second local lumiphor 808 that includes red light-emitting luminescent materials is deposited
on and/or around the second blue LED 806. A third blue LED 810 is provided, and a third
local lumiphor 812 that includes green light-emitting luminescent materials is deposited on
and/or around the third blue LED 810. A remote lumiphor 814 that includes cyan light-
emitting luminescent materials is spaced-apart from the first, second and third local
lumiphors 804, 808, 812 and positioned to receive light emitted by the first, second and third
local lumiphors 804, 808, 812. Yellow light that is generated by the yellow light-emitting
luminescent materials, red light that is generated by the red light-emitting luminescent
materials, green light that is generated by the green light-emitting luminescent materials and
unconverted blue light from the LEDs 802, 806, 810 pass into the remote lumiphor 814. The
unconverted blue light may excite the cyan-light emitting luminescent materials in the remote
lumiphor 814. In some cases, the yellow light that is emitted by the local lumiphor 804
and/or the green light that is emitted by the local lumiphor 812 may also excite the cyan-light
emitting luminescent materials in the remote lumiphor 814. The combination of blue light,
cyan light, yellow light, green light and red light that is emitted from the remote Iumiphor
814 combines to generate warm white light that may have a high CRI Ra value.

[00101]  FIG. 7P depicts a lighting device 820 that includes a blue LED 822. A
local lumiphor 824 that includes yellow and/or green light-emitting luminescent materials is
deposited on and/or around the blue LED 822. A remote lumiphor 826 that includes cyan
light emitting luminescent materials is spaced-apart from the local lumiphor 824 and
positioned to receive light emitted by the local lumiphor 824. Both yellow and/or green light
that is generated by the yellow and/or green light-emitting luminescent materials and blue
light from the LED 822 that is not converted by any of the yellow and/or green light-emitting
luminescent materials are received by the remote lumiphor 826. The unconverted blue light
may excite the cyan-light emitting luminescent materials in the remote lumiphor 826. In
some cases, the yellow and/or green light that is emitted by the local lumiphor 824 may also
excite the cyan-light emitting luminescent materials in the remote lumiphor 826. The device
820 further includes a red light emitting LED 828 such as an AlInGaP based LED, and light
from the LED 828 may also pass unconverted through the remote lumiphor 826. The
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combination of blue light, yellow light, red light and cyan light that is emitted from the
remote lumiphor 826 combines to generate white light.

[00102]  FIG. 7Q depicts a lighting device 830 that includes a first blue LED 832.
A first local lumiphor 834 that includes yellow light-emitting luminescent materials is
deposited on and/or around the first blue LED 832. A second blue LED 836 is provided, and
a second local lumiphor 838 that includes green light-emitting luminescent materials is
deposited on and/or around the second blue LED 836. A remote lumiphor 840 that includes
cyan light emitting luminescent materials is spaced-apart from the first and second local
lumiphors 834, 838 and positioned to receive light emitted by the first local and second local
lumiphors 834, 838. Yellow light that is generated by the yellow light-emitting luminescent
materials, green light that is generated by the green light-emitting luminescent materials and
unconverted blue light from the LEDs 832, 836 pass into the remote lumiphor 840. The
unconverted blue light may excite the cyan-light emitting luminescent materials in the remote
lumiphor 840. In some cases, the yellow light that is emitted by the local lumiphor 834
and/or the green light that is emitted by the local lumiphor 838 may also excite the cyan-light
emitting luminescent materials in the remote lumiphor 840. The device 830 further includes
a red light emitting LED 842 such as an AllnGaP based LED, and light from the LED 842
may also pass unconverted through the remote lumiphor 840. The combination of blue light,
cyan light, green light, yellow light and red light that is emitted by the device 830 combines
to generate warm white light that may have a high CRI Ra value.

[00103]  In the embodiments discussed above that include one or more saturated
LEDs such as red light-emitting LEDs that do not include an associated lumiphor, the light
from the LED may be allowed to pass through the remote lumiphor or, alternatively, the
device may be designed so that some or all of the light emitted by the saturated LEDs pass
around or beside the remote lumiphor. In some embodiments where the light from the
saturated LEDs passes through the remote lumiphor, the remote lumiphor may be designed to
mix the various colors of light that pass therethrough so that the light output by the lighting
device will appear white in color. In other embodiments, a separate light mixer/diffuser may
be provided that mixes the various colors together to generate light that appears white in
color.

[00104] It will likewise be appreciated that any of the lighting devices depicted in
FIGS. 7A-Q could also include one or more additional blue LEDs that do not include an
associated local lumiphor. These additional blue LEDs may be used to provide additional

blue light to increase the amount of blue light that excites luminescent materials in the remote
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lumiphor and/or to provide additional light in the blue color range that passes through the
remote lumiphor as may be necessary to achieve a desired color point for the lighting device.

[00105]  In some embodiments, either the local lumiphor or the remote lumiphor
can include more than on type of luminescent material. By way of example, the lighting
device 320 of FIG. 7C could be modified to have a single blue LED 322 and a single local
lumiphor 324" on the blue LED 322 that includes both cyan light-emitting and red light-
emitting luminescent materials, so that the blue LED 326 and the second local lumiphor 328
could be omitted. As another example, the lighting device 320 of FIG. 7C could
alternatively be modified to include the single blue LED 322 and the first local [umiphor 324,
and the remote lumiphor 330 could be replaced with a remote lumiphor 330" that includes
both yellow light-emitting and red light-emitting luminescent materials. This design again
would allow the second blue LED 326 and the second local lumipbor 328 to be omitted. It
will be appreciated that at least the above embodiments that are depicted in FIGS. 7C, 7F-H,
7K-L, 7TN-0 and 7Q could be modified in the manner described above to include two or
more of the luminescent materials in either or both the local lumiphor and/or the remote
lumiphor. It will also be appreciated that the same type of luminescent materials may be
included in both the local and remote lumiphor. For example, in the embodiment of FIG.
7A, yellow luminescent materials could be included in both the local lumiphor 304 and in the
remote lumiphor 306.

[00106]  While, as discussed above, embodiments of the present invention do not
preclude including two different types of luminescent materials in thé same fumiphor, in
some cases it may be advantageous to only include a single type of luminescent material in
each local and remote lumiphor. In particular, as discussed above, multiple conversions may
occur as light passes through lumiphors having different luminescent materials, which may
reduce the efficiency, and hence the luminous flux, of the lighting device. Thus, it may be
more efficient to include a single type of luminescent material in each local and remote
lumiphor in some embodiments. Thus, for example, in the lighting device 320 of FIG. 7C,
the cyan light-emitting luminescent materials are included in first local lumiphor 324 that is
associated with the blue LED 322, and the red light-emitting luminescent materials are
included in the second local lumiphor 328 that is associated with the second blue LED 326,
and thus each of the first and second local lumiphors 324, 328 and the remote lumiphor 330
only include a single type of luminescent material.

[00107]  In addition, as discussed above with reference to FIG. 6, by spatially

separating the local and remote lumiphors, the interaction between the luminescent materials
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in the two lumiphors can be reduced due to the fact that much of the back-scatter from the
remote lumiphor will impinge upon reflective surfaces in the optical cavity instead of
impinging on the local 1umiphor; As an example, a lighting device that is constructed
according to the design of FIG. 7A above may include nine 1mm by 1 mm square blue
LEDs, each of which has a thin local lumiphor that includes cyan phosphors coated on the top
surfaces thereof. Thus, the total surface area of the top surface of the local lumiphors for
these nine LEDs is approximately 9 square mm. The nine LEDs are mounted in adjoining
reflective cups in a 3x3 array. A planar glass disk is mounted, for example, approximately 2-
5 mm above the 3x3 LED array, and the disk may have a diameter of, for example, 25 mm.
A remote lumiphor that includes YAG:Ce phosphors is coated on the lower surface of the
glass disk. The surface area of the lower surface of the remote lumiphor is thus about 490
square mm, which is more than 50 times the surface area of the top surfaces of the local
lumiphors. Consequently, if it is assumed that back-scattered light will have a relatively even
distribution, then less than 2-3% of the back-scattered light will impinge on the local
lumiphors where it is subject to experiencing multiple conversions and/or being absorbed
within an underlying LEDs, while the remaining 97-98% of the back-scattered light will hit
reflective surfaces such as the reflective cups. While some of the reflections off of these
reflective surfaces may direct the light into a local lumiphor, and a small amount of the
impinging light will be absorbed by the reflective surfaces, the vast majority of the light that
hits the reflective surfaces will be reflected (directly or indirectly) back up into the remote
Jumiphor. If the 25 mm glass disk is replaced with a 38 mm glass disk, the surface area of the
remote lumiphor is increased to about 1134 square mm, and hence the device may be
designed so that potentially only about 1% of the back-scattered light may directly impinge
on the local lumiphors. Consequently, by using a remote lumiphor that is sufficiently
spatially separated from the local lumiphor(s) and which has a much greater surface area, the
efficiency of the device may be further improved.

[00108]  As noted above, in some embodiments, yellow light-emitting luminescent
materials such as, for example YAG:Ce are included in the remote lumiphor. It may be
advantageous to use such phosphors in the remote lumiphor because the remote lumiphor
may have a much larger surface area than the local lumiphor. A number of yellow light
emitting phosphors are available that are relatively inexpensive as compared to, for example,
suitable red light emitting and/or cyan light emitting luminescent materials. Accordingly, in
some cases, the overall cost of the lighting device may be reduced by using the yellow light

emitting (or green light emitting) luminescent materials in the remote lumiphor. Moreover,
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as discussed above, some cyan light emitting and red light emitting luminescent materials
may tend to have large particle sizes and therefore allow more blue light to pass through
unconverted, which may be advantageous in some situations. Additionally, YAG:Ce
phosphor particles may have a relatively low excitation response to light in either the cyan or
red color ranges. For example, at wavelengths of 470 nm the excitation response of some
YAG:Ce phosphors may be low, and at wavelengths of 500 nm the excitation response may
again be low. As such, the amount of cyan and/or red light that will excite YAG:Ce
phosphor particles may be relatively low, and hence using a YAG:Ce phosphor in the remote
lumiphor may advantageously reduce the amount of multiple conversions that occurs where
red or cyan light emitted by the local lumiphor(s), thereby improving the efficiency of the
lighting device.

[00109]  Insome embodiments, the remote lumiphor may be coated onto a light
diffuser or may be designed to act as a light diffuser. Such light diffusers are typically
employed because the light from the various sources in many white LEDS (e.g., blue LEDs,
cyan phosphors, yellow phosphors, red phosphors or LEDs, etc.) must be mixed in order for
the light that is output to appear white to a human observer. As light diffusers typically add
inefficiencies to a lighting device, designing the remote lumiphor to act as a diffuser may
allow for an increase in the efficiency of the lighting device.

[00110] A lighting device 540 according to embodiments of the present invention
will now be described with reference to FIGS. 8A-D. FIG. 8A is a top perspective view of
the device 540. FIG. 8B is a side cross-sectional view of the device 540. FIG. 8C is a
bottom perspective view of the device 540. FIG. 8D is a top plan view of the device 540.

[00111]  Asshown in FIG. 8A, the device 540 includes a submount 542 that
supports an array of LEDs 548. The submount 540 can be formed of many different
materials including either insulating materials, conductive materials or a combination thereof,
For example, the submount 542 may be formed of alumina, aluminum oxide, aluminum
nitride, silicon carbide, organic insulators, sapphire, copper, aluminum, steel, other metals or
metal alloys, silicon, or of a polymeric material such as polyimide, polyester, etc. In some
embodiments, the submount 542 may comprise a printed circuit board (PCB), which may
facilitate providing electrical connections to and between a plurality of LEDs 548. Portions
of the submount 542 may include or be coated with a highly reflective material, such as a
reflective ceramic or metal (e.g., silver) to enhance light extraction from the device 540.

[00112]  Each LED 548 is mounted to a respective die pad 544 that is provided on

the top surface of the submount 542. Conductive traces 546 are also provided on the top
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surface of the submount 542. The die pads 544 and conductive traces 546 can comprise
many different materials such as metals (e.g., copper) or other conductive materials, and may
be deposited, for example, via plating and patterned using standard photolithographic
processes. Seed layers and/or adhesion layers may be provided beneath the die pads 544,
The die pads 544 may also include, or be plated with, reflective layers, barrier layers and/or
dielectric layers. The LEDs 548 may be mounted to the die pads 544 using conventional
methods such as soldering.

[00113]  The LEDs 548 may comprise, for example, any of the LED combinations
discussed above with respect to FIGS. 7A-L. For example, if the device 540 is designed to
have the configuration of the device 320 of FIG. 7C above, then some number (e.g., 14) of
the LEDs 548 may comprise blue LEDs that have a cyan light-emitting local lumiphor coated
thereon, some number (e.g., 10) of the LEDs 548 may comprise blue LEDs that have a red
light-emitting local lumiphor coated thereon, and some number (e.g., 1) of the LEDs 548 may
comprise an additional blue LED that does not include a local lumiphor may be provided to
provide additional blue light for exciting the phosphor particles in the remote lumiphor.

[00114]  Each LED 548 may include at least one active layer/region sandwiched
between oppositely doped epitaxial layers. The LEDs 548 may be grown as wafers of LEDs,
and these wafers may be singulated into individual LED dies to provide the LEDs 548. The
underlying growth substrate can optionally be fully or partially removed from each LED 548.
Each LED 548 may include additional layers and elements including, for example, nucleation
layers, contact layers, current spreading layers, light extraction layers and/or light extraction
elements. The oppositely doped layers can comprise multiple layers and sub-layers, as well
as super lattice structures and interlayers. The active region can include, for example, single
quantum well (SQW), multiple quantum well (MQW), double heterostructure and/or super
lattice structures. The active region and doped layers may be fabricated from various
material systems, including, for example, Group-III nitride based material systems such as
GaN, aluminum gallium nitride (AlGaN), indium gallium nitride (InGaN) and/or aluminum
indium gallium nitride (AlInGaN). In some embodiments, the doped layers are GaN and/or
AlGaN layers, and the active region is an InGaN layer.

[00115]  Each LED 548 may include a conductive current spreading structure on its
top surface, as well as one or more contacts/bond pads that are accessible at its top surface for
- wire bonding. The current spreading structure and contacts/bond pads can be made of a
conductive material such as Au, Cu, Ni, In, Al, Ag or combinations thereof, conducting

oxides and transparent conducting oxides. The current spreading structure may comprise

35



WO 2012/154665 ~ PCT/US2012/036761

spaced-apart conductive fingers that are arranged to enhance current spreading from the
contacts/bond pads into the top surface of its respective LED 548. In operation, an electrical
signal is applied to a contact/bond pad through a wire bond, and the electrical signal spreads
through the fingers of the current spreading structure into the LED 548.

[00116]  As noted above, some or all of the LEDs 548 may have an associated local
lumiphor 549 that includes one or more luminescent materials. Light emitted by a respective
one of the LEDs 548 may pass into its associated local lumiphor 549. Some of the light that
passes into the local lumiphor 549 is absorbed by the luminescent materials contained therein,
and the luminescent materials emit light having a different wavelength distribution in
response to the absorbed light. The local lumiphor 549 may be coated directly onto its
respective LED 548 or otherwise disposed to receive some or all of the light emitted by its
respective LED 548. Suitable methods for applying the local lumiphor 549 to the LEDs 548
include, for example, the coating methods described in U.S. Patent Application Serial Nos.
11/656,759 and 11/899,790, the electrophoretic deposition methods described in U.S. Patent
Application Serial No. 11/473,089, and/or the spray coating methods described in U.S. Patent
Application Serial No. 12/717,048.

[00117]  An optical element or lens 555 may be provided over the LEDs 548 to
provide environmental and/or mechanical protection. The lens 555 can be molded using
different molding techniques such as those described in U.S, Patent Application Serial No.
11/982,275. The lens 555 can be many different shapes such as, for example, hemispheric,
ellipsoid bullet, flat, hex-shaped, and square, and can be formed of various materials such as
silicones, plastics, epoxies or glass. The lens 555 can be textured to improve light extraction.
For a generally circular LED array, the diameter of the lens 555 can be approximately the
same as or larger than the diameter of the LED array.

[00118]  The lens 555 may also include features or elements arranged to diffuse or
scatter light, including scattering particles or structures. Such particles may include
materials such as titanium dioxide, alumina, silicon carbide, gallium nitride, or glass micro
spheres, with the particles preferably being dispersed within the lens. Alternatively, or in
combination with the scattering particles, air bubbles or an immiscible mixture of polymers
having a different index of refraction could be provided within the lens or structured on the
lens to promote diffusion of light. Scattering particles or structures may be dispersed
homogeneously throughout the lens 555 or may be provided in different concentrations or
amounts in different areas in or on a lens. In one embodiment, scattering particles may be

provided in layers within the lens, or may be provided in different concentrations in relation
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to the location of LEDs 548 (e.g., of different colors) within the packaged device 540. In
other embodiments, a diffuser layer or film (not shown) may be disposed remotely from the
lens 555 at a suitable distance from the lens 555, such as, for example, 1 mm, 5 mm, 10 mm,
20 mm, or greater. The diffuser film may be provided in any suitable shape, which may
depend on the configuration of the lens 555. A curved diffuser film may be spaced apart
from but conformed in shape to the lens and provided in a hemispherical or dome shape

[00119]  The lighting device 540 further includes at least one remote lumiphor 554.
In some embodiments, the remote lumiphor 554 may be coated onto, sprayed or otherwise
applied to a surface of the lens §55. The remote lumiphor 554 may include, for example,
luminescent materials that are different from the luminescent materials contained in the local
lumiphors 549. In some embodiments, the luminescent materials in the remote lumiphor 554
may be excited by light from some or all of the LEDs 548 that "leaks through" the local
lumiphors 549. As noted above, some of the LEDs 548 may not include a local lumiphor
549, and some of the light from these "bare" LEDs 548 may also be used to excite the
luminescent materials in the remote lumiphor 554. In some embodiments, the remote
lumiphor 554 may be spaced apart from the local lumiphors 549 by, on average, at least 3
mm. The surface area of the lower surface of the remote lumiphor 554 (i.e., the surface that
receives light from the local lumiphors 549) may exceed sum of the surface areas of the upper
surfaces of the local lumiphors 549 by at least a factor of ten (or twenty or more).

[00120]  The lighting device 540 may include an optional protective layer 556 that
covers the top surface of the submount 542, e.g., in aréas not covered by the lens 555. The
protective layer 556 provides additional protection to the elements on the top surface to
reduce damage and contamination during subsequent processing steps and use. The protective
layer 556 may be formed concurrently with the lens 555, and optionally comprise the same
material as the lens 555.

[00121]  The lighting device 540 also includes one or more contact pairs 570 that
provide external electrical connections that provide current to the LEDs 548.

[00122]  To promote heat dissipation, the packaged device 540 may include a
thermally conductive (e.g., metal) layer 592 on a bottom surface of the submount 542. The
conductive layer 592 may cover different portions of the bottom surface of the submount 542;
in one embodiment as shown, the metal layer 592 may cover substantially the entire bottom
surface. The conductive layer 592 may be in at least partial vertical alignment with the LEDs
548. In one embodiment, the conductive layer is not in electrical communication with

elements (e.g., LEDs) disposed on top surface of the submount 542. Heat that may

37



WO 2012/154665 PCT/US2012/036761

concentrate below individual LEDs 548 will pass into the submount 542 disposed directly
below and around each LED 548. The conductive layer 592 can aid heat dissipation by
allowing this heat to spread from concentrated areas proximate the LEDs into the larger area
of the layer 592 to promote dissipation and/or conductive transfer to an external heat sink
(not shown). The conductive layer 592 may include holes 594 providing access to the
submount 542, to relieve strain between the submount 542 and the metal layer 592 during
fabrication and/or during operation. In certain embodiments, thermally conductive vias or
plugs that pass at least partially through the submount 542 and are in thermal contact with the
conductive layer 592 may be provided. The conductive vias or plugs promote passage of heat
from the submount 542 to the conductive layer 592 to further enhance thermal management.

(00123]  While FIGS. 8A-D illustrate one exemplary package configuration for
light emitting devices according to embodiments of the present invention, it will be
appreciated that any suitable packaging arrangement may be used.

[00124]  Another potential benefit of including a remote lumiphor is that it may
reduce the thickness of the local lumiphor. As noted above, lumiphors typically include
binder materials such as silicone or epoxy resins. Unfortunately, these binder materials may
break down over time if held at elevated temperatures. In order to reduce the likelihood of
such breakdown occurring, the drive current supplied to LEDs that are coated with a local
lumiphor may be limited to pre-selected amounts. The lower drive currents tend to reduce
the amount of light generated by the lighting device. | | .

[00125]  As the lighting device according to embodiments of the present invention
include a remoté lumiphor, the thickness of any local lumiphor that is applied directly to the
LEDs may be reduced. The thinner the coating, the better the ability of the LED to dissipate
heat through the coating, and hence the LEDs that include remote lumiphors may be able to
handle higher operating currents without breakdown of the binder materials.

[00126]  FIGS. 9A-C are schematic diagrams illustrating exemplary configurations
for the remote lumiphors according to embodiments of the present invention.

[00127]  As shown in FIG. 9A, in some embodiments, the lighting device includes
a reflective cup or other mounting surface 600. An LED 602 is mounted in the reflective cup
600. A local lumiphor 604 is coated on the top and side surfaces of the LED 602. The
reflective cup 600 defines an optical cavity 606. A hemispherical dome 608 is mounted to
cover the optical cavity 606. A remote lumiphor 610 is coated onto the hemispherical dome
608.
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[00128]  FIG. 9B illustrates another embodiment, in which the lighting device
includes a planar submount 620. An LED 622 is mounted on the submount 620. A local
lumiphor 624 is coated on the top and side surfaces of the LED 622. A light bulb shaped
dome 628 is mounted on the submount 620. The submount 620 and the dome 628 define an
optical cavity 626. A remote lumiphor 630 is coated onto the dome 628.

[00129]  FIG. 9C illustrates another embodiment, in which the lighting device’
includes a planar submount 640. An LED 642 is mounted on the submount 640. A local
lumiphor 644 is coated on the top and side surfaces of the LED 642. A bullet-shaped dome
648 is mounted on the submount 640. The submount 640 and the dome 648 define an optical
cavity 646. A remote lumiphor 650 is coated onto the dome 648.

[00130]  According to still further embodiments of the present invention, the local
lumiphor in any of the above-described embodiments may be spatially separated from both
its associated LED and from the remote lumiphor. FIG. 10 schematically illustrates such a
lighting device 700.

[00131]  As shown in FIG. 10, the lighting device 700 includes a reflective cup 702
that has a base 704 and sidewalls 706. An LED 710 is mounted on the base 704 of reflective
cup 702. The top surfaces of the sidewalls 706 extend farther above the base 704 than does
the top surface of the LED 710. A transparent element 720 is placed over the LED 710. The
transparent element is spaced apart from the top surface of the LED 710. A local lumiphor
730 is coated on an upper surface of the transparent element 720. The local lumiphor 730 is
thus spaced apart from the LED 710, and hence will receive less heat from the LED 710. A
transparent lens 740 is positioned over the LED 710, reflective cup 702, transparent element
720 and local lumiphor 730. A remote lumiphor 750 may be coated, for example, on an inner
surface of the lens 740. The remote lumiphor 750 is spaced apart from the local lumiphor
730.

[00132]  Many different embodiments have been disclosed herein, in connection
with the above description and the drawings. It will be understood that it would be unduly
repetitious and obfuscating to literally describe and illustrate every combination and
subcombination of these embodiments. Accordingly, the present specification, including the
drawings, shall be construed to constitute a complete written description of all combinations
and subcombinations of the embodiments described herein, and of the manner and process of
making and using them, and shall support claims to any such combination or subcombination.

[00133]  While embodiments of the present invention have primarily been

discussed above with respect to semiconductor light emitting devices that include LEDs, it
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will be appreciated that according to further embodiments of the present invention, laser
diodes and/or other semiconductor lighting devices may be provided that include the
luminophoric mediums discussed above.

[00134]  The present invention has been described above with reference to the
accompanying drawings, in which certain embodiments of the invention are shown.
However, this invention should not be construed as limited to the embodiments set forth
herein. Rather, these embodiments are provided so that this disclosure will be thorough and
complete, and will fully convey the scope of the invention to those skilled in the art. In the
drawings, the thickness of layers and regions are exaggerated for clarity. Like numbers refer
to like elements throughout. As used herein the term "and/or" includes any and all
combinations of one or more of the associated listed items.

[00135]  The terminology used herein is for the purpose of describing particular
embodiments only and is not intended to be limiting of the invention. As used herein, the
singular forms "a", "an" and "the" are intended to include the plural forms as well, unless the
context clearly indicates otherwise. It will be further understood that, when used in this '
specification, the terms "comprises" and/or "including" and derivatives thereof, specify the
presence of stated features, operations, elements, and/or components, but do not preclude the
presence or addition of one or more other features, operations, elements, components, and/or
groups thereof.

[00136] It will be understood that when an element such as a layer, region or
substrate is referred to as being "on" or extending "onto" another element, it can be directly
on or extend directly onto the other element or intervening elements may also be present. In
contrast, when an element is referred to as being "directly on" or extending "directly onto"
another element, there are no intervening elements present. It will also be understood that
when an element is referred to as being "connected" or "coupled" to another element, it can
be directly connected or coupled to the other element or intervening elements may be present.
In contrast, when an element is referred to as being "directly connected" or "directly coupled"
to another element, there are no intervening elements present.

[00137] It will be understood that, although the terms first, second, etc. may be
used herein to describe various elements, components, regions and/or layers, these elements,
components, regions and/or layers should not be limited by these terms. These terms are only
used to distinguish one element, component, region or layer from another element,

component, region or layer. Thus, a first element, component, region or layer discussed
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below could be termed a second element, component, region or layer without departing from
the teachings of the present invention.

[00138]  Furthermore, relative terms, such as "lower" or "bottom" and "upper" or
"top," may be used herein to describe one element's relationship to another element as
illustrated in the figures. It will be understood that relative terms are intended to encompass
different orientations of the device in addition to the orientation depicted in the figures. For
example, if the device in the figures is turned over, elements described as being on the
"lower" side of other elements would then be oriented on "upper" sides of the other elements.
The exemplary term "lower", can therefore, encompasses both an orientation of "lower" and
"upper," depending on the particular orientation of the figure. »

[00139]  Embodiments of the invention are described herein with reference to cross-
section illustrations that are schematic illustrations of idealized embodiments (and
intermediate structures) of the invention. The thickness of layers and regions in the drawings
may be exaggerated for clarity, Additionally, variations from the shapes of the illustrations
as a result, for example, of manufacturing techniques and/or tolerances, are to be expected.
Thus, embodiments of the invention should not be construed as limited to the particular
shapes of regions illustrated herein but are to include deviations in shapes that result, for
example, from manufacturing.

[00140]  In the drawings and specification, there have been disclosed embodiments
of the invention and, although specific terms are employed, they are used in a generic and
descriptive sense only and not for purposes of limitation, the scope of the invention being set

forth in the following claims.
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What is claimed is:

1. A lighting device, comprising:

a semiconductor light emitting device;

a first lumiphor that includes luminescent materials, the first lumiphor having a first
surface that is positioned to receive radiation emitted by the semiconductor light emitting
device and a second surface opposite the first surface;

a second lumiphor that is different from the first lumiphor, the second lumiphor
having a first surface that is positioned to receivé radiation emitted by the semiconductor
light emitting device and radiation emitted by the luminescent materials in the first lumiphor,
the second lumiphor being spaced-apart from the first lumiphor and from the semiconductor
light emitting device;

wherein the first lumiphor comprises a leaky lumiphor in that the luminescent
materials therein wavelength convert less than 90% of the radiation from the semiconductor

light emitting device light that is incident on the first lumiphor.

2. The lighting device of Claim 1, wherein the light emitting device comprises a
blue light emitting diode ("LED") that emits light having a peak wavelength between 400 and
489 nm.

3. The lighting device of Claim 2, wherein the second lumiphor includes

luminescent materials that emit light having a peak wavelength between 510 and 599 nm.

4. The lighting device of Claim 1, wherein the luminescent materials in the first

Jumiphor emit light having a peak wavelength between 490 and 515 nm.

5. The lighting device of Claim 1, wherein the luminescent materials in the first

lumiphor emit light having a dominant wavelength of at least 600 nm.

6. The lighting device of Claim 1, wherein a ratio of an average particle size of
the luminescent materials in the first lumiphor to an average particle size of luminescent

materials that are included in the second lumiphor is at least 4:1.

7. The lighting device of Claim 2, wherein the first lumiphor is coated directly
onto the blue LED.
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8. The lighting device of Claim 2, wherein the blue LED comprises a first blue
LED, the lighting device further comprising:

a second blue LED that emits radiation having a peak wavelength between 400 and
489 nm; and

a third lumiphor that includes different luminescent materials than the luminescent
materials that are included in the first and second lumiphors, the third lumiphor having a first
surface that is positioned to receive radiation emitted by the second blue LED,

wherein the second lumiphor is also positioned to receive radiation emitted by the

second blue LED and is spaced-apart from the third lumiphor.

9. The lighting device of Claim 8, wherein the luminescent materials in the first
lumiphor emit light having a peak wavelength between 490 and 515 nm, wherein the
luminescent materials in the second lumiphor emit light having a peak wavelength between
540 and 590 nm, and wherein the luminescent materials in the third lumiphor emit light

having a dominant wavelength of at least 600 nm.

10.  The lighting device of Claim 3, wherein a combination of the blue light
emitted by the blue LED and the light emitted by the 1uminescel{t materials in the second
lumiphor has a color point that falls within the region on the 1931 CIE Chromaticity Diagram
defined by x, y chromaticity coordinates (0.32, 0.40), (0.36, 0.48), (0.43 0.45), (0.36, 0.38),
(0.32, 0.40).

11.  The lighting device of Claim 2, further comprising a red LED that emits
saturated radiation having a dominant wavelength of at least 600 nm, wherein the
luminescent materials in the first lumiphor emit light having a peak wavelength between 490
and 515 nm, and wherein the second lumiphor is also positioned to receive radiation emitted

by the red LED.

‘

12.  The lighting device of Claim 3, wherein a combination of the blue light
emitted by the blue LED and the light emitted by the luminescent materials in the second
lumiphor has a color point that falls within the region on the 1931 CIE Chromaticity Diagram
defined by x, y chromaticity coordinates (0.35, 0.48), (0.26, 0.50), (0.13 0.26), (0.15, 0.20),
(0.26, 0.28), (0.35, 0.48).
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13. The lighting device of Claim 2, wherein the lighting device emits a warm
white light having a correlated color temperature between about 2500K and about 4100K and
a CRI Ra value of at least 90.

14, The lighting device of Claim 1, wherein a surface area of a lower surface of
the second lumiphor that is opposite an upper surface of the first lumiphor is at least a factor

of twenty larger than the upper surface of the first lumiphor.

15, Alighting device, comprising:

a blue light emitting diode ("LED") that emits light having a peak wavelength
between 400 and 489 nm;

a first lumiphor that is positioned adjacent to the blue LED, the first lumiphor
including luminescent materials that (a) emit a first type of light having a peak wavelength
between 490 and 515 nm and/or luminescent materials that emit light having a dominant
wavelength of at least 600 nm or (b) emit a second type of light having a peak wavelength
between 530 and 599 nm;

a second lumiphor that is different from the first lumiphor, the second lumiphor
positioned to receive radiation emitted by the blue LED and being spaced-apart from the first
lumiphor, the second lumiphor including luminescent materials that emit the first type of light
if the luminescent materials in the first lumiphor emit the second type of light, or emit the
second type of light if the luminescent materials in the first lumiphor emit the first type of

light.

16.  The lighting device of Claim 15, wherein the first lumiphor includes

luminescent materials that emit light having a dominant wavelength of at least 600 nm.

17.  The lighting device of Claim 15, wherein the first lumiphor includes

luminescent materials that emit light having a peak wavelength between 490 and 515 nm.

18.  The lighting device of Claim 17, further comprising a red LED that emits

saturated radiation having a dominant wavelength of at least 600 nm.

19.  The lighting device of Claim 15, wherein the ratio of an average particle size
of the luminescent materials in the first lumiphor to an average particle size of luminescent

materials that are included in the second lumiphor is at least 4:1.
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20.  The lighting device of Claim 15, wherein a surface area of a lower surface of
the second lumiphor that is opposite an upper surface of the first lumiphor is at least a factor

of twenty larger than the upper surface of the first lumiphor.

21.  Alighting device, comprising:

a plurality of semiconductor light emitting devices, wherein at least some of the
semiconductor light emitting devices include a respective associated first lumiphor that has a
first surface that is positioned to receive radiation emitted by its associated semiconductor
light emitting device;

a second lumiphor that is different from the first lumiphors, the second lumiphor
positioned to receive radiation emitted by the semiconductor light emitting devices and being
spaced-apart from the first lumiphors;

wherein the ratio of average particle size of the luminescent materials in at least one
of the first lumiphors to average particle size of the luminescent materials in the second

lumiphor is at least 4:1.

22.  The lighting device of Claim 21, wherein at least one of the semiconductor
light emitting devices comprises a blue light emitting diode ("LED") that emits light having a
peak wavelength between 400 and 489 nm, and wherein the second lumiphor includes

luminescent materials that emit light having a peak wavelength between 540 and 599 nm.

23.  The lighting device of Claim 21, wherein at least one of the semiconductor
light emitting devices comprises a blue light emitting diode ("LED") that emits light having a
peak wavelength between 400 and 489 nm, and wherein at least one of the first lumiphors
includes luminescent materials that emit light having a peak wavelength between 490 and
515 nm.

24.  The lighting device of Claim 21, wherein at least one semiconductor light
emitting devices comprises a blue light emitting diode ("LED") that emits light having a peak
wavelength between 400 and 489 nm, and wherein at least one of the first lumiphors includes

luminescent materials that emit light having a dominant wavelength of at least 600 nm.

25.  The lighting device of Claim 21, wherein each first lumiphor is spaced-apart
from and between its respective semiconductor light emitting device and the second

lumiphor.
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26. A lighting device, comprising:

a semiconductor light emitting device;

a first lumiphor that has an upper surface that is positioned to receive radiation
emitted by the semiconductor light emitting device;

a second lumiphor that is different from the first lumiphor, the second lumiphor
having a lower surface that is positioned to receive radiation emitted by the semiconductor
light emitting device and radiation emitted by the first lumiphor, the second lumiphor being
spaced-apart from the first lumiphor and from the semiconductor light emitting device,

wherein a surface area of the lower surface of the second lumiphor is at least a factor

of ten times larger than a surface area of the semiconductor light emitting device.

27.  The lighting device of Claim 26, wherein the first lumiphor includes
luminescent materials that emit light having a dominant wavelength of at least 600 nm, and
wherein the second lumiphor includes luminescent materials that emit light having a peak

wavelength between 540 and 599 nm.

28.  The lighting device of Claim 26, wherein the first lumiphor includes
luminescent materials that emit light having a peak wavelength between 490 and 515 nm, and
wherein the second lumiphor includes luminescent materials that emit light having a peak

wavelength between 540 and 599 nm.

29.  The lighting device of Claim 28, further comprising a red LED that emits

saturated radiation having a dominant wavelength of at least 600 nm.
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