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LIGHTING APPARATUS PROVIDING IN CREAgED LUMINOUS FLUX WHILE
MAINTAINING COLOR POINT AND CRI

CLAIM OF PRIORITY
[0001] The present application claims priority from U.S. Provisional Patent
Application Serial No. 61/439,224, filed February 3, 2011, the disclosure of which is hereby

incorporated by reference herein in its entirety,

FIELD
[0002] The present invention relates to semiconductor light emitting devices, and

more particularly, to lighting apparatus including semiconductor light emitting devices.

" BACKGROUND

[0003] Light emitting diodes and laser diodes are well known solid state lighting
elements capable of generating\light upon application of a sufficient current, Light emitting
diodes and laser diodes may be generally referred to as light emitting devices ("LEDs").
Light emitting devices generally include a p-n junction formed in an epitaxial layer grown on
a substrate such as sapphire, silicon, silicon carbide, gallium arsenide and the like. The
wavelength distribution of the light generated by the LED generally depends on the material
from which the p-n junction is fabricated and the structure of the thin epitaxial layers that
make up the active region of the device.

[0004] Typically, an LED chip includes a substrate, an n-type epitaxial region
formed on the substrate and a p-lype epitaxial region formed on the n-type epitaxial region
(or vice-versa), The substrate may be removed and/or replaced by another substrate in some
instances. In order to facilitate the application of a current to the device, an anode contact
may be formed on a p-type region of the device (typically, an exposed p-type epitaxial layer)
and a cathode contact may be formed on an n-type region of the device (such as the substrate
or an exposed n-type epitaxial layer). When a potential is applied to the ohmic contacts,
electrons may be injected into an active region from the n-type layer and holes may be
injected into the active region from the p-type layer. The radiative recombination of

electrons and holes within the active region generates light. Some LED chips include an .
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active region with multiple light emitting regions or active layers (also known as multi-
quantum-well structures) between or near the junction of the n-type and p-type layers.

[0005] LEDs may be used in lighting/general illumination applications, for example,
as a replacement for conventional incandescent and/or fluorescent lighting. As such, it is
often desirable to provide a lighting source that generates white light having a relatively high
color rendering index (CRI), so that objects illuminated by the lighting may appear more
natural, The color rendering index of a light source is an objective measure of the ability of ...
the light generated by the source to accurately illuminate a broad range of colors. In |
particular, CRI is a relative measurement of how the color rendering properties of an
illumination system compare to those of a black-body radiator, A CRI of 100 indicates that
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. The color rendering index ranges from essentially zero for monochromatic sources
to nearly 100 for incandescent sources, For example, daylight has the highest CRI (of 100),
with incandescent bulbs being relatively close (about 95), and fluorescent lighting being less
accurate (70-85). | | ‘

[0006] In addition, the chromaticity of a particular light source may be referred to as
the “color point” of the source, The color point may be defined with reference to a set of
tristimulus values (X, Y, Z) and/or color coordinates (CCx, CCy) on a chromaticity diagrarﬁ.
For a white light source, the chromaticity may be referred to as the "white point" of the
source, The white point of a white light source may fall along a locus of chromaticity points
corresponding to the color of light emitted by a black-body radiator (also referred to herein as
a “black body locus”) heated to a given temperature. The black-body locus is als\o referred to
as the "Planckian" locus because the chromaticity coordinates (i.e., color points) that lie aldng -
the black-body locus obey Planck's equation: E(A)=A ?»’5/(613[r -1), where E is the emission
intensity, A is the emission wavelength, T is the color temperature of the black-body and A
and B are constants. Accordingly, a white point may be identified by a correlated color
temperature (CCT) of the light source, which is the temperature at which the heated black-
body radiator matches the color or hue of the white light source. White light typically has a
CCT of between about 4000 degrees Kelvin (K) and 8000K. White light with a CCT of 4000
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has a yellowish.color, White light with a CCT of 8000K is more bluish in color, and may be
referred to as “cool white.” “Warm white” may be used to describe white light with a CCT
of between about 2600K and 3700K, which is more reddish in color. “Neutral white” may
refer to white light with a CCT of between about 3700K and 5000K.

[0007] The light from a single~cblor LED may be converted to white light by
surrounding the LED with a wavelength conversion material, such as a phosphor. The term
"phosphor" may be used herein to refer to any materials that absorb light in one wavelength
range and re-emit light in a different wavelength range, regardless of the delay between :
absorption and re-emission and regardless of the wavelengths involved. A fraction of the
light may also pass through the phosphor and/or be reemitted from the phosphor at essentially
the same wavelength as the incident light, experiencing little or no wavelength conversion.

In general, phosphors absorb light having shorter wavelengths and re-emit light having longer
wavelengths. As such, some or all of the light emitted by the LED at a first wavelength may
be absorbed by the phosphor particles, which may responsively emit light at a second
wavelength. For example, a single blue-emitting LED may be surrounded with a yellow-
emitting phosphor (such as cerium-doped yttrium aluminum garnet (YAG)), referred to
herein as a blue shifted yellow (BSY) LED. The resulting light, which is a combination of
blue light and yellow light, may appear white to an observer.

[0008] However, the light generated from a phosphor-based solid state {ighting
component including a blue-emitting LED and a yellow-emitting phosphor may have a
relatively low CRI, As such, objects illuminated by the light from such a component may not
appear to have natural coloring due to the limited spectrum of the light, While the CRI may
be improved by including a red-emitting element, such as a red-emitting LED and/or a red-
emitting phosphor, difficulties may arise in balancing the color point, CRI, and lumen output”

of a lighting module or apparatus including such lighting components.

SUMMARY
[0009] It should be appreciated that this Summary is provided to introduce a

selection of concepts in a simplified form, the concepts being further described below in the
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Detailed Description. This Summary is not intended to identify key features or essential
features of this disclosure, nor is it intended to limit the scope of the disclosure.

[0010] According to some embodiments, a lighting module includes a plurality of
solid state light emitting components configured to provide collective light emission having
first and second characteristics, and at least one additional solid state light emitting B
component configured to provide individual light emission over a wavelength range different
than that of respective ones of the plurality of solid state light emitting components. The
individual light emission in combination with the collective light emission defines an overall
light emission of the module in whiéh the second characteristic is altered while the first
characteristic is substantially maintained.

[0011] Insome embodiments, the first characteristic may be a desired color point,
and the second characteristic may be a lumen output or a color rendering index (CRI).

[0012] Insome embodiments, the individual light emission may have a color point
that is substantiaily similar to the desired color point. For example, respective color
coordinates defining the wlﬁte point of the individual emission may be equal those defining -
the desired color point up to at least a third decimal place. |

[0013] Insome embodiments, the desired color point may be a white point on a
Planckian locus having a correlated color temperature between about 2600 K and about 6500
K, .

[0014] In some embodiments, respective color coordinates defining a white point of
the overall light emission may fall within a 4-step MacAdam ellipse centered around the
désired while point,

[0015] Insome embodiments, a color rendering index (CRI) of the collective light
emission may be greater than about 90, Also, a CRI of the overall light emission may be less
than the CRI of the collective light emission, but may be greater than about 90.

[0016] Insome embodiments, the plurality of solid state light emitting components . ..
may include first and second light emitting devices configured to provide light emission over
different first and second wavelength ranges, respectively. The additional solid state light

emitting component may be a third light emitting device configured to provide the individual
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light emission over a third wavelength range different than the first and second wavelength
ranges. |

[0017] Insome embodiments, the first light emitting device may be a blue shifted
yellow light emitting device, the second light emitting device may be a red light emitting
device, and the third light emitting device may be a warm-white or neutral-white light
emitting device. For example, the third light emitting device may include a blue-emilting
LED and at least one wavelength conversion material that emits light having a wavelellgt11
within the yellow to red portions of a visible spectrum.

[0018] In some embodiments, the third light emitting device may be a neutral-

- white light emitting device. The individual light emission of the neutral-white light emitting
device may define a spectral distribution having a first peak wavelength between about 440
nanometers (nm) and 460 nm, and a second peak wavelength between about 560 nm and e
about 599 nm, For example, the spectral distribution for the neutral-white light emitting
device may have a first peak wavelength at about 445 nm, and may have a second peak
wavelength at about 580 nm. ‘

[0019] In some embodiments, the third light emitting device may be a warm-
white light emitting device, The individual light emission of the warm-white light emitting
device may define a spectral distribution having a first peak wavelength between about 445
nanometers (nm) and about 465 nm, and a second peak wavelength between about 580 nm
and about 620 nm, For example, (he spectral distribution for the warm-white light emitting
device may have a first peak wavelength at about 455 nm, and may have a second peak
wavelength at about 605 nm,

[0020] In some embodiments, the third light emitting device may be positioned in
the module substantially diagonal to the second light emitting device in plan view.

[0021] In some embodiments, a ratio of the first light emitting device to the second
light cmitting device included in the module is about 5:2 or about 5:3. A quantity of the third
light emitting device included in the module may be independent of the ratio of the first
emitting device to the second light emitting device. |

[0022] In some embodiments, the plurality of solid state light emitting componehts

and the at least one additional solid state light emitting component may be serially connected.
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[0023] -In some embodiments, the module may further include a control circuit, The
control circuit may include a constant current source that is operable to drive the plurality of
solid state light emitting components and the at 1eas’t one additional solid state light emitting
component,

[0024] Accdrding to further embodiments, a lighting module includes a plurality of
solid state light emitting components configured to collectively emit light having a desired
white point and a color rendering index (CRI) of greater than about 90. The module further. . -
includes at least one additional solid state light emitting component configured to |
individually emit light having a white point substantially similar to the desired white point.
The at least one additional light emitting component is configured to increase a lumen output
of the lighting module without substantially altering the desired white point of the light
collectively emitted by the plurality of light emitting components.

[0025] In some embodiments, the at least one additional light emitting component
may include one or more warm-white light emitting diodes (LEDs) configured to emit light
having a correlated color temperature (CCT) of about 2700 K to about 4000 K. The plurality
of light emitting components may include one or more blue-emitting LEDs surrounded with a
yellow phosphor, and one or more red- or orange-emitting LEDs.

[0026] According to still further embodiments, a lighting apparatus includes a
plurality of solid state light emitting components configured to provide collective light
emission having a desired white point, The plurality of solid state light emitting components
includes first and second solid state light emitting components configured to provide
respective light emission over different wavelength ranges. The lighting apparatus further
includes at least one third solid state light emitting component configured to provide
individual light emission over a wavelength range different than the first and second light-
emitting components, The individual light emission in combination with the collective light
emission increases an overall lumen output of the lighting apparatus without substantially
altering the desired white point.

- 10027] According to yet further embodiments, a lighting module includes a
plu;‘ality of blue shifted yellow light emitting devices and red light emitting devices

configured collectively emit light having a desired white point. The lighting module further
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includes at least one warm-white or neutral-white light emitting device configured to
individually emit light having a white point substantially similar to the desired white point to
increase a luminous flux of an overail tht output of the lighting module without
substantially altering the desired white point. _

'[0028] Although described above primarily with respect to apparatus aspects, it will
be understood that the present invention may be embodied as other methods, circuits, and/or
electronic devices, and that such embodiments will be or become apparent to one with skill in
the art upon review of the following drawings and detailed description. It is intended that all
such additional methods, circuits, and/or electronic devices, as well as any combinations of
the above embodiments, be included within this description and be protected by the

accompanying claims.

BRIEF DESCRIPTION OF THE DRAWINGS

[0029] Figure 11is a cutaway view illustrating a lighting apparatus according to some
embodiments of the present invention.

[0030] Figure 2 is a top view illustrating a lighting module for uée ina lighting S
apparatus according to some embodiments of the invention.

[0031] Figures 3A to 3C are cross-sectional side views illustrating examples of
packaged light emitting devices for use in lighting modules according to some embodiments
of the invention,

[0032] Figures 4A and 4B are photographs illustrating lighting modules according to
some embodiments of the present invention. |

[0033] Figures 5A to 5E are graphs illustrating spectral power distributions of light
emitting devices and lighting modules including such light emitting devices according to
some embodiments of the present invention,

[0034] Figure 6 is a chromaticity diagram illustrating a color binning structure

according to some embodiments of the present invention.
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DETAILED DESCRIPTION

[0035] Embodiments of the present invention now will be described more fully
hereinafter with reference to the accompanying drawings, in which embodiments of the - |
invention are shown, This invention may, however, be embodied in many different forms
and 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. Like numbers refer to like
elements throughout the description of the figures.

[0036] It will be understood that, although the terms first, second, etc. may be used
herein to describe various elements, these elements should not be limited by these terms.
These terms are only used to distinguish one element from another. For example, a first
element could be termed a second element, and, similatly, a second element could be termed
a first element, without departing from the scope of the present invention. As used herein,
the term "and/or" includes any and all combinations of one or more of the associated listed
items,

f()()37] The terminology used herein is for the purpose of describing particular
embodiments onlil 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 the terms "comprises”
"comprising," "includes" and/or "including" when used herein, specify the presence of stated
features, integers, steps, operations, elements, and/or components, but do not prectude the
presence or addition of one or more other features, integers, steps, operations, elements,
components, and/or groups thereof,

[0038] It will be understood that when an element is referred to as being "connecte‘d"
or "coupled” to another element, it can be directly connected or coupled to the other clement
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.

[0039] Unless otherwise deﬁned, all terms (including technical and scientific terms)

used herein have the same meaning as commonly understood by one of ordinary skill in the
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art to which this invention belongs. It will be further understood that terms used herein
should be interpreted as having a meaning that is consistent with their meaning in the context
of this specification and the relevant art and will not be interpreted in an idealized or overly
formal sense unless expressly so defined herein,

[0040] As used herein, a “solid state light emitting component” or “semiconductor
light emitting device” may include a light emitting diode (LED) and/or other light emitting "
device which includes one or more semiconductor layers such as silicon, silicon carbide,
gallium nitride, and/or other semiconductor materials. A light emitting device may or may
not include a substrate such as a sapphire, silicon, silicon carbide, gallium nitride, and/or
other microelectronic substrates, A light emitting device may include one or more contact
layers which may include metal and/or other conductive layers. The design and fabrication of
semiconductor light emitting devices are well known to those having skill in the art and need
not be described in detail herein. For example, the semiconductor light emitting device may
be gallium nitride-based LEDs fabricated on a silicon carbide substrate such as those devices
manufactured and sold by Cree, Inc. of Durham, North Carolina.

[0041] Furthermore, phosphor coated light emitting diodes, such as those described
in U.S. Patent No. 6,853,010, entitied "Phosphor-Coated Light Emitting Diodes Including -
Tapered Sidewalls and Fabrication Methods Therefor," may also be suitable for use in -
embodiments of the present invention, The term "phosphor" may be used herein to refer to
any materials that absorb light at one wavelength and re-emit light at a different wavelength,
regardless of the delay between absorption and re-emission and regardless of the wavelengths
involved. Accordingly, the term "phosphor” may refer to wavelength conversion materials
that are sometimes called fluorescent and/or phosphorescent. In general, phosphors absorb
light of shorter wavelengths and re-emit light of longer wavelengths. As such, some or all of
the excitation light emitted by an LED chip at a first wavelength may be absorbed by the
phosphor particles, which may responsively emit light at a second wavelength, A fraction of
the light may also be reemitted from the phosphor at essentially the same wavelength as the
incident light, experiencing little or no down-conversion. |

[0042] Also, semiconductor nanoparticles, or "quantum dots" (such as ZnS, ZnSe,

CdS, and CdSe), may be used as wavelength conversion materials in some embodiments.
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Quantum dots may offer potential advantages over conventional phosphors as luminescent
wavelength-converting materials. For example, the emission spectra of quantum dots can be
"tuned" by altering particle size distribution and/or surface chemistry, in contrast to
phosphors, where the emission spectra may be fixed by nature. Thus, the term "wavelength
conversion material" may be generally used herein to refer to any material or layer containing
phosphors, quantum dots, and/or any other material that receives light at one wavelength 4and
responsively re-emits light at a different wavelength.

[0043] Also, as used herein, the "efficiency" of a wavelength conversion material |
may refer to the ratio of the photon output of the material (at any wavelength) relative to the
photon input to the material, for example, as provided from an LED chip. In contrast, the
"efficacy" of a packaged LED (also referred to herein as a “lighting component” or
“component”) may refer to the ratio of the overall light output by the LED to the electrical
power input to the LED (e.g., in lumens per Waltt), which may be affected by the efficiency
of any wavelength conversion materials that may be included in the packaged LED.
Furthermore, when a light emitting component (such as an LED, an LED chip, or a
wavelength conversion material) is described herein as emitting light with reference to a
particular color, it will be understood that the light emitting component emits light having a
wavelength that falls within a wavelength range associated with the recited color. B

[0044] A lighting apparatus according to some embodiments of the present invention
" may include light emitting devices used in combination with other color emitters to produce
light of a desired chromaticity, correlated color temperature (CCT), color rendering index
(CRI), luminous flux (also referred to herein as lumen output, expressed in lumens), and/or
other characteristics. For example, LED devices that include a combination of a blue
excitation diode and a phosphor are described in U.S. Patent No. 7,213,940, issued May 8, . -
2007, and entitled "LIGHTING DEVICE AND LIGHTING METHOD," the disclosure of
which is incorporated herein by reference. As described therein, a lighting device may
include a solid state light emitter (i.e., a LED chip) which emits light having dominant
wavelength in ranges of from about 430 nanomelers (nm) to about 480 nm (e.g., in the blue
portion of the visible spectrum), and a phosphor which emits light having dominant

wavelength in the range of from 555 nm to 585 nm (e.g., in the yellow portion of the visible

10
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spectrum), As white light can be perceived from a mixture of light of many different
wavelengths, a combination of light emitted by the blue emitter and light responsively
emitted by the yellow phosphor may produce a sub-mixture of light that appears nearly white
to an observer, Such a LED is referred to herein as "blue shifted yellow" or "BSY" LED.
This near-white light may, when combined with red light having a dominant wavelength from
600 nm to 630 nm (e.g., in the red portion of the visible spectrum), produce an appearance of
“warm white” light, as discussed for example in U.S. Patent No. 7,821,194, issued October
26, 2010 and entitled "SOLID STATE LIGHTING DEVICES INCLUDING LIGHT
MIXTURES," the disclosure of which is incorporate herein by reference.

[0045] Some embodiments of the present invention may arise from realization that,
in a lighting module that includes blue shifted yellow (BSY) LEDs and red or red-orange
(RDO) LEDs, the ratio of BSY luminous flux to RDO luminous flux may be limited to
achieve certain correlated color temperatures (CCTs), especially in modules containing fewer
numbers of LEDs. For example, while a desired color point and CRI may be achieved for
certain CCTs, it 1hay also be desirable to increase the overall luminous flux or lumen output
of the lighting module. However, reaching a desired lumen output while being within the-
desired color bins may not be easily be accomplished, as altering the BSY to RDO ratios to
increase the lumen output may result in a color point outside the desired color bins,

[0046] In light of these difficulties, some embodiments of the present invention
further include a warm white (WW) or neutral white-emitting LED that provides light output
having a white point that is substantially similar to the desired final or overall white point for
the lighting module. As used herein, a “white point” refers to the color point of a white light
source, which may be expressed with reference to color coordinates (CCx, CCy) and/or a
correlated color temperature (CCT), The addition of the warm white LED (which emits light
having a CCT of about 2600 K to about 3700 K) or neutral white LED (which emits light
having a CCT of about 3700 K to about 5000 K) may raise the overall luminous flux of the
lighting module to achieve a desired flux level, while substantially maintaining the existing"
white point, In some embodimeﬁts, the addition of the warm white or neutral white LED
may increase the overall luminous flux without significantly reducing the CRI and/or while

maintaining the CRI above a desired level,

11
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[0047] Particular embodiments of the present invention provide a lighting module or
apparatus including a plurality of blue shifted yellow (BSY) LEDs and red-orange (RDO) -
LEDs at a particular ratio of BSY: RDO to échieve a desired color point, and at least one
warm white or neutral white LED. The warm white or neutral white LED may be
implemented by adding a phosphor that emits light between and/or including the yellow and
red wavelength ranges to a BSY LED. In some embodiments, aH of the LEDs may be
serially connected in a single string, and may be controlled by constant current supplied by a .
control circuit. The number/quantity of warm white or neutral white LEDs that are included
in the module may be selected based on the 'desiréd lumen output. Also, the white point of
the warm white or neutral white LED(s) may correspond to the desired white point for the
lighting module. For example, a warm-white lighting module may include one or more
warm-white LEDs configured to individually emit light having a CCT of about 2700 K to
about 3700 K in some embodiments. Likewise, a neutral-white lighting module may include
one or more neutral-white LEDs configured to individually emit light having a CCT of about
3700 K to about 5000 K.

[0048] Embodiments of the present invention may differ from TrueWhite technology
(which includes a lighting module having BSY and RDO LEDs) by further including at least |
one warm white LED in combination with the unsaturated BSY LEDs and saturated RDO -
LEDs. In situations where a desired color point has been achieved, but the luminous flux is
lower than a desired specification, the addition of the warm white LED can increase the
overall output flux of the module without substantially altering the existing color point.

[0049] Figure 1 illustrates a thting apparatus 100 according to some embodiments
of the present invention, Referring now to Figure 1, the apparatus 100 includes a hollow
diffuser lens or globe 105, a fin-shaped heat sink 110, and a base 115 that define a bulb-
shaped housing 101, A lighting module 200 and a control circuit 220 are mounted within the
housing 101. The lighting module 200 includes an array of solid state light emilting
components, illustrated as LEDs 210, attached to a mounting plate 205. Although illustrated
as having a circular shape, the mounting plate 205 may be provided in other shapes as well.
Light is generated by the LEDs 210, which are arranged to collectively emit light towards the.
diffusing lens 105 mounted at the end of the housing 101. The LEDs 210 may be configured

12
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to emit light over different wavelength ranges, and may be selected so that a combined light
output of the LEDs 210 defines an overall light emission for the apparatus 100 having a
desired white point, correlated color temperature (CCT), color rendering index (CRI), and/or
lumen output,

[0050] Still referring to Figure 1, the lighting module 200 is configured to receive
electrical current as one or more drive signals from the control circuit 220, such as an LED
driver circuit, that is electrically coupled to the LEDs 210. The control circuit 220 is
configured to operate the LEDs 210 by applying drive éurrents to individual LED chips in
each LED 210. In some embodiments, the control circuit 220 may be configured to
individually address each of the LEDs 210. For example, the control circuit 220 may include
a current supply circuit configured to independently apply an on-state drive current to each of
the individual LEDs 210 responsive to a control signal, and a control system configured to
selectively provide the control signals to the current supply circuit. In other embodiments,
the LEDs 210 may be serially connected, and the control circuit 220 may be configured to
apply the on-state drive current to the string of LEDs 210.

[0051] The light fixture 100 is illustrated in Figure 1 as a "bulb" that may be su1table
for use in general illumination applications. However, it will be appreciated that
embodiments of the present invention may include other lighting apparatus having different
form factors, For example, a lighting apparatus according to some embodiments may have
the shape of a “can” light, a pan or tray light, an automotive headlamp, ot any other suitable
form, in which the LEDs 210 may be arranged in a one-, two-, or three-dimensional array.
Likewise, while illustrated in the form of fins, the heat sink 110 may be implemented in any
form that is configured to spread, extract, and/or otherwise remove heat emitted by the
lighting module 200, Also, while illustrated as being mounted within the housing 101, the
control circuit 220 may or may not be included in the lighting apparatus 100 in some
embodiments, for example, where the lighting apparatus 100 is provided to a device and/or.
system manufacturer that supplies its own driver circuit to be used in particular application
and/or environment,

[0052] Figute 2 is a top or plan view illustrating the lighting module 200 of Figure 1

in greater detail. As shown in Figure 2, the lighting module 200 includes a two-dimensional
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array of solid state light emitting devices 210 attached to the mounting plate 205. In
particular, the lighting module 200 includes a plurality of light emitting devices (LEDSs)
including first LEDs 210A and second LEDs 210B configured to provide different emission
characteristics, Quantities and chromaticities of the first and second LEDs 210A, 210B inay
be selected so that a combined light generated by a mixture of light from the first and second
LEDs 210A, 210B provides a target chromaticity, which may for example be white _

[0053] For example, the first LEDs 210A may be blue shifted yellow (BSY) LEDs
including a LED chip that emits light in the blue portion of the visible spectrum and a
phosphor that responsively emits light in the yellow portion of the visible spectrum, and the
second LEDs 210B may be red- or red-orange (RDO) LEDs including a LED chip (or a
combination of an LED chip and a phosphor) that emits light in the red or red-orange portion
of the visible spectrum. Also, as shown in Figure 2, the first and second LLEDs 210A, 2108
are provided in a ratio of about 5:2. As such, the collective emission of the first and second
LEDs 210A and 210B may provide the appearance of white light having a desired color
point,

[0054] In addition, the lighting module 200 further includes at least one third LED
210C that emits light having a color point substantially similar to that of the combined light
emitted by the first and second LEDS 210A and 210B. For example, the third LEDs 210C
may be warm-white (WW) or neutral white (NW) LEDs respectively having a white point
substantially similar to a desired white point provided by the combined output of the first and
second LEDS 210A and 210B. In particular, whete the collective light emission of the first
and second LEDs 210A, 210B provides white light having a CCT of about 4000 K and a
color coordinates of about (0.38, 0.37), the third LED 210C may be configuréd to also emit
light having a CCT of about 4000 K and respective color coordinates (CCX, CCly) that are
equal those of the collective light emission up to at least a first decimal place and/or fall
within a 4-step MacAdam ellipse centered around a white point having a CCT of about
4000K on the black body locus. The addition of the third LEDs 210C may thereby increase
an overall lumen output of the module 200 without subStantially altering the color point of
the combined light emitted by the first and second LEDs 210A and 210B, i.e., such that the

overall color point of the module 200 remains equal up to at least the first decimal place
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and/or falls within the 4-step MacAdam ellipse centered around the desired white point.
Although illustrated as including four (4) of the tlﬁrd LEDs 210C in the module 200 in Figure
2, only one LED 210C may be included in some embodiments. More particularly, the
number or quantity of the third LEDs 210C included in the module 200 may be selected to
achieve a desired lumen output, and may be independent of a ratio of the first LEDs 210A to
the second LEDs 210B. ‘

[0055] In some embodiments, the third LEDs 210C may be implemented by a LED
chip that emits light in the blue portion of the visible spectrum, and at least one phosphor that
responsively emits light from about 570 nm to about 750 nm to provide the warm white li'giit; |
For example, the third LEDs 210C may include the blue-emitting LED chip in combination
with a first phosphor that responsively emits light in the yellow portion of the visible
" spectrum, and a second phosphor that responsively emits light in the red portion of the visible
spectrum, |

[0056] As such, the module 200 includes tirst LEDs 210A, second LEDs 210B, and
third LEDs 210C, each of which is configured to provide different emission characteristics
such that a combination of the light emitted by first, second, and third LEDs 210A, 210B,
210C provides warm white light for general illumination purposes. The warm white light
provided by the module 200 may also have a CRI of greater than about 90 to approximate the
behavior of an incandescent lamp, so that objects illuminated by the module 200 may appear
more natural. In some embodiments, the individual emission of the third LEDs 210C may
reduce the CRI of colleqtive emission of the first and second LEDs 210A, 210B, but the
overall CRI of the module 200may remain greater than about 90,

[0057] The control circuit 220 is configured to provide a constant current source to
drive the LEDs 2104, 210B, and 210C. In some embodiments, the first, second, and third
LEDs 210A, 210B, 210C may be serially—connécted in a single string. Also, in some _
embodiments, two or more of the LEDs 210A, 210B, and 210C may respectively include a
blue-emitting LED chip having a similar forward voltage, but in combination with different
phosphors, As LED chips formed in disparate material systems may react differently under
various environmental parameters and/or may degrade at different rates over time, the use of

similar LED chips in two or more of the LEDs 210A, 210B, and 210C may simplify the
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design of the control circuit 220, For example, the first LEDs 210A may be blue shifted
yellow (BSY) LEDs that emit near-white light, the second LEDs 210B méy be red-orange
(RDO) LEDs that emit red and/or orange light, and the third LEDs 210C may be blue shifted
yellow-red (BSYR) LEDs that emit warm white light in some embodiments. In some
embodiments, the second LEDs 210B may be implemented using a blue LED in combination
with a red phosphor and a color filter to provide the red light, as described in commonly
assigned U.S. Patent Application Serial No. 12/503,695 to LeToquin et al., entitled
“SINGLE-COLOR WAVELENGTH-CONVERTED LIGHT EMITTING DEVICES,” the
disclosure of which is incorporated by reference herein,

[0058] Although not illustrated, a support member may be used to provide
mechanical retention and/or thermal transfer to a surface on which the module 200 may be -
mounted. Other passive or active electronic components may be additionally mounted on the
PCB and connected to serve a particular function. Such components can include resistors,
diodes, capacitors, transistors, thermal sensors, optical senéors, amplifiers, microprocessors,
drivers, digital communication devices, RF or IR receivers or transmitters and/or other
cdmponents, for example. The module may include openings that may be covered by one or_ |
more optical elements and/or structures. For example, although not illustrated, such optica‘l'
elements may include a simple transmissive diffuser, a surface embossed holographic
diffuser, a brightness enhancing film (BEF), a Fresnel lens, TIR or other grooved sheet, a
dual BEF (DBEF) or other polarizing film, a micro-lens array sheet, or other optical sheet.
Reflective sheets, films, coatings and/or surfaces may also be provided in some
embodiments.

[0059] Thus, as described above, the first LEDs 210A may be BSY LEDs configured
to emit near white light, and the second LEDs 210B may be red LEDs configured to emit red
light, such that the first and second LEDs 210A, 210B provide collective light emission that
produces an appearance of warm white light having a desired color point. The third LEDs
210C may be warm white or neutral white LEDs configured to individually emit white light
having a color point substantially similar to the collective emission of the first and second‘h

LEDs 210A, 210B to increase the overall lumen output of the module 200 without
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substantially altering the desired color point provided by the mixture of light from the first
and second LEDs 210A, 210B.

[0060] The LEDs 210A, 210B, and 210C of the lighting module 200 illustrated in .
Figure 2 may each include an LED chip enclosed in a package to provide environmental
and/or mechanical protection, color selection, focusing and the like. An LED package may
also include electrical leads, contacts, and/or traces for electrically connecting the LED
package to an external circuit. The lighting module 200 as described herein may include
multiple surface mount technology (SMT) packaged LEDs arranged in an array on the
mounting plate 205, which may be a printed circuit board (PCB) such as a metal core PCB
(MCPCB), a standard FR-4 PCB, or a flex PCB. The LEDs 210A, 210B, and 210C may
include, for example, XLamp® brand packaged LEDs available from Cree, Inc,, Durham,
North Carolina, |

[0061] Figures 3A to 3C illustrate examples of LED packages that may be used to
provide the LEDs 210 of Figures 1 and 2 according to some embodiments of the present
invent'ion.' In particular, Figure 3A illustrates an LED package 10 in which an LED chip 12 is
mounted on a reflective cup 13 by means of a solder bond or conductive epoxy. One or more
wirebonds 11 connect the ohmic contacts of the LED chip 12 to leads 15A and/or 15B, which
may be attached to or integral with the reflective cup 13. The reflective cup may be filled
with an encapsulant material 16 containing a wavelength conversion material, suchasa
phosphor. The entire assembly may be encapsulated in a clear protective resin 14, which |
may be molded in the shape of a lens to collimate the light emitted from the LED chip 12
and/or phosphor particles in the encapsulant material 16.

[0062] Still referring to Figure 3A, at least some of the light emitted by the LED chip
12 over a first wavelength range (also referred to herein as "primary light") may be received
by the phosphor, which may responsively emit light oyer a second wavelength range (also
referred to herein as "secondary light"). The primary light emitted by the LED chip 12 may
be partially or completely absorbed by the wavelength conversion material, such that the
overall light output of the LED package 10 includes both the primary light emitted by the
LED chip 12 and the secondary light emitted by the wavelength conversion material. The

relative amounts of the primary and secondary light that are ultimately included in the overall -
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light output of the LED package 10 may be varied based on the amount of primary light that
is absorbed by the selected wavelength conversion material.

[0063] For example, the primary light emitted by the LED chip 12 may be within the
blue portion of the visible spectrum (e.g,, about 440 nm to about 470 nm), and the phosphor
may be selected to partially absorb the primary light and generate secondary light in the =
yellow portion of the visible spectrum (e.g., about 570 nm to about 590 nm) in response to
stimulation by the primary light to provide the BSY LEDs 210A of Figure 2. As a further
example, the primary light emitted by the LED chip 12 may be within the blue portion of the
visible spectrum (e.g., about 440 nm to about 470 nm), and the encapsulant 16 may include a
first phosphor selected to responsively gencrate secondary light in the yellow portion of the
visible spectrum and a second phosphor selected to responsively generate light in the red:
and/or orange portion of the visible spectrum (e.g., about 585 nm to about 750 nm) to provide
the BSYR LEDs 210C of Figure 2. _

[0064] Another LED package 20 according to some embodiments of the present
invention is illustrated in Figure 3B. The package of Figure 3B may be more suited for high
power operations which may generate more heat. In the LED package 20, an LED chip' 22is
mounted onto a carrier, such as a printed circuit board (PCB) carrier 23. A metal reflector 24
mounted on the carrier 23 surrounds the LED chip 22 and reflects light emitted by the LED
chip 22 away from the package 20. The metal reflector 24 is typically attached to the carrier
23 by means of a solder or epoxy bond, The reflector 24 also provides mechanical protection
to the LED chip 22. One or more wirebond connections 11 are made between ohmic contacts
on the LED chip 22 and electrical traces 25A, 25B on the carrier 23, The mounted LED chip |
22 is covered with an encapsulant 26, which may provide environmental and/or mechanical
protection to the chips while also acting as a lens., The encapsulant 26 includes at least one
phosphor or other wavelength conversion material that absorbs at least some of the light
emitted by the LED chip 22, and responsively emits light of a different wavelength,

[0065] Yet another LED package 30 according to some embodiments of the present . .

‘invention is illustrated in Figure 3C, As shown in Figure 3C, an LED package 30 includes an
LED chip 32 mounted on a submount 34 to a carrier substrate 33. The carrier substrate 33

can include an alumina substrate and/or a metal core PCB carrier substrate, A reflector 44
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attached to the carrier substrate 33 surrounds the LED chip 32 and defines an optical cavity
35 above the LED chip(s) 32, An encapsulant material 36, such as silicone, fills the optical
cavity 35. The encapsulant material 36 further includes at least one phosphor (or other o
wavelength conversion material) that is that absorbs at least some of the ligllf emitted by the
LED chip 32, and responsively emits light of a different wavelength. The reflector 44
reflects light emitted by the LED chip 32 away from the package 30. The reflector 44 also
includes an upwardly extending cylindrical sidewall 45 that defines a channel in which a lens
38 can be inserted. The lens 38 may be held in place by the encapsulant material 36, and can
move up and down as the encapsulant material 36 expands and contracts due to heat cycling,
The lens 38 may include a light-scattering lens that is configured to refract light emitted by
the LED and the wavelength conversion material, In some embodiments, the light scattering
lens is configured to scatter the emitted light randomly. The light-scattering can include a
transparent lens body including light scattering particles such as TiO,, Al,Os, SiOy, etc, in the
lens body and/or the lens can include a roughened outer surface that can randomly scatter
light that exits the lens 38.

[0066] Although example LED packages are discussed above with reference to
Figures 3A to 3C, it will be understood that embodiments of the present invention are not
limited to such packages.

[0067] Figures 4A and 4B are photographs illustrating 4000 K lighting modules in
plan view in accordance with some embodiments of the present invention. In particular,
module A (at left) includes BSY LEDs 410A and RDO LEDs 410B that collectively emit
white light having a CCT of about 4000K and a desired color point. Module B (at right) also
includes the BSY LEDs 410A and RDO LEDs 410B, and further includes a NW LED 410C,
which increases luminous flux of module B in comparison to that of module A while
maintaining an overall light emission having a substantially similar color point. The
inclusion of the NW LED 410C also alters the CRI of module B relative to that of mpdule A,
For example, the CRI of module B may be reduced relative to the CRI of module A due to
the inclusion of the NW LED 410C, However, thé CRI of module B lﬁay still be greater than

about 85, and may even be greater than 90 in some embodiments. In other embodiments, the
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CRI of module B may be increased relative to that of module A due to the inclusion of the
NW LED 410C.

[0068] As also shown in Figure 4B, the NW LED 410C may be positioned diagonal
to at least one RDO LED 410B in the module B to improve light mixing, While Figures 4A
and B illustrate that the ratio of BSY LEDs 210A to RDO LEDs 210B in the modules A, Bis
about 5:2, it will be understood that the ratio may be adjusted to achieve a desired color point
and/or CRI, For example, in some embodiments, a ratio of BSY LEDs 210A to RDO LEDs
210B of about 5:3 may be used. Also, while illustrated as including only a single NW LED
410C in module B, additional NW LEDs 410 may be included in some embodiments, The
number or quantity of NW LEDs 410C included in module B may be independent of the ratio -
of BSY LEDs 410A to RDO LEDs 410B, but rather, may be selected to achieve a desired |
lumen output while maintaining the CRI of module B at or above a desired value.

[0069] The BSY, RDO, and NW LEDs 410A, 410B, 410C may be serially connected
in some embodiments. A control circuit, such as.the control circuit 220 of Figures 1 and 2,
may also be provided to drive the LEDs 410A, 410B, 410C, Providing the BSY, RDO, and
NW LEDs 410A, 410B, 410C all on a single, serially connected string may simplify the
control circuilry. However, in other embodiments, some of the LEDs 410A, 410B, 410C
may be connected in series (for example, LEDs of similar colors), and/or some of the LEDs
410A, 410B, 410C may be connected in parallel.

[0070] It will be understood that, although the example of Figures 4A-4B employ
neutral white LEDs 410C to increase lumen output in a 4000K lighting module, embodiments
of the present invention may be directed to modules that output white light.at other color‘ |
temperatures, and thus, may employ LEDs 410C having different characteristics. For
example, in a 2700K lighting module, the LEDs 410C may be warm white LEDs configured
to increase the lumen output of the module without substantially altering the color point.
More generally, the white point and/or color temperature of the LEDs 410C may be selected‘
in accordance with the desired light output for the overall lighting xhodule S0 as to increase
the lumen output of the module without substantially altering the color point provided by the
mixture of light from the LEDs 410A and 410B,
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[0071] Figure SA is a graph ﬂlustrating differences in spectral power distributions of
lighting module A including BSY and RDO LEDs 410A and 410B (shown by distribution o
510) in comparison to lighting module B further including at least one NW LED 410C
(shown by distribution 520). The data shown in Figure SA was obtained using the same
power supply and optical set-up for both the BSY+RDO+ NW lighting module B and the
BSY+RDO lighting module A shown in Figure 4, The LEDs were serially connected in a
single string in both modules A and B. A constant current of about 440 milliamps (mA) was
used to drive each of the LED strings, as a drive current of greater than about 450 mA may
result in color shift parameters of the BSY and/or RDO LEDs. As shown in Figure 5, the
wavelengths of the light output of the BSY+RDO+ NW lighting module B are substantially
similar to that of the BSY+RDO lightiﬁg module A, However, the flux (in Walts per
nanometer) was improved over the entire wavelength range for the BSY+RDO-+ NW lighting
module B as compared to the BSY+RDO lighting module A.

[0072] In particular, the wavelength peaks 5106 and 510g in distribution 510
provided by the BSY+RDO lighting module A may be attributed to the light output of the
BSY LEDs 410A, while the peak S10r may be attributed to the light output of the RDO LEDs
410B. As shown in distribution 520 provided by the BSY+RDO+ NW lighting module B,
these Wavele‘ngth peaks 510b, 510g, and 510r are substantially maintained (as shown by
peaks 520b, 520g, and 520r), but with increased flux over the entire visible spectrum,
Accordingly, the data shown in Figure SA illustrates that the addition of the NW LED 410C
increases the flux of the overall light emission provided by module B, without substantially
altering the color point provided by the mixture of light output from the BSY LEDs 410A and
the RDO LEDs 410B. ‘

[0073] Figure 5B is a graph illustrating the spectral power distribution of BSY LEDs
410A according to some embodiments. As shown in Figure 5B, the BSY LEDs 410A each
provide a spectral distribution 530 over a relatively wide portion of the visible spectrum,
including a first peak 530D in the blue wavelength range and a second peak 530y in the
yellow wavelength range. More particularly, the first peak 5300 is provided between about

430 nanometers (nm) and about 455 nm, and the second peak 530y is provided between about
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530 nm and about 565 nm, such that the emission of the BSY LEDs 410A provide an
appearance of near-white light.

[0074] Figure 5C is a graph illustrating the spectral power distribution of RDO
LEDs 410B according to some embodiments. As shown in Figure 5C, the RDO LEDs 410B
each provide a spectral distribution 540 over a relatively narrow portion of the visible )
spectrum including a peak 540r in the red wavelength range. More particulatly, the peak
540r is provided between about 610 nanometers (nm) and about 630 nm; such that the
emission of the RDO LEDs 410B provide an appearance of red or red-orange light.

[0075] Figure 5D is a graph illustrating the spectral power distribution of NW LEDs
410C according to some embodiments, As shown in Figure 5D, the NW LEDs 410C each .
provide a spectral distribution 550 over a relatively wide portion of the visible spectrum,
including a first peak 550b in the blue wavelength range and a second peak 550y in the
yellow to red wavelength range. More particularly, the first peak 550b is provided between
about 440 nanometers (nm) and about 460 nm, and the second peak 550yr is provided
belween about 560 nm and about 599 nm, such that the emission of the NW LEDs 410C
provide an appearance of neutral-white light. The spectral power distributions 530, 540, 'andA N
550 of example BSY, RDO, and NW LEDs are illustrated overlaid on the same axes in
Figure SE,

[0076] Figure 6 is a chromaticity diagram illustrating the color points of the lighting
modules A and B in a color binning structure, One difficulty with solid state lighting
modules that include multiple solid state devices is that the manufacturing process for LEDs
typically results in variations between individual LEDs. Typically, LEDs are sorted into‘
defined bins for manufacturing purposes based on the chromaticity of light emitted by the
LEDs, in a process referred to as "binning," or grouping, the LEDs based on brightness,
and/or color point. As used herein, a "bin" refers to a defined region of a chromaticity space.
In this manner, each light emitting device may be characterized by %, y coordinates. Emitters
having similar x, y values may be grouped or binned to be used together, i.e., to be mounfed ‘
together in a single LED package, The bins may be defined as quadrangles that encompass a
MacAdam ellipse, which is an elliptical region encompassing chromaticity coordinates that

are indistinguishable (to the average human eye) from the coordinates of the center of the
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elliptical region. Thus, LED lighting modules may utilize one bin of LEDs, or combine
matched sets of LEDs from different bins, to achieve repeatable color points for the
combined output of the LEDs.

[0077] As shown in Figure 6, an example target chromaticity region for the lighting
modules is defined by a quadrangle 600. The quadrangle 600 is defined by chromaticity
coordinates (0.372, 0.366), (0.375, 0.380), (0.388, 0.390), and (0.384, 0.372), which
encompass regions SA3, SB4, 5C1, and 5D2. The overall light emission from BSY+RDO
lighting module A (shown by point 610) falls within the target chromaticity region 600, and
has chromaticity coordinates of (0.3826, 0.3776). The overall light emission from the
BSY+RDO+NW lighting module B (shown by point 620) likewise falls within the target
chromaticity region 600, and has chromaticity coordinates of (0.3817, 0.3764). Thus, Figure
6 illustrates that the addition of the NW LED 410C to module B substantially maintains the
chromaticity coordinates provided by the collective light emission of the BSY LEDs 410A
and the RDO LEDs 410B of module A, as their respective chromaticity coordinates differ
only after the second decimal place (e.g., the respective x- colar coordinates are equal up to at
least the second decimal place, and the respective y- color coordinates are equal up to at least
the second decimal place). However, it will be understood that color coordinates that are
“substantially similar” or “substantially maintained” as described herein may be equal up to
less than two decimal places, and more particularly, may fall within a 4-step MacAdam
ellipse centered around a desired color point.

[0078] Still referring to Figure 6, the color coordinates of light emitted by BSY
LEDs according to some embodiments may fall within bins XA to XH, the boundaries of
which are denoted in Figure 6 as “X”. In particular, the color coordinates listed below may
define a quadrangle (not shown) on the chromaticity diagram of Figure 6 in which the color
coordinates of example BSY LEDs may be provided.

Color Coordinates for BSY LEDs (in bins XA to XH):

cecx cey
03697 0.4738
0.4008 0.4584
0.359 0.3843
0.3263 0.3908
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[0079] Also, the color coordinates of light individually emitted by example warm
and neutral white LEDs according to some embodiments may be provided within the
quadrangles (not shown in Figure 6) defined by the color coordinates listed below.

Color Coordinates for Warm White LEDs;

cCx cey
2700K: 0.4473  0.4037
0.4569  0.4000
0.4684 0.4163
0.4586 0.4203

cex cey
3000K: 0.4236 0.3969
0.4334 0.3932

0.4442  0.4093

0.4342 04132

ccx cey
3500K:  0.3974 0.3858
0.4074 0.3823
04174 0.3979
0.4073 04016

Color Coordinates for Neutral White LEDs:

ccx - cey
4000K: 03722 03739
0.3822 0.3706
0.3915 0.3857
03813 0.3892

[0080] Table 1 illustrates optical results for both the BSY+RDO+NW lighting
module B and the BSY+RDO lighting module A of Figures 4A-4B under similar conditions,

where both had a warm up time of about 10 minutes,
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Table 1,
Power CCT Efficacy
LEDs W) Lf(m) | CCx CCy (K) CRI (/W)
BSY+RDO+NW 10.719 | 726.00 | 0.3817 | 0.3764 | 3961.5 90 67.73
BSY+RDO 9.682 641,30 | 0.3826 | 0.3776 | 3945.6 | 90.8 . 66.24

[0081] As shown in Table 1, the addition of the NW LED410C provides significant
improvements in luminous flux (Lf) as well as improved luminous efficacy, while '
substantially maintaining the color point (CCx, CCy) and the correlated color temperature
(CCT), and while only slightly reducing the color tendering index (CRI). In particular, as
shown in Table 1, the respective color coordinates defining the overall emission of the
BSY+RDO+NW module B are equal to those of the BSY+RDO module A up to at least a
second decimal place. It should be noted that increasing the drive current to greater than
about 450 mA may result in color shift parameters of the BSY LEDs 410A and/or RDO
LEDs 410B. With this constraint, simply increasing the drive current of the BSY and/or
RDO LEDs may be insufficient to achieve a desired lumen output of more than about 700
lumens (Im). However, the individual emission of the NW LED 410C achieves a lumen
output in excess of 700 Im without substantially altering the color point CCx, CCy provided
by the collective emission of the BSY LEDs 410A and the RDO LEDs 410B. ‘

[0082] Accordingly, lighting modules according to some embodiments of the present
invention may include a plurality of near-white light emitters (for example, BSY LEDs) in
combination with one or more light emitter that has a chromalicity that falls within a non-
white chromaticity region (for example, RDO LEDs), as well as at least one light emitter that
has a chromaticity within a neural- or warm-white chromaticity region (for example, a NW or
WW LED). Light from the near-white light emitters may combine with light from the non-
white Iighf emitters and light from the neutral- or warm-white light emitters to produce a
combined light output that substantially maintainsl the chromaticity of the combined emission
of the near-white and non-white emitters, while simultaneously increasing the lumen output,

For example, the neutral- or warm-white emitter may have a chromaticity substantially
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similar to the combined emission of the near-white and non-white emitters in some
embodiments.

[0083] Embodiments of the present invention may be used to create high-efficacy
LED solutions with high CRIs over a wide range of correlated color temperatures (CCTs). In
particular, embodiments of the present invention may be used to expand lighting module -
products to provide a greater range of color temperatures and/or higher luminous flux values,
while maintaining a CRI of greater than about 90 in the product specifications. Embodiments
of the present invention may also be used to expand and increase the possible luminous flux
values and color points that may be provided by solid state lighting modules, which were
previously limited by the particular BSY to RDO ratios required to achieve a desired color o
point. Alnso, multiple warm white and/or neutral white LEDs may be used as higher luminous
flux specifications are desired,

[0084] 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.
Therefore, it is to be understood that the foregoing is illustrative of the present invention and
is not to be construed as limited to the specific embodiments disclosed, and that
modifications to the disclosed embodiments, as well as other embodiments, are intended to be
included within the scope of the appended claims, The invention is defined by the following

claims, with equivalents of the claims to be included therein.
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That Which Is. Claimed:

1. A lighting module, comprising;

a plurality of solid state light emitting components configured to provide collective
light emission having first and second characteristics; and .

at least one additional solid state light emitting component configured to provide
individual light emission over a wavelength range different than that of respective ones of the
plurality of solid state light emitting components,

wherein the individual light emission in combination with the collective light
emission defines an overall light emission of the module in which the second characteristic is

altered while the first characteristic is substantially maintained.

2. . The module of Claim 1, wherein the first characteristic comprises a desired
color point, and wherein the second characteristic comprises a lumen output or a color

rendering index (CRI).

3. The module of Claim 2, wherein the individual light emission has a color point

that is substantially similar to the desired color point.

4, The module of Claim 3, wherein the desired color point comprises a white
point on a Planckian locus having a correlated color temperature between about 2600 K and . -

about 6500 K.

5. The module of Claim 4, wherein respective color coordinates defining a white
point of the overall light emission fall within a 4-step MacAdam ellipse centered around the

desired white point.
6. The modulc of Claim 3, wherein a color rendering index (CRI) of the

collective light emission is greater than about 90, and wherein a CRI of the overall light

emission is less than the CRI of the collective light emission.
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7. The module of Claim 6, wherein;

the plurality of solid state light emitting components comprises first and second light
emitting devices configured to provide light emission over different first and second
wavelength ranges, respectively; and |

the additional solid state light emitting component comprises a third light emitting
device configured to provide the individual light emission over a third wavelength range

different than the first and second wavelength ranges.

8. . The module of Claim 7, wherein the first light emitting device is a blue shifted
yellow light emitting device, wherein the second light emitting device is a red light emitting
device, and wherein the third light emitting device is a warm-white or neutral-white light

emitting device.

9. The module of Claim 8, wherein the third light emitting device comprises a
blue-emitting LED and at least one wavelength conversion material that emits light having a

wavelength within the yellow to red portions of a visible spectrum.

10.  The module of Claim 8, wherein the third light emitting device is a neutral-
white light emitting device, and wherein the individual light emission defines a spectral
distribution having a first peak wavelength between about 440 nanometers (nm) and 460 nm,

and a second peak wavelength between about 560 nm and about 599 nm.

11, The module of Claim 8, wherein the third light emitting device is a warm-
white light emitting device, and wherein the individual light emission defines a spectral
distribution having a first peak wavelength between about 445 nanometers (nm) and 460 nm, -

and a second peak wavelength between about 580 nm and about 620 nm.

12.  The module of Claim 8, wherein the third light emitting device is positioned in

the module substantially diagonal to the second light emitting device in plan view.
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13, The module of Claim 8, wherein a ratio of the first light emitting device to the

second light emitting device included in the module is about 5:2 or about 5:3,

14, The module of Claim 13, wherein a quantity of the third light emitting device
included in the module is independent of the ratio of the first emitting device to the second

light emitting device.

15, The module of Claim 1, wherein the plurality of solid state light emitting
components and the at least one additional solid state light emitting component are serially

connected.

16. A lighting apparatus, comprising:

a plurality of solid state light emitting components configured to collectively emit
light having a desired white point and a color rendering index (CRI) of greater than about 90;
and

at least one additional solid state light emitting component configured to individually

emit light having a white point substantially similar to the desired white point.

17, The apparatus of Claim 16, wherein the light individually emitted by the
additional solid state light emitting component in combination with the light collectively
emilted by the plurality of solid state light emitting components defines an overall light
emission of the apparatus having an increased lumen output as compared to the light
collectively emitted by the plurality of solid state light emitting components without

substantially altering the desired white point.
18, The apparatus of Claim 17, wherein the overall light emission of the apparatus

defines a white point having respective color coordinates that fall within a 4-step MacAdam

ellipse centered around the desired white point.
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19.  The apparatus of Claim 16, wherein the white point of the additional solid

state lighting component has a correlated color temperature between 2600K and 6500K.

20.  The apparatus of Claim 16, wherein a color rendering index (CRI) of an
overall light emission of the apparatus is less than a CRI of the light collectively emitted by

the plurality of solid state light emitting components but is greater than about 90.

21,  The apparatus of Claim 20, wherein the plurality of solid state light emitting -
components comprises at least one blue shifted-yellow light emitting device and at least one a
red-orange light emitting device, and wherein the additional solid state light emitting

component comprises a warm-white or neutral-white light emitting device.

22, The apparatus of Claim 21, wherein a ratio of the blue shifted yellow to red-

orange light emitting devices is about 5:2 or about 5:3,

23.  Alighting apparatus, comprising:

a plurality of solid state light emitting components configured to provide collective
light emission having a desired white point and comprising first and second solid state light
emitting components configured to provide respective light emission over differcnt
wavelength ranges; and '

at least one third solid state light emitting component configured to provide individual
light emission over a wavelength range different than those of the first and second light
emitting components in combination with the collective light emission to increase an overall

lumen output of the lighting apparatus without substantially altering the desired white point.

24,  The apparatus of Claim 23, wherein the individual light emission has a white

point that is substantially similar to the desired white point.

25.  The apparatus of Claim 24, wherein the desired white point has a correlated

color temperature between about 2600 K and about 6500 K.
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26.  The apparatus of Claim 23, wherein the collective light emission has a color

rendering index (CRI) of greater than about 90.

27,  The apparatus of Claim 26, wherein a CRI of the lighting apparatus is greater

than about 90 but less than that of the collective light emission.

28, A lighting module, comprising: ‘

a plurality of light emitting devices comprising blue shifted yellow light emitting
devices and red light emitting devices configured to collectively emit light having a desired
white point; and

at least one warm-white or neutral-white light emitting device configured to
individually emit light having a white point substantially similar to the desired white point to
increase a luminous flux of an overall light output of the lighting module without

substantially altering the desired white point.

29.  The module of Claim 28, wherein a color rendering index (CRI) of the overall
light output of the module is less than a CRI of the light collectively emitted by the plurality
of light emitting devices comprising the blue shifted yellow light emitting devices and red- .- .

light emitting devices,
30.  The module of Claim 29, wherein a ratio of the blue shifted yellow light

emitting devices to the red light emitting devices is about 5:2 or about 5:3, and wherein the

CRI of the overall light output of the module is greater than about 90.
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