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LED LIGHTING UNITS, MATERIALS, AND OPTICAL
COMPONENTS FOR WHITE LIGHT ILLUMINATION

BACKGROUND OF THE INVENTION

{0601 The present imvention generally relates to highting systems and related
technologies. More particularly, this invention relates to materials and optical components
suttable for use in lighting units to obtain or approximate white ight illumination, particufar
examples of which mclude lighting units that utilize one or more light-emitting diodes

(LEDs} as a light source.

6602} LED lamps (sometimes referred to as "bulbs") provide a varicty of advantages
over more traditional incandescent and fluorescent lamps, including but not imited to a
longer life expectancy, high eneigy efficiency, and full brighiness without requiring time to
warm up.  As known i the art, LEDs (which as used herein may also encompass organic
LEDs, or OLEDs) are solid-state semiconductor devices that convert electrical energy into
electromagnetic radiation that inchudes visible light (wavelengths of about 400 to 750 nm).
An LED typically comprises a chip {dic) of a semiconducting material doped with impurities
to create a p-n junction.  The LED chip is clectrically connected to an anode and cathode, all
of which are often mounted within a package. Becausce, i comparison to other lamps such
as incandescent or flusrescent lamps, LEDs emit visible light that is more directional in a
narrower beam, LEDs have traditionally been utilized in applications such as automotive,
display, safety/emergency, and directed area ighting. However, advances m LED
technology have enabled high-efficiency LED-based lighting systems to find wider use in
lighting applications that have traditionally employed other types of lighting scurces,
mcluding ommnidirectional lighting apphications previously served by incandescent and
fluorescent lamps.  As a result, LEDs are increasingly bemg used for arca lighting

applications in residential, commercial and municipal settings.

[B003] FIG. 1 represents a nonlimiting commercial example of an LED-based lighting
unit suitable for area highting applications. The lighting unit (hercinafier, lamp) 10 is
represented as a General Electric Energy Smart™ LED bulb or lamp {ANSE A19 tvpe)
contigured to provide a nearly onuudirectional lighting capabilityv.  LED-based lighting uniis

of various other configurations are also known.  As represented m FIG. 1, the lamp 10
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comprises a transparent or translucent cover or enclosure 12, an Edison-type threaded base
connector 14, a housing or base 16 between the enclosure 12 and the connector 14, and
heat-dissipating fins 18 that enhance radiative and convective heat transfer to the surrcunding

environment.

G004} An LED-based light source, often an LED array comprising multiple LED
devices, 1s typically located at the lower end of the enclosure 12 adjacent the base 16.
Because LED devices emit visible light in narrow bands of wavelengths, for example, green,
blue, red, ete., combmations of different LED devices are oftien combined 1o LED lamps {or
more typically, LED{s} are combined with phosphor{s)ito produce various light colors,
mcluding illumination that is perceived by an average buman eve to be white.  The LED
devices may be mounted on a carrier mounted to or within the base 16, and may be
encapsulated on the carrier, for example, with a protective cover, often formed of an
index-matching material to enhance the cfficiency of visible light extraction from the LED
devices. As anonhmiting example, FIG. 2 represents a portion of an LED device 20 of a
type that comprises a dome 22 that serves as an optically transparent or transhucent envelope
enclosing an LED chip 24 mounted on a printed circuit board (PCB} 26. A phosphor may
also be used to emit light of color other than what 1s generated by an LED.  For this purpose,
the inner surface of the dome 22 may be provided with a coating 28 that contains a phosphor
composition, in which case clectromagnetic radiation {for exarapie. blae visible light,
ultraviolet (UV) radiation, or near-visible ultraviolet (NUVY) radiation) coitted by the LED
chip 24 can be absorbed by the phosphor composition, resulting m excitation of the phosphor
composition to produce visible light that is enntted through the dome 22 As an alternative,
the LED chip 24 may be encapsulated on the PCB 26 with a coating, and such a coating may
optionally contain a phosphor composition for ermnbodiments m which LED-phosphor

mtegration with LED epitaaal {epi}) wafer or die fabrication 1s desired.

[G005] To promote the capability of the lamp 10 to emit visible light in a nearly
ommdirectional manner, the enclosure 12 1s represented in FIG. 1 as substantially spheroidal
or ellipsoidal 1n shape. To further promote a near ommidirectional highting capability, the
enclosure 12 may be formed of a material that enables the enclosure 12 to function as an
optical diffuser. As a nonlinmiting example, the enclosure 12 may be or may include an

assembly comprising a pair of semisphenical diffusers between which an internal reflector
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{not shown} may be disposed, such that visible hight generated by the LED devices is directed
into the interior of the enclosure 12, a portion of the generated lLight s reflected by the
reflector mto the senuispherical diffuser nearer the base 16, through which the reflected light
i3 distributed to the environment swrrounding the lamp 10, The remamnder of the generated
light passes through an opening in the reflector and enters the second semispherical diffuser,
through which the passed light is distribuied to the environment surrounding the lamp 10
Matenals comamonly emploved to produce the diffuser may include polyamides (nyion},
polycarbonate (PC), and/or polvpropylene (PP) that typically may contain a filler, for
example, titania (Ti02) to promote refraction of the visible hght and thereby achigve a white
reflective appearance. The tnner surface of the enclosure 12 may be provided with a coating

(not shown), for example, a coating that contains a phosphor composition.

[G006] As noted above, current approaches to achieving white fight iHumination include
combinations of LEDs that generate light of different colors to create a spectral power
distribution that is perceived by an average human eye to be white.  For example, by locating
red, green and blue LEDs adjacent to one another and appropniately tailoring their outputs,
the resulting light appears to be white.  As also noted above, another approach involves
combinations of LEDs with certain phosphors.  As a nonhimiting example, certain yellow
phosphor coatings (for example, a cerium(lil}-doped vitrium alunminum gamet (YAG;
Y2AlsO12:Ce’) or hutetium aluminum garnet (LuAG; LusAls01:Ce™) phosphor) are able to
convert short-wavelengths emitted by an LED (for example, blue light wavelengths of about
450 to 470 nanometers) to vield an enussion that ranges from green to red hight, with much of
the output of the phosphor coating appearing to be vellow. In combination with remaining
blue light produced by the LED, the color of the visible light produced by the LED/coating
combination appears white. Such combinations of “blue LEDs” and “vellow phosphors™
{and n certain cases “green phosphors”™y can be further combined with “red phosphors,” for
example, a CaAlSiNs-based (CASN) phosphor, to generate light that 1s perceived to be white

to an average human eve.

13607} Though the use of combinations of different LED devices and/or phosphors can be
utitized to promote the ability of LED lamps to produce a white light effect, additional factors
are typically considered when assessing the qualitics of white light generated by a lamp.  As

an example, it 1s often desirable 1o tailor the visible light output of lamps used in certain

3
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applications to achieve a desired color rendening index, which is used as a measure of fidelity
of a light source, 1.e., how true a light source is when compared to a reference (ideal or
natural} light source. Natural outdoor light 1s considered to have a CRI of 100, whereas a
CRI of 80 or better 1s generally considered to sufficiently maximize the intensity of colors for
general applications such as offices.  Another index considered for LED-based lamps is the
color saturation mmdex {CS1), which is a statistical index that indicates the ability of hght to
make colors vivid and casily distinguishable. Whereas low CSl levels are often preferred for
certam applications desiring white light illumination, for example, a CSI value below zero to
avoid or mimimize perceptually noticeable color shifts (statistically mdicated by the color
fidelity mndex, CFI}, there are certain situations in which some level of color saturation can

have a desirable effect in white light illumination applications.
BRIEF DESCRIPTION
{3008} The present mvention provides LED-based highting units and optical components

and materials therefor that are suitable for use n lighting units to obtain or approximate white

light ihemination while also achicving a TSI value of zero or greater,

EERY According to one aspect of the mvention, an LED-based hghting unit includes an
LED-based light source that gencrates blue hight, and an optical component and a phosphor
coating on the optical component through which the blue light passes.  The phosphor coating
containg at least a vellow phosphor and a red phosphor.  As a result of the phosphor coating
being tlluminated by the blue hight, the yellow phosphor converts at least a portion of the blue
light to vield an emission that includes yellow light, the red phosphor emits a red light, and in
combination the vellow light, the red light, and an unconverted portion of the blue light
produce visible light percerved by an average human eye to be white and charactenized by a

CSI value of about zero or greater.

6016} Additional aspects of the invention include utilization and production of a Nd-O-F
compound or a neodyimium oxyfluoride compound containing Nd** ions, wherein the Nd-O-F
compound or a neodymium oxyflocride compound is incorporated into a material that forms
at Ieast a portion of the optical component through which the blue hight passes. The Nd-O-F
compound or a neodymium oxyfluonde compound is capable of promoting refractive index
matching or mismatching with the material of the optical component to minimize or promote,

respectively, optical scattering of the blue light passing through the optical component, and to
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filter a portion of the yellow light while mamtaining or conferring a CS1 value of about zero

o1 greater.

6611} Technical effects of lighting units, optical components, and materials described
above preferably melude the capability of using one or more LED-based light sources to
produce visible light that can be perceived by an average human eve to be white, and to

promote the CSI of that light 1o promote certain tlumination cffects.

03612} Other aspects and advantages of this imvention will be better appreciated from the

following detailed description.
BRIEF DESCRIPTION OF THE DRAWINGS

[G013] FIG. 1 represents an LED-based lighting unit of a type capable of benefitting from
the inclusion of an optical component that includes phosphors in accordance with a

nonhimiting embodiment of this invention.

16014} FIG. 2 represents a fragmentary cross-sectional view of an LED device of a type

capable of use m an LED-based lighting unit, for example, of the type represented in FIG. 1.

[B015] FIG. 3 is a graph representing the spectral power distribution of an LED-based
tamp that utilizes a blue LED and a combination of vellow and red phosphors to produce hight

perceived by an average human eye to be white and characterized by a CSH of less than zero,

6016} FIG. 4 is a graph representing the spectral power distribution of an LED-based
lamp that utilizes a blue LED and a modified combination of vellow and red phosphors to
produce light that is perceived by an average human eve to be white and is characterized by a
Sl of about zero.

3617} FIG. 5 contains two tables evidencing higher CSI values for wavelengths ranging
from green to blue and achieved with the LED-based lamp of FIG. 4 relative to the LED-
based lamp of FIG. 3.

[0618] FIG. 6 18 a graph comparing the absorption of neodymium oxide, neodymiom
fluoride, and a neodymium oxyfluoride compound.

3619} FIGS. 7, & and 9 contain flow diagrams that represent steps of three different

processes that can be performed to produce a neodyminm oxyfluoride compound.

DETAILED DESCRIPTION

(v
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3620} The following discussion will refer to phosphors and LEDs of particular colors,
for example, blue LEDs, vellow phosphors, red phosphors, etc.  The use and definitions of
such terms herein in reference to phosphors and LEDs, as well as in reference to the light
they generate, shall be understood to refer to the dominant color of the electromagnetic
emission of the LED or phosphor as perceived by an average human eye, with the
understanding that the output of the LED or phosphor can encompass a wider or narrower
range of wavelengths than might be understood for that particular color of the visible light
spectrum.  Furthermore, the terms “white light” and “white light iHumination” shall be
understood to refer to light that 1s perceived by an average homan eye to be white, and “LED-
based” lamps and lighting units will be used to refer to highting appliances that include an
LED as a source of light. The following discussion will also make specific references to the
LED-based lighting unit 10 represented m FIG. 1 and the LED device 20 represented in FIG.
2. However, it should be appreciated that lighting units and LED devices of vanious other

configurations are also within the scope of the invention.

6621} The present invention provides LED-based lamps and optical components and
materials therefor that are suitable for use in lighting units to obtain or approximate white
light illumination and achieve a relatively high CSI {color saturation index) value, generally
of about zero or greater.  As used herein, an optical component is an article having at feast a
portion through which visible light is able to pass to provide a lighting effect.  According to
a preferred but nonliniting aspect of the invention, the LED-based lighting unit 10
represented in FIG. 1 is mitended to achieve white light illununation, and for this purpose the
LED chip 24 is a short-wavelength LED whose emission inchudes blae visible light ("blue
light™y and is used in combination with a phosphor composition containing certain phosphors
that absorb a portion of the bluc light, resulting in excitation of at least one of the phosphors
to produce visible light that is enntted through the dome 22, Altematively or n addition, the
LED chip 24 may be encapsulated on the printed circuit board (PCB) 26 with a coating, and
such a coating may optionally contain all or a portion of the phosphor composition for
embodiments in which LED-phosphor mtegration with LED epitaxial (epr) wafer or die
fabrication is desired.  Alternatively or in addition, it is foresceable that all or a portion of the
phosphor composition could be incorporated into the enclosure/diffuser 12 of the lighting vnit
10 of FIG. 1. Domes and encapsulants of LED devices, enclosures/diffusers of lighting

umifs, as well as other optical components through which light intentionally passes to provide
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a lighting effect will be collectively referred to as optical components in the following

discussion.

6022} Nonlimiting examples of short-wavelength LEDs that can be used as the LED
chip 24 include LEDs that generate a range of wavelengths that include wavelengths of about

450 to 470 nanometers, particolar but nonlimiting examples of which include InGaN LEDs.

3623} Nonhmuting examples of phosphor compositions that can be used with the
invention contain at least one vellow phosphor and at least one red phosphor, which may be
present together in a single coating or present together or separate in multiple coatings.
Nonlimiting examples of vellow phosphors include certom{i~-doped vitrium aluminum
gamet (YAG; Y3AL0:12:Ce™), lutetium aluminum gamet (LuAG; LusALO12:Ce™),
ThAl01: (e, and CaGarSq:Eu?” phosphors, which are able to convert blue light emitted by
the LED device 24 (for exarmple, emitting wavelengths within a range of about 400 to about
470 wm}to vield an enussion that includes vellow hight (for example, wavelengths of about
500 to about 600 nm), but may range from green to red Light {(for example, wavelengths of
about 510 to about 650 nm) with the output of the vellow phosphor coating being
predominantly yellow light.  As such, the LED device 24 and the vellow phosphor of the

phosphor composttion achieve the effect referred to as blue-shified vellow (BSY).

{6024} Nonlimiting cxamples of red phosphors include red nitride phosphors, a
nonlimiting example of which i3 a CaAlSiNs-based (CASN) phosphor, which emits red hight
and may include wavelengths of about 570 to about 700 nm.  In combination with remaining
blue light produced by the LED device 24, the color of the visible light produced by the LED
device 20 or at least produced by the lighting unit 10 is perceived to be whiie to an average
human eye.  According to a preferred aspect of the mvention, the white light 1s characterized
by a S value of about zerp or greater, which statistically indicates that, if discernible, the
individual bands of wavelengths (monochromatic light) that make up the white Hght would
be vivid and easily distinguishable.  Situations in which white light illumination having
some level of color saturation would have a desirable effect include product displays and
various arca lighting applications in residential, commercial and municipal settings, for
cxaraple, applications capable of utilizing the reveal™ line of incandescent bulbs

commercially available from GFE Lighting.

16625] FIG. 3 contains a graph that plots the spectral power distribution (SPD) of &
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“standard” LED-based lamp that utilized a blue LED device and a combination of vellow and
red phosphors to produce light perceived by an average human eve to be white. The LED
device was a package containing a “blue pump” LED (¢ g., around 450 nm}, the vellow
phosphor was Y AG, and the red phosphor was nitride-based CaAlSiN::Eu.  The vellow
phosphor served to convert blae light emitted by the LED device to yield an emission that
included vellow hight {i.c., a BSY combmation}. The yveHow and red phosphors were applied
directly to the LED package or as “remote” coating located apart from the package. The
visible light (“Combination”) emitted by the lamp was a warm white light with a CCT
(correlated color temperature) of 2700K, and was characterized by a CS1 of less than zero,
specifically, negative 16, corresponding to a relatively high color fidelity index {CFI) that 15

mdicative of no perceptually noticeable color shift.

6026} FIG. 4 is a similar graph representing the SPD of a “modified” LED-based lamp
that utilized an identical blue LED device and the same vellow and red phosphors used to
produce the data of FIG. 3. However, the relative amounts of the vellow and red phosphors
were modified relative to those used to produce the SPD of FIG. 3. The visible light
(“Combination™) emutted by the lamp was a warm white light (CCT of about 2900K3, but was
characterized by a CSI value of about zero.  The higher CSI value was concluded to be
associated with a lower peak for the white light and a lower white hight level above
wavelengths of about 330 nm, and particularly over a wavelength range of about 550 to0 610
om, as compared to the “Combination” visible light of FIG. 3. Graphically, the white hight
over this range 1s accompanied by a “knee” {or inflection point i the combined spectrumy}
identified in the plotted curve for the white light between the blue and vellow emission peaks,
and particularly over a range of wavelengths including about 460 to 580 nm. o the present
exaraple, an mflection point in the combined spectraom appears at between about 300 nm and
about 350 nm. In addition, the data plotted m FIG. 4 indicated a shifi in the peak wavclengths
of vellow and red light, characterized by the peak of cach being at lower wavelengths than
the data plotied in FIG. 3.

3627} The higher CS1 value is also believed to be mdicated by the data in FIG. 5, which
reports CSI values for the individual bands of wavelengths (monochromatic light) that make
up the white hight of FIGS. 3 and 4. The data m FIG. 5 evidence that wavelengths

corresponding to green, blue-green, and blue light were considerably higher for the
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“Moditied” lamp of FIG. 4 than for the “standard” lamp of FIG. 3, indicating that these

wavelengths, if perceptible to the human eve, would be more vivid and easily distinguishable.

[6628] From these results, to achieve a TSI value of zero or greater, 1t 1s behieved that the
ratio of the vellow light produced by the BSY effect and the red light produced by the red
phosphor must be conirolied by intentionally controlling the ratic of the vellow and red
phosphors used to gencrate the vellow and red lights, respectively.  On the basis of the data
wn FI(r. 5, a suitable range for this ratio {vellow: red phosphor) is believed to be about 1.2 to
about 2:1 by spectral weight, depending on the targeted color coordmates for the design
under consideration.  This range is belicved to be particularly appropriate and effective if the
LED device utilizes a BSY -red phosphor combination, which as used herein refers to a red
phosphor used 10 combination with a yellow phosphor that generates yellow light by

converting a portion of blue light emitied by a blue LED device.

3629} On the basis of the data m FIG. 5, i was further concluded that the relative
amounts of vellow and red phosphors 1n a BSY -red phosphor combination to achieve a higher
S value could also compensate for additive compounds that might otherwise be utilized to
promaote the emission of wavelengths that include green, bluc-green, and/or blue light. A
notable example of such a desirable highting effect is achieved with the aforementioned
reveal™  line of incandescent bulbs, which are produced to have an outer jacket formed of a
glass doped with neodvoua (Nd20s) to filter certain wavelengths of hight, particularly in
terms of the ability to filter vellow light wavelengths. The neodyvmia content of the outer
1acket of such known incandescent lamps serves to selectively modify the visual appearance
and spectral power distribution of white light produced by an incandescent bulb and, in so
doing, achicve a perceptible increase in green, blue-green, and/or blue light. A somewhat
similar effect 1s believed to be achieved with the “modified” lamp of FIG. 4 as a result of the
erthanced C5I for the green, blue-green, and blue light wavelengths indicated in FIG. 5.
Consequently, in applications where neodymia or another neodymium-based compound
might be used to promote a desirable lighting effect with an LED-based hghting unit, for
example, by incorporating neodymia in the dome 22 of the LED chip 24, or in an encapsulant
of the LED chip 24, or 1n an enclosure/diffuser 12 of the lighting vnit 10, it may be possible
1o reduce or omit the amount of neodymia otherwise required to achieve such an effect by

appropriately tailoring the amounts of vellow and red phosphors to achieve a relatively high
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CSI value, for example, about zero or higher.

6630} in addition to tailoring the amounts of vellow and red phosphors in a BSY-red
phosphor combination, a ncodymium-based compound has been identified as well suited for
meorporation into an LED device or lighting unit to generate a white light characterized bv a
CSI value of approximately zero or higher, as described in reference to FIGS 4 and 5. In
particular, a neodymium oxyfluoride can be utilized in which the relative amounts of
neodyvmia (Nd203) and neodymuum fluonide (NdF3) are controlled in a manner that enables
the neodymium oxyfucrnde compound to complement a BSY -red phosphor combination to
attain high CS values while also contributing to a desirable lighting effect, for example,
stmilar to that achicved with the reveal™ line of meandescent bulbs. Nd-F and Nd-X-F
compounds containing a source of Nd¥ ions have been determined to be effective for
providing a color filtering effect, in particular, to filter visible light in the vellow light
wavelength range, for example, wavelengths of about 560 to about 600 nanometers. As used
herein, an "Nd-F" compound 15 a compound consisting of Nd and F. An Nd-X-F compound is
a compound comprnsing Nd, F, and X, where X is at least one element that forms a compound
with neodymium, as examples, oxygen, nitrogen, sulfur, chloring, etc., or at least one metallic
clement {other than Nd) that forms a compound with fluorine, as examples, metallic elements
such as Na, K, Al, Mg, L1, Ca, Sr, Ba, and Y, or combinations of such elements. One
example of an Nd-X-F compound is NdO«Fy, where x is from 0 to less than 1.5, and v is from
about 0.1 1o 3, and x and v are chosen so that the Nd is trivalent. At the extreme where x5 0,
then y=3, and the compound is NdFz. Another embodiment 1s where x 1s 1 and v i1s 1, which
resolts in NAQOF. Some kinds of neodymium compounds which may be employed in the
embodiments of the present disclosure include the Nd-M-F and Nd-X-F and Nd-O-F
compounds described in conmunonly owned intermnational application PCT/CN2015/070191,
filed 06 Janumary 2015 (GE Docket 274946} and in commonly-owned international application
PCT/CN2014/088116, filed 08 October 2014 {GE Docket 275441}, both of which are hereby
incorporated by reference.

16631} FIG. 6 1s a graph representing the optical transmission observed for neodymia
(Nd2(3), neodymium flyoride (NdF3), and neodymium oxyfluoride (NGO}, The graph
cvidences similaritics in their optical transmissions, particularly in terms of their abilities to

filter vellow light wavelengths, for example, over a range of about 350 to about 610 nm.

10



WO 2016/195938 PCT/US2016/031779

FIG. 6 evidences that the absorption peaks of Nd2(s, Nd¥Fs, and NdOF (about 1:1 molar ratio
of NdFs and Nd2O3} were slightly shifted relative to each other, and that both NdFs and
NAOF exhibited greater absorption in the yellow-orange region {(wavcelengths of roughly 560
1o 590 nm) as compared to Nd:0:.  Furthermore, NdF; exhibited sigmficantly greater
absorption in the blue-green region (wavelengths of roughly 500 to 520 nm) and red region
{(wavelengths of roughly 720 to 750 nm}.  From FIG. 6, it was concluded that NdOF offers
an excellent combination of propertics that include the ability to absorb wavelengths in the
vellow-orange region, but without the degree of absorption associated with NdFs in the blue-

green and red regions.

6632} To achieve a CSI value of zero or greater in an LED device or lighting unit that
uses a BSY-red phosphor combination to generate a white light and that further uses an
optical component that contains NAOF {an Nd-O-F compound) as described above, it is
believed that the concentration ratio of NdFz and Nd203 in the Nd-O-F compound can be
controlled to determine the absorption region of the Nd-O-F compound in the visible light
region, corresponding to a higher CSI value as discussed above, as well as potential increases
in CRI and RY score (deep red color rendering index) and potential decreases in CUF. As
such, it is belicved that a desirable color filtering effect can be achieved with the evaluated
MNAOF, though it is belicved that a sufficient effect can be achieved with an Nd-O  compound
that has been doped with an Nd-F compound to vield an Nd-O-F compound containing at
least 0.1% up to about 99% NdFs, with the balance essentially or entirely Nd20s. Processes
that can be emploved to produce such Nd-O-F (1.¢., NdO«Fy) compounds mclude two “wet”
processes schematically depicted in FIGS. 7 and 8 and a “dry” process schematically depicted
in FIG. 9. In FIG. 7, a neodyoium oxide may be dissolved in a hydrohalide acid (HX) such
as HCI. Then, HF acid may be added to form a precipitate. The precipitate may be washed
with a solvent such as water, and then substantially dried to form a Nd-O-F compound such
as NdOyFy. In FIG. 8, a neodyvmiom oxide may be dissolved in a hydrohalide acid (HX) such
as HCL An alkaline salt such as ammonium bicarbonate (NH:HCOs) may be added so ag to
form a precipitate. The precipitate may be treated or transformed with hydrofluoric acid,
optionally n the presence of a macromolecular precipitating aid. After washing and drying, a
Nd-O-F compound such as NdG«Fy may be obtained. In FIG. 9, a necdymium oxide may be
placed under the protection of an mert gas (such as Ar), and treated with fluorine gas (or

other fluorine~-containing oxidant gas, such as OF2), for a specified period of time (t) at an

11



WO 2016/195938 PCT/US2016/031779

effective terperature (T}, to provide a Nd-O-F compound such as NdOxFy.

6633} According to certain aspects of the invention, composite matenals that contain an
Nd-O-F compound in a matrix material and which are used to form an optical component
can have little if any optical scattering (diffusion) effect or may cause considerable optical
scattering on light pagsing therethrough, depending on the composition of the composite
material, the composition of the matrix matenal, and the composttion and amount of the Nd-
O-F compound n the composite material.  As examples, preferred composite materials
comprise a polyvmeric matrix material in which is dispersed an inorganic particulate material
containing an Nd-O-F compound as a source of Nd&°" 1ons.  The Nd-0O-F compound may be
present as a dopant in the particulate material, or as discrete particles that may be optionally
combined with discrete particles of other materials to make up the particulate matenial. A
particolate matenal contaiming discrete particles of the Nd-O-F compound {e.g, formed
partially or entircly of the Nd-O-F compound) and/or discrete particles doped with the Nd-
O-F compound can be combined with a polymeric matrix matenial for the purpose of
promoting refractive index matching of the particulate and polymeric matrix materials {ic.,
minimize the difference in their refractive indices} sufficient to impart a low-haze (low-
diffusivity) optical effect to visible light passing through the composite material.

Alternatively, a particulate matenal can be solely made up of discrete particles of the

compound) and/or made up of a mixture of discrete particles of the Nd-0O-F compound {c.g.,
formed partially or entirely of the Nd—0O-F compound) and discrete particles formed of at
least one other different material, so that the particulate maternial has a refractive index that s
sutficiently different from that of the polymeric matrix material to achieve a refractive tndex
mismatch between the particulate and polvmeric matrix materials (i.¢., increase the difference
in their refractive ndices) to wmpart a diffusive optical effect to visible light passing through

the composite material.

3034} In view of this ability to tailor the optical scattering effect of the composite
matenal, optical components formed of a composite material containing the Nd-O-F
compound may provide a color filtering effect, such as if used to form the dome 22 or
cncapsulant for the LED device 20 of FIG. 2, or to additionally provide an optical scattering

cffect, such as if used to form the enclosure/diffuser 12 of the lighting unit 10 of FIG. 1. The
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concentration ratio of NdF; and Nd20s 10 the Nd—O-F compound deternunes the refractive
index of the Nd-O-F compound, ranging from the refractive index of NdF; {about 1.6} and
the refractive index of Nda(s (about 1 80} at wavelengths of about 589 am, which is able to
provide a suitably low refractive mdex for index matching with certain polymeric matnix
materials to minimize scattering losses.  The optical scattering effect of an optical
component formed of a composiie material containing the Nd-O-F compound can be further
tatlored as a result of using the Nd-O-F compound in combination with other materials, for

example, by doping a perovskite structure with the Nd-O-F compound. Nonlimiting

include those containing at least one constituent having a lower refractive index than the Nd-
O-F compound, for example, metal fluonides of Na, K, Al, Mg, L1, Ca, Sr, Ba,and Y. Such
“host” compounds have Jower refractive indices than the Nd—O-F compound in the visible
light region, nonlimiting examples of which include NaF (n=1.32), KF (0=1 .36}, Al¥F;
(n=1.36). MgF: (n=1.38), LiF (n=1.39), CakF2 (n=1.44), SF2 (n=1 .44}, BaF2 (n=1.48), and

YFs {n=1.50) at a wavelength of 589 nm.  As a result of doping with a high refractive index

that is between that of the host (for example, 1.38 for MgF:) and the Nd-O-F compound.

6035} Generally, a low-haze (low-diffusivity) optical effect due to a munimal level of
optical scattering s said to be achieved herein if the refractive indices of the matrix and
particulate materials arc within 0.1 of cach other in the visible light region. I the Nd-O-F
compound i3 used as the sole morganic particulate matenal in an optical component whose
polymernic matrix material 1s a polycarbonate (PC) or polystyrene (PS), the refractive mdices
of the Nd-O-F compound {from about 1.60 to about 1.80) and PC and PS {about 1.586) are
such that a muumal level of optical scattering can occur when light passes through the
component. Another example of a polymer having a refractive index within 0.1 of the Nd-
O-F compound 15 a fluonine-doped polyester (refractive index of about 1.6073.  In this
regard, the polvmeric matrix material is chosen on the basis of having a refractive index that
is similar to the Nd—0-F compound so as to achieve a low-haze (low-diffusiviiv) optical

effect.

16036} Refractive index matching with other polymers having refractive indices that

differ from the Nd-O-F compound in the visible hight region by more than 0.1 can be
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achieved with modifications to the particulate matenal.  For example, the Nd-O-F
compouond can be vsed in combination with one or more other materials to vield an effective
refractive index that achieves a minimal fevel of optical scattering in an optical component
whose polyvmeric matrix material has a refractive index that differs from the Nd-O-F
compound by more than 0.1 in the visible light region, for example, acryvlics {for example,
polymethyl methacrylate; PMMA), polyvinylidene fluornide (PYDF), silicone, etc. Asa
nonlindting cxample, particles formed of a metal fluonde and/or a metal oxide can he doped
with the Nd—0O-F compound to have a refractive index between that of the Nd-O-F
compoond and the metal fluoride and/or metal oxide. Nonlimiting examples of suitable
metal floorides and metal oxides include NaF {refractive index of about 132} and Mgk
{(refractive index of about 1.38). By sclecting an appropriate  ratio of the Nd-O-F
compound and the metal fluonde and/or metal oxide, the refractive index of the particulate
material can be tailored to allow for matching or near matching with the refractive index of
PMMA {(about 1.49), polvvinylidene fluonide {about 1.42), or a methyl-type silicone (about
1.41), which are often uwtilized in LED packages.

[6637] A diffusive optical effect due to a significant level of optical scattering is said to
he achieved herein if the difference m the refractive indices of the matrix material and
particulate matenals of the optical component exceeds 0.1 in the visible light region.  As one
example, the Nd-0-F compound can be used as the sole morganic particulate matenal in an
optical component whose polymeric matrix material has a refractive index that i1s sufficiently
different from the Nd—O-F compound, for example, PMMA, PVDF, or a silicone.  As
another example, a particulate material formed of perovskite structure materials containing a
metal oxide and the Nd-O-F compound can be used.  Such perovskite structure materials
include those containing oxides of at least two of Ca, Ba, AL Y, V, Gd, and Sr, which can
exhibit refractive indices of greater than 1.7, such that a desirable color filtening effect and
optical scattering can be achieved with these materials when used in combination with
polvineric matrix materials such as PC, PS, PMMA, PVDF, or silicone.

3638} Increased refractive index musmatch can also be achieved by combining particles
of the Nd-O-F compound with particles of other materials, notable examples of which
include metal oxides such as rutile titania (Ti10;; refractive index of about 2.74) and Nd-O

compounds (such as NdzGs3) or other neodvoium-containing metal oxides (such as Nd-
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containing perovskite structure materials).  With this approach, the particles of the Nd-O-F
compound may be largely or solely responsible for the color filtering effect and the second
particles may be lareely or solely responsible for achieving a significant level of optical

scattering.

{6839} The color filtering effect resulting from visible light absorption provided by the
Nd—-0O-F compound in the visible light spectrum is believed to be superior to Nd-O
compounds (such as Nd2Os) with respect to yvellow light wavelengths within the range of 560
to about 600 nanometers.  The Nd-O-F compound has a further advantage over Nd-O
compounds by having a refractive index much closer to various standard optical grade
transparent plastics, for example, PC, PS, PMMA, PVDF, silicone, and polycthvlene
tergphthalate (PET), and can better balance optical losses from scattering attributable to
refractive index mismatch and Nd ion absorption. By filtering vellow hight wavelengths,
light emitted by an array of white LED devices can be adjusted to achieve an enhanced color
effect by separating green and red hight through filtering vellow hight wavelengths. In
addition to increasing CSI, such an effect can be promoted by increasing the CRI (color
rendering index} of white light generated with an LED device and/or enabling color points
closer to the white locus, for example, similar to the desirable lighting effect achieved with

the reveal™ line of mceandescent bulbs.

(G040} The volumetric amount and particle size of the Nd—-O-F compound in a composite
matenal used to form an optical component 1s believed to have an mfluence on the color
filtering effect of the composite material.  In addition, the relative amounts and particle size
of any second material in the composite material have an influence on the color filtering
cffect. QGenerally, it is believed that a composite matenial formed of a standard optical grade
transparent plastic (for example, PC, PS, PMMA, PVYDF, sihicone, or PET) should contain at
least 0.1 volume percent and more preferably about 1 to about 20 volume percent of the Nd-
O-F compound to achicve a desired filtering effect.  Hpresent, any second material (e.g.,
Ti0z, Nd-containing compounds, perovskite structure materials having a high refractive
index relative to NdF;, etc.) may be present in an amount of up to 20 volume percent, more
preferably about .01 to about 2 vohume percent, depending on the scatiering profile desired
for an optical diffuser. A preferred total particulate loading in the compositc material is

believed 1o be at least 0.01 up to about 20 volume percent, more preferably about 0.01 to
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about 2 volume percent. It is further believed that a suitable particle size for the particulate
material is up to about 30 micrometers and preferably about 0.5 to about 5 micrometers. At
these loadings and particles sizes, a composite material whose matrix material is one of the
aforementioned standard optical grade transparent plastics will typically be readily moldable
for a wide variety of shapes, with potential difficulties being encountered with smaller

particle sizes and higher loadings.

3041} While the invention has been described m terms of certain embodiments, it 1s
apparent that other forms could be adopted by one skilled in the art.  Finally, while the
appended claims recite certain aspects believed to be associated with the invention as
mdicated by the investigations discussed above, they do not necessarily serve as lumttations to

the scope of the invention.
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CLAIMS:
I An LED-based lighting unit comprising:
an LED-based lght source that generates blue hight;

an optical component through which the bluc light passes, the optical

component comprising a phosphor blend;

wherein the phosphor blend comprises at least a yellow phosphor and a red
phosphor, the vellow phosphor converting at least a portion ot the blue light to vield an
emission that includes vellow light as a result of the phosphor coating being excited by the

blue light, the red phosphor emitting a red light;

wherein the vellow hight, the red light, and an unconverted portion of the blue
light producing in combination a visible light perceived by an average human eye to be a
white light and characterized by a U5 vahie of about zero or greater.

2. The LED-based lighting unit according to claim 1, wherein the phosphor
blend is present as a coating on the optical component.

3. The LED-bascd lighting unit according to claim 1, wherein the visible hight 1s
characterized by a spectral power distnbution containing curves and peaks corresponding to
cach of the blue light, the vellow hight, the red light, and the white Eght,

wherein an intensity for the peak of the white hight is lower than an intensity
for the peaks of the vellow and red Lights.

4. The LED-based lighting unit according to claim 3,

wherein the peak of the white hight is at a wavelength of greater than about
530 nm.
5. The LED-based lighting unit according to claim 3,
wherein the peak of the white light 1s within a wavelength range of from about
550 nm to about 610 nm.,

6. The LED-based lighting unit according to claim 3, wheremn the curve for the

spectral power distribution of the white light comprises an inflection point at a wavelength

between the peaks of the blue light and the vellow light.

17
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7. The LED-based lighting unit according to claim 1, wherein at least a portion
of the optical component comprises a composite material comprising a polvmeric material
and an tnorganic particulate maternial, the organic particulate material comprising a Nd-0O-F

compound.

8. The LED-based highting unit according to claim 7, wherein the Nd-O-F
compound formally comprises about 0.1 to about 99 molar percent NdFs, with the balance
essentiatly Nd20Os.

9. The LED-based lighting unit according to claim 7, wherein the Nd-O-F
compound s NdOF.

10, The LED-based highting unit according to claim 7, wherein the Nd-O-F
compound and the polyvmeric material have refractive indices within 0.1 of each other 1o the
visible light region.

. The LED-based lighting unit according to claim 7, wherein the Nd-O-F
compound and the polymeric matenial have refractive indices that differ by more than 0.1 of
cach other in the visible hight region.

12, The LED-based lighting unit according to claim 1, wherein the optical
component 1s an enclosure or dome or encapsulant for the LED-based light source.

13, The LED-based lighting unit according to claim 1, wherein the optical
component is a diffuser of the lighting unit.

14, An LED-based lighting unit comprising:

an LED-based hight source that generates biue fight;

an optical component through which the blue light passes, the optical
component comprising a phosphor blend, wherein the optical component is an enclosure or
dome or encapsulant for the LED-based light source;

wherein the phosphor blend comprises at least a vellow phosphor and a red
phosphor, the yellow phosphor converting at least a portion of the blue light to vield an
emission that includes yvellow light as a result of the phosphor coating being excited by the
blue light, the red phosphor emitting a red hight;

wherein at least a portion ot the optical component comprises an inorganic

18
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particulate material comprising a Nd-O-F compound,;

wherein the vellow light, the red hight, and an unconverted portion of the blue
light producing in combination a visible light perceived by an average human eve to be a
white light and charactenized by a C5I value of about zero or greater.

15 An LED-based highting unit comprising:

an LED-based hght source that generates blug light;

an optical component through which the blue light passes, the optical
component comprising a phosphor blend, wherein the optical component i1s a diffuser of the
lighting unit;

wherem the phosphor blend comprises at Ieast a vellow phosphor and a red
phosphor, the yellow phosphor converting at least a portion of the blue light to vield an
goission that includes velow light as a result of the phosphor coating being excited by the
blue light, the red phosphor emitting a red hight;

wherein at least a portion of the optical component comprises an inorganic
particulate material comprising a Nd-O-F compound;

wherein the vellow hight, the red light, and an unconverted portion of the blae
light producing in combination a visible light perceived by an average haman eye to be a

white light and characterized by a CSI value of about zero or greater.
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