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(54) Title: LED PACKAGE WITH RED-EMITTING PHOSPHORS

(57) Abstract: A process for fabricating a LED lighting apparatus includes
disposing a composite coating on a surafce of a LED chip, The composite
coating comprises a first composite layer having a manganese doped phos-
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FIG. 1

phor of formula I and a first binder and a second composite layer comprising
a second phosphor composition and a second binder. The first binder, the
second binder or both include a poly(meth)acrylate. A, [MF,:Mn*"..........
wherein A is Li, Na. K, Rb, Cs, or a combination thereof;, M is Si, Ge, Sn, Ti,
Zr, AL Ga, In, Sc, Hf, Y, La, Nb, Ta, Bi, Gd, or a combination thereof; x is
the absolute value of the charge of the [MF,] ion; yis 5, 6 or 7.
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LED PACKAGE WITH RED-EMITTING PHOSPHORS

BACKGROUND

0001} Red-emitting phosphors based on complex fluoride materials activated by
Mn®", such as those described in US 7,358,542, US 7,407,573, and US 7,648 649,
can be ufilized in combination with yellow/green emitling phosphors such as YAG:Ce
or other garnet compositions to achieve warm white light (CCTs<5000 K on the
blackbody iocus, color rendering index (CRI) >80) from & blue LED, equivalent to that
produced by current fluorescent, incandescent and halogen lamps. These malerials
absorb blue light strongly and efficiently emit between about 8106-635 nm with litlle
deep red/NIR emission. Thergfore, luminous efficacy is maximized compared 1o red
phosphors that have significant emission in the desper red where eye sensitivity is

poor. Quanium efficiency can exceed 85% under blue (440-480 nm) excitation.

{0002} While the efficacy and CRI of lighting systems using Mn"" doped fluoride
hosis can be quite high, one potential limifation is their susceplibility {o degradation
under usg conditions. H is possible to reduce this degradation using post-synthesis
processing steps, as described In US 8,252,613, However, development ¢of

alternative methods for improving stability of the malerials is desirable.
BRIEF DESCRIPTION

{0003 Brigfly, in ong aspedi, the present invention relales 1o a process for
fabricating a LED lighting apparatus including disposing a composite coating on a
surface of a LED chip. The composite coating includes first composite layer having a
manganess doped phosphor of formula | and a first binder, and a second compaosite
layer having a second phosphor composition and a second binder. The first binder,

the second binder or both comprise a poly{methlacrylate.
A IMF MY )
wherein
Avs Li, Na, K, Rb, Cs, or a combination thereof;

Mis Si, Ge, 8n, T1, Zr, Al, Ga, In, Sg, Hf, Y, La, Nb, Ta, Bi, Gd, ora

combination thersof;

X is the absoclute value of the charge of the [MF ] ion;



WO 2015/191521 PCT/US2015/034818

yis 5, 60r7.

{0004} in another aspect, a LED lighling apparatus according 1o the present
invention includes a composile coating disposed on a LED chip. The composite
coating includes first composite laver having a manganess doped phosphor of
formula | and a first binder, and a second composite layer having a second phosphor
composition and a second binder. The first binder, the sscond binder or both

comprise a poly(methlacrylate.
DRAWINGS

[0005] These and other features, aspecis, and advantages of the present
invention will become betier undersiood when the following detailed description is
read with reference to the accompanying drawings in which like characters represent

like parts throughout the drawings, wherein:

{0006} FiG. 1 is g schemalic cross-sectional view of a lighting apparatus

according 1o the present invention.

{0007} FIG. 2 is g schematic cross-sectional view through a composite coating

according 1o ong embaodiment of the present invention.

{00081 FiG. 3A shows cross-sectional view of a configuration of a composite
coating disposed on a LED ¢hip according {0 ong embodiment of the present

invention.

[0009] FiG. 3B shows cross-sactional view a configuration of a composite
coating disposed on a LED chip according o another embodiment of the prasent

invention.

(00107 FiG. 4 shows emission specira of two configurations of the composite
coating shown in FIGS. 3A and 3B,

DETAILED DESCRIPTION

{0011} Approximating languags, as used herein throughout the specification and
claims, may be applied to modify any quantilative representation that could
permissibly vary without resulting in a change in the basic funclion o which it s

related. Accordingly, a valug modified by a term or terms, such as "about,” is not

b
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limitad o the precise value specified. In some instances, the approximating
language may correspond to the precision of an instrument for measuring the value.

In the following specification and claims, the singular forms “g", “an” and “the” include

plural referents, unless the coniext clearly dictales otherwise.

0012} Unless dsfined otherwise, technical and scientific terms used herein have
the same meaning as is commonly understood by one of skill in the art to which this
invention belongs. The terms “first”, “second”, and the like, as used herein do not
denote any order, quantity, or importance, but rather are used o distinguish one

glement from ancther.

f0013) I the present disclosure, when a layer is being described as "on” ancther
layer or subsirate, it is to be understood that the iayers can either be directly
coniacting each other or have one {or more) iaver or feature between the layers.
Further, the term “on” describes the relative position of the layers 1o each cther and
dogs not necessarily mean “on top of since the relative position above or below
depends upon the orientation of the devics 1o the viewer. Moreover, the use of top,”

n o«

“‘bottom,” "above,” “below,” and variations of these terms is made for convenience,
and does not require any particular orieniation of the components unless otherwise
stated. The term “adjacent” as used hergin means that the two layers are disposed

contiguously and are in direct contact with each other.

{0014} A cross sectional view of a lighting apparatus or light emitting assembly or
lamp 10 according to ons embodiment of the present invention is shown in FIG. 1.
Lighting apparatus 10 includes a semiconductor radiation source, shown as light
emitting diode (LED) chip 12, and leads 14 elecirically attached io the LED chip. The
lsads 14 may be thin wires supported by a thicker lead frame(s) 16 or the lgads may
be self-supported electrodes and the lead frame may be omilled. The leads 14

provide current {o the LED chip 12 and thus cause it to emit radiation.

{0015} The lamp may include any semiconductor blue or UV light source that is
capable of producing white light when ifs emitted radiation is directed onto the
phosphor. In one embodiment, the semiconductor light source is a blue emitling LED
doped with various impurities. In one embodiment, the LED may contain at least one
semiconductor layer comprising GaN, ZnSe, or SiC. In particular, the semiconductor
light source may be a blue emitting LED semiconductor diode based on a nitride

compound semiconductor of formula InGa AN (where 0=i; Osj; Osk and T+ | + k =1)

[



WO 2015/191521 PCT/US2015/034818

having an emission wavelength greater than about 250 nm and less than about 550
nm. More particularly, the LED chip 12 {(FIG. 1) may be a near-UV or blue emitling
LED having a peak emission wavelength from about 400 to about 500 nm. Such
LED semiconductors are known in the art. The radiation source is described herein
as a LED for convenience. However, as used herein, the {erm is meant {o
encompass alf semiconducior radiation sources including, e.g., semiconductor laser
diodes. Further, although the general discussion of the exemplary struciures of the
invention discussed herein is directed toward inorganic LED based light sources, i
should be undersiood that the LED chip may be replaced by another radiation source
uniess gtherwise noted and that any reference to semiconductor, semiconductor
LED, or LED chip is merely representative of any appropriate radiation source,

including, but not imited to, organic light emitling diodes.

[03186] In lighting apparatus 10, a composite coating 22 is disposed on a surface
of LED chip 12. The composite coaling 22 includes a first composite layer and a
second composite layer, each composite laver having at least one phosphor
composition. In one instance, the phosphor compositions are radiationally coupled to
the LED chip 12. Radiationally coupled means that the slements arg associated with
each other so that the radiation from one is transmitled o the other. For example,
the composite coating 22 is disposed on the LED chip 12 such as a radiation from
LED chip 12 is transmilted {0 the phosphors, and the phosphors emit radiation of

different wavelengths.

(08171 in a particular embodimeant, the LED chip 12 is a blus LED, and the first
compaosite layer includes the red ling emitting phosphor of formuia | and the second
compaosite layer includes a yellow-green phosphor such as a cerium-doped yitrium
aluminum garnet, Ca:YAG. The blue light emilted by the LED chip 12 mixes with the
rad and yellow-graen light emitied respectively by the phosphors of the first
composite layer and the second composite layer, and the resulting emission

{indicated by arrow 24} appears as while light.

{0018} LED chip 12 may be enclosed by an encapsulant material 20, The
encapsulant material 20 may be a low temperature glass, or a thermoplastic or
thermoset polymer or resin as is known in the art, for example, a silicone or epoxy
resin. LED chip 12 and encapsulant material 20 may be encapsulated within a shell
18. Both the shell 18 and the encapsuiant 20 should be transparent to allow white

light 24 to be transmitied through those elements. In some embodiments, the
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encapsulant material may form the shell 18, In addition, scatlering particles may be
embedded in the encapsulant material. The scaltering particles may be, for example,
alumina or titania. The scatlering particies effectively scatter the directional light

emitted from the LED chip, preferably with a negligible amount of absorption.

{60191 In an alternate embodiment, the lamp 10 may only include an encapsulant
material without an outer shell 18, The LED chip 1 may be supported, for example,
by the lead frame 16, by the self-supporting slectrodes, the bottom of sheli 18 or by a

padestal (not shown) mountad 1o shell 18 or to the lead frame.

{0020 The manganese (Mn*"-doped phosphor of formula | is a red line emitting
manganese {(Mn* -doped complex fiuoride phosphor. in the context of the present
inverntion, the term "complex fluoride malerial or phosphor™, means a coordination
compound, containing at least one coordination center, surrounded by fluoride ions
acting as ligands, and charge-compensated by counter ions as necessary. inone
example, K:5iFe:Mn™, the coordination center is Si and the counterion is K.
Complex fluorides are occasionally written down as a combination of simple, binary
fluorides bul such a representalion does not indicale the coordinalion number for the
ligands around the coordination center. The square bracksis (occasionally omiited
for simplicity} indicate that the complexion they encompass is a new chemical
species, different from the simple flucride ion. The activator ion (Mn"") also acls as a
coordination center, substituting part of the centars of the host latlice, for example,
Si. The host lattice (including the counter ions) may further modify the excitation and

emission properties of the actlivator ion.

00213 in particular embodiments, the coordination center of the phosphors, that
is, Min formula |, is SI, Ge, Sn, Ti, Zr, or a combination thereof. More particularly,
the coordination center is B, Ge, Ti, or a combination thereof, and the countarion, or
Ainformula 1, is Na, K, Rb, Cs, or a combination thereof, and v is 6. Examplas of
precursors of formula | include KoSIFLMN®Y, K TiFehMn®", KiSnFslMn®,
Cs[TiFeE M, RbTiIFe:Mn®, CoofSiFskMn®, Rbo[SiFslMn®, NaofTiFs:Mn®,

Na fZrFlMn®, K[ZrF iMn®, KGIBIFEMn®, KoYFhMn®', KelLaFehMn®,

K GdFsl:Mn®, KINDF M, K4[TaF1Mn*. In particular embodiments, the

precursor of formula | s KoSiFgMn®.

(0022} in one embodiment, the Mn*"-doped phosphor is selected from the group

consisting of

L
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(A) AIMFEMn® ) where Ads selected from Li, Na, K, Rb, Cs, and combinations

thereof; and where M is salected from Al Ga, In, and combinations tharecf;

(B) AalMFs]:Mn®", where Ais selecied from Li, Na, K, Rb, Cs, and combinations

thereofl; and where M s sslected from Al, Ga, In, and combinations thereof;
(C) ZnaMF 1:Mn™, where M is selected from Al Ga, In, and combinations thereof;

(DY Alin,F-EMa* where Als selected from LI, Na, K, Rb, Cs, and combinations

thereof;

(£} Azii\/'iFs}:Mn“, where Ais selected from Li, Na, K, Rb, Cs, and combinations

thereof, and where M is selecied from Ge, 8i, 3n, Ti, £r, and combinations thereof;

(F} EIMFi:Mn®", where E is selected from Mg, Ca, Sr, Ba, Zn, and combinations

thereof; and whers M is selacied from Ge, Si, 9n, Ti, Zr, and combinations thereof;
((3) BagesZroasFzo:Mn™; and

(H) A ZrF 1:Mn™ where Als selected from Li, Na, K, Rb, Cs, and combinations

thergof,

{00231 The amount of manganese in the Mn™ doped precursors of formula | and
groups (AX{H), and in the product phosphors ranges from about 0.3 weight% (wi%)
to about 2.5 wi%, (from about 1.2 mole % {mol%) to about 10 mol%), based on total
weight of the precursor or the phosphor. In some embodiments, the amount of
manganese ranges from about 0.3 wi% to about 1.5 wi% (from about 1.2 mol% fo
about 6 mol%), particularly from about §.50 wit% {o about .85 wit% {from about 2
mol% o about 3.4 mol%), and more particularly from about (.65 wt% to about 0.75
wi% (from about 2.6 mol% io aboui 3 mol%). in other embodiments, the amount of
manganese ranges from about 0.75 wi% to about 2.5 wi% {(about 3 mol% fo about
10 mol%), particularly from about (.8 wt% to about 1.8 wt% {from about 3.5 mol% to
about 8 mol%), more particularly from about 0.9 wt% 1o about 1.4 wi¥% (about 3.0
mol% to about 5.5 mol%), and even more particularly from about 0.9 wit% fo about

1.3 wi% (about 3.5 mol% to about 5.1 mol9%).

(0024} The Mn*" doped phosphors may have a population of particies having a
particle size distribution with a D50 value in a rangs from about 10 micron o about

80 microns. The phosphor materials described herein are commercially available, or

)
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prepared by methods as known in the arl, e.g., through solid-stale reaction methods
by combining, for example, slemental oxide, carbonates, and /or hydroxides as
starting malerial. In some embodiments, it is desirable 1o use particles of smaill
particle size, for example a D50 particle size of less than about 30 micrans. In
particular embodiments, the D50 particie size of the particles ranges from about 10
microns (o about 20 microns, and more particularly from about 12 microns o about
18 microns. in some embodiments, the particles of the Mn™" doped phosphors are
post-treated for enhancing performance and color stability of the resulling phosphors
as described in US FPatent No. 8,252,613.

{0025} FiG. 2 is g cross section view of a composite coating 22 (also referred to
as “laminate”) showing that composite coaling 22 is composed of at least two layer; a
first composite layer 34 and the second composite layer 36. The first composite
laver 34 includes a manganese doped phosphor of formula | and a first binder. The
second composite layer 36 includes a second phosphor (an additional phosphor) and
a second binder. The second phosphor is a phosphor composition that emits a
radiation which produces white light in combination with the emissions of the first
composite layer 34 and the LED chip 12 {FIG. 1}, which are described in detail

below.

f0026] in one embodiment, a phosphor composition is interspersed in a binder
material within a composile layer. The phosphor composition may be mixed with a
binder material {or a binder) o form a composite phosphor material, which can be
subssguently pressed to form a composite layer or film. The composite phosphor
material may include the phosphor compaosition in the form of powder, and the binder
material as a matrix. The matrix or the binder material may be an encapsulant
material. Suitabie examples of the binder materials may be a low temperature glass,
or a thermoplastic or thermoset polymer or a resin as is known in the art, for

example, a silicone or epoxy resin.

{00271 In one embodiment, the phosphor of formula | is mixed with a first binder
and the mixture is heataed and pressed {o form the first composile layer 34, Inone
embodiment, the second phosphor is mixed with a second binder; and then heated
and pressed to form the second compaosits layer 36. Both the first binder and the
second binder should be transparent o the light emitied from the LED and the
phosphors. In one embodiment, the first binder, the second binder, or both have a

glass transition temperature (T4) higher than the operaling temperature of the LED

~d
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chip. According to one embodiment of the invention, the first binder, the second
binder or both are a poly(meth)acryiate polymer or copolymer. A suitable
poly{meihjacrylate binder includes, but is not limited to, polvimethyl methacrylaie)
{(PMMA}, Many polymer and copolymer formulations derived from {methjacrvlic acid
and (meth)acrylate ester monomers may be used for the binder. in some
embodiments, both the first binder and the second binder are (methacrylates. In
some embodiments, the second binder may be a different material from that of the
first binder. Suitable examples of a different binder material may include, but are not
limited {0, mono and copolymers obtained from materials such as polycarbonates,
cyclic olefins, polysuifones, polyesters, polystyrene, polvproplyene and fluorplastic

resins.

{00281 in some embodiments, the binder materal (the first binder or the second
binder} has an index of refraction R, and contains a diluent material having less than
about 5% absorbance and index of refraction of R £ .1, The diluent material has an
index of refraction of £1.7, particularly 1.8, and more particularly £1.5. ina
particutar embodiment, the diluent material is of formula AJMF ], and has an index of
refraction of about 1.4. Adding an optically inactive material to the phosphor/binder
mixiure may produce a more gradual distribution of light flux through the
phosphorfencapsulant mixiure and can result in less damage fo the phosphor.
Suitable materials for the diluent include fluoride compounds such as LiF, MgF,,
Cal,, Sri,, AlF,, KNaAlFR,, KMgF;, CaliAlFg, KLIAIF,, and K,GiF,, which have index
of refraction ranging from about 1.38 (AlF; and KoNaAlF,s) to about 1.43 {CakFs), and
polymers having index of refraction ranging from about 1.254 to about 1.7. Non-
limiting examples of polymers suitable for use as a diluent inciude polycarbonates,
polyestars, nyions, polvetherimides, polystherkeiones, and polymers derived from
siyrene, acrylate, methacrylate, vinvt, vinyl acstate, sthvlene, propylene oxidg, and
sthviene oxide monomaers, and copolymers thereof, including halogenated and
unhalogenated derivalives. Thease polymer powders can be directly incorporated into

the binder materials, for exampie acrylates before curing.

(00291 During pressing, the composiie phosphor materials are heated at lsast up
to their respective melting temperatures. In one embaodiment, the heating
temperature may range from about 150°C to about 200°C. On heating, the binder

materials soften; and the phosphor malerials intersperse within the respective molten
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binders to form, respectively, the first composite layer 34 and the second composite

layer 36.

{0030 These saeparaiely formed layers, the first composile layer 34 and the
second composite layer 36, are subseguently disposed ong over another, and
bonded to form a laminats or the composite coating 22, in one embodiment, the first
compaosite layer 34 subslantially covers the second composite layer 36 such that the
light emitted by one of the layers passes through another layer. In some
embodiments, the laminate is cured 1o bond the two lavers. During curing, the binder
materials diffuse at the interface of the two layers 34 and 36, and form & bond {joint)
between the two layers. Alternately, an adhesive can be used to join the two layers.
The resulting laminate or the composite coaling 22 is then disposed on the LED chip
12. In some instances, a polymear layer or a silicone layer {(not shown) can be used
to adhere the composite coating 32 to the chip. In some embodiments, the

compaosiie coating 22 is arranged remotely in the vicinity of the LED chip 12.

[0031] The laminale or the composite coating can be molded in distinct shapes
which can be placed directly over 3 LED on a board package or can be diced and

placed on a LED package. One embodiment is a chip-scale package.

{0032} As mentioned above, the phosphor material {in the form of a powder) is
interspersed in the binder material within the composits layer. The phosphor may be
interspersed within a single region or particular regions of the layer, or throughout the
entire volume of the binder material in the layer. The distribution of the phosphor
material within the layer can be controlled by selecting particulates of the binder
material of a suitable particle size. The particulates of the binder material may have
a particle size distribution with a D50 value less than about 300 microns. Inone
embodiment, the particulates have a D50 particle size in a range from about 150
microns (o about 300 microns. In one embodiment, smaller particulaies, for example
having D50 particle size less than about 50 microns, are desirable. Inone
embodiment, the binder particulates have a D50 particle size in a range from about

20 microns to about 50 microns.
{06331 The particle size of a binder material may be tailored 1o adjust the spacing
between the phosphor particles in the composite layer. Using a large binder

particulate size may result in large spacing among phosphor particles and high

forward scattering of the LED emitied light. This may be accomplished mixing the

G
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phosphor with the binder at a temperature that is approximately the melling
temperature of the binder. Since the viscosity of the polymer is high at this
temperature, litlle or no dispersion {(mixing or seflling} of the phosphor particles
occurs. Using small binder particle size may result in closely packed phosphor

particles and less forward scattering with high absorption.

{0634} Referring to FIG. 1 again, blue light emitled by the LED chip 12 mixes with
the light emitted by the first composite layer 34 and the second composile layer 36
(FIG. 2} of the composite coating 22, and the mixed light appears as white light. By
controlling the particle size and/or distribution of particles (as discussed above) of the
first and second phosphors, the binder malerials or both prior 1o pressing into the first
composite layer 34 and the second composite laver 36, the light emission from the

individual layers can be tuned to produce desired color point.

{0035} in addition, the light emission can further be tuned by conirolling the
location {closser or farther from the LED c¢hip 12) of the first phosphor and the second
phosphor. FIGS. 3A and 3B show cross seclional views through LED chip 12 having
the composile coaling 22 disposed on the chip 12, depicling two configurations. iIn
FIG 3A, the composite coating 22 is disposed on the LED c¢hip 12 such as {o place
the first composite faver 34 containing manganese doped phosphor of formula |,
close {adjacent) to the LED chip 12, That is, in this configuration, the composite
coaling 22 is disposed on the LED chip 12 with the first composite layer 34 side
disposed on the chip. In FIG. 3B, the composite coating 22 is disposed on the LED
chip 12 with the second composite layer 36 disposed adjacent {(down) to the LED
chip 12, and the first composiie laver 34 side {containing PFS) farther from the LED
chip 12. For example, FIG. 4 and Tabie 1 show spectral characteristics of the two
LED-based lamps, one having PFS-containing laver side disposead on the chip (PFS
down) and ancther having YAG-containing layer sidse disposed on the chip (YAG
down). These sxemplary lamps and corresponding resulls are described in detail

below in the example section.

[0036] Moreover, the first composite layer 34 containing the phosphor of formula
I, may have a graded composition of the phosphor of formula | as described in U.S.
Patent Application Serial No. 14/073141 filed on November 6, 2013, The
compaosition of the phosphor of formula | vary In one or more of manganese
conceniration, density of parlicles, or particile size across a thickness thereof, that is

in a direction normai 1o the plane of the surface of the LED chip 12, Inone

10
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embodiment, the manganese concentration ranges from a minimum value in a region
proximate to the LED chip 12 to a maximum value in a region opposite {o the LED
chip 12. In one embodiment, the density of particles of the first population is greater
than density of particles of the second population. In one embodiment, the D50
particle size of the first population of particies is greater than the D50 particle size of

the second population of particles.

{00377 The phosphor particles may be disposead in a band structure, where a first
popuiation of particles is located generally in & region of the first composite laver 34
proximate o the LED chip and a second population of particles generally located in a
region opposite to the LED chip. in some instances, the first composite layer 34
includes two separats layers disposed one over another; ong having the first
population of particles and another having a second population of particles. The first
composiie laver 34 may not have a distinct interface at which the composition
changes abruplly. Particles of the first population may be mixed with particles of the
sacond population throughout the first composile layer 34; howevaer, in all of these
embodiments, the layer 34 has a graded composition varying in ong or more of

manganess concentration, density of particles, or particle size.

{0038] in combination with the Mn®" doped phosphor and the second phosphor in
the second composite laver 36, the LED chip produces resulting emissions with color
point, color temperature, or color rendering as desired. When used in a lighting
apparatus in combination with a biue or near UV LED emitling radiation in the range
of about 250 10 550 nm, the resultant light emitted by the assembiy will be a white
light. The second phosphor may include a green, yellow, blue, red, orangse, or other
color phosphors that can be used in combination with the phosphor of formula o
cusiomize the while color of the resulting light and produce specific spectral power
distributions. In some instances, mulliple composite layers, each including at least

one phosphor compaosition, may be used to form the compaosite coating.

{0039] The green or yellow emitting phosphor materials may include one or morg
of europium doped or cerium doped rare sarth oxides or oxynitride phosphors. More
particularly, the sgcond phosphor is a phosphor that emits yellow-green light upon
excitation by the LED chip, for exampls a Ce-doped YAG,
(Y,Gd,Tb,La,Sm,Pr,Lu)g(AE,Ga)&x(}«!gnyzxﬁes* {wherein 0<x<0.5).

i1
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f004407 Other suitable phosphors for use along with the phosphor of formula |

include, but are not limited {o;

{{Sr12 (Ca, Ba, Mg, Zn) 2w LEL Na, K RBY G (AL Si0s v spemF 1oy
0<x<0.10, 0=5y<0.5, (=z20.5, 05wy

{Ca, Ce}deSis0: (CaliG)
(Sr.Ca,Ba)fl, 81,04 FL:Ce’ (SASOF));

(Ba,5r,Ca)s (PO {CLF Br.OHYEW Mn™; (Ba,5r,Ca)BPOsEu® Mn";
(8r,Cake{PCs)e*vB 05 Eu” {wherein 0<vet) SRSLO 2SrCLIEU"";
(Ca,Sr,Ba)kMgSL0sEu® M BaAlD i Eu™; 25r070.84P,0,0. 168,04 Eu”’;
{Ba,Sr,CalMghl O Eu® Mn?'; (Ba,8r, CalALOeEu™: {Y,Gd,Lu,Sc,La)B0yCe® T,
ZnS:Cu",Cl; ZnS:Cu" AlY"; ZnS:Ag",CI ZnS:Ag” AP (Ba,8r,Ca)Si Que B
{(wherein 0.255<0.2); (Ba,Sr,Ca){Mg.Zm8L,0.Eu”; (8r,Ca,Ba)}ALGa,In LS Eu™;
(¥.Gd, Th,La,Sm,Pr,Lu)s(ALGa ) CuanaCe” (wherein 05as0.5);
(Ca,8ris{Mg, Zn XS0 ClaEu® Mn"; Na,GdaB,0.:Ce, Te™;
(8r,Ca,Ba,Mg,.Zn),P.0xEu®™ Mn®; (Bd,Y,Lu,La)0s Eu® B,

(G, Y, Lu Lak0:SEe® BP (G, Y, Lu,LaWOL B B (Ca,8nSEu®,Ce™;
SrY,SeEu™; Cala:SeCe®™; (Ba,Sr,Ca)MgP,0 Eu™ Mn® (Y, Lu)WOsEu Mo,
(Ba,Sr,Ca)SiN, Eu’ (wherein 2B +4y=3p); (Ba,Sr,Ca)Sis AN OcEu™ (whersin
O=xs2); Cag(SIO)CLEU™ (Lu,80Y, T 06,08 1Ll Mgs. o Pu{S1L,Ge )s.u 2.y (Where
-0.52u<1, O<vs0.1, and 0sws0.2); (Y,Lu,Gd)y,Ca,SiNer, Crp:Ce™, (wherein
029<0.5); (Lu,Ca,Li,Mg,Y), a-SIAION doped with Eu® and/or Ce™;
(Ca,Sr,Ba)SI0NEu® Ce™; B-SIAION:EL™, 3.5MgO*0.8MgF,* GeOuMn';
(Sr,Ca,Ba)ASNgGEU™; (Sr,Ca,Ba)kSiOsEu"; CarcCeaEudl. SiNa (where 05¢50.2,
05f20.2); CarnCepEu Al (Mg, Zn)SiNg (where Osh<0.2, 0sr20.2);

CasaaGaslLiNaEUAISING (where 056202, 0=1<0.2, s+>0); and

Caro Gl Na), EuAli o, Slioe, Ny, (where Osas0 2, Osy=0.4, 0s$s0.2).

{00417 Other materials suitable for use in combination with the phosphors in the
composiie coating 32 may include eleciroluminescent polymers such as
polyfluoreneas, preferably poly({8,8-dioctyl fluorene) and copdlymers thereof, such as
poly{9,9-dioctylfluorene-co-bis-N,N-{4-butyiphenyiidiphenviamineg) (F&-TFB);

poly{vinylcarbazole) and polyphenyiengvinviene and their derivatives. In addition,

12
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the light emitting laver may include a blue, yellow, orange, green or red
phosphorescent dye or melal complex, or a combination thereof. Materials suifable
for usg as the phosphorescent dye include, but arg not imited to, tris(1-
phenylisoquincline) iridium () {red dve), tris(Z-phenylpyridine) iridium {green dvye)
and Iridium (I} bis{2-{4,6-diftucrephenyllpyridinato-N,C2} {blue dye). Commercially
available fluorescent and phosphorescent metal complexes from ADS {(American
Dves Source, Inc.) may also be used. ADS green dyes include ADSOG0GE,
ADZO81GE, ADSO63GE, and ADSO66GE, ADSO78GE, and ADSCLOGE. ADS blue
dyes include ADS064BE, ADS065BE, and ADS070BE. ADS red dyes include
ADSOG7RE, ADSO68RE, ADSO60RE, ADSO7SRE, ADSO76RE, ADSOBTRE, and
ADSOTTRE,

{00421 Generally, in a composite laver having substantially uniformly dispersed
phosphor particles, a total amount of absorbed LED radiation and emitted radiation
by the phosphor depends upon the total mass of the phosphor within a composite
layer. 1 mass of a phosphoris M in a composite layer of constant surface area A,
and the thickness T, in one embodiment, the density M/{AT) of the phosphor ranges
from about 0.10 g/em” to about 1.5 giem®. Further, the density may be in a range

from about 0.25 g/iem” to about 0.75 g/em®.

{00433 in general, the ratio of each of the individual phosphors (the phosphor of
formula | and the second phosphor) and their dispersion in the composite coating
may vary depending on the characteristics of the desired light cutput. The relative
proportions of the individual phosphors in the various embodiments may be adjusted
such that when their emissions are blended and employed in a LED lighting device,
there is produced visible light of predetermined x and y values on the CliE
chromaticity diagram. As siated, a white light is preferably produced. The while light
may, for instance, may possess an x valug in the range of about 0.30 to about 0.55,
and a y valug in the rangs of about (.30 to about (.55, As stated, however, the exact
identity and amounts of sach phosphor in the composite coating can be varied

according o the needs of the end user.
EXAMPLES

{00441 The examples that foliow are merely illustrative, and shouid not be

construed o be any sort of limitation on the scops of the claimed invention.

General Procedures
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Composite Laminate Sample Preparation

{00453 Two sample were preparad by separalsly mixing Poly{methyl
methacrylate) i.e. PMMA (Aldrich) (120,000 molecular weight by GPC) with
KoSiFe:Mn*™ (PSF) and YAG. 300 microns (um) sieved 4.5 g PMMA was combined
with 2.5 g K:SiFs:Mn (5 mol% Mn, particle size 20 um), and the mixture was re-
sigved (300 um) to prepars sample mixiure 1. 150 um sieved 4.9 g PMMA was
combinad with 0.59 g YAG {Aldrich), and the mixture was re-sieved (150 um) lo
prepare sample mixture 2. The two sample miiures were individually degassed in a
vacuum chamber for about 15 minutes. The sample 1 mixture was poured into a
disc-shaped mold of 7.5 cm diameter and 400 um thick, and the sample 2 mixture
was poured into a disc-shaped mold of 7.5 om diameter and 200 um thick. Each
mold containing a mixiure was then pressed under 80 psi pressure in vacuum al
200°C followed by frame pressing under 550 psi pressure at 175°C. During both the
pressings, pressure was released after the temperature was come down below 70°C.
The sample fape 1 containing PFS was about 410 um thick, and the sample fape 2
containing YAG was about 205 um thick. The two circular tapes were stacked one
over another, and a releass film was placed above and below the stack. The stack
was placed into the vacuum lamination fool and heated up to 180°C; and pressed
under 80 psi pressure o bond the two tapes. The stack was then cooled under
pressurs. The resulling composite laminale was about 615um thick with distinct

areas of YAG or PSF phosphor.
Luminescent intensity measurements

[0(46] Two samples (sample 1 and sample 2) were preparad by separatsly
disposing composite laminatles (as prepared above) on blug LED chips {peak
emission at 450 nm). The composite laminates were adhered 1o the LED chips with
the help of silicone layers. For sample 1, the composite laminate was disposed on a
LED chip with the PFS-containing side on the LED chip {PFS Down), and for sample
2, YAG-containing surface of the composite laminate was placed on a LED chip
(YAG Down). FIG. 4; shows emission specira; and Table 1 shows spectral

characieristics of sample 1 and sample 2.

Tabls 1

14
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Sample CRi CcCT ClE-x Cig-y oBB
Sampie 1

82.8 2092 0.408 0.38¢ -0.026
{(PFS Down)
Sample 2

77 2851 0.460 0.436 0.025
(YAG Down)

{00471 it is clear from measurements (FIG. 4 & Table 1) that sample 1 has a

distinctiy higher CRI and lower CCT than sample 2.

f0048] While only certain features of the invention have been iliustrated and
described herein, many modifications and changes will occur o those skilled in the
arl. Itis, therefore, to be understood that the appended claims are intended o cover

all such modifications and changes as fall within the true spirit of the invention.
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CLAIMS:

1. A process for fabricating a LED lighting apparatus comprising disposing a
composite coaling on a surafce of a LED chip; wherein the composite coating

COMprises:

a first compaosiie layer comprising a manganese doped phosphor of

formula | and a first binder,

wherein
Ads Li, Na, K, Rb, Cs, or a combination theraof;

Mis 5i, Ge, 8n, Ti, Zr, Al, Ga, In, Sc, Hf, Y, La, Nb, Ta, Bl, Gd, ora

combination thereof;
x is the absolute value of the charge of the [MF} ion;
vis 5 8 or7; and

a second composite laver comprising a second phosphor composition

and a second binder,

wherein the first binder, the second bindsr or both comprise a

poly(methiacrylate.

2. The process according to claim 1, wherein the composite coaling is

formed by disposing the first composite layer on the second composite laver.

3. The process according o claim 2, wherein disposing comprises bonding

the first composite layer 1o the second composite layer.

4. The process according to claim 3, wherein the first composite layer and

the second composite layer are bonded by an adhesive.

5. The process according to claim 1, wherein the composilte coaling is curad

before disposing the composite coating on the LED chip.

8. The process according to claim 1, wherein the manganese doped
phosphor of formula | comprise a population of particles having a particle size

distribution with a D50 value in a range from about 20 microns to about 50 microns.

16
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7. The process according o claim 1, wherein the manganess doped
phosphor of formula | comprise a population of particles having a parlicle size

disiribution with a D50 valug in a range from about 10 microns to about 30 microns,

8. The process according to claim 1, wherein the first binder, the second
binder or both comprise particulates of a particle size distribution with a D50 value

less than about 300 microns.

9. The process according to claim 8, wherein the first binder, the second
binder or both comprise particulates of a particle size distribution with a D0 value

from about 150 microns o about 300 microns.

1G. The process according to claim 1, wherein the first binder, the second
binder or both comprise parliculates of a particle size distribution with a D50 valus

from about 20 microns to about 50 microns.

11. The process according to claim 1, whersin the poly(methjacviaie is
poly(methyl methacrylate).

12. The process according to claim 1, wherein the manganese doped
phosphor is K,SiFs:Mn*.

13. A LED lighting apparalus comprising a composite coating disposed on a

surface of a LED chip, the composite coaling comprises:

a first compaosiie laver comprising a manganese doped phosphor of

formula | and a first binder,
Ay [MF MR ()

where Ais Li, Na, K, Rb, Cs, NR4 or a combination thereof; M is Si,
Ge, Sn, Ti, Zr, Al, Ga, In, B¢, HE Y, La, Nb, Ta, Bi, Gd, or a combination thereof; Ris
H, lower alkyl, or g combination thereof, x is the absolule value of the charge of the
[(MFJion;andyis 5,6, or 7; and

a second compaosite laver comprising a second phosphor compaosition

and a second binder,

wherein the first binder, the second binder or both comprise a

poly(meth)acryiale.

14. The LED lighting apparatus according o claim 13, wherein the

manganese-doped phosphor is K, Si FgMn®'.

Pt
~}
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15. The LED lighling apparatus according {o claim 13, wherein the

poly(methjacylate is poly(methyl methacrylale,

18. The LED lighting apparatus according o claim 13, wherein the
manganese doped phosphor comprise a population of particles having a particle size

distribution with a D50 value in a range from about 20 microns to about 80 microns.

17. The LED lighting apparatus according o claim 13, wherein the
manganese doped complex fluoride of formula | comprise a population of particles
having a particle size distribution with a D50 value in a rangs from about 10 microns

to about 30 microns.

18. The LED lighting apparatus according 1o claim 13, wherein the first
composite laysr is dispossad on the surface of the LED chip, and the second
composite layer is disposed on a surafce of the first composite layer opposiie the
LED chip.

19, The LED lighting apparatus according o claim 13, wherein the second
composiie layer is disposed on the surfacs of the LED c¢hip, and the first composite

laver is disposed on a surafee of the second composite layer opposite the LED chip.

2G. The LED lighting apparatus according to claim 13, wherein the first
compaosiie layer has a graded composition varying in manganese concentration

across a thickness thersof.

18
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