| NORGANIC RED PHOSPHOR AND LIGHT EMITTING DEVICES COMPRISING SAME
[0001] The present invention relates to an inorganic femsphor and its use in lighting
applications, particularly in phosphor converteghtiemitting diode lighting devices. More
particularly, the present invention relates todphosphor, comprising an inorganic luminescent
compound represented by formula (1) having an eomsgppectrum resolvable into a first
Gaussian emission curve and a second Gaussian@missve; wherein the first Gaussian
emission curve has a first Gaussian emission quead,P;; wherein the first Gaussian emission
curve peakPy, has a peak 1 heighip;, a peak 1 peak waveleng®p;, and a peak 1 are@p;;
wherein the second Gaussian emission curve haad6&aussian emission curve peRk,
wherein the second Gaussian emission curve peakas a peak 2 heightp,, a peak 2 peak
wavelengthPip,, a peak 2 full width at half makEWHM p,, and a peak 2 are@p,; wherein
Plp1 < Phpp; and, wherein the peak 2 full width at half mBXyHM p,, is minimized.
[0002] Phosphor-converted LEDs (pcLEDS) utilize a blue L&Hip as a light source and one or
more phosphors to produce white light. Devicegtam pcLED technology are poised to
become fundamental devices for general use in stdig lighting applications. Nevertheless,
significant advances are required in order to ashtee performance specifications set by the
solid state lighting market.
[0003] The pcLED devices create their white light emissimom a single LED by exciting the
included phosphor(s) using the emission spectrwodymed by the blue LED chip. The
emission spectrum produced by the blue LED chiptesthe included phosphor(s) which then
produce an emission spectrum that combines withathiie blue LED chip to yield white light.
It is important to recognize that color tuning bétblue LED chip and the included phosphor(s)
is critical for the effectiveness and optimizatmfiithe pcLED devices. Accordingly, there is a
continuing need for phosphor development to propileED device manufactures with
enhanced color tuning capabilities.
[0004] Also, the phosphors used in conventional pcLED akedesigns are located in close
proximity to the blue LED light source. As a ragsduring light generation these phosphors are
subjected to elevated temperatures. The junctiomperatures exhibited by high power LED
chips are typically in the range of 100 to 150 A&&.such elevated temperatures, the crystal of
the phosphors are at a high vibrationally excitates When placed in such a high vibrationally

excited state, the excitation energy can resutiéngeneration of additional heat through



non-luminescent relaxation rather than resultinthendesired luminescence emission from the
phosphor. This heat generation exacerbates tntisih resulting in a vicious cycle that
contributes to the inability of current pcLED desscto achieve the industry established
performance specifications for the solid statetlignmarket. Accordingly, successful
development of pcLED devices for general illumioatrequires the identification of phosphors
that can operate highly efficiently at temperatw£$00 to 150 °C.

[0005] Nitride based phosphors have been proposed fanysgED devices because of their
excellent luminescence performance at the high ¢éeatpres developed in pcLED devices.
Examples of such nitride based phosphors includalregicon nitride based phosphors. The
host crystals of these phosphor materials consastlgnof chemical bonds of Si-N, Al-N, as well
as hybrid bonds thereof, as the backbone of tiietsire. While these bonds are stable, the
chemical bond between silicon and carbon (Si-C)ahlaigher bond energy, and therefore higher
thermal and chemical stability. Furthermore, carfidms very stable chemical bonds with
many metal atoms.

[0006] Carbidonitride phosphors can be comprised of carbitinon, germanium, nitrogen,
aluminum, boron and other metals in the host crystd one or more metal dopants as a
luminescent activator. This class of phosphorsréesntly emerged as a color converter capable
of converting near UV (nUV) or blue light to otHeght in the visible spectral range, e.g., blue,
green, yellow, orange and red light. The hosttetysf carbidonitride phosphors is comprised of
-N-Si-C-, -N-Si-N-, and -C-Si-C- networks in whitfe strong covalent bonds of Si-C and Si-N
serve as the main building blocks of the structure.

[0007] In certain carbidonitride phosphors, the carboneramance, rather than quench, the
luminescence of the phosphor, in particular whenpihosphor is subjected to relatively high
temperatures (e.g. 200 °C to 400 °C). The refheet®af certain silicon carbidonitride phosphors
in the wavelength range of the desired emissiontgp® increases as the amount of carbon
increases. These carbidonitride phosphors have feperted to exhibit excellent thermal
stability of emission and high emission efficiency.

[0008] One family of carbidonitride based phosphors desigior use in pcLED devices is
disclosed in United States Patent No. 8,535,566 &b al. Li et al. describe stoichiometric
silicon carbidonitride phosphors and light emittaeyices which utilize the same, wherein the

family of carbidonitride based phosphors are exggésas follows:



SKSisNg ax/3)+2CxO32/2A;
wherein 0<x5, 0xz<3, and ((4x/3)+z)<8;
M(II) 2SisNg-((ax/z)+Cx 03212 A;
wherein 0<x5, 0<z<3, and ((4x/3)+z)<8;
M(I1) 2-.wM(I) 20SisNe-(axi3)+2xO3212A;
wherein 0<x5, 0<w<0.6, G<z<3, and ((4x/3)+z)<S8;
M(I1) 2:.wM(1) 20Sis-M(I1T) mNe-(ax3)+2+mfxOazi2)+mA; and
wherein 0<x5, 0xw<0.6, (<z<3, m<2, and ((4x/3)+z+m)<8;
M(I1) aM(1) M(I11) DGECrFgHR:A;
wherein0<a<2,8b<0.6,0<c<2,0<&k5,0<&8,0<f<5,0<g<25,and &
h< 0.5.
wherein M(ll) is at least one divalent cation; wéierM(l) is at least one monovalent cation;
M(lll) is at least one trivalent cation; whereini®at least one tetravalent cation; wherein E is at
least one trivalent anion; wherein F is at lea&t divalent anion; wherein H is at least one
monovalent anion; and, wherein A is a luminescexut®vator doped in the crystal structure.
[0009] Notwithstanding, there is a continuing need forg@twrs that provide pcLED device
manufactures with enhanced color tuning capatslitiBarticularly, there is a continuing need for
additional red phosphor offerings that exhibit toleaemission spectra having an overall
emission peak wavelength of between 600 nm anch660oupled with a high luminescence
and low thermal quenching.
[0010] The present invention provides a red phosphor, ¢sing: an inorganic compound
represented by formula (1)

M(1) M(I1) sSisN,C,O-ELF, (1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, CI, Br
and I; wherein M(Il) is a divalent cation selecteaim the group consisting of at least one of Mg,
Ca, Sr and Ba; wherein 1s7a<2; 0 < b<0.3; 0<¢c<0.1; 5<x<8; 0<y<1.5; 0<z<5;
wherein the red phosphor exhibits an emission sp®ecES,ss, upon excitation with
monochromatic light having a wavelength of 455 mherein the emission spectruByss, is
resolvable into a first emission curve and a se@nission curve, wherein the second emission
curve has a full width at half makWHM p,, of < 100 nm.



[0011] The present invention provides a red phosphor, ¢sing: an inorganic compound
represented by formula (1)

M(1) M(I1) aSisN,C,O-ELF*, (1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, CI, Br
and I; wherein M(Il) is a divalent cation selecteaim the group consisting of at least one of Mg,
Ca, Sr and Ba; wherein 1s7a<2; 0 < b<0.3; 0<¢c<0.1; 5<x<8; 0<y<1.5; 0<z<5;
wherein the red phosphor exhibits an emission sp®cES,ss, upon excitation with
monochromatic light having a wavelength of 455 mherein the emission spectruByss, is
resolvable into a first emission curve and a se@nission curve, wherein the second emission
curve has a full width at half makWHM p,, of < 100 nm; and, wherein emission spectrum,
ESyss, of the red phosphor exhibitsCAEx > 0.637 based on the CIE 1931 Chromaticity
Diagram.

[0012] The present invention provides a red phosphor, ¢sing: an inorganic compound
represented by formula (1)

M(1) M(Il) oSisN,C,0,:EL*, 1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, Cl, Br
and I; wherein M(Il) is a divalent cation selecteaim the group consisting of at least one of Mg,
Ca, Sr and Ba; wherein 1s7a<2; 0 < b<0.3; 0<¢<0.1; 5<x<8; 0.01<y<1.5; 0.0l z<
5; and, y¥z; wherein the red phosphor exhibits an emissi@ttspm,ESyss, upon excitation with
monochromatic light having a wavelength of 455 mrherein the emission spectruByss, is
resolvable into a first emission curve and a se@nidsion curve, wherein the second emission
curve has a full width at half makWHM p,, of < 100 nm.

[0013] The present invention provides a red phosphor, ¢sing: an inorganic compound
represented by formula (1)

M(1) M(I1) sSisN,C,O-ELF*, (1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, CI, Br
and I; wherein M(ll) is Sr; wherein 1Fa<2; 0<b<0.3;0<c<0.1; 5<x<8;0.0lI<y<15;
0.01< z < 5; and, y#z; wherein the red phosphor exhibits an emission spectruntSss, upon
excitation with monochromatic light having a wavedéh of 455 nm; wherein the emission
spectrumESyss, is resolvable into a first emission curve an@eosd emission curve, wherein

the second emission curve has a full width at imak, FWHM py, of < 100 nm.



[0014] The present invention provides a red phosphor, ¢sing: an inorganic compound
represented by formula (1)

M(1) M(I1) sSisN,C,O0-ELF, (1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, CI, Br
and I; wherein M(Il) is a divalent cation selecteaim the group consisting of at least one of Mg,
Ca, Sr and Ba; wherein 1s7a<2; 0 < b<0.3; 0<¢<0.1; 5<x<8; 0.01<y<1.5; 0.0l z<
5; and, ¥z; wherein the red phosphor exhibits an emission spectrunt Ssss, upon excitation with
monochromatic light having a wavelength of 455 mherein the emission spectrum is
resolvable into a first emission curve and a se@nission curve, wherein the second emission
curve has a full width at half makWHM p,, of < 100 nm; and, wherein the emission spectrum,
ESyss, of the red phosphor exhibitsCAEx > 0.637 based on the CIE 1931 Chromaticity
Diagram.

[0015] The present invention provides a red phosphor, ¢sing: an inorganic compound
represented by formula (1)

M(1) M(Il) oSisN,C,0,:EL, 1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, Cl, Br
and I; wherein M(Il) is a divalent cation selecteaim the group consisting of at least one of Mg,
Ca, Sr and Ba; wherein 1s7a<2; 0 < b<0.3; 0<¢<0.1; 5<x<8; 0.01<y<1.5; 0.0l z<
5; and, yz; wherein the red phosphor exhibits an emission spectrifyss, upon excitation with
monochromatic light having a wavelength of 453 mrherein the emission spectruBfyss, has
an overall full width at half maXfWHM gyeral, 0f <90 nm coupled with €1 Ex > 0.637 based
on the CIE 1931 Chromaticity Diagram.

[0016] The present invention provides a lighting apparatmprising: a light source, wherein
the light source produces light having a sourcarestence spectrum; and, a first source
luminescence spectrum modifier, wherein the fiostrse luminescence spectrum modifier is a
red phosphor according to the present inventiorerain the red phosphor is radiationally
coupled to the light source.

DETAILED DESCRIPTION
[0017] The term ESss5" as used herein and in the appended claims isrthigsion spectrum
exhibited by a given luminescent compound (e.gpfeasphor) upon excitation with

monochromatic light having a wavelength of 455 nm.



[0018] The term ESss3" as used herein and in the appended claims isrthgsion spectrum
exhibited by a given luminescent compound (e.gl pt@osphor) upon excitation with
monochromatic light having a wavelength of 453 nm.

[0019] The term bverall full width at half max" or "FWHM oeran” @s used herein and in the
appended claims is the full width at half max @& #mission spectrum (e.gSss3) exhibited by

a phosphor upon excitation with a light source (n@nochromatic light having a wavelength of
453 nm forESys3).

[0020] The term bverall peak wavelength” or "Phgeran™ @s used herein and in the appended
claims is the peak wavelength of the emission spete.g. ESss3) exhibited by a phosphor
upon excitation with a light source (i.e., monochatic light having a wavelength of 453 nm for
ESuss).

[0021] The terms first Gaussian emission curve' and "second Gaussian emission curve' as
used herein and in the appended claims refer td@awssian emission curves resolved using
GRAMS peak fitting software with 2 symmetric Gaassbands from the emission spectrum,
ESsss, exhibited by an inorganic substance genericalyesented by formula (1) upon
excitation with monochromatic light having a wavedéh of 455 nm observed using a
spectrometer having a spectral resolutiog &f5 nm.

[0022] The term Tirst Gaussian emission curve peak” as used herein and in the appended
claims is the peak of the first Gaussian emissioneat a higher energy relative to the second
Gaussian emission curve peak.

[0023] The term peak 1 height” or "Hpy" as used herein and in the appended claims is the
height of the first Gaussian emission curve affitise Gaussian emission curve peak.

[0024] The term peak 1 peak wavelength” or "Pip;" as used herein and in the appended claims
is the wavelength corresponding to the first Gaurssimission curve peak.

[0025] The term peak 1 area” or "Ap;" as used herein and in the appended claims iartee
under the first Gaussian emission curve peak.

[0026] The term %econd Gaussian emission curve peak"” as used herein and in the appended
claims is the peak of the second Gaussian emissitv@ at a lower energy relative to the first
Gaussian emission curve peak.

[0027] The term peak 2 height” or "Hp," as used herein and in the appended claims is the

height of the second Gaussian emission curve adbend Gaussian emission curve peak.



[0028] The term peak 2 peak wavelength" or "PAp;" as used herein and in the appended claims
is the wavelength corresponding to the second Gaussission curve peak.
[0029] The term peak 2 full width half max" or "FWHMg," as used herein and in the
appended claims is the full width at half max & #econd Gaussian emission curve, wherein
Php1 < Phpo,
[0030] The term peak 2 area” or "Ap," as used herein and in the appended claims iartee
under the second Gaussian emission curve.
[0031] The term peak ratio" or "Pr" as used herein and in the appended claims isatleeof
the peak 1 heighHp,, to the peak 2 heightjp,, as determined by the following equation

Hr = Hp1/Hp;
whereinPip, < Pipy.
[0032] The term &rearatio” or "Ar" as used herein and in the appended claims isatleeof
the peak 1 are#\p;, to the peak 2 areAp,, as determined by the following equation

AR = Api/Apy;
whereinPip; < Php;,
[0033] The term CIEx" as used herein and in the appended claims mbansdhromaticity
coordinate of an emission spectrum (iS55 or ESys3) of a luminescent compound based on
the CIE 1931 Chromaticity Diagram.
[0034] The term CIEy" as used herein and in the appended claims mbansdhromaticity
coordinate of an emission spectrum (iE5,ss or ESss3) of a luminescent compound based on
the CIE 1931 Chromaticity Diagram.
[0035] It is known that each Eiication incorporated into an inorganic substaneeegeally
represented by formula (1) can occupy either atdubenal or interstitial position within the
host lattice. For example, the £wations incorporated into the inorganic substayezeerically
represented by formula (1) can substitute intahibe lattice sites otherwise occupied by a M(Il)
divalent cation (i.e., Md, C&*, SF* or B&"). Such site specific substitution is a resulthef
EW?* cation having the same oxidation state as thdatisd M(l1) divalent cation as well as the
EW?* cation having a similar ionic radii (6-coordin&g*, 1.18 A; 6-coordinate Bt 1.17 A).
[0036] The designers of pcLED devices are acutely awah®wafthe human eye responds to the
electromagnetic spectrum and how that responsslétas into the performance and efficiency

of the pcLED devices. That is, the designers o devices will recognize that the human



eye will not be sensitive to emission spectrum tdifrom the device that falls outside the area
beneath the photopic response curve. Accorditiggse designers will recognize the
desirability of phosphors for use in pcLED devidest provide as much emission spectrum
under the photopic response curve as possible wsfilil@roviding suitable color coordinates
ClEx andCIEy based on the CIE 1931 Chromaticity Diagram foivergdevice design. For
example, the designers of white light emitting pEL&evices desire red emitting phosphors that
provide a maximum red luminescence to enable adogbr rendering index (CRI) at a low
correlated color temperature (CCT) and with a min@d loss of emission energy into the near
infrared spectral region.

[0037] It has surprisingly been found that conventiondissances generically represented by
formula (1) exhibit an emission spectrufyss, upon excitation with monochromatic light
having a wavelength of 455 nm; wherein the emissattrumESss, is resolvable into a first
Gaussian emission curve and a second Gaussian@mussve; wherein the first Gaussian
emission curve has a first Gaussian emission queed,P;; wherein the first Gaussian emission
curve peakPy, has a peak 1 heighip;, a peak 1 peak waveleng®p;, and a peak 1 aredp;;
wherein the second Gaussian emission curve haad&aussian emission curve pegx,
wherein the second Gaussian emission curve [peakas a peak 2 heighip,, a peak 2 peak
wavelengthPip,, a peak 2 are#\p,, and a peak 2 full width half makWHM p,; whereinPip;

< Pkpy. Itis believed that the first Gaussian emissiorve and the second Gaussian emission
curve correspond to different positions occupiedHgyE* in the conventional substances
generically represented by formula (1). In viewho$ realization, it becomes apparent that the
modification of these substances to provide a mirethpeak 2 full width at half max,

FWHMp,, can result in a significant increase in the bngss of the light emitted from the
modified substances upon excitation with monochtamight having a wavelength of 455 nm
by maximizing the emission in the region visiblgtie human eye.

[0038] Conventional substances generically representddrinula (1) are prepared by firing of
the constituent raw material powders in a crucitMieerein the internal surfaces of the crucible
coming into contact with the raw material powdessdpreviously been seasoned through
repeated exposure to a silicon source at high teatyes. Also, conventional substances
generically represented by formula (1) exhibit emssion spectrunt Syss, upon excitation with

monochromatic light having a wavelength of 455 mrherein the emission spectrum is



resolvable into a first Gaussian emission curveasdcond Gaussian emission curve; wherein
the first Gaussian emission curve has a first Ganssmission curve peak;; wherein the first
Gaussian emission curve pe&¥, has a peak 1 heighips, a peak 1 peak waveleng®ip;, and

a peak 1 ared\p;; wherein the second Gaussian emission curve basand Gaussian emission
curve peakP,; wherein the second Gaussian emission curve paakas a peak 2 heigttp;, a
peak 2 peak wavelengtBir;, a peak 2 ared\pz, and a peak 2 full width half makWHM py;
whereinPip; < Phpp; and, wherein the peak 2 full width half m&W¥WHM p,, of the second
Gaussian emission curve is > 100 nm. It has ssingly been found that inorganic phosphors
represented by formula (1) when prepared by fiaghthe constituent raw material powder in a
crucible, wherein the surfaces of the crucible ecamnto contact with the raw material powder
are composed of a virgin metal surface (i.e., &asarthat has not been seasoned through
repeated exposure to a silicon source at high teatyes) exhibit an overall emission band
narrowing with a significant increase in brightnesisis believed that the increase in brightness
is due, at least in part, to a structural modifaabf the inorganic phosphor through
manipulation of the location and bonding environtrerthe EG* in the crystal structure of the
inorganic compound represented by formula (1) efgresent invention evinced by a peak 2 full
width half max,FWHM p,, of <100 nm.

[0039] Preferably, the red phosphor of the present ineantomprises: an inorganic
luminescent compound represented by formula (1)

M(1) M(I1) aSisN,C,O-EL*, (1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, Cl, Br
and | (preferably, Li, Na and F; most preferablyahd F); wherein M(ll) is a divalent cation
selected from the group consisting of at leastaindg, Ca, Sr and Ba (preferably, Ca, Sr and
Ba; more preferably, Ca and Sr; most preferably,\@nerein 1.< a< 2 (preferably, 1.Z a<
1.999; more preferably, 18a< 1.995; most preferably, 1.85a<1.97); 0 < x 0.3
(preferably, 0.00% b < 0.3; more preferably, 0.085b < 0.2; most preferably, 0.08b<0.1); 0
<c<0.1; 5<x< 8 (preferably, 5.5 x < 7.8; more preferably, € x < 7.5; most preferably, 6.25
<X<7.25); 0<y<1.5 (preferably, 0.008 y < 1.5; more preferably, 0.0y < 1.25; most
preferably, 0.0X y<0.1); 0<z<5 (preferably, 0.005 z < 5; more preferably, 0.04z< 2.5;
most preferably, 0.05 z < 0.5); (preferably, wherein#z); wherein the red phosphor exhibits an

emission spectrunt; Ssss, upon excitation with monochromatic light havingravelength of 455



nm; wherein the emission spectruf$yss, is resolvable into a first Gaussian emission ewand

a second Gaussian emission curve; wherein theGassian emission curve has a first Gaussian
emission curve peal;; wherein the first Gaussian emission curve pPakhas a peak 1 height,
Hpi, at a peak 1 peak waveleng®ip:; wherein the second Gaussian emission curve has a
second Gaussian emission curve p&akwherein the second Gaussian emission curve [pgak,
has a peak 2 heightp,, a peak 2 peak wavelengtr,, and a full width at half max,

FWHM p,; whereinPip; < Phpp; and, wherein the full width at half maBWHM p,, is < 100 nm
(preferably< 99 nm; more preferably 98 nm; most preferably 97 nm). Preferably, wherein
the emission spectrurizSss, of the red phosphor further exhibit€8Ex of > 0.637 (preferably,
> 0.638; more preferably, 0.639) based on the CIE 1931 Chromaticity Diagram.

[0040] Preferably, the phosphor of the present inventtomprises: an inorganic luminescent
compound represented by formula (1)

M(1) M(I1) aSisNLC, O ELF*y (1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, Cl, Br
and | (preferably, Li, Na and F; most preferablyahd F); wherein M(Il) is a divalent cation
selected from the group consisting of Sr and a ¢oation of Sr and at least one of Mg, Ca and
Ba (most preferably, wherein M(Il) is Sr); wherdirr < a< 2 (preferably, 1.Z a< 1.999; more
preferably, 1.8< a< 1.995; most preferably, 1.85a< 1.97); 0 < k< 0.3 (preferably, 0.00% b
< 0.3; more preferably, 0.065b < 0.2; most preferably, 0.08b<0.1); 0<c<0.1; 5<x<8
(preferably, 5.5 x < 7.8; more preferably, € x < 7.5; most preferably, 6.26x <7.25); 0<y <
1.5 (preferably, 0.005 y < 1.5; more preferably, 0.6y < 1.25; most preferably, 0.G2y <
0.1); 0<z <5 (preferably, 0.005 z< 5; more preferably, 0.04 z< 2.5; most preferably, 0.05
z2<0.5); (preferably, wherein y#z); wherein the red phosphor exhibits an emissiontsp@ac
ESss5, upon excitation with monochromatic light havingravelength of 455 nm; wherein the
emission spectrunk Syss, is resolvable into a first Gaussian emission ewand a second
Gaussian emission curve; wherein the first Gaussmaission curve has a first Gaussian
emission curve peal;; wherein the first Gaussian emission curve pPakhas a peak 1 height,
Hpi, at a peak 1 peak waveleng®ip;; wherein the second Gaussian emission curve has a
second Gaussian emission curve p&akwherein the second Gaussian emission curve [peak,
has a peak 2 heightip,, a peak 2 peak waveleng®hp,, and a full width at half max,

FWHM p2; whereinPip; < Phpy; and, wherein the full width at half makWHM gy, is < 100 nm
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(preferably < 99 nm; more preferably 98 nm; most preferably 97 nm). Preferably, wherein
the emission spectrurizS,ss, of the red phosphor further exhibit€8Ey of > 0.637 (preferably,
> 0.638; more preferably, 0.639) based on the CIE 1931 Chromaticity Diagram.

[0041] Preferably, the phosphor of the present inventtomprises: an inorganic luminescent
compound represented by formula (1)

M(1) M(I1) aSisNLC,O-EL*y (1)
wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, CI, Br
and | (preferably, Li, Na and F; most preferablyahd F); wherein M(Il) is a divalent cation
selected from the group consisting of Sr and a @oation of Sr and at least one of Mg, Ca and
Ba (most preferably, wherein M(Il) is Sr); wherdirr < a< 2 (preferably, 1.Z a< 1.999; more
preferably, 1.8< a< 1.995; most preferably, 1.85a< 1.97); 0 < k< 0.3 (preferably, 0.00% b
< 0.3; more preferably, 0.065b < 0.2; most preferably, 0.08b<0.1); 0<c<0.1; 5<x<8
(preferably, 5.5 x < 7.8; more preferably, € x < 7.5; most preferably, 6.256x < 7.25); 0<y <
1.5 (preferably, 0.005 y < 1.5; more preferably, 0.6y < 1.25; most preferably, 0.G2y <
0.1); 0<z<5 (preferably, 0.005 z < 5; more preferably, 0.04 z< 2.5; most preferably, 0.65
z<0.5); wherein ¥z; wherein the red phosphor exhibits an emission specE Ssss, upon
excitation with monochromatic light having a wavedéh of 455 nm; wherein the emission
spectrumES;,ss, is resolvable into a first Gaussian emission ewand a second Gaussian
emission curve; wherein the first Gaussian emissiome has a first Gaussian emission curve
peak,P;; wherein the first Gaussian emission curve pPakhas a peak 1 heightip;, at a peak
1 peak wavelengttPip1; wherein the second Gaussian emission curve basand Gaussian
emission curve peal,; wherein the second Gaussian emission curve poakas a peak 2
height,Hp,, a peak 2 peak waveleng®p,, and a full width at half maXWHM p,; wherein
PLp1 < Phpy; and, wherein the full width at half maWHM g, is < 100 nm (preferably 99
nm; more preferablys 98 nm; most preferably, 97 nm). Preferably, wherein the emission
spectrumES,ss, of the red phosphor further exhibit€8Eyx of > 0.637 (preferably; 0.638;
more preferablyz 0.639) based on the CIE 1931 Chromaticity Diagram.

[0042] Preferably, the red phosphor of the present ingargihibits an emission spectrum,
ESss3, upon excitation with monochromatic light havingravelength of 453 nm; wherein the
emission spectrunk Ss3, has an overall full width at half malkWHM gyeran, 0f <90 nm

coupled with &CIEx of > 0.637 (preferably; 0.638; more preferably, 0.639) based on the CIE
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1931 Chromaticity Diagram. More preferably, thé phosphor of the present invention exhibits
an emission spectruriSss3, upon excitation with monochromatic light havingravelength of
453 nm; wherein the emission spectriifi,ss, has an overall full width at half max,

FWHM overan, 0f <90 nm coupled with €1Ex of > 0.637 (preferably; 0.638; more preferably,
> 0.639) based on the CIE 1931 Chromaticity Diagrand, wherein the red phosphor exhibits a
high luminescence (preferably, lumen210%), as measured under the conditions setiforth
the Examples.

[0043] The red phosphor of the present invention can aomgurities. Preferably, the red
phosphor of the present invention, comprise80 wt% (more preferably, 80 to 100 wt%; still
more preferably 90 to 100 wt%; yet still more prafdy 95 to 100 wt%; most preferably 99 to
100 wt%) of the inorganic luminescent compoundesented by formula (1); wherein the red
phosphor exhibits an emission spectréifyss, upon excitation with monochromatic light
having a wavelength of 455 nm; wherein the emissattrumESyss, is resolvable into a first
Gaussian emission curve and a second Gaussian@mussve; wherein the first Gaussian
emission curve has a first Gaussian emission queed,P;; wherein the first Gaussian emission
curve peakPy, has a peak 1 heighip;, a peak 1 peak waveleng®p;, and a peak 1 aredp;;
wherein the second Gaussian emission curve haad&aussian emission curve pegx,
wherein the second Gaussian emission curve [eakas a peak 2 heighip,, a peak 2 peak
wavelengthPip,, a peak 2 are#d\p,, and a peak 2 full width at half ma&WHM py; wherein

PAp1 < Phpo; wherein the full width at half makWHMp,, is < 100 nm (preferably 99 nm;
more preferablys< 98 nm; most preferably 97 nm); and, wherein the inorganic luminescent
compound represented by formula (1) can be preseat least two different crystalline phases
(preferably, wherein the inorganic luminescent cooma represented by formula (1) is present
as one substantially pure crystalline phase (mmree@mbly > 98 % of a particular crystalline
phase; most preferably,99% of a particular crystalline phase)).

[0044] Preferably, the red phosphor of the present ingarraintaing> 70% (more preferably,

> 85%; most preferably; 90%) of its relative emission intensity at temperas of 25 to 150

°C. More preferably, the red phosphor of the presevention maintaing 70% (more
preferably > 85%; most preferably; 90%) of its relative emission intensity at temperas of

25 to 200 °C. Most preferably, the red phosphdhefpresent invention maintaing0% (more

12



preferably > 85%; most preferably; 90%) of its relative emission intensity at temperas of

25 to 250 °C.

[0045] Preferably, the red phosphor of the present ingargixhibits low thermal quenching.
More preferably, the red phosphor of the presergntion exhibits thermal quenchingo6%

at 150 °C. Most preferably, the red phosphor efglesent invention exhibits thermal
guenching ok 5% at 150 °C and 15% at 250 °C.

[0046] Preferably, the red phosphor of the present ingargixhibits a median diameter of 2 to
50 microns (more preferably, 4 to 30 microns; npwseterably, 5 to 20 microns).

[0047] The red phosphor of the present invention, optignalrther comprises a surface
treatment applied to a surface of the inorganidm@scent compound represented by formula
(1). Preferably, the surface treatment providdeast one of enhanced stability and enhanced
processability. The surface treatment can progitenced stability to the inorganic
luminescent compound represented by formula (Gjiparting the inorganic luminescent
compound with, for example, improved moisture tasise. The surface treatment can provide
enhanced processability to the inorganic lumineiscempound represented by formula (1) by
enhancing the dispersibility of the inorganic luesnent compound in a given liquid carrier.
Surface treatments include, for example, polymers. (acrylic resins, polycarbonates,
polyamides, polyethylenes and polyorganosiloxamas}al hydroxides (e.g., magnesium
hydroxide, aluminum hydroxide, silicon hydroxidiganium hydroxide, zirconium hydroxide, tin
hydroxide, germanium hydroxide, niobium hydroxitetalum hydroxide, vanadium hydroxide,
boron hydroxide, antimony hydroxide, zinc hydroxigigrium hydroxide, bismuth hydroxide);
metal oxides (e.g., magnesium oxide, aluminum g@xsdeon dioxide, titanium oxide, zirconium
oxide, tin oxide, germanium oxide, niobium oxidentalum oxide, vanadium oxide, boron
oxide, antimony oxide, zinc oxide, yttrium oxideésrnuth oxide); metal nitrides (e.qg., silicon
nitride, aluminum nitride); orthophosphates (ecglcium phosphate, barium phosphate,
strontium phosphate); polyphosphates; combinatdmkali metal phosphates and alkaline-
Earth metal phosphates with calcium salts (e.gliuso phosphate with calcium nitrate); and,
glass materials (e.g., borosilicates, phosphoasés; alkali silicates).

[0048] The red phosphor of the present invention is, ogtig, dispersed in a liquid carrier to
form a phosphor composition of the present inventiBreferably, the phosphor composition of

the present invention, comprises an inorganic lestent compound represented by formula (1);
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and a liquid carrier, wherein the inorganic lumiress® compound is dispersed in the liquid
carrier. The phosphor composition of the presavention is preferably formulated with a
liquid carrier to facilitate at least one of: thierage of the inorganic luminescent compound
represented by formula (1) and the manufacturelighing apparatus (preferably, a pcLED
device). The liquid carrier can be selected ta lhegitive substance (e.g., to be evaporated
during processing). The liquid carrier can be &eld to be a transformative substance (e.g., to
be reacted from a flowable liquid to a non-flowalriaterial).

[0049] Fugitive substances suitable for use as liquidearinclude, for example: non-polar
solvents (e.g., pentane; cyclopentane; hexaneplegghne; benzene; toluene; 1,4-dioxane;
chloroform; diethyl ether) and polar aprotic solige(e.g., dichloromethane; tetrahydrofuran;
ethyl acetate; acetone; dimethylformamide; acetitatidimethyl sulfoxide; propylene
carbonate).

[0050] Transformative liquid carriers suitable for usdigsid carriers include, for example:
thermoplastic resins and thermosetting resinsuthdérgo curing upon exposure to at least one
of thermal energy and photonic energy. For exapteasformative liquid media include:
acrylic resins (e.g., (alkyl)acrylates, such asympethyl (meth)acrylate); styrene; styrene-
acrylonitrile copolymers; polycarbonates; polyest@henoxy resins; butyral resins; polyvinyl
alcohols; cellulose resins (e.g., ethyl cellulasdlulose acetate, and cellulose acetate butyrate);
epoxy resins; phenol resins; and silicone resirgs,(polyorganosiloxanes).

[0051] The phosphor composition of the present inventgtionally, further comprises: an
additive. Preferred additives include a dispers&referably, the dispersant promotes the
formation and stabilization of the phosphor composi Preferred dispersants include, for
example, titanium oxides, aluminum oxides, bariitantaites and silicon oxides.

[0052] The lighting apparatus of the present inventiompjgoses: at least one light source,
wherein the light source produces light having @rs® luminescence spectrum; and, a first
source luminescence spectrum modifier, whereititbiesource luminescence spectrum
modifier is a red phosphor of the present inventard, wherein the red phosphor is
radiationally coupled to the light source. Thétigg apparatus of the present invention can
contain a plurality of light sources.

[0053] The light source(s) used in the lighting apparatihe present invention preferably
include light sources that emit light having a pealvelengthPisurce, between 200 nm and 600
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nm (preferably, between 200 nm and 550 nm; morkegakly, between 350 nm and 490 nm).
Preferably, the light source used in the lightipgaratus of the present invention is a
semiconductor light source. More preferably, fgatlsource used in the lighting apparatus of
the present invention is a semiconductor light sewelected from GaN based light sources;
InGaN based light sources (e.g;AlRGaN, where (i <1, 0< j<1, 0<k<1, and where
i+j+k=1); BN based light sources; SiC based light saréaSe based light sources;ABGaN
based light sources, wherec0< 1, 0< j <1, 0<k<1, and where+j+k=1; and, BIn;Al,Ga,N
based light sources, wherec0<1, 0< j<1,0<k<1,0<m<1, and wheretj+k+m=1. Most
preferably, the light source used in the lightipgaratus of the present invention is selected
from a GaN based light source and an InGaN bagbt$burce; wherein the light source emits
light having a peak wavelengtB).surce, between 200 nm and 600 nm (preferably, betweén 20
nm and 550 nm; more preferably, between 350 nn¥80chm; most preferably, between 450
nm and 460 nm).

[0054] Preferably, in the lighting apparatus of the prégavention, the red phosphor of the
present invention exhibits an emission spectiE8ipparaus, having an overall peak wavelength,
PAapparatus, Of between 600 nm and 660 nm (preferably, betvéd®nm and 640 nm; more
preferably, between 615 nm and 630 nm; most prefgraetween 620 nm and 630 nm) upon
exposure to the source luminescence spectrum pedducthe light source.

[0055] The lighting apparatus of the present inventioniooglly, further comprises: a second
source luminescence spectrum modifier, whereirséoend source luminescence spectrum
modifier comprises at least one additional phosplvberein the at least one additional phosphor
is radiationally coupled to at least one of thétigource and the first source luminescence
spectrum modifier. Preferably, the second souroeriescence spectrum maodifier is at least one
additional phosphor selected from the group coingjsif red emitting phosphors, blue emitting
phosphors, yellow emitting phosphors, green engtihosphors and combinations thereof.
Preferably, the second source luminescence speatiuifier is at least one additional phosphor
interposed between the light source and the firsinescence spectrum modifier.

[0056] Preferably, the lighting apparatus of the presewemtion comprises at least two
phosphors, wherein at least one of the phosph@sad phosphor of the present invention. The
at least two phosphors can be intermixed in ongixnalternatively, the at least two phosphors

can be dispersed separately such that the phosgdiotse superimposed in layers instead of

15



dispersing the phosphors together in a single mairhe layering of the phosphors can be used
to obtain a final light emission color by way oplarality of color conversion processes.

[0057] Some embodiments of the present invention will @xescribed in detail in the
following Examples.

Compar ative Examples C1-C6 and Examples 1-15
Preparation of inorganic luminescent compounds of for mula (1)

Comparative Examples C1-C6

[0058] The inorganic luminescent compound, genericallyeggnted by formula (11), in each of
the Compar ative Examples C1-C6 was prepared by a solid state reaction with thdisg
materials identified iT ABLE 2. The starting materials were provided in powaent, were
weighed out, physically mixed together and grourith & mortar and pestle in a glove box under
a dried nitrogen atmosphere to form a uniform pawditure. The powder mixture was then
loaded in a crucible conventionally seasoned thnaegeated exposure to silicon sources at high
temperature to form a metal silicide surface layethe powder contacting surface of the
crucible. The loaded crucible was then placedhigh temperature furnace under a flowing,
high purity nitrogen/hydrogen @\H,) atmosphere. The powder mixture was then heatad a
temperature of 1500 to 1850 °C for 8 to 12 hours imgh temperature furnace under the flowing
N./H,atmosphere. The resulting powder was removed thencrucible, ground using a mortar
and pestle under a dried nitrogen atmosphere to gouniform powder mixture. The powder
mixture was then reloaded into the crucible. Tdekd crucible was then placed in the high
temperature furnace under a flowing, high purityHt\ atmosphere and heated at a temperature
of 1500 to 1850 °C for another 8 to 12 hours urniderflowing N/H, atmosphere. The resulting
powder was then removed from the crucible, growsidgia mortar and pestle under a dried
nitrogen atmosphere forming a uniform powder migtuir his powder mixture was then

reloaded into the crucible. The loaded crucibls again placed in the high temperature furnace
under a flowing, high purity MH, atmosphere and heated at a temperature of 15[Ebt»°C

for another 8 to 12 hours under the flowingH atmosphere. The resulting powder was then
removed from the firing crucible, ground using artanand pestle, washed with acid and
deionized water at room temperature, milled and #ieved using a 100 to 400 U.S. standard

mesh to provide the inorganic luminescent compound.
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Examples 1-11
[0059] The intermediate, represented by formula (1), icheaf theExamples 1-11 was prepared

by a solid state reaction with the starting materi@entified inTABLE 2. The starting materials
noted inTABLE 2 were provided in powder form. All of the startintaterials were physically
mixed together and ground using a mortar and pesteglove box under a dried nitrogen
atmosphere to form a uniform powder mixture. Theger mixture was then loaded into a
crucible, wherein the powder contacting surfacthefcrucible was virgin molybdenum (i.e., the
powder contacting surface of the crucibles useshirth ofExamples 1-11 was not seasoned
through high temperature exposure to silicon pgparse inExamples 1-11). The loaded

crucible was then placed in a high temperaturesfterunder a flowing, high purity
nitrogen/hydrogen atmosphere. The powder mixtuas then heated at a temperature of 1500 to
1850 °C for 8 to 12 hours in a high temperaturedoe under the flowing H, atmosphere.

The resulting powder was removed from the crucigeund using a mortar and pestle to form a
uniform powder mixture. The resulting powder mngwas then reloaded into the crucible.

The loaded crucible was placed back in the higlperature furnace under the flowing/N,
atmosphere and heated at a temperature of 15@b®°C for another 8 to 12 hours under the
flowing No/H, atmosphere. The resulting powder was then remfyeedthe crucible, ground
using a mortar and pestle, washed with acid anohidesd water at room temperature, milled,
and then sieved using a 100 to 400 U.S. standasth teeprovide the inorganic luminescent

compound.
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TABLE 1

Ex# | SraN2(g) | SiaNa(9) | EuxO3(g) | SIC ()
C1 143.227 147.650 5.247 14.067
Cc2 143.227 147.650 5.247 14.067
C3 143.227 147.650 5.247 14.067
C4 143.365 147.688 5.064 14.071
C5 143.365 147.688 5.064 14.071
C6 143.365 147.688 5.064 14.071

1 143.090 147.612 5.431 14.064
2 143.090 147.612 5.431 14.064
3 143.090 147.612 5.431 14.064
4 143.090 147.612 5.431 14.064
5 143.090 147.612 5.431 14.064
6 143.090 147.612 5.431 14.064
7 143.090 147.612 5.431 14.064
8 143.090 147.612 5.431 14.064
9 143.365 147.689 5.064 14.071
10 143.549 147.740 4.818 14.076
11 143.733 147.791 4.573 14.081

[0060] In Examples 12-15, the inorganic luminescent compound fre&xample 8-11,

respectively, was combined with an additional cekaafjEyOs, as noted iTABLE 2, and the
combination was then loaded back into the samalteugsed inExample 8-11, respectively.

The loaded crucible was placed back in the higlpeature furnace and heated at a temperature
of 1500 to 1850 °C for another 8 to 12 hours uriderflowing N/H, atmosphere. The resulting
powder was then removed from the crucible, growsidgia mortar and pestle, washed with acid
and deionized water at room temperature, milled,then sieved using a 100 to 400 U.S.

standard mesh to provide the inorganic luminescemypound.

TABLE 2
EUzog
EXx. | Product of Ex. [(s)]
12 8 1.60
13 9 1.72
14 10 1.80
15 11 1.88

| nor ganic luminescent compound properties

[0061] The inorganic luminescent compounds from ead@arhpar ative Examples C1-C6 and
Examples 1-7 and12-15 were then washed with an acid and deionized vedterom
temperature before performing the analyses desthblw to provide the data reported in

TABLES3 and4.
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[0062] The emission spectrurkSyss, exhibited by each of the inorganic luminescent
compounds upon excitation with a light source ,(edight emitting diode (LED) lamp peaking
at 453 mm was analyzed using an Ocean Optics USBg@éctrometer available from Ocean
Optics). The overall peak wavelengfoverar, and the overall full width half maximum,
FWHM gveran, Of the emission spectruriSyss, determined for each inorganic luminescent
compound are reported TABLE 3.

[0063] The emission spectruriSyss, color coordinate€l Ex andCIEy based on the CIE 1931
Chromaticity Diagram were calculated for each @fitiorganic luminescent compounds from
the emission spectrum in the 380-780 nm waveleragie when excited by the emission from
the LED light source. The color coordinates deteett for the inorganic luminescent
compounds are reported TmBLE 3.

[0064] The internal quantum efficiendgr each of the inorganic luminescent compounds was
determined by taking a sample of the inorganic hestent compound, packing the sample into
a cell, mounting the cell in an integrating sphemnd then exposing the inorganic luminescent
compound to light emitted from a light source. Sfeally, the light from the light source was
guided through an optical tube, filtered througtaarow band pass filter to provide
monochromatic light with a wavelength of 453 nnmttlvas then directed at the inorganic
luminescent compoundl'he spectrum of light emitted from the inorganimlnescent
compound in the integrating sphere upon excitatith the light from the light source and the
light reflected by the inorganic luminescent compdwere measured with an Ocean Optics
USB 4000 spectrometer available from Ocean Opfld¢e conversion efficiencies (QE and
Emission) and are reported relative to an intesteaidard. The luminous flux (lumens) was
calculated for each of the materials from the elmsspectrumES,ss, in the 500-780 nm
wavelength range when excited by the emission tte53 nm LED light source and reported

relative to an internal standard. Each of theseegais reported i ABLE 3.
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TABLE 3

FWHM overal | Phoveran | Lumens | QE | Emission
Ex# | CIEx | CIEy (nm) (nm) (%) (%) (%)
C1 | 0.635| 0.364 88 623 201 104 117
C2 | 0.634| 0.365 87 622 206 104 118
C3 | 0.634| 0.365 87 623 205 104 117
C4 | 0.639| 0.36 90 626 186 97 113
C5 | 0.637| 0.362 92 626 187 102 114
C6 | 0.637|0.363 92 626 188 103 114
1 |0.628]0.371 80 618 238 105 118
2 |10.629]0.371 80 618 237 105 118
3 |0.629|0.371 80 618 232 103 116
4 |0.628|0.372 80 618 238 105 118
5 |10.627|0.373 80 618 243 108 119
6 |0.632]0.367 83 620 221 103 117
7 10.632]0.367 83 620 221 103 118
12 | 0.639| 0.361 86 622 211 104 123
13 | 0.639| 0.361 86 623 214 105 124
14 | 0.639| 0.360 85 622 211 104 123
15 | 0.639| 0.360 86 622 215 106 125

[0065] The emission spectruriSyss, exhibited by each of the inorganic luminescent
compounds upon excitation with a light source (a A48 monochromatic laser) was further
analyzed using a spectrometer having a spectralutesn of 1.5 nm. The emission spectrum,
ESss5, exhibited by each of the inorganic luminescemhpounds upon excitation with the 455
nm monochromatic laser were individually fittedngsiGRAMS peak fitting software with 2
Gaussian bands to provide the data reportdchaLE 4 for each of the inorganic luminescent

compounds. Note that the data reporte@dABLE 4 is the average derived from the analysis of

duplicate samples of the inorganic luminescent camgs.
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TABLE 4

Ap1 Apz

Hp1 Hpo (ar ea (ar ea FWHMp, | Php1 | Phpo
EX. | (counts) | (counts) | Pr | counts) | counts) | Agr (nm) (nm) | (nm)
C1l 13547| 15116| 0.90| 825813| 1624486| 0.51 100.93| 611| 644
C2 60952 65361| 0.93| 3797007 7034778| 0.54 100.98| 611| 643
C3 33748| 36217|0.93| 2078345| 3890430| 0.53 100.89| 611| 643
C4 5753 6215| 0.93| 349243| 675636| 0.52 102.13| 614| 646
C5 12370| 14186|0.87| 760791| 1562385| 0.49 103.42| 614| 645
C6 12858| 15835| 0.81| 765238| 1734731| 0.44 102.92| 613| 645
1 9623 7863| 1.22| 589674 807836| 0.73 96.52| 610| 640
2 6291 5267|1.19| 382523| 541721| 0.71 96.62| 610| 640
3 19666| 15449|1.27| 1224946| 1586536| 0.77 96.48| 610| 640
4 6414 5238| 1.22| 390296/ 536812| 0.73 96.28| 610| 640
5 6003 4791 1.25| 370521 492514| 0.75 96.57| 610| 640
6 9559 8656| 1.10| 585053| 904371| 0.65 98.15| 611| 642
7 19018| 17227|1.10| 1172094| 1806058 0.65 98.48| 611| 642
12 9805| 10247|0.96| 566868| 1064248 0.53 97.57| 612| 644
13 6273 6612| 0.95| 361372 687416| 0.53 97.66| 613| 644
14 6077 6490| 0.94| 348264 675577| 0.52 97.79| 613| 644
15 17724| 18068| 0.98| 1034122| 1875788| 0.55 97.53| 612| 644
16 9303| 10211|0.91| 532982| 1063325 0.50 97.83| 613| 645

21




We claim:

1. A red phosphor, comprising:

an inorganic compound represented by formula (1)

M(1) M(I1) sSisNyC,O2EL*, (1)

wherein M(l) is a monovalent species selected ftloengroup consisting of Li, Na, K, F,
Cl, Brand I,

wherein M(ll) is a divalent cation selected frome tgroup consisting of at least one of
Mg, Ca, Sr and Ba;

wherein 1.Ka<2;0<b<0.3; 0<c<0.1; 5<x<8; 0<y<15; 0<z<5;

wherein the red phosphor exhibits an emissiontag@cE Sys5, Upon excitation with
monochromatic light having a wavelength of 455 mrherein the emission spectruByss, is
resolvable into a first emission curve and a se@nidsion curve, wherein the second emission
curve has a full width at half makWHM p,, of < 100 nm.

2. The red phosphor of claim 1, wherein the emisspectrumESyss, of the red
phosphor exhibits €1 Ex > 0.637 based on the CIE 1931 Chromaticity Diagram.

3. The red phosphor of claim 2, wherein 0s01< 1.5; 0.01< z< 5; and, ¥z.

4, The red phosphor of claim 3, wherein M(ll) is S

5. The red phosphor of claim 1, wherein the realsphor exhibits an emission
spectrumESyss, upon excitation with monochromatic light havingravelength of 453 nm;
wherein the emission spectruBfyss, has an overall full width at half malkWHM gyeran, 0Of <
90 nm coupled with €1Ex > 0.637 based on the CIE 1931 Chromaticity Diagram

6. The red phosphor of claim 2, further compgsansurface treatment; wherein the
surface treatment is applied to a surface of theganic compound.

7. A phosphor compaosition, comprising: a red jpihas according to claim 2; and, a
liquid carrier; wherein the red phosphor is dispdrm the liquid carrier.

8. A lighting apparatus for emitting white lighdraprising:

a light source, wherein the light source proddiggg having a source luminescence
spectrum; and,

a first source luminescence spectrum modifier,reinehe first source luminescence
spectrum modifier is a red phosphor according amcll;

wherein the red phosphor is radiationally couptethe light source.
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9. A lighting apparatus for emitting white lighdraprising:

a light source, wherein the light source proddicgd having a source luminescence
spectrum; and,

a first source luminescence spectrum modifier,reinehe first source luminescence
spectrum modifier is a red phosphor according aoeP;

wherein the red phosphor is radiationally couptethe light source.

10. The light apparatus of claim 9, further corsimg at least one additional
phosphor.
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