M ETHOD OF MAKING EU** ACTIVATED INORGANIC RED PHOSPHOR
[0001] The present invention relates to a method of manwuifimg an E&" activated inorganic
red phosphor, wherein the phosphor exhibits ansamspectrum 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 peakP;, has a peak 1 heightip1, a peak 1 peak wavelengi#ip1, and a peak 1 aredp;;
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@py; wherein
Plp1 < Phpp; and, wherein the peak 2 full width at half mBXyHM p,, is minimized.
[0002] Phosphor-converted LEDs (pcLEDSs) 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 aehtee performance specifications set by the
solid state lighting market.
[0003] The pcLED devices create their white light emissiioom 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 propicleED 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 junctimpeératures 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 tnatisih resulting in a vicious cycle that



contributes to the inability of current pcLED desdcto achieve the industry established
performance specifications for the solid statetligphmarket. 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, carfisms 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 whenpiosphor 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 dexigor 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 emittagyices which utilize the same, wherein the
family of carbidonitride based phosphors are exggésas follows:
SBSisNg-[(ax/3)+2ICxOzz12.A;
wherein 0<x5, 0<z<3, and ((4x/3)+z)<S8;



M(II) 2SisNg-(ax/3)+2LCxOz212: A,
wherein 0<x5, 0xz<3, and ((4x/3)+z)<8;
M(I1) 2.wM(1) 20SisNg.-((ax/3)+2CxOzz2A,;
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+mxOazi2)+mA; and
wherein 0<x5, 0<w<0.6, 6<z<3, 0xm<2, and ((4x/3)+z+m)<8;
M(I1) aM(1) bM(11T) DyECHFgHRA;

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 leagt divalent anion; wherein H is at least one
monovalent anion; and, wherein A is a luminescexut®&ator doped in the crystal structure.
[0009] Notwithstanding, there is a continuing need forg@twrs that provide pcLED device
manufactures with enhanced color tuning capalsldied methods of making the same.
Particularly, there is a continuing need for a rodtbf making red phosphor offerings that
exhibit tunable emission spectra having an overaikssion peak wavelength of between 600 nm
and 660 nm coupled with a high luminescence efiigyeand low thermal quenching.
[0010] The present invention provides a method of manufarg an EG" activated inorganic
red phosphor, comprising: (i) providing a firingntainer having an internal surface defining a
cavity; wherein the internal surface is a virgintemeal selected from the group consisting of
molybdenum, tungsten, tantalum, niobium, chromiplatinum, titanium, zirconium,
lanthanum, yttrium, cerium and alloys thereof; iipviding a mixture of starting materials for
the preparation of the Bliactivated inorganic phosphor, wherein the mixafrstarting
materials includes an initial source of’Euations; (iii) loading the mixture of starting redals
from step (ii) into the firing container, wherelmetmixture of starting materials contacts the
internal surface of the firing container; (iv) plag the loaded firing container from step (iii)ant
a furnace; (v) firing the mixture of starting maats under a reducing atmosphere in the furnace
at a temperature of 1300 to 2000 °C for a perio? w@f 36 hours, then removing the firing
container from the furnace; (vi) removing and gimgthe contents of the firing container to

provide a ground material, loading the ground niat&ack into the firing container, and placing



the reloaded firing container back into the furngee) firing the ground material under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, then removing the firing container from thmace; (viii) repeating steps (vi) through

(vii) zero to three times; (ix) removing and grindithe contents of the firing container from step
(viii) to provide an intermediate, providing an #ixhal source of E%i cations, mixing the

ground intermediate and the additional source &t Eations to provide an intermediate mixture,
and loading the intermediate mixture into the fircontainer; (x) placing loaded firing container
containing the intermediate mixture into the fumdtring the intermediate mixture under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, and then removing the firing container fithia furnace; (xi) removing and grinding the
contents of the firing container to provide a grdsubstance; (xii) optionally, providing a
further source of B cations; (xiii) mixing the ground substance fromps(xi) with any further
source of Efi" cations from step (xii) to provide a substanceturi, loading the substance
mixture back into the firing container from step)(placing the firing container containing the
substance mixture into the furnace, firing the sarlise mixture under the reducing atmosphere
in the furnace at a temperature of 1300 to 200@f@ period of 2 to 36 hours, and then
removing the firing container from the furnace x{xiepeating steps (xi) through (xiii) zero to
three times; and, (xx) removing and grinding theteats of the firing container from step (xix)
to provide an EXf activated inorganic red phosphor.

[0011] The present invention provides a method of manufag an EG" activated inorganic

red phosphor, comprising: (i) providing a firingntainer having an internal surface defining a
cavity; wherein the internal surface is a virgintenal selected from the group consisting of
molybdenum, tungsten, tantalum, niobium, chromiplatinum, titanium, zirconium,

lanthanum, yttrium, cerium and alloys thereof; iipviding a mixture of starting materials for
the preparation of the Bliactivated inorganic phosphor, wherein the mixafrstarting

materials includes an initial source of’Euations; (iii) loading the mixture of starting redals
from step (ii) into the firing container, wherelmetmixture of starting materials contacts the
internal surface of the firing container; (iv) plag the loaded firing container from step (iii)ant
a furnace; (v) firing the mixture of starting maads under a reducing atmosphere in the furnace
at a temperature of 1300 to 2000 °C for a perio? tf 36 hours, then removing the firing

container from the furnace; (vi) removing and gndthe contents of the firing container to



provide a ground material, loading the ground nialtéack into the firing container, and placing
the reloaded firing container back into the furndee) firing the ground material under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, then removing the firing container from thmace; (viii) repeating steps (vi) through
(vii) zero to three times; (ix) removing and grindithe contents of the firing container from step
(viii) to provide an intermediate, providing an #ixhal source of E%i cations, mixing the
ground intermediate and the additional source &t Eations to provide an intermediate mixture,
and loading the intermediate mixture into the firsontainer; (x) placing loaded firing container
containing the intermediate mixture into the fumdaing the intermediate mixture under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, and then removing the firing container fithva furnace; (xi) removing and grinding the
contents of the firing container to provide a grdsubstance; (xii) optionally, providing a
further source of Ed cations; (xiii) mixing the ground substance frowps(xi) with any further
source of Efi" cations from step (xii) to provide a substancetori, loading the substance
mixture back into the firing container from step)(placing the firing container containing the
substance mixture into the furnace, firing the sarlse mixture under the reducing atmosphere
in the furnace at a temperature of 1300 to 200@f@ period of 2 to 36 hours, and then
removing the firing container from the furnacex{xiepeating steps (xi) through (xiii) zero to
three times; (xx) removing and grinding the corgesftthe firing container from step (xix) to
provide an Efi" activated inorganic red phosphor; and, (xxi) waghthe EG" activated

inorganic red phosphor.

[0012] The present invention provides a method of manufag an EG" activated inorganic

red phosphor, comprising: (i) providing a firingntainer having an internal surface defining a
cavity; wherein the internal surface is a virgintenal selected from the group consisting of
molybdenum, tungsten, tantalum, niobium, chromiplatinum, titanium, zirconium,

lanthanum, yttrium, cerium and alloys thereof; iipviding a mixture of starting materials for
the preparation of the Bliactivated inorganic phosphor, wherein the mixafrstarting

materials includes an initial source ofEuations:; (iii) loading the mixture of starting redals
from step (ii) into the firing container, wherelmetmixture of starting materials contacts the
internal surface of the firing container; (iv) plag the loaded firing container from step (iii)ant

a furnace; (v) firing the mixture of starting maa¢s under a reducing atmosphere in the furnace



at a temperature of 1300 to 2000 °C for a perio2 t@f 36 hours, then removing the firing
container from the furnace; (vi) removing and gndthe contents of the firing container to
provide a ground material, loading the ground niat&ack into the firing container, and placing
the reloaded firing container back into the furndee) firing the ground material under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, then removing the firing container from thmace; (viii) repeating steps (vi) through
(vii) zero to three times; (ix) removing and grindithe contents of the firing container from step
(viii) to provide an intermediate, providing an #izhal source of Eti cations, mixing the
ground intermediate and the additional source &t Eations to provide an intermediate mixture,
and loading the intermediate mixture into the firsontainer; (x) placing loaded firing container
containing the intermediate mixture into the fumdaing the intermediate mixture under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, and then removing the firing container fithia furnace; (xi) removing and grinding the
contents of the firing container to provide a grdsubstance; (xii) optionally, providing a
further source of B cations; (xiii) mixing the ground substance fromps(xi) with any further
source of Efi" cations from step (xii) to provide a substancetori, loading the substance
mixture back into the firing container from step)(yplacing the firing container containing the
substance mixture into the furnace, firing the satse mixture under the reducing atmosphere
in the furnace at a temperature of 1300 to 200@f@ period of 2 to 36 hours, and then
removing the firing container from the furnacex{xiepeating steps (xi) through (xiii) zero to
three times; (xx) removing and grinding the corgesftthe firing container from step (xix) to
provide an Efi activated inorganic red phosphor; (xxi) washing Ehf* activated inorganic red
phosphor; (xxii) providing a surface treating materand, (xxiii) applying the surface treating
material to a surface of the Eactivated inorganic red phosphor.

[0013] The present invention provides a method of manufag an EG" activated inorganic

red phosphor, comprising: (i) providing a firingntainer having an internal surface defining a
cavity; wherein the internal surface is a virgintenal selected from the group consisting of
molybdenum, tungsten, tantalum, niobium, chromiplatinum, titanium, zirconium,

lanthanum, yttrium, cerium and alloys thereof; giipviding a mixture of starting materials for
the preparation of the Eliactivated inorganic phosphor, wherein the mixafrstarting

materials includes an initial source of’Euations; (iii) loading the mixture of starting redals



from step (ii) into the firing container, wherelmetmixture of starting materials contacts the
internal surface of the firing container; (iv) plag the loaded firing container from step (iii)ant

a furnace; (v) firing the mixture of starting maa¢s under a reducing atmosphere in the furnace
at a temperature of 1300 to 2000 °C for a perio? w@f 36 hours, then removing the firing
container from the furnace; (vi) removing and gnidthe contents of the firing container to
provide a ground material, loading the ground niat&ack into the firing container, and placing
the reloaded firing container back into the furndee) firing the ground material under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, then removing the firing container from thmace; (viii) repeating steps (vi) through

(vii) zero to three times; (ix) removing and grindithe contents of the firing container from step
(viii) to provide an intermediate, providing an #ixhal source of E%i cations, mixing the

ground intermediate and the additional source &t Eations to provide an intermediate mixture,
and loading the intermediate mixture into the firsontainer; (x) placing loaded firing container
containing the intermediate mixture into the fumdwring the intermediate mixture under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, and then removing the firing container fithia furnace; (xi) removing and grinding the
contents of the firing container to provide a grdsubstance; (xii) optionally, providing a
further source of Eii cations; (xiii) mixing the ground substance fromyps(xi) with any further
source of Efi" cations from step (xii) to provide a substancetori, loading the substance
mixture back into the firing container from step)(yplacing the firing container containing the
substance mixture into the furnace, firing the sarlse mixture under the reducing atmosphere
in the furnace at a temperature of 1300 to 200@f@ period of 2 to 36 hours, and then
removing the firing container from the furnacex{xiepeating steps (xi) through (xiii) zero to
three times; (xx) removing and grinding the corgesftthe firing container from step (xix) to
provide an Efi activated inorganic red phosphor; (xxi) washing Ehf* activated inorganic red
phosphor; providing a liquid carrier; and, dispegsihe EG" activated inorganic red phosphor in
the liquid carrier to form a phosphor composition.

[0014] The present invention provides a method of manufag an EG* activated inorganic

red phosphor, comprising: (i) providing a firingntainer having an internal surface defining a
cavity; wherein the internal surface is a virgintemeal selected from the group consisting of

molybdenum, tungsten, tantalum, niobium, chromiplatinum, titanium, zirconium,



lanthanum, yttrium, cerium and alloys thereof; iipviding a mixture of starting materials for
the preparation of the Bliactivated inorganic phosphor, wherein the mixafrstarting

materials includes an initial source ofEuations; (iii) loading the mixture of starting redals
from step (ii) into the firing container, wherelmetmixture of starting materials contacts the
internal surface of the firing container; (iv) plag the loaded firing container from step (iii)ant

a furnace; (v) firing the mixture of starting maads under a reducing atmosphere in the furnace
at a temperature of 1300 to 2000 °C for a perio? @f 36 hours, then removing the firing
container from the furnace; (vi) removing and gimdthe contents of the firing container to
provide a ground material, loading the ground niat&ack into the firing container, and placing
the reloaded firing container back into the furngee) firing the ground material under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, then removing the firing container from thmace; (viii) repeating steps (vi) through

(vii) zero to three times; (ix) removing and grindithe contents of the firing container from step
(viii) to provide an intermediate, providing an #ixhal source of Eti cations, mixing the

ground intermediate and the additional source &t Eations to provide an intermediate mixture,
and loading the intermediate mixture into the firsontainer; (x) placing loaded firing container
containing the intermediate mixture into the fumdtring the intermediate mixture under the
reducing atmosphere in the furnace at a temperafur800 to 2000 °C for a period of 2 to 36
hours, and then removing the firing container fithia furnace; (xi) removing and grinding the
contents of the firing container to provide a grdsubstance; (xii) optionally, providing a
further source of B cations; (xiii) mixing the ground substance fromyps(xi) with any further
source of Efi" cations from step (xii) to provide a substancetori, loading the substance
mixture back into the firing container from step)(yplacing the firing container containing the
substance mixture into the furnace, firing the satse mixture under the reducing atmosphere
in the furnace at a temperature of 1300 to 200@f@ period of 2 to 36 hours, and then
removing the firing container from the furnacex{xiepeating steps (xi) through (xiii) zero to
three times; (xx) removing and grinding the corgesftthe firing container from step (xix) to
provide an Efi activated inorganic red phosphor; (xxi) washing Ehf* activated inorganic red
phosphor; providing a liquid carrier; dispersing #f* activated inorganic red phosphor in the
liquid carrier to form a phosphor composition; pgoirg an additive; and, incorporating the

additive into the phosphor composition.



DETAILED DESCRIPTION
[0015] The term ESss5" as used herein and in the appended claims isrthigsion spectrum
exhibited by a given luminescent material upon tation with monochromatic light having a
wavelength of 455 nm.
[0016] The term ESss3" as used herein and in the appended claims isrthigsion spectrum
exhibited by a given luminescent material upon tation with monochromatic light having a
wavelength of 453 nm.
[0017] The terms first Gaussian emission curve' and 'second Gaussian emission curve' as
used herein and in the appended claims refer td3agssian emission curves resolved using
GRAMS peak fitting software with 2 symmetric Gaassbands from the emission spectrum,
ESsss, exhibited by a given luminescent material upocitexion with monochromatic light
having a wavelength of 455 nm observed using atspaeter having a spectral resolution of
<1.5 nm.
[0018] 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.
[0019] The term peak 1 height” or "Hp," as used herein and in the appended claims is the
height of the first Gaussian emission curve affitise Gaussian emission curve peak.
[0020] The term peak 1 peak wavelength" or "Pips" as used herein and in the appended claims
is the wavelength corresponding to the first Gaurssimission curve peak.
[0021] The term peak 1 area” or "Ap;" as used herein and in the appended claims iardee
under the first Gaussian emission curve peak.
[0022] 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.
[0023] 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.
[0024] The term peak 2 peak wavelength" or "Pip," as used herein and in the appended claims

is the wavelength corresponding to the second Gaussission curve peak.



[0025] 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 < Phpz,
[0026] The term peak 2 area” or "Apy" as used herein and in the appended claims iardee
under the second Gaussian emission curve.
[0027] 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, < Phpy.
[0028] The term &rearatio” or "Ar" as used herein and in the appended claims isatleeof
the peak 1 are#d\p1, to the peak 2 areAp,, as determined by the following equation

AR = Api/Apy;
whereinPip; < Php,.
[0029] 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.g$Sss3) exhibited by
a given luminescent material upon excitation witlght source (i.e., monochromatic light
having a wavelength of 453 nm B6,s5).
[0030] The term bverall peak wavelength” or "Pioeran” @s used herein and in the appended
claims is the peak wavelength of the emission spetfe.g. ESis3) exhibited by a given
luminescent material upon excitation with a ligbtice (i.e., monochromatic light having a
wavelength of 453 nm fdE Sys3).
[0031] The term CIEx" as used herein and in the appended claims mkeansahromaticity
coordinate of an emission spectrum (iLESsss, IESss3, PESsss, Or pPESys3) of a luminescent
material based on the CIE 1931 Chromaticity Diagram
[0032] The term CIEy" as used herein and in the appended claims mbkansdhromaticity
coordinate of an emission spectrum (i.BSuss, IESss3, pPESsss, Or pPESss3) of a luminescent
material based on the CIE 1931 Chromaticity Diagram
[0033] The term Virgin material” as used herein and in the appended claims meauaseaial
that has not previously been exposed to a silioomcg at high temperatures (i.e., > 1,000 °C).
[0034] It is known that each Elication incorporated into an inorganic substancegeally

represented by formula (Il) can occupy either asstuiional or interstitial position within the
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host lattice. For example, the £wations incorporated into the inorganic substayezeerically
represented by formula (II) can substitute intotibet lattice sites otherwise occupied by a M(ll)
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(11) 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).
[0035] The designers of pcLED devices are acutely awah®wafthe human eye responds to the
electromagnetic spectrum and how that responsslatas into the performance and efficiency
of the pcLED devices. That is, the designers a2 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 adovghr rendering index (CRI) at a low
correlated color temperature (CCT) and with a minéd loss of emission energy into the near
infrared spectral region.

[0036] It has surprisingly been found that conventiondissances generically represented by
formula (1) exhibit an emission spectruB$yss, upon excitation with monochromatic light
having a wavelength of 455 nm; wherein the emissmattrumESyss, is resolvable into a first
Gaussian emission curve and a second Gaussian@mussve; wherein the first Gaussian
emission curve has a first Gaussian emission quead,P;; wherein the first Gaussian emission
curve peakP;, has a peak 1 heightip;, a peak 1 peak wavelengi#ipi1, and a peak 1 aredp;;
wherein the second Gaussian emission curve haad6&aussian emission curve peRk,
wherein the second Gaussian emission curve [eakas a peak 2 heighip,, a peak 2 peak
wavelengthPip,, a peak 2 are#\p,, and a peak 2 full width half makWHM p,; whereinPip;

< Php,. Itis believed that the first Gaussian emissiorve and the second Gaussian emission
curve correspond to different positions occupiedHeyE* in the conventional substances
generically represented by formula (I1). In vieirlns realization, it becomes apparent that the
modification of these substances to provide a miethpeak 2 full width at half max,

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

[0037] 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 powdeasépreviously been seasoned through
repeated exposure to a silicon source at high teathpes. Also, conventional substances
generically represented by formula (I1) exhibiteanission spectruni; Sys5, upon excitation with
monochromatic light having a wavelength of 455 mherein the emission spectrum is
resolvable into a first Gaussian emission curveanadcond 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 heighipi, a peak 1 peak waveleng®ipi, and

a peak 1 aredp;; wherein the second Gaussian emission curve basand Gaussian emission
curve peakP,; wherein the second Gaussian emission curve Bakas a peak 2 heighip,, a
peak 2 peak wavelengtBLr,, a peak 2 aredp,, and a peak 2 full width half makWHM p,;
whereinPip; < Phpp; and, wherein the peak 2 full width half m&W¥WWHM p,, of the second
Gaussian emission curve is > 100 nm. It has singly been found that Eliactivated

inorganic red phosphors represented by formulanfigén prepared by the method of the present
invention; wherein firing of the constituent raw ter@al powder is performed in a firing
container having an internal surface defining atgawherein the internal surface, which
contacts the raw material powder loaded into thvityas a virgin material; exhibit an overall
emission band narrowing with a significant incregskrightness. It is believed that the increase
in brightness is due, at least in part, to a samatimodification of the EU activated inorganic
red phosphor produced by the method of the preseamntion through manipulation of the
location and bonding environment of the’Eim the crystal structure, evinced by a phosphor
peak 2 full width half maxpFWHM p,, of < 100 nm.

[0038] Preferably, the method of the present inventiomianufacturing an Etiactivated
inorganic red phosphor, comprises: (i) providinfgiag container having an internal surface
defining a cavity; wherein the internal surfaca igirgin material selected from the group
consisting of molybdenum, tungsten, tantalum, niohichromium, platinum, titanium,
zirconium, lanthanum, yttrium, cerium and alloysréof; (ii) providing a mixture of starting

materials for the preparation of the’Eactivated inorganic phosphor, wherein the mixafre
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starting materials includes an initial source of ‘Hations; (jii) loading the mixture of starting
materials from step (ii) into the firing containamerein the mixture of starting materials
contacts the internal surface of the firing coreairfiv) placing the loaded firing container from
step (iii) into a furnace; (v) firing the mixturd starting materials under a reducing atmosphere
in the furnace at a temperature of 1300 to 200(pt€ferably, 1300 to 1850 °C; more
preferably, 1400 to 1850 °C; most preferably, 1&00850 °C) for a period of 2 to 36 hours
(preferably, 4 to 24 hours; more preferably, 6&hburs; most preferably 8 to 12 hours), then
removing the firing container from the furnace;) (@moving and grinding the contents of the
firing container to provide a ground material, lmapthe ground material back into the firing
container, and placing the reloaded firing contabeek into the furnace; (vii) firing the ground
material under the reducing atmosphere in the tier@d a temperature of 1300 to 2000 °C
(preferably, 1300 to 1850 °C; more preferably, 1490850 °C; most preferably, 1500 to 1850
°C) for a period of 2 to 36 hours (preferably, £tbhours; more preferably, 6 to 18 hours; most
preferably 8 to 12 hours), then removing the firaogtainer from the furnace; (viii) repeating
steps (vi) through (vii) zero to three times; (igmoving and grinding the contents of the firing
container from step (viii) to provide an intermedigproviding an additional source of£u
cations, mixing the ground intermediate and thetamthl source of Et{ cations to provide an
intermediate mixture, and loading the intermedmbeture into the firing container; (x) placing
loaded firing container containing the intermedmaigture into the furnace, firing the
intermediate mixture under the reducing atmospimetiee furnace at a temperature of 1300 to
2000 °C (preferably, 1300 to 1850 °C; more prefigrab400 to 1850 °C; most preferably, 1500
to 1850 °C) for a period of 2 to 36 hours (preféyath to 24 hours; more preferably, 6 to 18
hours; most preferably 8 to 12 hours), and therokang the firing container from the furnace;
(xi) removing and grinding the contents of thenfricontainer to provide a ground substance;
(xii) optionally, providing a further source of Etcations; (xiii) mixing the ground substance
from step (xi) with any further source of £cations from step (xii) to provide a substance
mixture, loading the substance mixture back ineofthng container from step (xi), placing the
firing container containing the substance mixtunte ithe furnace, firing the substance mixture
under the reducing atmosphere in the furnaceemnadrature of 1300 to 2000 °C (preferably,
1300 to 1850 °C; more preferably, 1400 to 1850r@st preferably, 1500 to 1850 °C) for a
period of 2 to 36 hours (preferably, 4 to 24 houmsye preferably, 6 to 18 hours; most
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preferably 8 to 12 hours), and then removing thadicontainer from the furnace; (xix)
repeating steps (xi) through (xiii) zero to threeds; (xx) removing and grinding the contents of
the firing container from step (xix) to provide Br?* activated inorganic red phosphor.

[0039] In the method of the present invention for manuféey an EG" activated inorganic red
phosphor, the firing container is selected to hevénternal surface defining a cavity, wherein
the internal surface is a virgin material seledtech the group consisting of molybdenum,
tungsten, tantalum, niobium, chromium, platinungrium, zirconium, lanthanum, yttrium,
cerium and alloys thereof. Preferably, the firaogtainer provided has a uniform composition
throughout. More preferably, the firing contaipeovided has a virgin material applied as a
coating to form the internal surface of the firicmntainer. Most preferably, the firing container
provided is an insert or liner made of the virgiaterial. Preferably, the firing container is an
insert or liner, wherein the insert or liner is raad a virgin material selected from the group
consisting of molybdenum, tungsten, tantalum, niohichromium, platinum and alloys thereof.
Preferably, the virgin material is selected frora gnoup consisting of molybdenum and
molybdenum alloyed with at least one of an oxide arcarbide; wherein the oxide is selected
from the group consisting of titanium oxide, ziraon oxide, hafnium oxide, lanthanum oxide,
tungsten oxide, rhenium oxide and yittrium oxided avherein the carbide is selected from the
group consisting of titanium carbide, zirconiumtzde, hafnium carbide, lanthanum carbide,
tungsten carbide, rhenium carbide, yittrium carptdatalum carbide and copper carbide. More
preferably, the virgin material is molybdenum. Mpgseferably, the firing container is a liner,
wherein the liner is made of molybdenum.

[0040] Preferably, in the method of the present inventisrmanufacturing an Eii activated
inorganic red phosphor, the step of providing ator of starting materials in (ii) includes: (a)
providing a source of a divalent cation M(ll)(prefkly, wherein the divalent cation M(ll) is
selected from the group consisting of at leastaindg, Ca, Sr and Ba; more preferably,
wherein the divalent cation M(ll) is selected fréime group consisting of at least one of Ca, Sr
and Ba,; still more preferably, wherein the divaleation M(Il) is selected from the group
consisting of Ca and Sr; most preferably, where@divalent cation M(Il) is Sr); (b) providing a
source of Si; (c) providing a source of N; and,gtviding an initial source of Elications.
Preferably, the step of providing a mixture of Stay materials in (ii) further includes: (e)

providing a source of C (preferably, wherein tharse of C is an anionic source of C (i.e®)C
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Preferably, the step of providing a mixture of Stey materials in (i) further includes: (f)
providing a source of a monovalent species M(I¥grably, wherein the monovalent species
M(I) is selected from the group consisting of aseone of Li, Na, K, F, Cl, Br and |; more
preferably, wherein the monovalent species M(bekected from the group consisting of at least
one of Li, Na and F; most preferably, wherein thenovalent species M(l) is selected from the
group consisting of at least one of Li and F).

[0041] Most preferably, in the method of the present iticenfor manufacturing an El
activated inorganic red phosphor, the step of pliagi a mixture of starting materials in (i)
includes: (a) providing a source of a divalentarai(ll)(preferably, wherein the divalent
cation M(Il) is selected from the group consistofgt least one of Mg, Ca, Sr and Ba; more
preferably, wherein the divalent cation M(ll) ides#ted from the group consisting of at least one
of Ca, Sr and Ba; still more preferably, whereia tlivalent cation M(ll) is selected from the
group consisting of Ca and Sr; most preferably,reinethe divalent cation M(ll) is Sr); (b)
providing a source of Si; (c) providing a sourceNof(d) providing an initial source of Eu
cations; (e) providing a source of C (preferablizevein the source of C is an anionic source of
C (i.e., ©)); and, (f) providing a source of a monovalentcige M(l)(preferably, wherein the
monovalent species M(]) is selected from the grommsisting of at least one of Li, Na, K, F, ClI,
Br and I; more preferably, wherein the monovalgacses M(l) is selected from the group
consisting of at least one of Li, Na and F; mosfenably, wherein the monovalent species M(l)
is selected from the group consisting of at leastaf Li and F).

[0042] Given the teachings provided in this applicatiam of ordinary skill in the art will be
able to select an appropriate mixture of startiregemals for use in the method of the present
invention to produce an Blactivated inorganic red phosphor. Materials idehliin the

mixture of starting materials can include silicatride, silicon carbide, metal oxides, metal
halides, metal nitrides and metals in molar rasielected to provide a given targefEactivated
inorganic red phosphor compositions. Preferrethefes contained in the product?£u

activated inorganic red phosphor and corresponstiaging materials are listed TaBLE 1.
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TABLE 1

Elements Starting materials
Li, Na, K, F, | metals, nitrides, silicides, amides, azides, halidarbides, oxides and
Cl, Br, | carbonates
Ca, Sr, Ba, | nitrides, metals, silicides, alloys, carbides, amsjchzides, oxides and
Mg carbonates
Si silicon nitride (SiN4), silicon oxynitride, silicon, silicon carbide,

silicide, silicon amide, silicon carbodiimide, stin oxide

Al Aluminum nitride, aluminum oxynitride, aluminuoxide, aluminum

carbide, aluminum carbonitride, aluminum metalpdghum halide
B boron nitride, boron carbide, boron oxide, bawod

N nitride, nitrogen gas, ammonia gas, amide, azide

C carbide, carbon nitrides, carbon, carbidonitrisie, C- and N-
containing organic precursors, amide, azide (8iNCN),, C;N,Ha,
CoN2(NH), C3N3(NH>)3)

Eu’ europium nitride, europium oxide, europium megaopium halide,
europium hydride, europium amide, europium azide

[0043] Preferably, in the method of the present inventisrmanufacturing an Eii activated
inorganic red phosphor, the mixture of startingenats provided in step (ii) and the firing
conditions in steps (v) through (viii) are selecsedth that the intermediaite step (ix) is an
inorganic luminescent compound represented by ftatiy

M(1)icM(11) 2SisNixCiyOi:EL i (1)
wherein M(1) is a monovalent species selected ftloengroup consisting of Li, Na, K, F, ClI, Br
and | (preferably, Li, Na and F; most preferablyahd F); wherein M(ll) is a divalent cation
selected from the group consisting of at leastafridg, Ca, Sr and Ba (preferably, Ca, Sr and
Ba; more preferably, Ca and Sr; most preferably, v@nerein 1. < ia< 2 (preferably, 1.Zia<
1.999; more preferably, 18ia< 1.995; most preferably, 1.85ia<1.97); 0 <ib<0.1
(preferably, 0.00k ib < 0.1; more preferably, 0.0G5ib < 0.08; most preferably, 0.02ik <
0.06); 0<ic<0.1; 5<ix < 8 (preferably, 5.5 ix < 7.8; more preferably, ix < 7.5; most
preferably, 6.25ix < 7.25); 0<iy < 1.5 (preferably, 0.005 iy < 1.5; more preferably, 0.04
iy <1.25; most preferably, 0.02iy <0.1); 0<iz <5 (preferably, 0.005 iz <5; more
preferably, 0.0KX iz < 2.5; most preferably, 0.05iz < 0.5); (preferably, whereiry#iz); wherein
the intermediate exhibits an intermediate emissfmectrumjESsss, upon excitation with
monochromatic light having a wavelength of 455 mherein the intermediate emission
spectrumjES;ss, is resolvable into an intermediate first Gausgianssion curve and an

intermediate second Gaussian emission curve; whtreiintermediate first Gaussian emission
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curve has an intermediate first Gaussian emissioveqpeakiP;; wherein the intermediate first
Gaussian emission curve pedlk, has an intermediate peak 1 heigHi;, at an intermediate
peak 1 peak wavelengttiPip;; wherein the intermediate second Gaussian emissitve has an
intermediate second Gaussian emission curve pegkyherein the intermediate second
Gaussian emission curve pedlks, has an intermediate peak 2 heigHiy,, at an intermediate
peak 2 peak wavelengtiiRhry; whereiniPip; < iPipy; wherein the intermediate emission
spectrumjES;ss, has an intermediate peak ratieg, of > 1 (preferably, 1 to 10; more
preferably, 1 to 5; most preferably, 1 to 2) adained by the following equation
iPr = iHp1/iHpy.

[0044] Preferably, in the method of the present invent@srmanufacturing an Eti activated
inorganic red phosphor, the mixture of startingenats provided in step (ii) and the firing
conditions in steps (v) through (viii) are selecsedh that the intermediate step (ix) is an
inorganic luminescent compound represented by flaifiy

M(1)icM(11) iSisNixCiy Oiz: ELF i 0)
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); wherdiit <ia< 2 (preferably, 1.Zia< 1.999;
more preferably, 1.8 ia< 1.995; most preferably, 1.85a< 1.97); 0 <b < 0.1 (preferably,
0.001<ib<0.1; more preferably, 0.0685ib < 0.08; most preferably, 0.02ik< 0.06); 0<ic <
0.1; 5<ix < 8 (preferably, 5.5 ix < 7.8; more preferably, €ix < 7.5; most preferably, 6.25
iIX <7.25); 0<iy < 1.5 (preferably, 0.008 iy < 1.5; more preferably, 0.3diy < 1.25; most
preferably, 0.0X iy <0.1); 0<iz <5 (preferably, 0.005 iz < 5; more preferably, 0.04iz <
2.5; most preferably, 0.05iz < 0.5); (preferably, whereity#iz); wherein the intermediate
exhibits an intermediate emission spectria®ss, upon excitation with monochromatic light
having a wavelength of 455 nm; wherein the intenatedemission spectrungSyss, is
resolvable into an intermediate first Gaussian simiscurve and an intermediate second
Gaussian emission curve; wherein the intermediegeGaussian emission curve has an
intermediate first Gaussian emission curve pdak,wherein the intermediate first Gaussian
emission curve peak?;, has an intermediate peak 1 heigHt,, at an intermediate peak 1 peak

wavelengthjPip;; wherein the intermediate second Gaussian emissive has an intermediate
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second Gaussian emission curve pé@k,wherein the intermediate second Gaussian emission
curve peakiP,, has an intermediate peak 2 heigHiz,, at an intermediate peak 2 peak
wavelengthjPip,; whereiniPlp; < iPApy; Wherein the intermediate emission spectrili®ss,
has an intermediate peak raiiBg, of > 1 (preferably, 1 to 10; more preferably, 1 to Hsin
preferably, 1 to 2) as determined by the followaggation
iPr = iHp1/iHpy.

[0045] Preferably, in the method of the present inventisrmanufacturing an Eii activated
inorganic red phosphor, the mixture of startingenats provided in step (ii) and the firing
conditions in steps (v) through (viii) are selecsedth that the intermediate step (ix) is an
inorganic luminescent compound represented by flaifiy

M(1)icM(11) iaSisNixCiyOiz: ELP i 0)
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); wherdifr<ia< 2 (preferably, 1.Zia< 1.999;
more preferably, 1.8 ia< 1.995; most preferably, 1.85a< 1.97); 0 <b < 0.1 (preferably,
0.001<ib<0.1; more preferably, 0.085ib < 0.08; most preferably, 0.02ik < 0.06); 0<ic <
0.1; 5<ix < 8 (preferably, 5.5 ix < 7.8; more preferably, €ix < 7.5; most preferably, 6.25
iX <7.25); 0<iy < 1.5 (preferably, 0.008 iy < 1.5; more preferably, 0.0diy < 1.25; most
preferably, 0.0X iy <0.1); 0<iz <5 (preferably, 0.005 iz < 5; more preferably, 0.04iz <
2.5; most preferably, 0.05iz < 0.5); whereiriy#iz; wherein the intermediate exhibits an
intermediate emission spectruiSsss, upon excitation with monochromatic light having a
wavelength of 455 nm; wherein the intermediate siosspectrumES;ss, is resolvable into an
intermediate first Gaussian emission curve andhrmediate second Gaussian emission curve;
wherein the intermediate first Gaussian emissionechas an intermediate first Gaussian
emission curve peakl?;; wherein the intermediate first Gaussian emissiawe peakiP,, has
an intermediate peak 1 heightlp;, at an intermediate peak 1 peak waveleri§ts;; wherein
the intermediate second Gaussian emission curvarhagermediate second Gaussian emission
curve peakiP,; wherein the intermediate second Gaussian emissiove peakiP,, has an
intermediate peak 2 heighHp,, at an intermediate peak 2 peak wavelengths,; wherein

iPAp1 < 1PApp; Wherein the intermediate emission spectrif®yss, has an intermediate peak
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ratio, iPr, of > 1 (preferably, 1 to 10; more preferably, 1 to mstrpreferably, 1 to 2) as
determined by the following equation

iPr = iHp1/iHpy.
[0046] Preferably, the intermediate, in the method offfessent invention, exhibits an
intermediate emission spectruiSsss, upon excitation with monochromatic light having a
wavelength of 455 nm; wherein the intermediate siosspectrumESsss, is resolvable into an
intermediate first Gaussian emission curve anchtrmediate second Gaussian emission curve;
wherein the intermediate first Gaussian emissiomnectas an intermediate peak 1 peak
wavelengthjPip;; wherein the intermediate second Gaussian emissive has an intermediate
peak 2 peak wavelengtiRir,, and, an intermediate full width at half maxWHM p,, of < 100
nm (preferably< 99 nm; more preferably, 98 nm; most preferably 97 nm); whereinPip; <
iPpy.
[0047] Preferably, the intermediate, in the method offttessent invention, exhibits an
intermediate emission spectruESsss, upon excitation with monochromatic light having a
wavelength of 455 nm; wherein the intermediate sioisspectrumES;ss, is resolvable into an
intermediate first Gaussian emission curve andhtrmediate second Gaussian emission curve;
wherein the intermediate first Gaussian emissiomnectas an intermediate peak 1 peak
wavelengthjPip;, and an intermediate peak 1 anda,; wherein the intermediate second
Gaussian emission curve has an intermediate ppakiRwavelengthPip,, and an intermediate
peak 2 aredApp; WhereiniPipy < iPApy; and, wherein the intermediate emission spectrum,
iIESsss, has an intermediate area ratidg, of > 0.6 (preferably, 0.6 to 10; more preferably, @.6 t
5; most preferably, 0.6 to 1) as determined byfelewing equation

AR = iAp1/iAps.
[0048] Preferably, the intermediate, in the method offitessent invention, exhibits an
intermediate emission spectruiSss3, upon excitation with monochromatic light having a
wavelength of 453 nm; wherein the intermediate simsspectrumESsss, has an intermediate
overall full width at half maxiFWHM gyera, Of < 90 nm (preferably, < 85 nm) coupled with a
ClEx of > 0.625 (preferably, > 0.627; more preferably).630) based on the CIE 1931
Chromaticity Diagram. More preferably, the intetiage exhibits an intermediate emission
spectrumjESyss, upon excitation with monochromatic light havingravelength of 453 nm;

wherein the intermediate emission spectrilb$ss, has an intermediate overall full width at half
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max,iFWHM gyerar, 0f < 90 nm (preferably, < 85 nm) coupled wit@EEx of > 0.625
(preferably, > 0.627; more preferably, > 0.630)daasn the CIE 1931 Chromaticity Diagram;
and, wherein the intermediate exhibits a high leeaence (preferably, lumer210%; more
preferably> 220%; most preferably, 225%), as measured under the conditions set ifoitie
Examples.
[0049] Preferably, the intermediate, in the method offtessent invention, exhibits an
intermediate emission spectruiSsss, upon excitation with monochromatic light having a
wavelength of 455 nm; wherein the intermediate sioisspectrumES,ss, is resolvable into an
intermediate first Gaussian emission curve andhrmediate second Gaussian emission curve;
wherein the intermediate first Gaussian emissionehas a intermediate first Gaussian
emission curve peakl?;; wherein the intermediate first Gaussian emissiowe peakiP,, has
an intermediate peak 1 heightp;, at an intermediate peak 1 peak wavelengths;, and an
intermediate peak 1 ard@p;; wherein the intermediate second Gaussian emissiore has an
intermediate second Gaussian emission curve pRegkyherein the intermediate second
Gaussian emission curve peiks, has an intermediate peak 2 heigHi,, at an intermediate
peak 2 peak wavelengtilr,, and an intermediate peak 2 aniday; whereiniPipy <iPipy;
and, wherein the intermediate emission spectite®ss, has an intermediate peak ratieg, of
> 1 (preferably, 1 to 10; more preferably, 1 to ®strpreferably, 1 to 2) as determined by the
following equation
iPr = iHp1/iHp

(preferably, wherein the intermediate further exBibn intermediate area ratié\g, of> 0.6);
and, wherein the elements in the intermediate ean Btoichiometric proportions or in
non-stoichiometric proportions.
[0050] Preferably, in the method of the present inventisrmanufacturing an Eii activated
inorganic red phosphor, the intermediate mixtumvijated in step (ix), the further source of’Eu
cations provided is step (xii), if any, and thénfiy conditions in steps (x) through (xix) are
selected such that the Ewctivated inorganic red phosphor provided compriseinorganic
compound represented by formula (II)

M(1) peM(11) paSisNpxCpyOpz: ELF ' (I
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
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selected from the group consisting of at leastafridg, Ca, Sr and Ba (preferably, Ca, Sr and
Ba; more preferably, Ca and Sr; most preferably,@nerein 1.5 pa< 2 (preferably, 1.% pa
<1.999; more preferably, 18pa< 1.995; most preferably, 1.85pa< 1.97); 0 <pb< 0.3
(preferably, 0.00% pb < 0.3; more preferably, 0.085pb < 0.2; most preferably, 0.63pb <
0.1); 0<pc<0.1; 5< px < 8 (preferably, 5.5 px < 7.8; more preferably, € px < 7.5; most
preferably, 6.25 px < 7.25); 0< py < 1.5 (preferably, 0.005 py < 1.5; more preferably, 0.64
py < 1.25; most preferably, 0.62py <0.1); 0< pz <5 (preferably, 0.005 pz < 5; more
preferably, 0.0K pz < 2.5; most preferably, 0.05pz < 0.5); (preferably, whereipy#pz);
wherein the Eti activated inorganic red phosphor exhibits a phospmission spectrum,
PESsss, Upon excitation with monochromatic light havingravelength of 455 nm; wherein the
phosphor emission spectruptk Ssss, is resolvable into a phosphor first Gaussian simiscurve
and a phosphor second Gaussian emission curveeintibe phosphor first Gaussian emission
curve has a phosphor first Gaussian emission quea&,pP;; wherein the phosphor first
Gaussian emission curve pegR;, has a phosphor peak 1 heigitip;, at a phosphor peak 1
peak wavelengtPip1; wherein the phosphor second Gaussian emissiae tias a phosphor
second Gaussian emission curve pedk; wherein the phosphor second Gaussian emission
curve peakpP,, has a phosphor peak 2 heigitis2, a phosphor peak 2 peak wavelengtip,,
and a phosphor full width at half mg@EWHM p,; whereinpPAp; < pPApy; and, wherein the
phosphor full width at half maxyFWHMp,, is < 100 nm (preferably 99 nm; more preferably,
<98 nm; most preferably 97 nm). Preferably, wherein the phosphor emisspectrum,
PESyss, of the EG* activated inorganic red phosphor further exhii® Ex of > 0.637
(preferably> 0.638; more preferably, 0.639) based on the CIE 1931 Chromaticity Diagram.
[0051] Preferably, in the method of the present inventisrmanufacturing an Eii activated
inorganic red phosphor, the intermediate mixtumvijated in step (ix), the further source of’Eu
cations provided is step (xii), if any, and thénfiy conditions in steps (x) through (xix) are
selected such that the Ewactivated inorganic red phosphor provided compriseinorganic
compound represented by formula (Il)

M(1) pcM(11) paSisNpxCpoyOpz EU (I
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
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Ba (most preferably, wherein M(Il) is Sr); wherdify < pa< 2 (preferably, 1.Z pa< 1.999;
more preferably, 1.8 pa< 1.995; most preferably, 1.85pa< 1.97); 0 <pb < 0.3 (preferably,
0.001< pb < 0.3; more preferably, 0.065pb < 0.2; most preferably, 0.638pb < 0.1); 0<pc <
0.1; 5< px < 8 (preferably, 5.5 px < 7.8; more preferably, € px < 7.5; most preferably, 6.25
px < 7.25); 0<py < 1.5 (preferably, 0.005 py < 1.5; more preferably, 0.0dpy < 1.25; most
preferably, 0.0ZX py <0.1); 0<pz <5 (preferably, 0.005 pz < 5; more preferably, 0.0d pz <
2.5; most preferably, 0.05pz < 0.5); (preferably, whereipy#pz); wherein the EU activated
inorganic red phosphor exhibits a phosphor emisspattrumpESsss, upon excitation with
monochromatic light having a wavelength of 455 mrherein the phosphor emission spectrum,
PESsss, is resolvable into a phosphor first Gaussian simscurve and a phosphor second
Gaussian emission curve; wherein the phosphorGiastssian emission curve has a phosphor
first Gaussian emission curve pepR;; wherein the phosphor first Gaussian emissioneurv
peak,pP;, has a phosphor peak 1 heigitip;, at a phosphor peak 1 peak wavelengitips;
wherein the phosphor second Gaussian emission bas/a phosphor second Gaussian emission
curve peakpP,; wherein the phosphor second Gaussian emissioe paakpP,, has a
phosphor peak 2 heighiHp,, a phosphor peak 2 peak wavelengthp,, and a phosphor full
width at half maxpFWHM p,; whereinpPip; < pPipy; and, wherein the phosphor full width at
half max,pFWHMp,, is < 100 nm (preferably 99 nm; more preferably, 98 nm; most
preferably< 97 nm). Preferably, wherein the phosphor emisspEctrumpESyss, of the EG*
activated inorganic red phosphor further exhibi® Bx of > 0.637 (preferably; 0.638; more
preferably> 0.639) based on the CIE 1931 Chromaticity Diagram.

[0052] Preferably, in the method of the present inventisrmanufacturing an Eii activated
inorganic red phosphor, the intermediate mixtumvijgted in step (ix), the further source of’Eu
cations provided is step (xii), if any, and thénfiy conditions in steps (x) through (xix) are
selected such that the Ewactivated inorganic red phosphor provided compriseinorganic
compound represented by formula (Il)

M(1) pcM(11) paSisNpCpoyOpz EU (I
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 Sr and a ¢oation of Sr and at least one of Mg, Ca and
Ba (most preferably, wherein M(Il) is Sr); wherdirYy < pa< 2 (preferably, 1. pa< 1.999;
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more preferably, 1.8 pa< 1.995; most preferably, 1.85pa< 1.97); 0 <pb < 0.3 (preferably,
0.001< pb < 0.3; more preferably, 0.065pb < 0.2; most preferably, 0.638pb < 0.1); 0<pc <
0.1; 5< px < 8 (preferably, 5.5 px < 7.8; more preferably, € px < 7.5; most preferably, 6.2
px < 7.25); 0<py < 1.5 (preferably, 0.005 py < 1.5; more preferably, 0.0dpy < 1.25; most
preferably, 0.0ZX py <0.1); 0<pz <5 (preferably, 0.005 pz < 5; more preferably, 0.0d pz <
2.5; most preferably, 0.05pz < 0.5); whereirpy#pz; wherein the Etl activated inorganic red
phosphor exhibits a phosphor emission spectpifyss, upon excitation with monochromatic
light having a wavelength of 455 nm; wherein thegghor emission spectruptSyss, is
resolvable into a phosphor first Gaussian emissioe and a phosphor second Gaussian
emission curve; wherein the phosphor first Gaussiaission curve has a phosphor first
Gaussian emission curve pepR;; wherein the phosphor first Gaussian emissionepeak,

pP1, has a phosphor peak 1 heigitip;, at a phosphor peak 1 peak wavelengie:; wherein
the phosphor second Gaussian emission curve hassplpor second Gaussian emission curve
peak,pP,; wherein the phosphor second Gaussian emissioe paakpP,, has a phosphor peak
2 height,pHp,, a phosphor peak 2 peak waveleng®r,, and a phosphor full width at half
max,pFWHM py; whereinpPip; < pPApz; and, wherein the phosphor full width at half max,
PFWHM p,, is < 100 nm (preferably 99 nm; more preferably 98 nm; most preferably 97
nm). Preferably, wherein the phosphor emissiomtspe, pES;ss, of the EG* activated
inorganic phosphor further exhibit<CAEx of > 0.637 (preferablyz 0.638; more preferably,
0.639) based on the CIE 1931 Chromaticity Diagram.

[0053] Preferably, the Eii activated inorganic red phosphor, produced byrikehod of the
present invention, exhibits a phosphor emissiortspe, pESys3, upon excitation with
monochromatic light having a wavelength of 453 mrherein the phosphor emission spectrum,
PESss3, has a phosphor overall full width at half mpEWHM gyerair, 0f <90 nm coupled with a
ClEx of > 0.637 (preferably; 0.638; more preferably, 0.639) based on the CIE 1931
Chromaticity Diagram. More preferably, the?Eactivated inorganic red phosphor, produced by
the method of the present invention, exhibits asphor emission spectrumiSsss, upon
excitation with monochromatic light having a wavedéh of 453 nm; wherein the phosphor
emission spectrunpESsss, has a phosphor overall full width at half mpEWHM oyeran, 0f < 90
nm coupled with £IEx of > 0.637 (preferably; 0.638; more preferably, 0.639) based on the
CIE 1931 Chromaticity Diagram; and, wherein thé Eactivated inorganic red phosphor
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exhibits a high luminescence (preferably, lumer240%), as measured under the conditions set
forth in theExamples.

[0054] The E* activated inorganic red phosphor, produced byriathod of the present
invention, can contain impurities. Preferably, Ené" activated inorganic red phosphor,
produced by the method of the present inventiomprses: > 80 wt% (more preferably, 80 to
100 wt%; still more preferably 90 to 100 wt%,; y&ll snore preferably 95 to 100 wt%; most
preferably 99 to 100 wt%) of the inorganic luminesiccompound represented by formula (11);
wherein the Eti activated inorganic red phosphor exhibits a phospmission spectrum,

PESsss, upon excitation with monochromatic light havingravelength of 455 nm; wherein the
phosphor emission spectrupk Syss, is resolvable into a phosphor first Gaussian simiscurve
and a phosphor second Gaussian emission curveeintiee phosphor first Gaussian emission
curve has a phosphor first Gaussian emission quea&,pP;; wherein the phosphor first
Gaussian emission curve pepR;, has a phosphor peak 1 heigitipi, a phosphor peak 1 peak
wavelengthpPip;, and a phosphor peak 1 arpAp:; wherein the phosphor second Gaussian
emission curve has a phosphor second Gaussiani@missve peakpP,; wherein the phosphor
second Gaussian emission curve peBk, has a phosphor peak 2 heightis,, a phosphor peak
2 peak wavelengtipPip,, a phosphor peak 2 argé#p,, and a phosphor peak 2 full width at half
max, pFWHM py; whereinpPAp; < pPAp,; Wherein the phosphor full width at half max,
PFWHM p,, is < 100 nm (preferably 99 nm; more preferably 98 nm; most preferably 97
nm); and, wherein the inorganic luminescent compaepresented by formula (1) can be
present as at least two different crystalline pbdpeeferably, wherein the inorganic luminescent
compound represented by formula (Il) is presemressubstantially pure crystalline phase
(more preferablyz 98 % of a particular crystalline phase; most pediby/,> 99% of a particular
crystalline phase)).

[0055] Preferably, the El activated inorganic red phosphor, produced byrieehod of the
present invention, maintairs70% (more preferably; 85%; most preferably; 90%) of its
relative emission intensity at temperatures of %30 °C. More preferably, the Ewactivated
inorganic red phosphor, produced by the methoti®@ptesent invention, maintains’0%

(more preferablyz 85%; most preferably; 90%) of its relative emission intensity at
temperatures of 25 to 200 °C. Most preferably, Bt activated inorganic red phosphor,
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produced by the method of the present inventionntaas> 70% (more preferably; 85%;
most preferablyz> 90%) of its relative emission intensity at temperas of 25 to 250 °C.

[0056] Preferably, the Eil activated inorganic red phosphor, produced byrieehod of the
present invention, exhibits low thermal quenchiMpre preferably, the Eii activated
inorganic red phosphor, produced by the methoti®ptesent invention, exhibits thermal
quenching of 5% at 150 °C. Most preferably, the’Eactivated inorganic red phosphor,
produced by the method of the present inventiohibgts thermal quenching &f5% at 150 °C
and< 15% at 250 °C.

[0057] Preferably, the El activated inorganic red phosphor, produced byrieehod of the
present invention, exhibits a median diameter taf 20 microns (more preferably, 4 to 30
microns; most preferably, 5 to 20 microns).

[0058] Optionally, the method of the present inventionrf@nufacturing an Eiiactivated
inorganic red phosphor, further comprises: (xxishiag the E& activated inorganic red
phosphor (preferably, washing in acid and deionizater at room temperature).

[0059] Preferably, the Eii activated inorganic red phosphor, produced byrkehod of the
present invention is, ground, sieved, washed aiedl das necessary. Preferably, thé'Eu
activated inorganic red phosphor is washed witt &@lowed by washing with deionized water.
Preferably, the EU activated inorganic red phosphor is ground, sigeee@move undesired
fines and aggregates, and then dispersed in amasjaeid solution (preferably a dilute acid
having an acid concentration of 0.5 to 4 mol/LheTaqueous acid solution used is preferably
selected from the group consisting of hydrochla, hydrofluoric acid, sulfuric acid and
nitric acid. Most preferably, the aqueous acidioh used is hydrochloric acid. Theu
activated inorganic red phosphor is then preferéiniher washed with deionized water. The
washing with acid preferably removes starting makerunwanted byproducts and flux
components (e.g., halides and alkali Earths) treahat incorporated into the crystal structure of
the E4* activated inorganic red phosphor product. Thehed<€Ed* activated inorganic red
phosphor is then preferably dried. The dried"Bctivated inorganic red phosphor is then
preferably sieved to remove any fines and oversiaterial.

[0060] Optionally, the method of the present inventionrfanufacturing an Etiactivated
inorganic red phosphor, comprises: (xxii) providangurface treating material; and, (xxiii)

applying thesurface treating materig a surface of the Etiactivated inorganic red phosphor.

25



[0061] Surface treating materials suitable for use innie¢hod of the present invention are
preferably selected to provide at least one of rodd stability and enhanced processability to
the E4" activated inorganic red phosphor produced by tathod of the present invention. The
surface treatment can provide enhanced stabilityegdEd* activated inorganic red phosphor by
imparting the Efi" activated inorganic red phosphor with, for examisteoroved moisture
resistance. The surface treatment can provideneedaprocessability to the Eactivated
inorganic red phosphor by enhancing the dispeisiluif the EG* activated inorganic red
phosphor in a given liquid carrier. Surface treaits include, for example, polymers (e.qg.,
acrylic resins, polycarbonates, polyamides, polyleties and polyorganosiloxanes); metal
hydroxides (e.g., magnesium hydroxide, aluminunrtwidle, silicon hydroxide, titanium
hydroxide, zirconium hydroxide, tin hydroxide, gemnium hydroxide, niobium hydroxide,
tantalum hydroxide, vanadium hydroxide, boron hydie, antimony hydroxide, zinc hydroxide,
yttrium hydroxide, bismuth hydroxide); metal oxidesg., magnesium oxide, aluminum oxide,
silicon dioxide, titanium oxide, zirconium oxidé bxide, germanium oxide, niobium oxide,
tantalum oxide, vanadium oxide, boron oxide, antignoxide, zinc oxide, yttrium oxide,
bismuth oxide); metal nitrides (e.qg., silicon rd&j aluminum nitride); orthophosphates (e.g.,
calcium phosphate, barium phosphate, strontiumpdtade); polyphosphates; combinations of
alkali metal phosphates and alkaline-Earth metakphates with calcium salts (e.g., sodium
phosphate with calcium nitrate); and, glass md&e(eg., borosilicates, phospho silicates, alkali
silicates).

[0062] Optionally, the method of the present inventionrf@nufacturing an Eiiactivated
inorganic red phosphor, further comprises: prowid liquid carrier; and, dispersing the’Eu
activated inorganic red phosphor in the liquid iearr

[0063] Liquid carriers suitable for use in the methodhe present invention to form a phosphor
composition are preferably selected to facilitdteeast one of. the storage of the inorganic
luminescent compound represented by formula (i) the manufacture of a lighting apparatus
(preferably, a pcLED device) incorporating the’ Eactivated inorganic red phosphor produced
by the method of the present invention. The liquadier can be selected to be a fugitive
substance (e.g., to be evaporated during procgssiig liquid carrier can be selected to be a

transformative substance (e.g., to be reacted &dlmwable liquid to a non-flowable material).
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[0064] Fugitive substances suitable for use as liquidearin the method of the present
invention include, for example: non-polar solvef@s., pentane; cyclopentane; hexane;
cyclohexane; benzene; toluene; 1,4-dioxane; chvonofdiethyl ether) and polar aprotic
solvents (e.g., dichloromethane; tetrahydrofuréinyleacetate; acetone; dimethylformamide;
acetonitrile; dimethyl sulfoxide; propylene carbta)a

[0065] Transformative liquid carriers suitable for usdigsid carriers in the method of the
present invention include, for example: thermajptagsins and thermosetting resins that
undergo curing upon exposure to at least one ofrtleenergy and photonic energy. For
example, transformative liquid media include: &cryesins (e.g., (alkyl)acrylates, such as,
polymethyl (meth)acrylate); styrene; styrene-aanitide copolymers; polycarbonates;
polyesters; phenoxy resins; butyral resins; polyivaitcohols; cellulose resins (e.g., ethyl
cellulose, cellulose acetate, and cellulose acétdtgate); epoxy resins; phenol resins; and
silicone resins (e.g., polyorganosiloxanes).

[0066] Optionally, the method of the present inventionrf@nufacturing an Eiiactivated
inorganic red phosphor, further comprises: prowgdan additive; and, incorporating the additive
into the phosphor composition.

[0067] Preferred additives for use in the method of thes@nt invention include a dispersant.
Preferably, the dispersant promotes the formatiwhstabilization of the phosphor composition.
Preferred dispersants include, for example, titanixides, aluminum oxides, barium titanates
and silicon oxides.

[0068] Some embodiments of the present invention will h@xescribed in detail in the
following Examples.

Compar ative Examples C1-C6 and Examples 1-15
Prepar ation of inor ganic luminescent compounds

Comparative Examples C1-C6

[0069] 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 thgisg
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
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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. Tdezlked crucible was then placed in the high
temperature furnace under a flowing, high puritfH atmosphere 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, growidgia mortar and pestle under a dried
nitrogen atmosphere forming a uniform powder migtuir his powder mixture was then
reloaded into the crucible. The loaded crucible again placed in the high temperature furnace
under a flowing, high purity MH, atmosphere and heated at a temperature of 1585 °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 sieved using a 100 to 400 U.S. standard
mesh to provide the inorganic luminescent compound.

Examples 1-11
[0070] 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 startingaterials 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 in ezfdixamples 1-11 were used in their as
received condition from the crucible supplier, thesre not seasoned through high temperature
exposure to silicon prior to use). The loaded itleavas then placed in a high temperature
furnace under a flowing, high purity nitrogen/hygen atmosphere. The powder mixture was
then heated at a temperature of 1500 to 1850 °8 forl2 hours in a high temperature furnace
under the flowing WH, atmosphere. The resulting powder was removed thencrucible,

ground using a mortar and pestle to form a unifpawder mixture. The resulting powder
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mixture was then reloaded into the crucible. Tdalkd crucible was placed back in the high
temperature furnace under the flowing/, atmosphere and heated at a temperature of 1500 to
1850 °C for another 8 to 12 hours under the flowihafH, atmosphere. The resulting powder
was then removed from the crucible, ground usingpaar and pestle, washed with acid and
deionized water at room temperature, milled, awed $ieved using a 100 to 400 U.S. standard

mesh to provide an intermediate.

TABLE 2
Ex# | SraNo>(g) | SisNa(@) | EuxO3(g) | SIC ()
Cil 143.227 147.650 5.247 14.067
C2 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 4573 14.081

Examples 12-15 (Eii activated inorganic red phosphors according tméda (11))

[0071] In Examples 12-15, the intermediate frorBxample 8-11, respectively, was combined
with an additional charge of ED3, as noted iTABLE 3, and the combination was then loaded
back into the same crucible usedexample 8-11, respectively. The loaded crucible was placed
back in the high temperature furnace and heatadehperature of 1500 to 1850 °C for another
8 to 12 hours under the flowingMi, atmosphere. The resulting powder was then removed
from the crucible, ground using a mortar and pestéshed with acid and deionized water at
room temperature, milled, and then sieved usingat@ 400 U.S. standard mesh to provide the

EW?* activated inorganic red phosphor.
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TABLE 3

Eu,O3
Ex. | Product of Ex. (o))
12 8 1.60
13 9 1.72
14 10 1.80
15 11 1.88

| nor ganic luminescent compound properties

[0072] The inorganic luminescent compounds from eadBahpar ative Examples C1-C6; the
intermediates from each Bikamples 1-7; and the Eti activated inorganic red phosphors from
each ofExampels 12-15 were then washed with an acid and deionized vedterom

temperature before performing the analyses desthblw to provide the data reported in
TABLES4 and5.

[0073] The emission spectrurkSyss, exhibited by each of the materials upon excitatigth a
light source (i.e., a light emitting diode (LEDpi@ peaking at 453 mm was analyzed using an
Ocean Optics USB4000 spectrometer available froea@®®©ptics). The overall peak
wavelengthPioveran, and the overall full width half maximuBWHM oyera1, Of the emission
spectrumESyss, determined for each material are reporte@iABLE 4.

[0074] The emission spectruriSyss, color coordinate€l Ex andCIEy based on the CIE 1931
Chromaticity Diagram were calculated for each ef taterials from the emission spectrum in
the 380-780 nm wavelength range when excited bythission from the LED light source. The
color coordinates determined for the materialseperted inTABLE 4.

[0075] The internal quantum efficiendgr each of the materials was determined by taking
sample of the material, packing the sample intela mounting the cell in an integrating sphere
and then exposing the materials to light emittednfia light source. Specifically, the light from
the light source was guided through an optical tfiiered through a narrow band pass filter to
provide monochromatic light with a wavelength oB4%n that was then directed at the material.
The spectrum of light emitted from the materiattie integrating sphere upon excitation with the
light from the light source and the light reflectegthe material were measured with an Ocean
Optics USB 4000 spectrometer available from Ocepiic® The conversion efficiencies (QE
and Emission) and are reported relative to annalestandard. The luminous flux (lumens) was

calculated for each of the materials from the elmsspectrumES,ss, in the 500-780 nm
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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 4.

TABLE4

FWHM overal | Phoveran | LUumens | 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 1072 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 |0.627|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

[0076] The emission spectrurgSyss, exhibited by each of the materials upon excitatigth a

light source (a 455 nm monochromatic laser) wath&uranalyzed using a spectrometer having a
spectral resolution of 1.5 nm. The emission speciESsss, exhibited by each of the materials
upon excitation with the 455 nm monochromatic lagere individually fitted using GRAMS

peak fitting software with 2 Gaussian bands to gievhe data reported IaBLE 5 for each of

the materials. Note that the data reporte@dABLE 5 is the average derived from the analysis of

duplicate samples of the materials.

31



TABLES

Ap1 Apz

Hp1 Hp> (area (area FWHMp, | Php1 | Phpp
Ex. | (counts) | (counts) | Pr | counts) | counts) | Ar (nm) (nm) | (nm)
Cl 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
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We claim:

1. A method of manufacturing an Ewctivated inorganic red phosphor,
comprising:

() providing a firing container having an intelsarface defining a cavity; wherein
the internal surface is a virgin material seledtech the group consisting of molybdenum,
tungsten, tantalum, niobium, chromium, platinungrtium, zirconium, lanthanum, yttrium,
cerium and alloys thereof;

(i) providing a mixture of starting materials fitre preparation of the Euactivated
inorganic phosphor, wherein the mixture of startimgterials includes an initial source of’Eu
cations;

(i)  loading the mixture of starting material®fn step (ii) into the firing container,
wherein the mixture of starting materials contdlosinternal surface of the firing container;

(iv)  placing the loaded firing container from si@p into a furnace;

(V) firing the mixture of starting materials undereducing atmosphere in the furnace
at a temperature of 1300 to 2000 °C for a perio@ tf 36 hours, then removing the firing
container from the furnace;

(vi)  removing and grinding the contents of thénfircontainer to provide a ground
material, loading the ground material back intoftheg container, and placing the reloaded
firing container back into the furnace;

(vii)  firing the ground material under the redugi@mmosphere in the furnace at a
temperature of 1300 to 2000 °C for a period of 3@dours, then removing the firing container
from the furnace;

(viii) repeating steps (vi) through (vii) zerottree times;

(ix)  removing and grinding the contents of thenfircontainer from step (viii) to
provide an intermediate, providing an additionalrse of EG" cations, mixing the ground
intermediate and the additional source of Hations to provide an intermediate mixture, and
loading the intermediate mixture into the firinghtainer;

x) placing loaded firing container containing theermediate mixture into the
furnace, firing the intermediate mixture under teéducing atmosphere in the furnace at a
temperature of 1300 to 2000 °C for a period of 3@dours, and then removing the firing

container from the furnace;
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(xi)  removing and grinding the contents of thénfircontainer to provide a ground
substance;

(xii)  optionally, providing a further source of Eications;

(xiii) mixing the ground substance from step (i}h any further source of Bl
cations from step (xii) to provide a substance orixtloading the substance mixture back into
the firing container from step (xi), placing tharfg container containing the substance mixture
into the furnace, firing the substance mixture urbe reducing atmosphere in the furnace at a
temperature of 1300 to 2000 °C for a period of 3@dours, and then removing the firing
container from the furnace;

(xix) repeating steps (xi) through (xiii) zerottoee times;

(xx)  removing and grinding the contents of thenfircontainer from step (xix) to
provide an Efi" activated inorganic red phosphor.

2. The method of claim 1, further comprising:

(xxi) washing the Etf activated inorganic red phosphor.

3. The method of claim 2, further comprising:

(xxii) providing a surface treating material; and,

(xxiii) applying the surface treating materialasurface of the Etiactivated inorganic
red phosphor.

4, The method of claim 2, further comprising:

providing a liquid carrier; and,

dispersing the Edi activated inorganic red phosphor in the liquictiearto form a
phosphor composition.

5. The method of claim 1, wherein the mixturetaftsng materials provided in step
(if) and the firing conditions in steps (v) throughii) are selected such that the intermediate in
step (ix) is an inorganic luminescent compoundes@nted by formula (1)

M(1)icM(11) 2SisNixCiy O EU i (1)

wherein M(1) 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.Kia<2;0<ib<0.1;0<ic<0.1; 55ix < 8; 0<iy<1.5; 0<iz < 5;
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wherein the intermediagxhibits an intermediate emission spectribsss, Uupon
excitation with monochromatic light having a wavedéh of 455 nm; wherein the intermediate
emission spectrumESss, is resolvable into an intermediate first Gaussiamssion curve and
an intermediate second Gaussian emission curvagwhthe intermediate first Gaussian
emission curve has an intermediate first Gaussw@aston curve peakP;; wherein the
intermediate first Gaussian emission curve p#ailhas an intermediate peak 1 heigHt;, at
an intermediate peak 1 peak waveleng®hp;; wherein the intermediate second Gaussian
emission curve has an intermediate second Gaussiasion curve peak,; wherein the
intermediate second Gaussian emission curve peakyas an intermediate peak 2 heigHiz,,
at an intermediate peak 2 peak wavelenigths,; whereiniPip; <iPkipy; wherein the
intermediate emission spectruiSsss, has an intermediate peak rati®g, of > 1 as determined
by the following equation

iPr = iHp1/iHpy.

6. The method of claim 5, wherein the intermedimabeture provided in step (ix),
the further source of Etications provided is step (xii), if any, and thenfj conditions in steps
(x) through (xix) are selected such that thé "Eastivated inorganic red phosphor provided
comprises an inorganic compound represented byufiar(i)

M(1) peM(11) pSisNpxCpyOpz: EL (I

wherein M(1) is a monovalent species selected ftlmengroup consisting of Li, Na, K, F,
Cl, Brand I,

wherein M(1l) is a divalent cation selected frome tgroup consisting of at least one of
Mg, Ca, Sr and Ba;

wherein 1. K pa<2; 0<pb<0.3;0<pc<0.1; 55 px < 8; 0<py<1.5;0<pz<5;

wherein the Eff activated inorganic phosphor exhibits a phosphtisgion spectrum,
PESsss, upon excitation with monochromatic light havingravelength of 455 nm; wherein the
phosphor emission spectrupk Ssss, is resolvable into a phosphor first emission ewamd a
phosphor second emission curve, wherein the phosgitond emission curve has a phosphor
full width at half maxpFWHM p,, of < 100 nm.

7. The method of claim 6, further comprising:

(xxi) washing the Etf activated inorganic red phosphor.

8. The method of claim 7, further comprising:
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(xxii) providing a surface treating material; and,

(xxiii) applying the surface treating materialasurface of the Etiactivated inorganic
red phosphor to produce a surface treated red pbosp

9. The method of claim 7, further comprising:

providing a liquid carrier; and,

dispersing the Eti activated inorganic red phosphor in the liquidtiearto form a
phosphor composition.

10. The method of claim 9, further comprising:

providing an additive; and,

incorporating the additive into the phosphor cosifian.
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