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BRI EF DESCRI PTI ON OF THE DRAWNGS [0019] Figure 1 is a graph
depicting the excitation and resulting em ssion spectra or a
conparative naterial. [0020] Figure 2 is a graph dep| cti ng t he

ex0|tat|o resultl & 1.§S1.0Nn, S of, .a

o esental RS oM pUR ) SR g ids HRESEo Gy g RaL S B i whict e
exci t atth@ ) %Heﬁewtﬁel faa119r@f§%mnﬁﬂaesdsad 950@%@%@&&%&1@9& aObllbhe:
present invention. [0022] "Figure 4 is a graph depicting the x-ray

diffraction pattern of a red (hoshhéhefNtheCpresent invention. (1);
[0023] Figure 5is a gra e ref e spectra of i
several red phosphors of péﬂeejg?m“’rﬁ\}eﬂﬁ%ﬂ ?0%2 Figure 6 i s &
graph depicting reflecta/[(g SRECLNVATS ol gly\(g‘yrpjgl gt;%sfphors of the (3)

present invention. [0025] nge 71s a epi cting then-nal
quenchi ng behavi or Hl)lbr.M(E frllléeye?rlah\yr.@d\ph@sé fAthe pre&omnd

invention. [0026] F ra de ting r uenchin )
behavi or exLl bi t!ad Bgﬁ?w@[(émgsﬁ%rg‘%ﬁctﬁé"’br s}“écg‘?-i |A|r1vent| ong (4a);
DETAI LE&%B@R&P}TIW[ AB2%], (nef eo-ablly (xtdel nedopbRapi 0L (xofy-H)RE wherein

pr esent |nvent|on onprises; an_inorgani c conpound represented b¥
f on- nuI™MPniy af Ifystmeriefahfnwa)ﬂomswa@rewewa i deaspprpapeeialens eation; M(ID) is

f F=To\s
tFom L1 ke o LA g, s f 8 E koo O RO B GE LR 82,
| east domimescrncabaivator dbpahingke egsabisthucone. L|, Na and K; nost
prefer S Li wherein | east, one

di val eﬂﬁbﬁit .%ﬁrﬂgﬁﬁrﬁ” e% &Errﬁ is %nr.erierlﬂlg <§' Sﬁv@a%tﬂﬁamr@wdwar%ﬁtdeme
cati on fgh@cheds Mtﬁ%hﬁ?ﬂﬁe@f:&lklptuﬁi?&sd ?ﬁﬂlﬁﬂ%oﬁ)aﬁﬁu @@ t]‘fé?e is2co Fﬁeumg}reed

Co, Ni, Pd, Zn and Cd; nore preferab erein Is at | east one
di val erfor additiomnl g6l phospr bff@nngSHhatgaXbﬂm tonabdé smsmgn@pedmg haGagarpealSr ;

cer cot strelam et o Y pavese kbt Pleekd R e P T i Py peragne
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wherein 0 <e < 0.5 (preferably, wherein 0 <e < 0.1; nore preferably 0
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proportions or in non-stoichi gyet s The i norganic
conpound represented by fornula (ﬁ§£?§%§ y, represented by
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particul ar crystalline phase(n Pﬁ% S ere’“bpi‘ ASQ%)of a particulag)
cryst alwhenan pi(dkie pt lepf088 IndAogélentaiatign (prh&rabdayj vitvosp M) iefat tehs one

present inventjon nmai.ntai RS > 70% referably, > 85% S .

P o or an e et B Ly R KaRbSCRoRE P Riness ipreiebRoShstei os
of 25 t1iRGt Qast'\ﬂ?fe%(ﬂfo@f&ﬁ@@t%n sEl@@teﬂ ednPhoNARAl I@fmdshﬁreﬁ{r@&? nrkhereln

invention maintains > 70% (nore preferably, > 85% nost preferably, >

90% ofM{l) i Irlblvehercze M(H) ssatdeast anedizplept @rlon émp&r?épﬂw réeraifi MG ioatdent
C. Most h f
i nt 2l oRE Wb BRI eluisnE o BER TR AP 6 Nigke,

i ts relZatdndeCE s pesferabliyeREbiclh BT} BEPRIagtdhe Ql$va<l)efnt 2aidnGelofedGrom the

[ 0039] Preferably, the red phosphor of the present invention exhibits
a medi &OW wesiseng of Mz, Caa Srnrecrsensefqrﬁmewgrremé‘ﬂaa iy at lgagt gngdivalent

m cr On%aﬂ&??etlec%cﬂfr&{lq}?é %rb g ér?ms%%rgrgf@aoa'ﬁa e(?rl M-Eﬂg) 15 %{jlgggr}?)gg Qor

he present 1 nventio furt ér co

t r eat mertalaphii@d(prefembBy Mﬁﬁﬁh M(Im)he at REt@as trﬁ:vmwﬂtmlcbelelereaffﬁmamey,
the surface treatnent provides at | east one of enhanced stability and

enhanc &P GeEsUahol B4l Genln S6apd de mare arahenatly cuherpindVi(1de ieseatt e
stabi ligfiyark@ hfieh D4 QPRG tirPERAY B&ﬁ&ﬂ@%ﬁ‘ 9&} &8aly B! r?}'bﬁlﬂréfeﬁaﬁy, wherein

M(III) is Al); wherein A is at least one luminescence activator (preferably, wherein A is at

5



Raw Material Source MJ) (e.g., Li, Na, K M nitride, M5 netal,
M) suicide, MJ) alloy, MJ) carbide, M5 azide, MJ) oxide, M)
carbonate MI11) (e.g., Ca, Sr, Ba, My) MIIl) nitride, MDD netal,

VUt ) o et RS St er e et el ot % bin am Rt PFs s biayhe Y Fier
MTTT) Nd(lsiﬁ?,,EdV@d ina D?FI%CB , T bl J.u OihPBNard St @nordodrerabig] whdein! A Js

hal i de S|I|con icon nitride, silicon oxynltrlde SI silic
car bi deat legpt qnei Ia@meéﬁfqnp% aviivatfr gelected frogothe geauped imqigldens @MBIﬁ@@gwom de

Ni t r ogeR.3¢ Ny 3niget des bt W&?ﬁrg%ﬁ?d%%"g a c%?%sﬂs&”%\gl )de e n Se<0.5

mtrogen c’ont di'nt ng organic car car

car bi dqpidferable, whtreindda ecal. b; B6re pRE@ A0 &(HEPO OMQ méiit @B@ﬁa&y (QNZTI—M
C2N2(N C3N3(NH2)3, CNx A A nitride : A oxi de
(e.g., pgh eregb%% <fi& hinraferabdy, gvherqmy! 5<§5 < Os?8ha106@@ﬁﬁﬂtr@dy Odrpolmd
(e.g. v g’n&?prefé %O 7[50 izg %h@hérg nQFs €% £¢ e%ﬂlf%l?érelﬁ%92< 0.98;
mat eri al’'s’i' s preferabl Yy a dry proces process o

conbi natémremprefesabiyed. 75;)1:@0@995 mo&48¢fetablyal.p ef eIOrQagd; voliereifiixE ng 1.5

rocess, the sel cted conmbi nation of source materials is preferably
i 1| ed GFRETENERHEenHoE) exla%ﬁ%re Pic{erabe bk APt it P dAegad g dein

mat eri al §,caf nl?@re E[B\-éﬂex%glyaaﬂelkéhﬁ‘ defe by Rty eRlAy, 3 HREL s 2pd 5 5),

pestle. The sel ected conbi nati on—of
wherein 0 < x <2 (preferably, wherein 0.05 <x < 1.75; more preferably, wherein 0.1 <x <
1.5; most preferably, wherein 0.2 < x < 0.7); wherein 0 <w < (.75 (preferably, wherein 0 < w
< 0.3; more preferably, wherein 0.001 < w < 0.075; most preferably, wherein 0.001 <w <
0.05); wherein 0 < (x+w) < 3; wherein x#w; wherein 0 < v < 1 (preferably, wherein 0 <v <
0.5; more preferably 0 < v < 0.1; most preferably 0 <v < 0.05) and, wherein 0 <z <0.5
(preferably, wherein 0 < z < 0.2; more preferably, wherein 0.001 <z < 0.05; most preferably,
wherein 0.001 <z <0.01).
[0028] Preferably, in the inorganic compound represented by formula (1), A is doped in the
host crystal lattice in an amount equal to 0.0001 to 50% (more preferably, 0.001 to 20%,; still
more preferably 0.1 to 5%; most preferably 0.1 to 1%), relative to the sum of the M(II) and
M(I) content on a mol basis. Without wishing to be bound by theory, it is believed that the
inorganic compounds represented by formula (1) are crystallized in an orthorhombic Cmc21
crystal system. Also, the luminescence activator, A, can be located in at least one of
substitutional (e.g., replacing M(II) cations or M(IlI) cations} and interstitial sites in the host
crystal lattice.
[0029] The red phosphor of the present invention, preferably exhibits a luminescent emission
in a wavelength range of 400 to 800 nm upon excitation with a higher radiation energy. More
preferably, the red phosphor of the present invention exhibits an emission band in a
wavelength range of 550 to 750 nm upon excitation with light energy having a wavelength of
200 to 550 nm. Preferably, the red phosphor exhibits an emission spectra having a peak
emission wavelength, PAposphor, 0f 600 to 660 nm (more preferably, 620 to 650 nm; still more
preferably, 625 to 650 nm; most preferably, 625 to 640 nm) upon excitation from a light
source exhibiting an emission spectra having a peak source wavelength, Phsource, 0 200 to
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source materials can first be m xed (using, for exanple, ribbon
bl ender, a V type blender or a high speed m xer) and then dry mlled
separately or together (u5|ng for exanple, a hammer mll, a rol

mil, al | 100 I referred wet i ng

or oces OB (eietabPL PPk i Srrobititashab A Sl Bhs b efbivnr,
added twheeihiPaU|.d i§ #50am).acet one or et hanol) and then pul verized and
m xed using a wet mll. The wet mll|ed source material is then

ext r act/BeB ¢ rRyaferabdy. theinperapie, copmound eappisanted by iferanuds (19 py repregengedhby
100501 ¢ ef erred dry/wet process, the sel ected conbination of
source nH erlgls is preferably mlled and bl ended by hand using a
nortar and pestle. The sel ettig0aSopilisaN,00,M,0urce naterials can(2)

first be dry mlled separately or together (using, for exanple, a
hamrer VRISrein Ayisia fqastAne)lumipepeenpe pgtivatos (praferadly, miiargin Al et Iﬁaq;wa
sour ce i

ot hanol ) sl Adr 18Rt B6fh e o de o lod et AER CE P g, sm.
ext r actlg Gd, EFhr) Dhgeo, |E1l,|’|1‘d1 TY(b La,cMh; Bedrel $hymidre praferablgswherginl is dtdeast
exanpl or s 511 Th ture of source,.

in N
mat er | aﬂng?v% Frsfice adtivaror W%ﬁfefgfrp ?E@%ﬁm Qs COBRIFNE FhtteriCS s
are pl agft vyt andRRe; et SleARhbIG! cm&elﬁq:t i EHELAR frede pfs (ﬁreferabl%r,he

material I'ess reactive than the m xture of solrce materia
pr oces sitregeio Orrdle Kilohsnore pecferabydl at &rQaO’ifo nvist plefarbldy B <¢ g10e050f wharainde

materials is e rin r n r ef 1600 t 200 C. .The
ot ur & OF 1S6TrEasRarBrel Qo] 547 ok Rl FoRkv i iend s g asvEn
or above< aDERERILEy, WIREIHDS <dy klm ke bidtéraBlyPHRERHS0.7 kQDéa]g) .The

m xture of source naterials is referably mai nt ai ned under a hi gh

puri t y vhesciafarodphed-& <t/ b(rgh@mblx, ehefdin D3 pE 8A8s sorerprsfesabhy §7het /&<
presen r [ S pa

hovveve?o gh njldlgalte?e?alilgro ﬂg< E B?ﬁi V%hérgl&ﬁgé g §d{ § @r&#e&@b&%lver?lﬂg)% <g<0.98;
at nos phgdre ppsfesbIto. wlilmgrigo Dbelnf);t,trpréfgramyq}:@&sg +9.998]wiedreid 174 pantshe
group con5|st|ng of nitr argon, carbon nonoxi de, hydrogen and

0
mi xt ur dBrefgrableovhepsiatl pf ég& ABATY pretfﬁéblaunb)s pheran Bﬁ@géﬁt(pwiﬁralﬂ@ Wiggein
firing

{00531 A TS piiEiae, M) TS ST el AP R R BE0Y ¢
and t hevHereinh Bg< pK@S@tﬂfe‘ablI?r wherall. 95 <txhel 757 o jirefeeabls wherdim OUtes<t o

24 hours refera .4 to 16 _hours; st preferably to 12
hours) .1 S_Lé’@)@ﬁ}’r%f?}?léfn‘ﬁﬁ?ly in Q%e &% Pﬁa \mﬁr@ﬁ. at Weah 7D EPT er%biﬂ wherely 8¢ w
and refd g, §%o£@1&r§feﬂfb@_«,€ %ﬁré?ﬁ oMol l<d D &0.61 L ¥idRe é%?aﬂl?f\kﬁérag 0“0’1‘)‘1 <w<
opti onal be repeated Hultiple times- [0055] ost firing, the fireéd

mat er i &.03)swherefnel atHyw)gE b,unht;remxeﬁwedfhem& Sd) ﬁih(ﬂpmtfardﬂy, va‘mrem 0<v<

th ' i h th
o ondi R ARG £ kSRl P s teEbly) < b RN B Mefkif Pl g 0
mat eri dprefsraldly OWRleind €Y e 1 qnmweraaryd Skfeflo bope@ a0 ds5.a884 Qe @Bly,

and t hen dlspersed in an"aqueous acid solution (preférably a ?llute
aci d ha@ﬁw@nﬁﬁxﬁciﬁ_@dﬁéentratlon of 0.5 to 4 nol/L). The agueous

o6 SShOAh AR, PGSR BSLEFA S R B4 088 L

aci d. Mostcrpstgifieriablryan a*mr@eqlmwo 800 UtoS3W% (et piseehblys 0ld e e0d:okIe
acid. The material is then preferably further washed with dei oni zed

wat er . 978 pigsiablyd- Wia Ma@p& naeterabbabil yo | ¥oiglative fanthakiae i and Li content
h | f
the s nohgmptitise ek w60 BYGo bfoby & S HSLR b fin®

pr oductcsmpodnds! repressngpicefvimulag 1 pare chatalliied inag ogthéhbnbRaCihbB) crystam
t he phosphor conp05|t|on The washed material is then preferably

dried. SYHEMaAley theluglinssrence apthvaiornfe fay dogated W4t deasboneatfsybstigpional
fines ‘"i‘@.g.,9éﬁ£c§ﬁ§@a,r§taﬁﬂ'L?Icatlc[ngﬁ)g}ﬁi] mgépsqltﬂf él?eg nlirﬁ'feq{o's?t!ryﬁgﬂattlce.



P ,ource, between 200 and 600 nm wherein the red phosphor exhibits
an em ssion spectrum havi ng a peak wavel ength, PX...) - v.l|lospaor)
bet ween 600 and 660 nm upon exposure to the Iight produced by the

opt i ond VA Trefetb reecdon B R B ot RLIEE e Y Ui

nmodi f i gosmyez)ei n the second sour ce | um nescence spectrum nodi fier

conpri ses at Ieast one addi ti onal éghor wherein the at | east one

addi ti onal phosphor is radi é&ld(Gﬁc&Ird)jW Jﬂ}bCéEi Hurfat | east one of the(2)
| i ght a t u cence. s
Pr gf era er& tohgegéed(;%f%e%gaﬁf%f %e?n hgsgcg mor'ee@ie?er%l?l?@ ”gceﬂréilss miost

| east Qjﬂefe@dq: 0 kenab.op) edehan ose& eqt(@ﬁbfém@m Mi@feﬁlr(wm@m IsstrioRg of
red em tt| ng phosphors, blue emtti n& phosphors, yellow emtti n(c);
phos phareferafhk ahersin Pili g <thds pheicin dad iémﬁfﬁ&@hlbﬁshqrweroe%ﬁ b <0.99;

Prefer r I I

east . aag D e < B R SR P S L bRy
the firgdkdun waseance sSpeleie);unhereidiFi{81(4x/5 P06 2lhefdied eTabRypretdisbly,

i ghti nqge pparatus of _the present invention conprises at _|east two

phos phdfREFCIYREST 1 <d 735 &ae © Perlerabl, vRerepHb s sor 4-5; mogt praferahhpapiesein 812
the presgnty 7)”% {rofo+ Y@z@%)afv/i)ﬁ%kltl““"é(?:?/b??\%?r(ﬁrogt% I ewhé}E-%rm xed

in one matri X, ernat € at ast can be
di sper M*&{é}zé?r)ﬁ(v/éb})Evsqjc(}iﬁ*t{hMZ)t(ln/é)phmplpmfsrahlamwheresuper| nposed in

| ayers r osphors .to eth rin

a1 x SARACER /eﬂ}g»@% i (ChaE N Rt (I
l'ight  epiessih 0 £ @175 Breltpan] Rfwirdh oradyit oy 3%0&%r%ra%ﬂn%ﬁ{e§élﬁﬂ 001 <w<
processes. [ 0063] Sone enbodiments of the present inveAtion will now™

be des &@Eedmhprd&rdﬂy, whf:r@lh@ 40314 v BG5S Exdarsined < (€owpasawheeinBvanpl e

[0064] PSR NGT yar FTERRRGNCTIR? SaBnp aambye T BIFRNRD 1) = P BRS of

Conpar giréfeRbEx@anl €0.65); and wixaaml0es: 0% prsfeRbBY dhekiby <& Soht Hloﬁé at e
reaction with the starting materials in the amunts identified in

TABLE mrefmélw@tharelmﬂppi des< Boagmpsi nreferablyamieresn 0,48} & zpF BFaked from
the r .ejﬁt%;jt] 'Pf@fe Ithf# 1%{3%%}{%&%%&%3{1@%%63 s?{??? f&{rhﬂé r1§ l%present?d lay i n

techni ques. 'I'n ea 1afs note
TABLE Zomeule(Provided in powder form were wei ghed out physi cal |y
m xed together and ground with a nortar_and pestle in a glove box

under a dried nitrogen at méﬁ#ﬁ@?ﬂér@f&lﬁm@%rzﬁorm powder mi xture. )
The poudeseifipd YL effei%[} fledol, 20l Ho?&px%féf&l&lgb% ﬁgg)r(ﬁSaﬁi%gt in

ahlghterrperaturef rnace “under a high parity nitrogen/
at nos plpeeferablfhe<pondléf); mhetaim 6 <wvas lt(bmﬂerhbiat whlerain (01 erazpeﬁé'; ooee of

1550 t Cf 8 12 h . Th | ti t I d
from ¢ APy EIIBP et <61 STt g i bbbt BsaSp S Sk v e
usi ng l@&ebgbfélta@lyn%ereﬁi eve: » the)pensern (\Aﬁg)dlh%'ﬂel\éﬂﬁ(l % DY< aChferdid1-

dei oni zed water af room terrperature to providé the Uct—i hor gani ¢
conpourdl < gTAB| ¥hereiix]l £ jCaGN2);(wer@n2N{ €1/ BENMWYY wherem 0<x<2

(preferably, wherein 0.05 < x < 1.75; more preferably, wherein 0.1 < x < 1.5; most preferably,
wherein 0.2 <x <0.7); wherein {0.9%(32/2)} <w<{1.1*(3z/2)} (preferably, wherein
10.95%(32/2) } <w<{1.05*%(3z/2) }; more preferably, wherein {0.99%(3z/2)} <w<{1.01*¥(3z/2)};
most preferably, wherein w=(3z/2)); wherein 0 < (x+w) < 3; wherein x#w; wherein 0 <v <1
(preferably, wherein 0 < v < 0.5; more preferably 0 < v < 0.1; most preferably 0 < v < 0.05);
and, wherein 0 <z < 0.5 (preferably, wherein 0 <z < 0.2; more preferably, wherein 0.001 <z

< 0.05; most preferably, wherein 0.001 <z <0.01).



Si3N4 (g) SIC (g) Eu203 (g) L120C08 igl CaF2 igl O 8.396 10.338 7.109
8.964 -- 0.222 0.337 0.178 1

[0034] Preferably, the inorganic compound represented by formula (1) is represented by
formula (2)

Lio(CayStp)ALSiN,C,0,H,:zA (2)
wherein 0 < ¢ < 0.5 (preferably, wherein 0 < e <0.1; more preferably 0 < e < 0.075; most
preferably 0 < e < 0.05); wherein 0 < ¢ <1 (preferably, wherein 0.01 < a < 0.5; more
preferably, wherein 0.1 < ¢ <0.3); wherein 0 < b <1 (preferably, wherein 0.5 < 5 < 0.99;
more preferably, wherein 0.7 < b < 0.9); wherein (a+5)<1; wherein (1-¢} <f< 1; wherein
(1-e) < g < 1; wherein 1 < j < (1+e); wherein u={3-(4x/3)-z}; wherein
0.9%{2-(v/4)}<x<1.1*{2-(v/4)} (preferably, wherein 0.95* {2-(v/4)}<x<1.05%{2-(v/4)}; more
preferably, wherein 0.99% {2-(v/4)} <x<1.01*{2-(v/4)}; most preferably, wherein
x={2-(v/4)}); wherein {0.9%(3z/2)}<w<{1.1*(3z/2)} (preferably, wherein
{0.95%(3z/2) }<w<{1.05%(32/2) }; more preferably, wherein {0.99%*(3z/2)}<w<{1.01*(3z/2)};
most preferably, wherein w=(3z/2)); wherein 0 < (x+w) < 3; wherein x#w; wherein 0 <v <1
(preferably, wherein 0 < v < 0.5; more preferably 0 < v < 0.1; most preferably 0 <v < 0.05);
and, wherein 0 <z < 0.5 (preferably, wherein 0 < z < 0.2; more preferably, wherein 0.001 <z
< 0.05; most preferably, wherein 0.001 <z < 0.01).

[0035] Preferably, the inorganic compound represented by formula (1) is represented by
formula (2)

Li(CagStp)AlSiN,C,O0,H,:zA (2)
wherein ( < e < 0.5 (preferably, wherein 0 < ¢ < 0.1; more preferably 0 < e < 0.075; most
preferably 0 < e < 0.05); wherein ¢ < @ < 1 (preferably, wherein 0.01 < a < 0.5; more
preferably, wherein 0.1 < ¢ < 0.3); wherein 0 <5 <1 (preferably, wherein 0.5 < 5 <0.99;
more preferably, wherein 0.7 < b < 0.9); wherein (¢+5)<1; wherein {1-(2¢)} <f< 1; wherein
g=1; wherein j=1; wherein u={3-{4x/3)-z}; wherein 0 <x < 2 (preferably, wherein 0.05 <x <
1.75; more preferably, wherein 0.1 <x < 1.5; most preferably, wherein 0.2 <x <0.7);
wherein 0.9* {(3z/2)-(v/2) }<w<1.1*{(32/2)-(v/2)} (preferably, wherein
0.95%{(32/2)-(v/2) } <w<1.05* {(32/2)-(v/2) }; more preferably, wherein
0.99%{(32/2)-(+/2) } <w<1.01* {(32/2)-(v/2) } ; most preferably, wherein w={(3z/2)-(v/2)}});
wherein 0 < (x+w) < 3; wherein x#w; wherein 0 < v < 1 (preferably, wherein 0 <v <(.5;
more preferably 0 < v < 0.1; most preferably 0 < v < 0.05); and, wherein 0 <z < 0.5
(preferably, wherein 0 < z < 0.2; more preferably, wherein 0.001 <z < 0.05; most preferably,
wherein 0.001 <z < 0.01).



8.479 10.378 7.179 7.328 1.479 0.224 0.341 0.180 2 8.563 10.418 7. 250
5.660 2.986 0.226 0.344 0.182 3 8.649 10.712

[0036] The red phosphor of the present invention can contain impurities. Preferably, the red
phosphor of the present invention, comprises: > 80 wt% (more preferably, 80 to 100 wt%;
still more preferably 90 to 100 wt%,; yet still more preferably 95 to 100 wt%; most preferably
99 to 100 wt%) of the inorganic compound represented by formula (1). More preferably, the
red phosphor of the present invention, comprises: > 80 wt% (more preferably, 80 to 100 wt%;
still more preferably 90 to 100 wt%; yet still more preferably 95 to 100 wt%; most preferably
99 to 100 wt%}) of the inorganic compound represented by formula (1); wherein the inorganic
compound represented by formula (1) is represented by formula (2).

[0037] Preferably, the red phosphor of the present invention, comprises: an inorganic
compound represented by formula (1) (preferably, represented by formula (2)), wherein the
compound exhibits the ratio of atoms specified by formula (1) (preferably, by formula (2)),
which ratio can be in stoichiometric propertions or in non-stoichiometric proportions. The
inorganic compound represented by formula (1) (preferably, represented by formula (2)) can
be present as at least two different crystalline phases. Preferably, the inorganic compound
represented by formula (1) (preferably, represented by formula (2)) is present as one
substantially pure crystalline phase (more preferably, > 98 % of a particular crystalline phase;
most preferably, > 99% of a particular crystalline phase).

[0038] Preferably, the red phosphor of the present invention maintains > 70% (more
preferably, > 85%; most preferably, > 90%) of its relative emission intensity at temperatures
of 25 to 150 °C. More preferably, the red phosphor of the present invention maintains > 70%
{(more preferably, > 85%; most preferably, > 90%) of its relative emission intensity at
temperatures of 25 to 200 °C. Most preferably, the red phosphor of the present invention
maintains > 70% (more preferably, > 85%; most preferably, > 90%) of its relative emission
intensity at temperatures of 25 to 250 °C.

[0039] Preferably, the red phosphor of the present invention exhibits a median diameter of 2
to 50 microns (more preferably, 4 to 30 microns; most preferably, 5 to 20 microns).

[(0040] The red phosphor of the present invention, optionally, further comprises a surface
treatment applied to a surface of the inorganic compound. Preferably, the surface treatment
provides at least one of enhanced stability and enhanced processability. The surface
treatment can provide enhanced stability to the inorganic compound represented by formula
(1) (preferably, represented by formula (2)) by imparting the inorganic compound with, for
example, improved moisture resistance. The surface treatment can provide enhanced
processability to the inorganic compound represented by formula (1) (preferably, represented
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7.323 3.957 4.525 0.228 0.347 0.184 4 8.343 10.753 7.160 7.309 1.475
0.223 0.340 0.359 5 1.170 10.338 5.675 5.774

by formula (2)) by enhancing the dispersibility of the inorganic compound in a given liquid
carrier. Surface treatments include, for example, polymers (e.g., acrylic resins,
polycarbonates, polyamides, polyethylenes and polyorganosiloxanes); metal oxides (e.g.,
magnesium oxide, aluminum oxide, silicon dioxide, titanium oxide, zirconium oxide, tin
oxide, germanium oxide, niobium oxide, tantalun oxide, vanadium oxide, boron oxide,
antimony oxide, zinc oxide, yttrium oxide, bismuth oxide); metal nitrides (e.g., silicon
nitride, aluminum nitride); orthophosphates (e.g., calcium phosphate, barium phosphate,
strontium phosphate); polyphosphates; combinations of alkali metal phosphates and alkaline-
Earth metal phosphates with calcium salts (e.g., sodium phosphate with calcium nitrate); and,
glass materials (e.g., borosilicates, phospho silicates, alkali silicates).

[0041] The red phosphor of the present invention is, optionally, dispersed in a liquid carrier
to form a phosphor composition of the present invention. Preferably, the phosphor
composition of the present invention, comprises an inorganic compound represented by
formula (1); and a liquid carrier, wherein the inorganic compound is dispersed in the liquid
carrier. More preferably, the phosphor composition of the present invention, comprises an
inorganic compound represented by formula (2); and a liquid carrier, wherein the inorganic
compound is dispersed in the liquid carrier. The phosphor composition of the present
invention is preferably formulated with a liquid carrier to facilitate at least one of: the storage
of the inorganic compound represented by formula (1) (preferably, represented by formula
(2)) and the manufacture of a lighting apparatus (preferably, a pcLED device). The liquid
carrier can be selected to be a fugitive substance (e.g., to be evaporated during processing).
The liquid carrier can be selected to be a transformative substance (e.g., to be reacted from a
flowable liquid to a non-flowable material).

[0042] Fugitive substances suitable for use as liquid carriers inciude, for example: non-polar
solvents (e.g., pentane; cyclopentane; hexane; cyclohexane; benzene; toluene; 1,4-dioxane;
chloroform; diethyl ether) and polar aprotic solvents (e.g., dichloromethane; tetrahydrofuran;
ethyl acetate; acetone; dimethylformamide; acetonitrile; dimethyl sulfoxide; propylene
carbonate).

[0043] Transformative liquid carriers suitable for use as liquid carriers include, for example:
thermoplastic resins and thermosetting resins that underge curing upon exposure to at least
one of thermal energy and photonic energy. For example, transformative liquid media
include: acrylic resins (e.g., (alkyl)acrylates, such as, polymethyl (meth)acrylate); styrene;
styrene-acrylonitrile copolymers; polycarbonates; polyesters; phenoxy resins; butyral resins;
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1.165 0.256 0.268 0.284 6 1.175 10.378 5.679 5.115 1.754 0.257 0.269
0.285 7 1.179 10.418 5.701 4.450 2.348 0. 258

polyvinyl alcohols; cellulose resins (e.g., ethyl cellulose, cellulose acetate, and cellulose
acetate butyrate); epoxy resins; phenol resins; and silicone resins (e.g., polyorganosiloxanes).
[0044] The phosphor composition of the present invention, optionally, further comprises: an
additive. Preferred additives include a dispersant. Preferably, the dispersant promotes the
formation and stabilization of the phosphor composition. Preferred dispersants include, for
example, titanium oxides, aluminum oxides, barium titanates and silicon oxides.

[0045] The phosphor composition of the present invention is preferably prepared using a
combination of source materials selected to provide the elements present in the phosphor
composition. Some preferred raw material source materials are identified in TABLE 1 Some
of these raw material components are preferably provided together as a single raw material
compound. For example, the Si component and the N component are preferably provided as
a single silicon nitride.

[0046] The combination of source materials, optionally, contains a flux. The flux used, if
any, is not particularly limited. Preferred fluxes include halide containing materials, for
example, LiCl, LiF, NaCl, NaF, KCl, KF, CsCl, CsF, CaCl,, CaF,, BaCl,, BaF,, SrCl,, SrF,
AlCl3, AlF3, NH4Cl, B203, H3BO3, NH4F, NayB4O, Nas;AlF,, Li>O, NayO and LisN.

TABLE 1
Element Raw Material Source

M) (e.g., M(I) nitride, M(I} metal, M(]) silicide, M(I) alloy, M(I) carbide, M(I) azide,
Li, Na, K) M(1) oxide, M(I) carbonate

M(ID) M(II) nitride, M(II) metal, M(II) silicide, M(II) alloy, M(II) carbide, M(II)
{(e.g., Ca, Sr, | azide, M(II) oxide, M(II) carbonate

Ba, Mg)

M(III) M(III) nitride, M(IIT) oxynitride, M(IIT) oxide, M(III) carbide, M(III)
(e.g., Al} carbonitride, M(IIT) metal, M(III) halide

Silicon (Si) silicon nitride, silicon oxynitride, Si, silicon carbide, silicide, silicon amide,
silicon carbodiimide, silicon oxide

Nitrogen (N) | nitride, nitrogen gas, ammonia gas, amide, azide, nitrogen containing organic
precursor

Carbon (C) carbide, carbon carbidonitride, silicon carbide, organic compound, Si(NCN),,
CaNoHas, CoNo(NH), C3N3(NHz)s, CNy

A A nitride (e.g., EuN, CeN), A oxide (e.g., Eu,03, CeO;), A metal (e.g., Eu,
Ce), a halogenated compound (e.g., EuF; and CeF;)

[0047] The selected combination of source materials is preferably mixed by a dry process, a
wet process or a combination dry/wet process.

[0048] In a preferred dry mixing process, the selected combination of source materials is
preferably milled and blended. For example, the selected combination of source materials

can be milled and blended by hand using a mortar and pestle. The selected combination of
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source materials can first be mixed (using, for example, ribbon blender, a V type blender or a
high speed mixer) and then dry milled separately or together (using for example, a hammer
mill, a roll mill, a ball mill or a jet mill).

[0049] In a preferred wet mixing process, the selected combination of source materials is
preferably added to a liquid (e.g., acetone or ethanol) and then pulverized and mixed using a
wet mill. The wet milled source material is then extracted from the liquid by, for example,
drying or spray drying.

[0050] In a preferred dry/wet process, the selected combination of source materials is
preferably milled and blended by hand using a mortar and pestle. The selected combination
of source materials can first be dry milled separately or together (using, for example, a
hammer mill, a roll mill, a ball mill or a jet mill). The milled source materials are then mixed
with a liquid (e.g., acetone or ethanol) to facilitate mixing. The mixed source material is then
extracted from the liquid to facilitate further processing by, for example, drying or spray
drying.

[0051] The mixture of source materials is then fired. Typically, the mixture of source
materials are placed in a heat resistant container preferably made of a material less reactive
than the mixture of source materials under the processing conditions. The temperature to
which the mixture of source materials is exposed during firing is preferably 1600 to 2000 °C.
The mixture of source materials is preferably maintained at a pressure at or above
atmospheric pressure during the firing process.

[0052] The mixture of source materials is preferably maintained under a high purity gas
atmosphere throughout the firing process. The atmosphere present during the firing process
is not particularly limited; however, a reducing atmosphere is preferred. Preferably, the
atmosphere present during the firing process is selected from the group consisting of
nitrogen, argon, carbon monoxide, hydrogen and mixtures thereof. Most preferably, the
atmosphere present during the firing process is a high purity mixture of nitrogen and
hydrogen.

[0053] The firing time can vary depending on the firing temperature and the firing pressure.
Preferably, the firing time is 10 minutes to 24 hours (more preferably 4 to 16 hours; most
preferably 8§ to 12 hours).

[0054] Optionally, the fired material can be milled, sieved and refired. This process of

milling, sieving and refiring can optional be repeated multiple times.
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| i n/ W least one light source, wherein the light source produces light having a source luminescence
spectrum; and, a first source luminescence spectrum modifier, wherein the first source
luminescence spectrum modifier is a red phosphor of the present invention; and, wherein the
red phosphor is radiationally coupled to the light source. The lighting apparatus of the
present invention can contain a plurality of light sources.
[0059] The light source(s) used in the lighting apparatus of the present invention preferably
include light sources that emit light having a peak wavelength, PAsource, between 200 and 600
nm (preferably, between 200 and 550 nm; more preferably, between 350 and 490 nim).
Preferably, the light source used in the lighting apparatus of the present invention is a
semiconductor light source. More preferably, the light source used in the lighting apparatus
of the present invention is a semiconductor light source selected from GaN based light
sources; InGaN based light sources (e.g., I;;ALGayN, where 0 <i<1,0<;<1,0<k<1,and
where i+j+i=1); BN based light sources; SiC based light sources; ZnSe based light sources;
B;Al;Ga;N based light sources, where 0 <i<1,0<;<1, 0 <k <1, and where i+j+k=1; and,
Biln;Al;Ga,N based light sources, where 0<i<1,0<<1,0<k<1,0<m<1, and where
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i+j+k+m=1. Most preferably, the light source used in the lighting apparatus of the present
invention is selected from a GaN based light source and an InGaN based light source;
wherein the light source emits light having a peak wavelength, PAsource, between 200 and 600
nm (preferably, between 200 and 550 nm; more preferably, between 350 and 490 nm; most
preferably, wherein PAgoyrce 1S 453 nm).

[0060] Preferably, the lighting apparatus of the present invention contains a light source
having a luminescence spectrum with a peak wavelength, PAsource, between 200 and 600 nm;
wherein the red phosphor exhibits an emission spectrum having a peak wavelength, PAhosphor,
between 600 and 660 nm upon exposure to the light produced by the light source.

[0061] The lighting apparatus of the present invention, optionally, further comprises: a
second source luminescence spectrum modifier, wherein the second source luminescence
spectrum modifier comprises at least one additional phosphor, wherein the at least one
additional phosphor is radiationally coupled to at least one of the light source and the first
source [uminescence spectrum modifier. Preferably, the second source luminescence
spectrum modifier is at least one additional phosphor selected from the group consisting of
red emitting phosphors, blue emitting phosphors, yellow emitting phosphors, green emitting
phosphors and combinations thereof. Preferably, the second source luminescence spectrum
modifier is at least one additional phosphor interposed between the light source and the first
luminescence spectrum modifier.

[0062] Preferably, the lighting apparatus of the present invention comprises at least two
phosphors, wherein at least one of the phosphors is a red phosphor of the present invention.
The at least two phosphors can be intermixed in one matrix. Alternatively, the at least two
phosphors can be dispersed separately such that the phosphors can be superimposed in layers
instead of dispersing the phosphors together in a single matrix. The layering of the phosphors
can be used to obtain a final light emission color by way of a plurality of color conversion
processes.

[0063] Some embodiments of the present invention will now be described in detail in the
following Examples.

Comparative Example C1 and Examples 1-9
Preparation of inorganic compounds of formula (1)

[0064] The inorganic compound represented by formula (1) in each of Comparative
Example C1 and Examples 1-9 was prepared by a solid state reaction with the starting

materials in the amounts identified in TABLE 2. The Metal nitrides used in the Examples
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were prepared from the respective metal in advance using standard nitridation techniques. In
each of the Examples, the starting materials noted in TABLE 2 were provided in powder form,
were weighed out, physically mixed together and ground with a mortar and pestle in a glove
box under a dried nitrogen atmosphere to form a uniform powder mixture. The powder
mixture was then loaded in a firing crucible and placed in a high temperature furnace under a
high purity nitrogen/hydrogen atmosphere. The powder mixture was then heated at a
temperature of 1550 to 2000 °C for 8 to 12 hours. The resulting material was removed from
the firing crucible, ground using a mortar and pestle and sieved using 100 to 400 mesh sieve.
The powder was then washed by acid and deionized water at room temperature to provide the
product inorganic compound.

TABLE 2

Ca3N2 Sl‘zN AIN Si3N4 SiC Eu;O; Li2C03 CﬂFg
Ex#| () @ | @ | @ | @ | @ (2) (2)
Cl | 8.396 ; 10.338 | 7.109 | 8.964 - 0.222 0.337 | 0.178
38.479 | 10378 | 7.179 | 7.328 | 1.479 | 0.224 0.341 | 0.180

—

2 8.563 | 10.418 | 7.250 | 5.660 | 2.986 | 0.226 | 0.344 |0.182
3 8.649 | 10.712 | 7.323 | 3.957 [ 4.525 | 0.228 | 0.347 |0.184
4 8.343 | 10.753 | 7.160 | 7.309 | 1.475 | 0.223 0.340 | 0.359
5 1.170 | 10.338 | 5.675 | 5774 | 1.165 | 0.256 | 0.268 | 0.284
6 1.175 | 10,378 | 5.679 | 5.115 | 1.754 | 0.257 | 0.269 | 0.285
7 1.179 110418 | 5.701 | 4.450 | 2.348 | 0.258 | 0.270 | 0.286
8 1.222 1 10.712 | 5.847 | 5.336 | 1.144 | 0.201 -- 0.278
9 1.227 | 10.753 | 5.869 | 4.687 | 1.722 | 0.202 -- 0.279

Inorganic compound properties

[0065] The emission spectrum exhibited by each of the product inorganic compounds upon
excitation with a light source (i.e., a light emitting diode (LED) lamp peaking at 453 mm and
its emission was analyzed using an Ocean Optics USB4000 spectrometer available from
Ocean Optics). The peak wavelength, PAsnosphor, and the full width half maximum of the
emission peak, FWHM, determined from the emission spectra for each inorganic compound
are reported in TABLE 3.

[0066] The color coordinates CIE, and CIE, in the XYZ color system specified in CIE 13.3-
1995 were calculated for each of the inorganic compounds from the emission spectrum in the
380-780 nm wavelength range when excited by the emission from the LED light source
according to the method described in CIE 13.3-1995. The color coordinates determined for
the inorganic compounds are reported in TABLE 3.

[0067] The internal quantum efficiency for each of the product inorganic compounds from

the Examples was determined by taking a sample of the inorganic compound packed into a
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cell, mounting the cell in an integrating sphere and then exposing the inorganic compound to
light emitted from a light source. Specifically, the light from the light source was guided
through an optical tube, filtered through a narrow band pass filter to provide monochromatic
light with a wavelength of 453 nm that was then directed at the inorganic compound. The
spectrum of light emitted from the inorganic compound in the integrating sphere upon
excitation with the light from the light source and the light reflected by the inorganic
compound were measured with an Ocean Optics USB 4000 spectrometer available from
Ocean Optics. The luminous efficiency was measured by packaging in an LED based on a
maximum possible efficacy of 683 Im/W. The emission percent was measured by the
integrated emission spectral area/excitation spectral area. Each of these values is reported in
TABLE 3. The emission spectra for the inorganic compounds prepared according to

Comparative Example C1, Example 3 and Example 8 are depicted in Figures 1-3,

respectively.
TABLE 3
CIE | CIE | FWHM | Pipuosphor | IMW | QE | Emission
Ex#| x y (nm) (nm) (%) | (%) (%)

C1 | 0.666 | 0.333 90 654 855 | 96.2 107.5
1 ]0.662 | 0.337 92 652 95.8 | 101.7]| 109.3
2 | 0.665 | 0.335 92 652 872 | 934 98.1

3 ]0.664 | 0.336 93 651 82.0 | 87.0 91.8

4 |0.663 i 0.337 91 653 87.3 | 99.2 108.0
5 ]0.648 | 0.352 96 637 112.5 | 83.7 01.5

6 |0.648 | 0.352 96 637 104.8 | 77.5 84.3

7 10.648 | 0.351 99 639 85.1 | 66.0 71.9

8 10.645| 0.355 04 634 126.1 | 87.7 92.9

9 10.643 | 0.354 96 635 107.3 | 77.0 82.0

[0068] Inorganic compounds prepared according to Example 1 was analyzed by x-ray
diffraction (2-theta scan) using a PANalytical X’pert X-ray powder diffractometer using Ni-
filtered CuKaradiation at 45 kV/40 mA. The sample was scanned (2-theta scan) from 10 to
80° with a step size of 0.02 and a counting time 1 second per step. The scan output for
Example 1 is provided in Figure 4.

[0069] The reflectance spectra exhibited by each of the product inorganic compounds upon
excitation with an Xenon lamp peaking at 467 nm and its emission spectra was observed
using a SPEX Fluorlog 2 spectrometer available from Jobin Yvon. The observed reflectance
spectra for Comparative Example C1 and Examples 1-3 are depicted in Figure 5. The

observed reflectance spectra for Examples 5 and 8 are depicted in Figure 6.
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[0070] The thermal quenching properties of inorganic compounds prepared according to
Comparative Example C1 and Examples 1-3, 5 and 8 were evaluated using an Ocean
Optics USB2000 and a custom made heater. The results of the thermal quenching analysis
observed for Comparative Example C1 and Examples 1-3 are depicted in Figure 7. The
results of the thermal quenching analysis observed for Examples 7 and 8 are depicted in

Figure 8.
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96 635 107.3 77.0 82.0 [0068] Inorganic conpounds prepared according
to Exanple 1 was anal yzed by x-ray diffraction (2-theta scan) using a
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1. Ared fphosphor, conprising: an inorgani c conpound represented by
f or mul PY(teymglaY2hherein MJ) is at |east one nonoval ent cation; MOH is

at | east one dival ent catioR; i W Rl kS, at | east one
trivalent cation; wherein Hqilé&g"%lr}r’gfr‘ég% égfé‘h%‘l'z(%en ani on; wherein A2)
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0.5 <f< 1; wherein 0.5 <g.<1; wherein 1 <j < 1.5; wherein O< u <3;
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wherein s BEmo.

5. The red phosphor of claim 3, wherein {1-(2¢)} < f< 1; wherein g=1; wherein
j=1; wherein u={3-(4x/3)-z}; and, wherein {0.9%(32/2)-(+v/2)} <w < {1.1*(3z/2)-(v/2)}.

6. The red phosphor of claim 1, wherein the red phosphor exhibits an emission
spectra having a peak wavelength, PAyyosphor, between 600 nm and 660 nm upon excitation
from a light source exhibiting an emission spectra having a peak wavelength, PAgurce,
between 200 nm and 600 nm.

7. The red phosphor of claim 1, further comprising a surface treatment; wherein
the surface treatment is applied to a surface of the inorganic compound.

8. A phosphor composition, comprising: a red phosphor according to claim 1;
and, a liquid carrier; wherein the red phosphor is dispersed in the liquid carrier.

9. A lighting apparatus for emitting white light comprising:

a light source, wherein the light source produces light having a source luminescence

spectrum; and,
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4. The red phosphor of claim3, wherein (1-e) <f < 1; wherein (1-e)
<g < 1; wherein | < < (1+e); wherein u= {3-(4x/ 3)-17}; and, wherein
0.9*{(3z/2)-(v/2)} <w< 1.1*{(3z12)-(v12)}. 5. The red
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phosphdrs efpegt amweldngth, Fitdhes baoepr 2604 agl G00sunf adewhereat, nport exothgoroh

t he surfac regtnment is appljed to a, surface of the inorganic
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phosphor is dispersedin the liquid carrier. i ghting

apparatus for emtting white |ight conprising: a light source,
wherein the |ight source produces |light having a source | um nescence
spectrum and, a first source |um nescence spectrum nodifier,

wherein the first source |um nescence spectrumnodifier is a red
phosphor according to claim1; wherein the red phosphor is

radi ationally coupled to the |ight source. 10. The |ighting apparatus
of claim9, wherein the source | um nescence spectrum has a peak
wavel engt h, P2-

- -.ource, between 200 and 600 nm and, wherein, upon excitation of
the red phosphor by exposure to the |Iight produced by the Iight
source, the red phosphor exhibits an em ssion spectrum having a peak
wavel ength, P2- - -phosphor,
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