SILICON CARBIDONITRIDE BASED PHOSPHORS AND LIGHTING DEVICES USING THE SAME
Inventors: Yuangiang Li, Michael Dennis Romanelli, and Yongehi Tian Claim of Priority 100011 This
application MMALIBMSHRS7to U.S. Provisional Application No. 61/381,862, filetSesgexnbert 10, 2010,
and U.S. Provisional Application No. 611441,977, filed February 11, 2011, the disclosures of which are
hereby incorporated by reference in their entireties. Statement Regarding References 100021 All
patents, publications, and non-patent references referred to herein shall be considered incorporated by
reference into this applicgtirciorheix RBIMHRI TRONE RASRDRRGRIHIOGE31 This invention was

made with U.S. Governmen{rpapaHrioas; Depadms i SING Y, graptmumber DE-EE0003245. The
U.S. Government may have certain rights in this invention. Background of Invention 100041 In recent

years, R&D efforiaveaverhe¥nanignse lon Mothae FiDe 6 hip Rowl predsphal SieigehoSdor-converted LED
(pcLED), with the result that both efficient high-power LEDs and efficient phosphors have been
demonstrated. However, a unique aspect of the phosphors operating in pcLED is that the phosphors
are in close vicinity of the LED chip, and tidaimd Brierifie at high temperatures. Typical junction
temperatures of high power LEDs are in the range of 100C-150t. At these temperatures, the crystal of
the pho¥BAYY is'&iarR] it fisratiGiaRPERERE P sthte, FEatisiABA e RIKGREAB INEN &30 898 difteted to
heat ensigsientiéroogiv lattiael relgxationsiataepfipardecthsielesired lomingsaantsmissiars 1Voreover,
these Iattftfi:c&a rglasxgetio _ “R‘Efo}gucehhe%:)i{ng with vitb(r%ion?l excitatit n, anq. thtereby further reduce the
luminescence emission'e |ci§ﬁecye.r‘7' SISERNESts %358 & that lﬁlrec Ud8s Suesstul applications of
existing phosphor materials. The pcl..ED lamp for general illumination application requires high optical
energy flux (e.g., higher than 1 WalifatenientReehrdingRefarkiitiennal heating by a Stokes shift
generated inside the phosphor crystals. Successful development of pcLED lamps for general
illumina8f2 kheddfopatepeuirllisRdephofadhapeRAt e e ratereigly Sfitiehtip ab t&fifpsratlirds of

100C-1%6ksidehei isdoipdhatdtus fiffieuidath taagpRYRINY adaniuiriigld at room temperature and to
have high thermal stability at 100C-150C. The thermal stability of a phosphor's luminescence is an

intrinsic property of the phosphor which Eoggtgrngilpelglutr)l itlpe composition and the structure of the
crystalline material. [00051 Nitride and oxymﬁﬂ%-pho?pﬁvr% have been used in pcLE1Ds because of

their exgglignt IWMINGSERAGE REIRNANGR a) Ke AR IRBRSIRILE (RIS HREIHNAGA AA9Ve, Prominent

examples include metal silicon nitride based phosphors and the sialon-based phosphors. The host
crystal<LBPiHERbshBEpREP MRatdriald teoHsis RGP ST CRBNIRY BREFR B$ISE-I0, R ARVE1UOMand AlI-0, as
well as hybrid bonds thereof, as the backbone of the structure. While these bonds are stable, the
chemical bond between silicon and caBxeRg{Snnd basnadhesmal and chemical stability superior to
them. Furthermore, carbon forms very stable chemical bond with many metal atoms. 100061 The
introdudtied jof tareommoycashiRlé& Ihtefforystadiindanospdee material&Hibwepemdashpsekiosisty been
consid [ ' ' e perf n ody.color of varinus metal
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carbon Ghesmigbasmore nhales baea pslesupiiBatefe pdiatisHentikzivrjerissnest earBiderhssahécursor
can hingiestheemissippintenaitynefghes phesphorm TRAE Aicfaasbifoniriderrbpipphrisiean Ppscomprised

of carbon, silicon, germanium, nitrfé:jen, alumjnum, boron and other metaE in the host crystal and one

or moré PRSI AR A I RTind SRISAE HORU R AR S © D ISR SR S AL YEABARK '8A%rged as a
color cohvéar-aanableof dmm/ewm]graemsUMe(mW)ibbbﬂle bgmgbooﬂsemligh_tgh mk?rwisihﬂﬁ)spectral
range. 66, 0"eE0:HEIM. QARAGARAIEY oM. Thehost 6ryeial alcaIbidaniige phasphors s
comprised of -N-Si-C-, -N-Si-N-, and -C-Si-C-"networks in which the strong covalentbonds of Si-C and
Si-N seftlexaganaathainhenilgites desires diHacstrmctsBLSiORe Ak e MESHHIISr RIS med by
Si-C bgndgubastrstrand Absemtiosi theeRIBE, Visiblenightyspeshal regire, ard thereiarabas been
previously considered uns ihabl,e for use in host materials for high efficienc phong)grs..lOOOSl It has

now beBR HECERIBETH thiSTHvEioFIR%: Y Certhth RERIEEh HES SRORRGF U P SLifis e Barbon
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carbidonitride phosphors in the wavelength range of the desired emission spectrum increases as the

amoung#icaitsoi s bz @setrhen coitals: praferredWatisiorrrras ot adiddhigmrs pRo S5 have
excellentuarmnahstabibityrof fiseiophaimh HHomarsissiperelfiGigALY « Burenagr it ebdipeatian (30091 In
certain embodiments, the present invention is directed to a novel family of silicon carbidonitride
phosphors expressed by: (1) Sr2SisNsloxi3)ziCx037,2:A wherein 0<x<5, 0<z<3, and [(4x./3)+4<8. A
comprises a luminescence activator doped in the host crystal lattice at a concentration level from
about 0.0001 rnol% to about 50 mol%, preferably from about 0.001 mol% to about 20 mol%, relative to
the mole amount of Sr. A can comprise at least one metal ion selected from the group including Ce,
Pr, Nd, Sin, Eu, Gd, Tb, Dy, Flo, Er, Tm, Yb, Lu, Mn, Eli, Sb, or a combination thereof, preferably Eu2l,
Ce34, Tb3', Yb2+ and ;An2+ or a combination thereof. [00 | Of In certain embodiments, the present
invention is directed to a composition comprising a silicon carbiclonitride phosphor of formula (1)
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phosphor of formula (5) above. In certain embodiments, the composition comprises one or more
additional phosphors.In certain embodiments, the phosphor comprises a crystal of an orthorhombic or
monoclinic Y&M24995$91 In certain embodiments, the phosphors of the pP&SEHBIAVEMIdRIemIt light
having a peak in wavelength range from about 400 nm to about 700 nm when excited by light having a
peak in wavelength range from about 250 rim to about 500 rim. [0020) In certain embodiments, the
present invention is directed to a light emitting device comprising a light source emitting a first

luminespgEnce spectrumandia Rhesphencampasitionwbicknivhendradiaatwithdighifrenthe light
source, emits light haying.a secor d luminescence spectrum. The phosphor composition of the light
emitting TRFELST (He paday i%{%hﬁ%m%ns&?ﬁgWis% é{)ﬁ%égé]tsc?ng'ph ept&b?w{i{/iﬁt@%él%r&%% selected
from forprhosabofl)y, (@)i(83¢¢43aindafb)asdespripedabévie pBOZhbindertain eenbodirentslthe first
luminesgence spectrym has a pealk-in angth range from about 250 nm to about 700 rim. In
certain er%%%dli%rﬁenats, Ig&e%rst %En%)nés%%% slpr)%é]tqrat?fr:rrl ?as a peak in wavelength range from about 400
rim to about 550 nm. [0022] In certain cmbodim nts, the light source is a light emitting diode or a laser

diode. 106531 b critainsesmbadiae phespheright emitting devioR fHher LQMmprizeR.ane e raare
additional phosphors. In certain embodiments, the additional phosphor emits red, orange, yellow,

green, OPBILRSTRNE RACH BB e DISHESHErREa 5aEa AT enediAbafhohnmains! M@ Mgift emitting
device futlhes eampsisesmanserinshiddospiphda wing iacferiud srle pied fhom. thRegtour 8RR%sting of

CaSr'Ga294:Eu2” (0<x<l), ,Mg,Sr,BazSiO4-Eu21(0<x<l|, O<y<I, 0sz<1, -l=z

atg ALt BT B ST B o Ol s SN SIS (=g,
Ca, Sr, B aBhgsidbrapsiroxive 9is g deds (N HCatSic B, Y BikNEGeDeBinastaishivishe, WO
20121033557 RGH IS0 h IS IQBLA RSO ELR e (VMg GiRa StalBity Xborfoh BT, 1),
where mis 1 or 0, and either (i) n > 3 if m=1 or (ii) n=1 if En=0, MAI204:Eu2- (M=Mg, Ca, Sr, Ba),
BaMgAlBm7:Ewtherworel sarbordesss sery stadikslshemical bopdowig memeregial aipmsdiments, the light
emitting device further comprises a second phosphor having a formula selected from the group

consistipggel (@MRIRIGHNACEHWPeaINO7R5 8Bt $hddsitt HareTdshRAre e HR)
M(11)7.A1,2.X.P/S|x-fy025,, N,.yC).:A, wherein 0<x< 12, 0<y<x, and 0<x-1-y< 12;

)./ [ . y A c
M(L1)7RAERISHS Y DesisreeraR dresmeniphisrimipeseents peEQupanse. dhe ‘b‘l‘iik%fﬁi%’)’dy color
1V (11T MHb2rnets], SixbFe3. 36BN T aSsyiGye A Wheligiiof <ot <Li2n Osing<uf Oission 1i2h0<ads3, and

6<x+y; (€)M(11)7M(IIN12..x.ySixty025-xsgNXx 0-yCy8/2:A, wherein 0<x< 12, < y<x, O<x+y< 12, 0<5b<
5 et S (RS SO B D RS b AR e TR el RS 4oy,
0<z<Xx, Gehity-8z<iRe@xsordaaminGe8:H8 erigys i idjehyiv (@f) v Ghbpharx-y-zSixtrz02.5-NanN',;
8-7CzF,t2:A, wherein 0<x<12, 0< y<x, 0<z<x, 0<x+y+z< 12, z<x+8, and 0<8< 3; (h)

M(107. ME111)12-x-y-7Six+rz025-x=38/2-Y/2NA. 8.2Czn-A, wherein 0<x<12 0<y<1, 0<z<X,
ey 1 R R R e T
-i,r2.,q2NImsize Bopaniand, oihesranstalexial theoloyk ¢rygter audzane Broagee 310l dprants Goay+z< 12;
wherein, MELLLOMPNES. aFIRASh N6 dival: SRUORCMEI) cRRUSSS Atinast aRemeap4slent cation;

M(II) comprises_ at least one trivalent cation; H comprises at least one monovalent anion; and A
compri$éS A NipRBERNLY ARHVASF BbiStEIN the'hest gr dtdhe ti6Dea SPreEMdrrembsdifients, the
light engitéistg glerdce @bilae presantghventiemearpesesaaldakidiviagidiphalsahospipessdlarcertain
embodi ts, the light emitfi evice of the present invention further comprises .at. least.o
o SF G TGt B o e Sl TR b SR e gt e o G b about
700 nisemyecartamrestbbdidieaty ot {ifjHte yuorRod. 2G3RESFPCINSZOVLIB 41t tursifitteg device of the

presenkinveRiinn flshes eaR bR Rhleash OBgiadditenaliphosrienthat s MR dah BRYiNgG.e peak in

wavelength range from about 480 nm to about 640 nm. In certain embodiments, the light emitting
device Bfeherprisisht FRUSAEEH fntHste fapHses Aorb At idsdatiishalreapheliarlicemits light
having a peak in wavelength range from about 520 nm to about 600 nm. 100271 In certain
embodiggizis. hedighbenitting deyicsaf thenRresenkinly ention RS WIS Hehrd Cartaihor
embodiments, the light emitting device of the present invention emits cool white light. In certain

embod FRBRES HRBS GATPEMAEHG! HetIER SF IR B JBAR ARBSREH Bt URRROGiR RoPROFR S rtain
embodimentsciihae dightagnelyihipHestoe:of ife pregset0nvEttion erhdsnightibadiigoasoaals thavavelength
range f[ﬁ’e”}ef}‘ﬁ%’%é%é‘@Qr%'%‘n%ﬁ’nas*?ﬁé%n@a?bﬁ‘énnf{h8?”%‘#&‘ mbedimen Své@%l'}??én MIERA gevieq of the
present invention emits light having a peak in wave eﬂgth range‘?’rom alfout 550 hm to about 600 nm.
In certain embodiments, the light emitting device of the present invention emits light having a peak in
wavelength range from about 380 rim to about 750 run. In certain embodiments, the light emitting
device of the present invention emits light having a peak in wavelength range from about 400 rim to
about 700 nm. Definitions [00281 As used herein, "activator" refers to the atomic or ionic species that
emits light with the , support of the host crystal. The activator may be doped in the host crystal in a
very small amount, as further described herein. The activator can comprise a single element, such as,
for example and without limitation, Eu2+, or can comprise multiple elements (i.e. co-activators), such
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100361 As used herein, the term "pure" means higher than 98% pure for a particular crystalline phase,
i.e., no more than 2% of a secondary phase. 100371 "White light," as used herein, is light of certain
chromaticity¥¥83fd#i&t&S¥alues (e.g., Commission Internationale de I'Eclairabfe G} UHitH are
well-known in the art. Correlated color temperature of a light source is the temperature of an ideal
black-body radiator that radiates light of comparable hue to that light source. Higher color
temperatures (5,000 K or more) are called cool colors (or "cool white"); lower color temperatures

(2,700-3:0Q00 %) speerallad inate aolgws {LbunasMeaybite thedQQ3BViliempeiati esideserigd herein for
processgs involying a substantial gas phase are of the qven or other reaction vessel in question, not of
the reaﬁéﬁ&%g?'g%'?'ﬂ)a%@io aghSERE Smed 65‘[‘?%&%@%%?&%&8%@%%@%8%%%(11), and
M(I11),effgeadyic) is at least one monovalent cation, M(ll) is at least one divalent cation, and M(lI11) is
at least one trivalent cation. In addition to any values for these variables that may be given with
respect to a particular formulation, MOO may be selected from the group consisting of Be, Mg, Ca, Sr,
Ba, Cu, Co, Ni, Pd, Zn, and Cd; M(l) may be selecﬁd froEn the group consisting of Li, Na, K, Rb, Cu,
Ag, and Au; and M(llI) is selected from%’e‘%%%%%gof B, Al, Ga, In, Sc, Y, La and Gd. [0040]
For the purposes of the examples described herein, the quantum efficiency (QE) was measured
against the same internal standard sample. 100411 Unless defined otherwise, all technical and
scientifigigsmsiHSEHNRTERLDaNRINS SAMERARHOGAS LR dersiRpdtyiong ofireinary skill
in the art to which this invention belongs. All technical and scientific terms used herein have the same
meanintfRifeR Tidksphe Al K& MBtEd that, as used herein and in the appended claims, the singular
forms "a", "and”, and "the" include plural references unless the context clearly dictates otherwise.
[0042] In the degscripsiesiof phesphoasmositions, a conventional notation is used, wherein the
chemical formula for the host crystal is given first, followed by a colon and the formula for the activator
and CO'@EQ&%%@HP@[glnﬁﬂﬁ@%ﬁﬁé@.‘%%ﬂ%‘?ﬁ@@ WhRFeIR SITG AR P RRQsRADr'S host
crystal is discussed, the activator(s) may not be included when referencing the phosphor's formulation.
Brief D&SEYiSHGHRbI HHEFigURSIIIABARIGIOREE frawpiriethd R4y mft4ctiormPrREDY batiths of

samplegrd@rabi?, flodPatoddo 80d thdl @ b RBeSPIPMEPReRItiaN bkl ABID AP SiImWated pattern
is for Sr2Si5N8. The asterisk in the upper-most pattern indicates Si a.second ph in,sample
o WO IR ot VP o BT T 1 OO E EHE U LR IGE s N Bt o toment o
the XRDypdved &r,diffratttioh foMsr 25 SN0 10 '¢8)ahikauRin( samepfe el dbiguFe 2B dE pitts thébprojected
crystal gllirng/}Hre, Of SLeninNG o fAxdss fitiz+ (sample 1 ay 100451 FIGURE 3 depicts excitation and
emission spectra (under excitation at 453 nm), as well as the optical reflection profile, of sample 1.7 of
phosphor composition (1) (Sr2S15N8. (uniCx:E1.12+ (x=3.0)). 100461 FIGURE 4 depicts the effect of
carbon content on emission spectra of samples 1.10, 1.12, 1.7, and 1.8 of phosphor composition (1)
(Sr2S18w1@. (IXiBye rduuda) hoddeerhiu e poitatiomatmibd iviréQed 7d HGuiRE b depicpsisefisctance
spectra af SAMISS hifide TnbshRoPBAr AR PPASRROT omRasition (1 10RARE EIGYRF; §depicts
thermal stability of sample 1.7 under blue excitation at 453 nrn. 100491 FIGURE 7 depicts XRD
pattern&EheafqaesisEpong g morzaddipng! phosphersndng cegadn SHRSHBICBEMbBESAASAPELS. The
bottomdgast sdeuitaied IRAtarsrisdolopRSH NS and i shewm for reference. The asterisk in the
upper-most pattern indicates SIC as a second phase in sample 1.22. 100501 FIGURE 8 depicts the
Rietveld Refinement of the XRD pattern for Sr2S15N8. i(4,0),...1C,034-2:Eu 2+ (sample 1.19). 100511
FIGUR R {ePists s projscisd cstalsuchire oL sample .49 o1 S2OING. ity of siicon
1(4,(1))-zi 03-,./‘26:rléau %%8 M FBURE S epiceisi e Tuminescence excitation and emission
spectrecobsimpiald phospheosmppsitiod 1) (Sr2SisNs-itikot+ziCx03u2:Eu21) under blue excitation at
453 nm 100531 FIGURE 11 depicts the reflectance spectra of samples 1.23, 1.24, 1.25, and 1.26 for
phosphor corrq@psitiqm((@)g§m§§\}§§7&§@);21AC,03e2:Eu21). -12- 100541 FIGURE 12 depicts the
effect of carbon content on the emission spectra of samples 1.23, 1.24, 1.25, arid 1.26 of phosphor
composition.(1) (S Na-mx/3),:ZICS. 2: under blue excitatign at 453 nm. 100551 FIGURE
13 dop e Sl tabi df e ety 1o Gy A SR Ao e

Sr2Si5R8stle¥) FitD 8 nep imped ind dictiipariastadion Be4%¥R.ifa. 20056 CRIGORE: £44%kpicts the
Rietvelg Rafingment ofithe R BatR10688BPIecS RHiRhRIPERAYTCHRAIPom the group
Ba2Si5Ns-tax3rN:Eu2+. FIGURE 14B depicts the projected crystal structure of sample 2.2, 100571
FIGURE S ipfcts Freiend SohraAtil ifsSI0H Sdeiambr S SR isaten,jBarel thinr&fédthnce
spectra, for a phosphor of Ba2Si51\443,13)C,:Eu2 (sample 2.2) under blue excitation at 453 nm.
100581 FIGURE 16 depicts the thermal stability'éf sample 2.2 for phosphor composition (2)
(Ba2Si51\18+1,a3)C:Eu2+) under blue excitation at 453 run. FIGURE 174 depicts the Rietveld
refinement of the XRD pattern of a phosphor of Ca2Si5N8- (ix/3)Cx:Eu2+ (sample 2.7). FIGURE 178
depicts the projection of the crystal structure of sample 2.7. 100591 FIGURE 18 depicts the excitation
and emission spectra of sample 2.7, as well as the reflectance spectra, for a phosphor of

Ca2SI151\113-(4x/3)C":Eu2+ (sample 2.7) under blue excitation at 453 nm. [0060] FIGURE 19 depicts
tha tharmal ctahilihvr f camnla 2 7 nf nhnenbhnar comnncitinn (2 (CAa2T95ERNIQ N (2AC""E112f) 1indar hhnia



[00711 FIGURE 30 depicts the excitation and emission spectra under blue excitation at 453 nm, as
well as the reflection spectra, for sample 4.3 of composition (4). 100721 FIGURE 31 depicts the
thermal staBi@R2f328atHPle 4.3 of composition (4) under blue excitation at 458TAUR2410¢#311 FIGURE 32
depicts the Rietveld Refinement of the XRD pattern for sample 4.6 of composition (4)C
pv2)+,n:E1.121- (x=2, kv=0, z= 0.1, m = 0.2). 100741 FIGURE 33 depicts the projected crystal
structure of sample 4.7 for inAIniN8-1(4V3)-tz.1 miCx0(3z12)+m:EL121. (X=2, W=0, Z= 0.1, m = 0.2).
100751emkalitendd dapistsotipraxeitationanmdenissient spacka (Undeimldeeexeitativneale4bs run), as
well as the r(%flegtan e spectra, of Sr2 L[iﬁZ,.vSlS.mAImNs4 4)&/534-vpit0x0(37/§)65r|12_u2i (5:2, w=0, z=
0.1, m S E SR A O 1507 B HIBEES 35 HEB L RArHEAI SRAb S Yo SUpIE’s
compositior (1) omdBr; ipheé esttitation abd®300i0] 10077 1oFMEWR B3GR adepictdatmcembbdimelat of the

ight eryitng,eio of e ressnpinvepton: 1AOTALFIGURER depiciR. A SIphodimgn el the ligh
emitting device of the present invention. 100791 FIGURE 38 depicts an embodiment of the light
emitting’ae%escwstﬂélp%eﬁbin%nm POSOPFIGURE 3drddpic&Paemisoipiaiions thigariht emitting

device pfdhepresaftt inventiett, 18084l MEYURE40:AsRitis e REHssion spectrum of a peLED
comprising a blue-emitting LED emitting at 453 nin and a red-emitting phosphor of composition (1)
(sample 1.29). 100821 FIGURE 41 depicts the emission spectra of the pcLEDs of Example 6.2. The
curve with the higher peak is for Device | of Example 6.2. The curve with the lower peak is for Device Il
of Exantifl&26.2In pritaieentyedrgtisnopgsnt inxertin ilsedntEntsCARPYTESBFOMPERIET s directed
to a noygldamikyrisilicrr camideRiiderRIRsEh A eXPIBSSSiRYenBEATAaNS1é coldpiladi3712:A

wherein 0<x<5, 0<z<3, and [(4x/3)-t-z]<8. A comprises a luminescence activator doped in the host
crystal FRHEEE 8 UoNBREFTSH! S0 TRORR 5Eui 608D Fﬁ‘&‘?%"t‘&%%&%ﬁ 09" BYBIRPSHH from
about :68G61a6siodntablonh 20 onelivmaeialévy deihe mole amount of Sr. A can comprise at least one
metal ion selected from the group including Ce, Pr, Ncl, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn,
Bi, Sb, or a combination thereof, preferably Eu2+, Ce3+, Th3-, Yb2+ and Mn2t, or a combination
thereof| 0P84 LiinccrHiAIR BPYARHINENIS: thesereseniiveniandsisiresteddoen Ravsl tamiliesd silicon
carbidonitfide phosphors expressed by: (2) M(11)2Si.51\18-[(4x.0)+ziC,037,2:A wherein 0<x<5, 0<z3,
and [(4539LE 4G S@&‘ﬂﬁ)ﬁ’é@%ﬁﬁ%@ét one divalent cation, and may be selected from, but not
limited to, the group { di e, Ca, Sr~Ba, Cu, Co, Ni, Pd, Zn, Cd and other divalent transition
metal ions, or%&omﬁﬁ?ﬁﬁ%%ﬁezf‘ggﬂ, %l‘%?é’?ggl’gb?f/&f#the group including Ca, Sr, Ba and other alkaline
earth metal ions, or a combination thereof A comprises a luminescence activator doped in the host

crystal {alidegrabasonaentration devet fram apous 90001 i) teoadpeistSatmeldo opeetiratay from

about 0.001 mol% to about 20 mol%,relative to t le amount of M(I1). A can campyrise. at least one
et 158 SR 08 T g ) B B RO St B 6 oy e ST Ly i,
Bi, S, 6p Nofthifation ihéiwber prefieraisignEition Bedt,idnsn pwze_midamw@pd,amfbwdﬁon _
ther?Offr@aQP‘%@ Q?o%%”ﬁx’&L%?HQOQHPSW%J%M%%P%WX?H&'%% ‘}H&QI%JE’, %PQV&!_M'M&T S_'“CO“
carbidonitride phosphors expressed by: (3) MO 02-w M(02,AS isl'48.1(4,0+ziC,(03,i2A wherein
0<x<5, heiFrlp B erramembadmsas) HAREomesises S PR s o ekt satinnsl i U SeBIPrisht may be
selectegl feasn oheiiipbiadiactidothar@graisy hciudngdBanauGat Bmita, tuhEgrolip, iRcludingCd and
other divalent ition metal.igns, or a combinatign thereof,.preferably from the group including Ca,
S, B Bt St EAT M oS bt Tt Mo oo <ES S one
monovalentehttonorandondynistiase lbeteef frdm cotai nomiibaitatersstAd(Hroomimisksding lor, Rar«k, Rb, Cu,
Ag andr#&ho%l@n‘%%?@ﬁ@“ﬂﬂJH)%F%%QW&@?MU%@%Q&%BAW%W&ihi R ARGk K RE 8n

combination thereof. In order to compensate for the evaporation of Ma) at high temperature in firing
procesSEYERRSERIES) Rt DAEh s digrrodetianid 1BARNS IETBIAI @ mDFSEY H It HEB IS ER Sctivator
doped i fiberbross sy shadhiatiae et aaangrotrationdavehirandahagt 8L 10 1akeIE50 Mol%,
preferably from about 0.001 M01% to abou mol%, relative tq total mole amount of M(1l) and M(l). A
can cor%ér‘i'é atrTé)g’g’t ﬁ%%ﬁyél ion 'sé 8(‘:]{e{()j rcljrﬁn ﬂw%d?oﬁt%o}]rtlcgé in(g);l%efe&?rt,l Yﬁd‘o §(r)rt|?] u, Gd, Th, Dy,
Ho, Er,afinpivbofl /(M ail, BKl) ora wonsbimatien ahérewfopeeferablioE s2lec €@ IwrTHHBe- 2vdyd+ and
Mn2', o, & cambiatianierearl. B0RRP I fﬁét@i@, embedingNiS, EmPisSeR! bvertpbissHircted to a
novel family of silicon carbjdonitride based,phosphgrs expressed by:

@)M(11hererfa pi5EGRLY R 119 mNSimdhtr, rrd) 37 157 SORBIRERANNESRLS, 0<w<0.6, 0<z<3, 0<m<2,
and [(4x/3)-Ez+m]<8. M(11) comprises at least one divalent cation, and may be selected from, but not
limited to, the group including Be, Mg, Ca, Sr, Ba, Cu, Co, Ni, Pd, Zn, Cd and other divalent transition
metal ions, or a combination thereof, preferably from the group including Ca, Sr, Ba and other alkaline
earth metal ions, or a combination thereof M(l) comprises at least one monovalent cation, and may be
selected from, but not limited to, the group including Li, Na, K, Rb, Cu, Ag and Au, or a combination
thereof, preferably from the group including Li, Na, and K, or a combination thereof In order to
compensate for the evaporation of MU) at high temperature in firing processes, extra MU) has been
designed in this formulation. MOW comprises at least one trivalent cation, and may be selected from,

hiit nAat mitad ta the Aarrin inchidinAa R Al Ca In -~ V Aar a ~roomhinatinn tharanf nrafarahhvs from thoe



100931 In certain embodiments, the shape of the phosphor particles can be spherical and/or
rod-shaped. In some embodiments, the median diameter of the phosphor particles of the present
invention calY Be&4téi$EBdut 2 to about 50 microns, preferably from about 4R6EHES13O4hittons, and
more preferably from about 5 to about 20 microns. In further embodiments, the phosphor particles of
the present invention can be from about 2 to about 10 microns in diameter, or from about 3 to about 9
microns in diameter. In some embodiments, the phosphor is a grain. In other embodiments, the
phosphor is a particle. 100941 En certain embodiments, the present invention further provides a light
emitting device comprising: a light source emitting light of having a peak in wavelength range from
about 2(@ 4] ablouteGA0: rmb@deferad) thérprasabdnt SbidridsabicutedNd nryrapsiableashensphosphor
compositj f.ihe pr t invention, where th osphar. co sition js positigned to absaorb at least
a portio#‘gc;atﬁé%%ht ﬁi%%t%}r]grﬁq%ﬂreqlg i rggbar e%rkavgffggtiﬁlee ja? ?n%ra(ﬁ?gént{%gﬁ%oqgr cc?fntwgslli% 1t absorbed
from th&AGREIESUTER OFaReAIt g et bPhizsiorTof 18 RengsT cvzhaslengts, tharphieapiufrtpenigitcaBsorbed
from the §aht seucs HoPkXGBIendhsRARSRRRKLOMPpositions of the present invention can be mixed
with a silicone resin to form a slurry. The phosphor-filled silicone can be applied to a LED chip as
shown in Figures 36-39. The LED can, for example, emit light in the near ultraviolet (nUV) range (e.g.,
about 405 nm) or the blue range (e.g., about 450 nm). 100951 The light source used in the present
inventiol§0¢&n, forcsxarm siebedimgrisse theyattismt nitrideidrasediteBRdviths adigHtfemilyirnd Rlyemn
comprising AR MHLIITUGIHE. J be light emitting device can include a phosphor of the present
invention and a reflector located so as to direct light from the LED or the phosphor (see Figure 36).

The phosphor(af the pesentayssiomean heljecaied. 0o, e susface of the LED (Figures 36 and 37) or
separated therefrom (Figure 38). The light emitting device can further include a translucent material

encapsuaiae el EDandie Blpspnasas e InFIaEs 0EAA096H n serainebadiments.

the light emitting device of the présent invention comprises a light source, such as a LED, to either

create éX¢itstibrRerrerRyyd BrrPekeltstahbeier Bystenhit adere e wrovriathiieediatide - drierjy for the
Whot Ehtaton e 1ot prodtione. Loy et devicen. ncioo. Toht produag 1ot cming
without limjtatjon, white li roducing. light, emitti evjces, indjgo li roducing light emittin
devices‘?rﬁflﬁg{g?’gtﬁ'?éﬁ?oﬁ’ﬁ%ﬁ{gqi’gﬁ?éf‘\‘%‘ﬁggéae Eergag?génof t %Hﬂ ir?é)rﬁbﬁiwe[ﬂﬁt‘[?g‘é’G‘gv%es?yellow
light pradudingtiighttensiifindrdevices, condodjentiglat ptucingpliglt emittingndeyvidieslepindatight. producing
light emjijti evices, ight producing light. emigi ic r. light emitti with. an output
chroma A B o and
that of arfaasnehdisadondlight Sdurce. Beaalghts er atmnbiasivatidarrghtarderabhidiescis be made
with the,ligty erpitinebdeviaes ofihemresentienies, thadant emitingiHevitRscamie oyiput
indicators for small electronic devices, such as cell phones and personal digital assistants (PDAS).
The ligtfCBHitH g He HB B THEPRSBhEIHIBRtiBh RSO CalPbePtHRSBERKIIGHES B tRy G e stal
displayatfoigh\eropdrphenads idAscand dapiopaddipbie ke.ch uirtipairéd snfdrig émeralbiilonmihvgiion purpose
can a'sﬁ?o%%ws%gﬁg’}’eé niiheighing dexig ,Sﬁ%‘h_tﬁ%gp'beesseeﬁ‘%{‘e\éeﬁg%? HRVEP 1?‘rRR£8RQ?¥§ef’%C}mS“pp"es’

room lighting can ased on devices of the invéntion. The warmth (i.e., amount of ye d

chromatieiydiog fyHtleRattingSdevices ofambippisenbsradneisicsaiybeomdheenatadisiiddedion of the

ratio of ightfxom, aPhesRIRAhenprasentinealipB-ie dbhiamMva econdesce. 0Nk WliRg, a
second phosphor). Semiconductor light source-based white light. devices can be used, for example, in

a self-eMAfBh BH HispIy 1o BrSpfa My as pracetaivaies Aprideih BF dofapiitahdliist 8h Bdisplay
portion @fmenaddio Syskeim, adiaussliitl @pgianced moldapuriagbhsfivmeistiow medicaldpptance, and
the like, Su emigonductar light rce-hased ligh ices,also can be used..for example, and
Withoutﬁ%?ggﬁga%?lfrgelat[glgd?ggg f)o?% B‘é’éﬁﬁ?&%‘%’}g‘?f;@ﬁ.&“ ((:jrys I(?i\o((:fen 6_0885'5 |sa[§§3a/?ma8 r|cl)€?’inter
head, anfa@simpilscikceopyinm dpparetosneidittedike r TN gt EmittidgIdeedlor e presebit invention
can emit,lighhhayinddespeak inyvavglanatimaage frae R, 35¢ &m 1, abeue 70 nvm>Ths Hght
emitting device can, for ?xample, emit light having a peak in wavelength range of at least 350 nm, or at
least 358 ARNBIRMEESR340 rim, and so on in increments of 5 up to at least 750 nm. The light emitting
device can, for example, emit light having a peak in wavelength range of at most 750 nm, or at most
745 nm t most 740 nm. and so op In increments.of 5 down te at t : y ranges
for the Oegali@i nntianmﬁ%ré?g}l ecl)%ﬁel lIlllge H(%sé %ftt‘l) rr\%s%]é\]/?gg r?)%gt%zs %ﬁ)gs?qeerﬁ ﬁ?ﬁ\?;gr?tlégﬁs?rl?éﬁ}g % \jéﬁ{%]o%l imitation,
from abdlitBOG Qo tilss U IES DA fofofranadBd abS30 Fintesab SREENSHIS.ONfr6ATABYLIPBS0 rim to
about 600 nm, or from about 580 rim to about 660 nm. 100971 Suitable semiconductor light sources
for use in the present invention also are any that create light that excites the phosphor compositions of
the present invention, or that excites a different phosphor that in turn excites the phosphors of the
present invention. Such semiconductor light sources can be, for example, and without limitation, light
sources including: GaN (gallium nitride) type semiconductor light sources; In-Al-Ga-N type
semiconductor light sources, such as ImAIJGahN, where i + j + k = about I, and where one or more of
i, jand k can be 0; BN; SiC; ZnSe; BiAljGakN, where i +j + k = about |, and where one or more of i, j,

and Iy ~ran he N anAd RilniAllbaNl wharai 21 2l 21— abniit | and wharea one nar mora nfi 1 ¥ and |



12, 0.<5< 3, and Ei<x+y; (f) NA(11)7.04(1)ymM(11012.,)y.,Si",,,025-x36/2NN 5_,.Cz.Aherein 0<x<12;
05 y<x, 0<z<x, 0<x+y+z<12, z<x+8, and 0<553; (Q)
M(11)7..yM(BONA243357x-y-zSiN.y+,025-xst2NXT s-z.Czzsr2:A, wherein ORKEMB208 P4kl 10<z<x,
O<x+y+z< 12, z<x+8, and 0<853; (h) M(11)7_yM(1)),10(111)12-x-y-zSix+rz025-x35/2-vPNA a./C,H,:A,
wherein 0<x<12, 05 y<I, 0<z<x, z<x+8, 0<85 3,05 v<1, and 0<x+y+z< 12; and WO
2012/033557PCT/1152011/041111 ()M(107.yM(OyM(111)12.x.y.zSixii+z025-NIS/2-v/2Nx
8-zC1EdZrisds WheseIAE Xl Riofln YrdsfioaXizsetith OnBsdinBinisy e ARA Mo tYiariske wherein:

M(Il) comprises at least one divalent cation; M(I) comprises at least one monovalent cation; M(111)
comprisEEi R SRPHORIRIN EARBRR UG MPITEEs at least one monovalent anion; and A comprises a
luminescence activator doped in the host crystal lattice. 1001071 In is noted that any of phosphors
described herein may be used to create a light emitting device of the present invention. In the case
that mulfipléiphbsploricompbsitimastarehesedestrmayvsetatvantdgeces tlattheveultiplalphosphor
Compo%gﬁﬂ@oﬂfﬁiéé’ﬁpgéb%@ i&&@g&g@yix, and, in that case, these matrices can be disposed back
and forth in the light'propagation direction, Thereby, the matrix concentration can be reduced
compared with the case that the different phosphor compositions are dispersed and mixed together.
Examples Pregaration@ng/forpeasssp0eH0s, Ahe phosphor samples were prepared by a solid state
reaction with the starting materials of silicon nitride, silicon carbide, metal oxides, metal halides, metal
nitrides and/or metals in molar ratios designed for each of the target phosphor compositions. Metal
nitrides aimotedu fopINOTbEG & Vet pré pars disy IR eomifritl dtikpx Db thed @speaotie vi{Elat deforeband.
Certain glements RNHIKING Ing R enied RhosehAL compaziipnaand telueauee malerigls used in
the preparation of the following examples are exemplified in able 1. IRt e%re arations; the source
materiaM$nGFowddtaidrn e inkdghadlstandes divalerintasifionpididpos ondeprbsdien

protectigRrebne,ROVWERY HbfHIWasupURSedHeNtY, Reatad fr Snt2 s inadampataluissapog of
1600-1850C in a high temperature furnace under N2/F12 atmgsphere. The resultant phosphor

productmBIRABeR d1seR; slBvesidREMELHEE M BHOSSAYY ISFE dUO WRIR Gelalr Bner iy zed by
X-ray diffiidctienplisminekaenee: speairateo pytand adtieay tefledtandeieahbigus: MiQed to, the

2012/033557PC 1711 S2Q11/ 11-TaRle I. Squrc terials for the preparatio Alkalipe earth
silicon (%gcr%%dg]r%tur%%"p%bg\}p%o%g]éPéJrggh'?égSagu r((%‘_e}J ’m%t%%g slgj‘& ﬁgﬁﬂgﬁl ég?ﬁ(%gféé%ﬂéﬁﬂg@‘%nnde,
metal, lieiiteinglisiingakibidia.aniiddantt aridembiigeonr hartsnatkr Sifitar (Sl titddd)(S014),
silicon eyynitride o siliger: casRiIsRISIlcdRsicanIRMRidapslison catbodinidacalicanoxida
Aluminum (Al) Aluminum nitride, aluminum oxynitride, aluminum oxide, aluminum carbide, aluminum

carboniffie PAISHEAI Minrh ASlidENRide (BIR)EBEPorretinge Byordn Gid®: iSric’ackl Boron (B)
NitrogetohyiMiticd eshaitislg encterahmboia gas ganmdnchride Carbon, (&)dCayhifle, cartivmtion

carbidopitride, Si, C- and N-organi sors, amide and azide,.e.qg., SI(NCN)2, C2N2H4
R S e U e AR RS R T
carbonduenmiatinds aNiy K0y Rard bailth Bl costaTlatéine i Rareregntativricd, freme BN oxabie, rare

earth metabJarseaidhideriere farnbygisleo e RAMD Apide a7 dr IfxRMPIRL iJeparation
and properties of phasphor compaositions of family (1) Sr2Sisrs18. 1001091 Example 1.1:

Sr2SisNRIR B3y 1 81D 2 YUD (-85, Sate S ot esHBF BbiAp SelfdiAd from the group
Sr1SiShRLdigIIERE WL Biti, EncomMSIDONHR) ISTAMSNB, [(4,a3). 2503 RsForZatcombiieadsi0) were
synthesjzed by a solid state-reagtian with,the starting-materials, of strontium nitride (Sr2N1 or Sr3N2),
silicon ?\bﬁf%%e(ﬁfgﬁ%m&yo?%-S?’%\Iég?giIitgyr%) caar%cfild%n(a ’Soeraocrothsnlg S,i'gﬂrtop?fﬁ(rﬁ nltri(cjem(%rbsﬁa ?E\ designed
ratios listesd dmeT by PeMreairepaletiohsrividhvegrenp provethgeOfhith GanporBlurtlady pobt-firing

treatmants JescHRag @Rm%‘aiJ&ﬁg‘,@@ﬁﬁ?ﬁ%Q%iprE%m&%@ theRARRNAL PERdUsisHalapaith the
target chemical composition are listed in Table 3. It is observed that the luminescence efficiency

measurEehiNg EHRIAPRIFERNEI NS Bnfidncdis Bla diiBt (5red iBRaf mentiFre01gR-itFiHE omposition.

comprises a tetravalent anion of carbon. F comprises at least one divalent anion selected from

the group consisting of O, S, Se, and Te. In preferred embodiments, F comprises O. H
comprises at least one monovalent anion selcted from the group consisting of F, Cl, Br,and I. In

preferred embodiments, H comprises F.



WO 2012/033557PCTATS20111/041111 Table 2. Weight amount of the raw Materials for preparing
composition Sr2S151°18-oxfoCx:Euy2+ E.xample Weight of raw materials (g) Sr2N SiiiN4 SiC EuN
1.1 1.2371 WABEI3¥96 0.1156 1.2 1.2456 1.3892 0.2102 0.1160 1.3 1EGUERB1941812814
0.1165 1.4 1.2554 1.2354 0.3531 0.1169 1.5 1.2603 1.1576 0.4254 0.1174 1.6 1.2703 1.0001 0.5717
0.1183 1.7 1.2869 0.6774 0.8713 0.1202 1.8 1.3059

(0018] In certain embodiments, the present invention is directed to a composition comprising a
phosphor of formula (5) above. In certain embodiments, the composition comprises one or more
additional phosphors. In certain embodiments, the phosphor comprises a crystal of an

orthorhombic or monoclinic system,

[0019] In certain embodiments, the phosphors of the present invention emit light having a peak
in wavelength range from about 400 nm to about 700 nm when excited by light having a peak in

wavelength range from about 250 nm to about 500 nm.

[0020]) In certain embodiments, the present invention is directed to a light emitting device
comprising a light source emitting a first luminescence spectrum and a phosphor composition,
which, when irradiated with light from the light source, emits light having a second
luminescence spectrum. The phosphor composition of the light emitting device of the prescnt
invention can comprise at least one phosphor having a formula selected from formulas (1), (2),

(3), (4) and (5) as described above.

[0021] [n certain embodiments, the first luminescence spectrum has a peak in wavelength
range from about 250 nm to about 700 nm. In certain embodiments, the first luminescence

spectrum has a peak in wavelength range from about 400 nm to about 550 nm.
[0022] In certain cmbodiments, the light source is a light emitting diode or a laser diode.

[0023] In certain embodiments, the light emitting device further comprises one or more
additional phosphors. In certain embodiments, the additional phosphor emits red, orange, yellow,

green, or blue light when excited by a light source.

[0024] In certain embodiments, the light emitting device further comprises a second phosphor
~ having a formula selected from the group consisting of Ca;SrGa;Sq:Eu®* (0<x<1), Cajgy.
ZngSryBaZSiO“:Eu“ (0=x<l, 0<gy<l,  0<z<Zl, x+ty+z< 1), BaMgAlloolyzEu2+,Mn2+,
MYSisN;:Eu?* (M=Ca, Sr, Ba), B-sialon:Eu*", MSi,O,N;:Eu?* (M=Mg, Ca, Sr, Ba),
Ba;SisO1nN2EW”,  MSisNg:Ce™ (M=Ca, Sr, Ba), Y,;Si:NeC:Ce’*, a-sialon:Yb™,

-7-



0.3443 1.1808 0,1222 1.9 1.10 1.2688 1.2788 1.4741 1.3206 0.1404 0.2831 0.0698 --1 0.0703 1.11
1.12 1.2889 1.2991 1.1646 1.0062 0.4280 0.5752 0.0709 0.0714. 1.13 1.6083 0.8894 1.1440 0.3 1 57
Table 3. CoMgbAItiyMed¥ ficients and luminescence properties for Sr2SiSN8CU3)20B2H 1
Composition Example x Coefficient Y 0.! Luminescence QE (3") 91.9 EM (%) 101.4 Characteristics
(Aex, FW1-1M (nm) 101 =453 nrn) ‘

(MSiO}).nO(SiOz)nJEU2+, X (M=Mg, Ca, Sr, Ba; X=F,' Cl, Br, I), where m is 1 or 0, and either (i)
n > 3 if m=1 or (ii) n=1 if m=0, MALO4Eu* (M=Mg, Ca, Sr, Ba), BaMgAl;,0 7:Eu*",

Y3Al;5042:Ce*", and a-sialon:Eu?".

[0025] In certain embodiments, the light emitting device further comprises a second phosphor
having a formula selected from the group consisting of:
(a) M(ID),Si,ON4Ce: A, wherein 6<a<8, 8<b<l14, 13<c<17, 5<d<9, 0<e<2;
® M(IT)7A 61204y S1x+yO25.xNy.yCy: A, wherein 0<x< 12, 0<y<x, and 0<x+y< 12;
(c) MIDIM(ID) 2.x.ySix+yO25.xNx.yCy: A, wherein 0<x< 12, 0<x+y< 12, and 0<y<x;
(d) MID)7M(IT) 2.y SixryO25.x2382Nx 5 5.yCyi A, Wherein 0<x<12, 0< y<x, 0<x+y< 12,
0<06< 3, and d<x+ty;
(e) MADMID) 1 2-x-ySixsyO2s.x252Nx 7 5-yCysr2:A, Wherein 0<x<12, 05 y<x, 0<x+y<
12, 0<8< 3, and 5<x-+y: |
B MID 7. ,M(DyMIIT) 12 xy-zSixy+2025x2382Nx 7 5..C2:A, wherein 0<x<12, 0= y<x,
0<z<x, 0<x+ty+z<12, z<x+§, and 0<86<3;
(2) MID 7, M(DyM I 12-xy-zSix+y+2025-x282Nx 7 5-2Crzarn: A, wherein 0<x<12, 0< y<x,
0<z<x, O0<x+y+z< 12, z<x+9, and 0<d< 3;
(hy  MID72,M@DyMI)12-5.y-2Sixry+:O25-x2382-v2Nx = 52CoHy:A, wherein 0<x<12, 0<
y<l, 0<z<x, z<x+8, 0<8< 3, 0< v<1, and O<x+y+z< [2; and
(1) MID7.,M(DyMII) 1 2-x.y-zSixsy+2025-x282-v2Nx 7 52CaxsnHy: A, wherein 0<x<12, 0<
y<I, 0<z<x, z<x+8, 0<d< 3, 0< v<1, and O<x+y+z< 12;
wherein:
M(II) comprises at least one divalent cation;
M(I) comprises at least one monovalent cation;
M(II1) comprises at least one trivalent cation;
H comprises at least one monovalent anion; and

A comprises a luminescence activator doped in the host crystal.

[0026]) In certain embodiments, the light emitting device of the present invention comprises at
least two additional phosphors. In certain embodiments, the light emitting device of the present
invention further comprises at least one additional phosphor that emits light having a peak in

wavelength range from about 350 nm to about 700 nm. In certain embodiments, thc light

-8-



?,.(nm 632.105 .20.750.194.4101.9103630.31.00.192.897.395620.41.250.197106.8

102629 .51.50.1 99.2 110.7 104 632 .6 2.0 0.1 74.7 70.2
WO 2012/033557 PCT/US2011/041111

emitting device of the present invention further comprises at least one additional phosphor that
emits light having a pcak in wavelength range from about 480 nm to about 640 nm. In certain
embodiments, the light emitting device of the present invention further comprises at least one
additional phosphor that emits light having a peak in wavelength range from about 520 nm to

about 600 nm.

[0027] In certain embodiments, the light emitting device of the present invention emits white
light. In certain embodiments, the light emitting device of the present invention emits cool white
light. In certain embodiments, the light emitting device of thc present invention emits warm
white light. In certain embodiments, the light emitting device of the present invention emits light
having a peak in wavelength range from about 400 nm to about 600 nm. In certain embodiments,
the light emitting device of the present invention emits light having a peak in wavelength range
from about 520 nm to about 600 nm. In certain embodiments, the light emitting device of the
present invention emits light hav?ing a peak in wavelength range from about 380 nm to about 750
nm. In certain embodiments, the light emitting device of the present invention emits light

having a peak in wavelength range from about 400 nm to about 700 nm.

Definitions

[0028] As used herein, “activator” refers to the atomic or ionic species that emits light with the .
support of the host crystal. The activator may be doped in the host crystal in a very small
amount, as further described herein. The activator can comprise a single element, such as, for
example and without limitation, Eu®', or can comprise multiple elements (i.e. co-activators),
such as, for example and without limitation, a combination of two or more of Eu**, Ce**, Tb*",

Yb** and Mn*",
[0029] As used herein, "co-activator" refers to an additional activator in.the same host crystal.

[0030] As used herein, "dopant" refers to an atomic or ionic species that is doped in a host

crystal.



101627 .7 .83.00.1 088.157.796.4 62.8 104 630 4.0 96627 .90.50.06 95.2 101.3 92 625

.101.0 0.06 96 108.3 98 62 1.11 1-- 1.5 0.06 95.2 101.3 92 625 1.122.0 0.06 94.6104.2 99 628
WO 2012/033557 PCT/US2011/041111

[0031] As used herein, *“grain” refers to an agglomeration, aggregation, polycrystalline or
polymorph of phosphor particles, where the particles are not easily separated as compared to

phosphor particles of a powder.

[0032] As used herein, “light source” refers to any source of light capable of exciting or
irradiating the phosphors of the present invention, including without limitation a Group III-V
semiconductor quantum well-based light emitting diode, a laser diode, or a phosphor other than
the phosphor of a light emitting device of the present invention. The light source of the present
invention can either excite/irradiate the phosphor directly, or excite another system to thereby

provide the excitation energy for the phosphor indirectly.
[0033] As used herein, “particle” refers to an individual crystal of phosphor.

[0034] As used herein, the term "phosphor" refers to a phosphor in any appropriatc form, such
as a phosphor particle, a phosphor grain, or phosphor powder comprised of phosphor particles,

grains, or a combination thereof.

[0035] As used herein, a “phosphor composition” refers to a composition comprising a
phosphor having the ratio of atoms specified for the particular phosphor. It may or may not be
stoichiometric proportions. Impurities and one or more crystalline phases may be present in the

composition,.

[0036] As used herein, the term "pure" means higher than 98% pure for a particular crystalline

phase, 1.e., no more than 2% of a secondary phase.

[0037] “White light,” as used herein, is light of certain chromaticity coordinate values (e.g.,
Commission Internationale de I’Eclairage (CIE)), which are well-known in the art. Correlated
color temperature of a light source is the temperaturc of an ideal black-body radiator that radiates
light of comparable hue to that light source. Higher color temperatures (5,000 K or more) are
called cool colors (or "cool white"); lower color temperatures (2,700-3,000 K) are called warm

colors (or "warm white").

-10-



1.1313.0020 71.9 82.1 109 641 1001101 Figure 1 shows the XRD patterns of exemplary
SnSi5Nix_oxioCx:Eu2+ phosphors. The diffraction patterns are arranged in order of the carbon
content in tEQIMBBEIHEN of the phosphors, i.e., the pattern for the samplePEB U/ tp!pbsition
contains the highest amount of carbon (x=4.0) in the composition, while the pattern for the sample
1.10 in the lowest position contains the lowest amount of carbon (x=1.0) in the composition. The
simulated diffraction pattern for the crystalline compound Sr2Si5N8 is presented at the bottom position

as refergousy) The:afRih padteras 9640 e pEaseh precwiths InWoraion centaM I fes S pRRie bi@e have
similar diffractiongatterns with that of Sr2Si5N8 f%(fgpound. Analglses of the observed XRD patterns

indicate that e BSHEEIROSSHNE 8YsBiR8 U0 e LRI KR STty pical to Sr2S15N5. As the carbon

content in the composition of Sr2S08.(4,j3)C.,:Eu2+ increases, the diffraction peaks render systematic

displace to, ' [ i 20)-due to he jnc rati f on i at\ti erof Sr2S08.
In the sa@nt?glaés Wﬂﬁ%&ggﬁgﬁ@%ﬁ%ﬁ??ﬁ%%a%f%%ﬁ%%éﬁ %g@n{gégg the%%%@ﬁé?ﬂé S ﬁle> ’pﬁﬁg gingle
crystallifd(prage lprhercthenaident caimantiiibpassiesshensitiygientcatitantand M(tHe invwlitaesatio of

C/N>1) brvenares small. amadafihtheasgcandan phrse ahabledIRIeRENbas ReERiA AHRP pattern
of sample 1.8 in Fjgure 1. Fu,rthermﬁre, in comparison with Sr2Si5N8:Eu2+, the carbidonitride
+

phosphdf dPEIFSTIENAERIZNENELB L SRBW S GITG i TE et DHOMRA R SteeS e mYbrphiiogy of
particles3belng (Gg-heP particatarigat Mgh sasbbn etntedtfréa ehtypicap exasiyoleg dfd_¢rygtakstructure
data of sppipm SlicoR cabidqntride RRasERLR! RIZRINAANARENB (AT BaEH2 -, TpI%) are
summarized in Table 4. It is worth noting that the carbsn atoms can-also distriblte Statistica yonall N
(c[31 antfi{@tt) in the structure of the phosphor. Therefore, the crystal structure data are not limited by
the results given in the Tables. WO 2(112/033557PCT/ES2011/041 | 11 Table 4. Crystallographic
data for samﬁ)le 1.7, Sr2Si5N1844,6.)CEu2+ (x = 3, Eu = 5 mol%) Chemical formula Crystal system
Space B! L ke 5arameiet o (A URiTBRIFVSRATETASF SN ot EiBRIE S B 6B Bn21(No.
3 1) 2 a mEabROBELAIEIGR E904 (h)emat Q2326A(IIn3Ad.25(1) Atom x/a yib vic U,s0*100 Site S.0 IT Sri 0
0.86917 0.00283 1.22 2a 0.950 Eul 0 0.86917 0.00283 1.22 2a 0.050 Sr2 0 0.87990 0.37045

[0041] Unless defined otherwise, all technical and scientific terms used herein have the same

meaning as commonly understood by one of ordinary skill in the art to which this invention

belongs. All technical and scientific terms used herein have the same meaning when used. Tt

must be noted that, as used herein and in the appended claims, the singular forms “a”, “and”, and

“the” include plural references unless the context clearly dictates otherwise.

[0042] In the description of phosphor compositions, a conventional notation is used, wherein
the chemical formula for the host crystal is given first, followed by a colon and the formula for
the activator and co-activator(s). In certain instances in this specification where the structure of a
phosphor's host crystal is discussed, the activator(s) may not be included when referencing the

phosphor's formulation.

Brief Description of the Figures

[0043] FIGURE 1 depicts the x-ray diffraction (XRD) patterns of samples 1.8, 1.7, 1.12, 1.11,
and 1.10 of phosphor composition (1). The bottom-most simulated pattern is for Sr>SisNg. The

asterisk in the upper-most pattern indicates SiC as a second phase in sample 1.8.



1.68 2a 0.950 Cu, 0 0.87990 0.37045 1.68 2a 0.050 Si | 0.25376 0.66434 0.69046 1.19 4b 1.000 Si2 0
0.05694 0.67381 1.20 2a 1.000 513 0 0.41839 0.45801 0.95 1i 1.000 514 0 0.40723 0.90012 1.04 2a
1.000 NI O svD8867/0353982 0.07 2a 0.750 PCT/US2011/041111

[0044] FIGURE 2A depicts the Rietveld Refinement of the XRD powder diffraction for
Sr2$i5N344x/3)Cx:Eu2+ (sample 1.7). Figure 2B depicts the projected crystal structure of Sr,SisNs.
@x3)Cx:Eu" (sample 1.7).

[0045] FIGURE 3 depicts excitation and emission spectra (under excitation at 453 nm), as
well as the optical reflection profile, of sample 1.7 of phosphor composition (1) (Sr2SisNs.

(axmCxEu®* (x=3.0)).

[0046] FIGURE 4 depicts the effect of carbon content on emission spectra of samples 1.10,
1.12, 1.7, and 1.8 of phosphor composition (1) (SrzsisNg.(4x/3)Cx:Eu2+) under blue excitation at

453 nm.

[0047] FIGURE S5 depicts reflectance spectra of samples 1.8, 1.7, 1.12, and 1.10 of phosphor

composition (1).
[0048] FIGURE 6 depicts thermal stability of sample 1.7 under blue excitation at 453 nm.

[0049] FIGURE 7 depicts XRD patterns of samples 1.22, 1.32, 1.27, 1.26, 1.25, 1.24, and 1.23
of phosphor composition (1). The bottom-most simulated pattern is for Sr;SisNg and is shown
for reference. The asterisk in the upper-most pattern indicates SiC as a second phase in sample

1.22.

[0050) FIGURE 8 depicts the Rietveld Refinement of the XRD pattern for Sr;SisNg.
[(4y3)+Z]CxO37/22Eu2+ (sample 1.19).

[0051] FIGURE 9 depicts the projected crystal structure of sample 1.19 for Sr;SisNs.

5
[(4x/3)+7,’]cx03-1/2 : EU_+.

[0052]) FIGURE 10 depicts the luminescence excitation and emission spectra of sample 1.19

of composition (1) (SrZSi5N8-[(4x,3)+zJC;032,2:Eu2+) under blue excitation at 453 nm.

[0053] FIGURE 11 depicts the reflectance spectra of samples 1.23, 1.24, 1.25, and 1.26 for
phosphor composition (1) (St3SisNg jaws)+2/CxO32:Eu®").
-12-
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[0054] FIGURE 12 depicts the effect of carbon content on the emission spectra of samples
1.23, 1.24, 1.25, and 1.26 of phosphor composition (1) (Sr2SisNg.jax3)+1CxO322:Eu®*) under blue

excitation at 453 nm.

[0055] FIGURE 13 depicts the thermal stability of samples 1.15 and 1.21 of phosphor

composition (1) SrzSi5N8-[(4x/3)+7,]Cx037j22EU2+ under blue excitation at 453 nm.

10056] FIGURE 14A depicts the Rietveld Refinement of the XRD pattern of sample 2.2 for
phosphor composition BaZSisNg.(4x/3)Cx:Eu2+. FIGURE 14B depicts the projected crystal

structure of sample 2.2.

[0057] FIGURE 15 depicts the excitation and emission spectra of sample 2.2, as well as the
reflectance spectra, for a phosphor ofBaZSiSI\Jg.@;,‘-/;)Cx:Eu2+ (sample 2.2) under bluc cxcitation at

453 nm.

[0058] FIGURE 16 depicts the thermal stability of sample 2.2 for phosphor composition (2)

(Ba,SisNg.ay3)Cy:Eu**) under blue excitation at 453 nm.

N

- FIGURE 17A depicts the Rietveld refinement of the XRD pattern of a phosphor of Ca,SisNs.

awnCx:Eu** (sample 2.7). FIGURE 17B depicts the projection of the crystal structure of sample
2.7.

[0059] FIGURE 18 depicts the excitation and emission spectra of sample 2.7, as well as the
reflectance spectra, for a phosphor of CaZSi5Ng.(4xf3)C,(:Eu2+ (sample 2.7) under blue excitation at

453 nm.

[0060) FIGURE 19 depicts the thermal stability of sample 2.7 ot phosphor composition (2)

(CaZSisNg.(qx/3)Cx:Eu2+) under blue excitation at 453 nm.

[0061] FIGURE 20 depicts the XRD pattern of a phosphor (sample 2.4) of composition (2)
. 2
(Sro.9Bap.1)1 9Eu0.1SisNs.(ax3)Cy:Eu™.



2a 0.250 C6 0 0.42266 0.27020 0.04 2a 0.750 1001111 Figures 2A and 2B show the Rietveld
Refinement and the projected crystal structure of sample 1.7. Figure 3 shows the representative
luminescena®exctatizisand emission spectra and optical reflection profile F6TSaAMEHIA1The
excitation and reflectance spectra indicate that the phosphor absorbs, and is efficiently excited by, light
in the range from 350 run to 600 nm. The phosphor emits red light peaking at about 630 nm imthe
spectral range of 500 to 800 nm. 1001121 As the carbon content is increased in the phosphor
composifiag2pr28ie ik M- (REKiEU2 dhgarpispion Bamndishifiz jomard.shatrrpRYRiengtBgas shown
in Figure 4 for 1.10 vs. 1.12 and 1.7 vs. 1.8, while the absorption edge of Eu2+ is blue shifted as
shown irf Eiflrds Ve a0y E BRAIRRRSN SRREHRIST i< JIBRRRTSA KitIPe%= A9t rfoiepraifite (2)
temperatSre;Bahiph Benfinsiaie s HBnSiliaoer earbidonifticleapho3phors have high thermal stability, e.qg.,
the lumen maintenance is about 90% at 150C. 1001131 Example 1.2:
Sr2SisNs-R4w)tziC,03,J2:Euy2+(z > 0). Samples of phosphor composition
Sr2SiSNWAGH, -, FS:ORE 2R 1 depic(§. ghe cbenpebitiakil{ty whermpis()- dveferbysithersizeapbyi tosolld state
reaction ywth, H1g siariieg materiais Ol RIEPBLIBR|iHdSH @Y AL Sr3192), silicon nitride (u-Si3N4 or
p-si3N4), silicon carbide (a-SIC or 13-SiC), europium oxide (Eu203) in designed ratios listed in Table
5. The preparations followed the procedure of high temperature and post-firing treatments described
above. ThesiymIRBSURETQ paepritieteak K12 phespbosmnp e ol ong puiii the Iprgelcchemicad
compositiﬁp arg ligtre'gli_i ‘Ii'gs lg 6. _Oirsr rseenrc\éed that the luminescence efficiency measured by
quantun?e ﬁmency iS énﬁanceg%y addiion of carbon in certain range in the composition. For
example, in the group of 1.14, 1.15, 1.16, 1.17, 1.18, 1.19, 110, 1.21 and 1.22 in which the

composigRspr AHENRE DY Hebl CXQRe/ 2 HNrdn ISHOERESEH Qi SRS BROURLeffY andsyaried

amount of carbon (x), luminescence emission reached the highest level of QE 104% and Em
Int=119 a2 basheretackpesaseist 191 59520 2 1/ P4 §aPPOPRIR B)-Weight amount of the raw
materials for preparing composition Sr2Si3N8.1(.4v3)+ziCx03,r2:Euy24 Example Wei lit of Si3N4

5355 103 o B 535 65 T 1 BEio 1M bl 530 R BB O

excitation at 453 nm. :

[0067] FIGURE 26 depicts the XRD pattern for sample 4.15 of composition (4)

Sr; 9SisN¢CO:Eu. The simulated pattern for Sr,SisNg is shown for reference.

[0068] FIGURE 27 depicts the excitation and emission spectra under blue excitation at 453

nm, as well as the reflection spectra, for sample 4.15 of composition (4) Sr; ¢SisNgCO:Eu.

[0069) FIGURE 28 depicts the thermal stability for sample 4.15 of composition (4)

Sri9SisNgCO:Eu under blue excitation at 453 nm.

[0070] FIGURE 29 depicts the Rietveld Refinement of the XRD patiern for sample 4.3 of

com pOSi[iOI’I (4) Srz.wLizwsi5.mAlmNg.[(4x/3)+z+m|CXO(3Z/2)+mZEU2+.

[0071] FIGURE 30 depicts the excitation and emission spectra under blue excitation at 453

nm, as well as the reflection spectra, for samplé 4.3 of composition (4).

[0072] FIGURE 31 depicts the thermal stability for sample 4.3 of composition (4) under blue
excitation at 453 nm.

-14-



_0.1227 0.1230 .19 1.2419 0.6537 0.8409 .20 1.2448 0.4915 0.9833 0.1233 .211.30270.3434
1.1779 0.1292 1.221244F0 1 4968 0.1314 1231.2670 1.4720 0.1402 0.0739 .241.2770 1.3187 0.2827
0.0744 .25 Woer210388D 0.4274 0.0750 .26 1.2973 1.0048 0.5744 0.0756FLATVAEOM{BHA11 1.1590
0.1695 1.281.6762 1.9559 0.1863 0.1308 .29 1.6893

|0073] FIGURE 32 depicts the Rietveld Refinement of the XRD pattern for sample 4.6 of

composition (4) Srg.wLiwais_m/\]mNg.[(4x/3)+z+m]CxO(3y2)+m:Eu2+ (x=2, w=0,z=0.1,m=0.2).

|0074] FIGURE 33 depicts the projected crystal structure of sample 4.7 for Sry.,LizySis.
mAlmNg 453y 20m CxOG224m Eu?* (x=2, w=0, z= 0.1, m = 0.2).

[0075] FIGURE 34 depicts the excitation and emission spectra (under blue excitation at 453
nm), as well as the reflectance spectra, of Srz.wLiZWSi,-_mAlmNg.[(4x/3)+z+m]Cx0(37/2)+m:Euz+ (x=2,

w=0, z= 0.1, m = 0.2) (sample 4.6).

[0076] FIGURE 35 depicts the thermal stability for sample 4.6 of composition (4) under blue

excitation at 453 nm.

[0077] FIGURE 36 depicts an embodiment of the light® emitting device of the present

invention.

[0078] FIGURE 37 depicts an embodiment of the light emitting device of the present

invention.

[0079] FIGURE 38 depicts an embodiment of the light emitting device of the present

invention.

[0080] FIGURE 39 depicts an embodiment of the light emitting device of the present

invention.

[0081] FIGURE 40 depicts the emission spectrum of a pcLED comprising a blue-emitting
LED emitting at 453 nm and a red-emitting phosphor of composition (1) (sample [.29).

[0082] FIGURE 41 depicts the emission spectra of the pcLEDs of Example 6.2. The curve

with the higher peak is for Device I of Example 6.2. The curve with the lower peak is for Device

[T of Example 6.2.

-15-



1.7522 0.3756 0.1319 1.30 1.7161 1.3350 0.7631 0.1340 1.31 1.7437 0.9043 1.1631 0.1361 .37
1.2477 0.3284 1.1264 0.1236 WO 2012/033557PCTIUS2011/041111 Table 6. Composition
coefficients B2 38ETence properties for Sr2Si5Na.rovn+z]Cx037,2: EuyRHT &M+ Bdposition
coefficient Luminescence Characteristics (?..,", =453 nm) X Y z QE (%) Emission (%)FWHM(nm)
A.mni (urn) 1.140.50.1 0.1 88.298.6 106 630 1.151.00.10.1 104.3 119.5110 638 1.161.50.10.1 98.3
111.8109 638 1.172.00.1

Detailed Description

[0083] In certain embodiments, the present invention is directed to a novel family of silicon

carbidonitride phosphors expressed by:
(1) SraSisNg.(aw3)+)CxO302: A

wherein 0<x<5, 0<z<3, and [(4x/3)+z]<8. A comprises a luminescence activator doped in the
host crystal lattice at a concentration level from about 0.0001 mol% to about 50 mol%,
preferably from about 0.001 mol% to about 20 mol%, relative to the mole amount of Sr. A can
comprise at least one metal ion selected from the group including Ce, Pr, Nd, Sm, Eu, Gd, Tb,
Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi, Sb, or a combination thereof, preferably Eu®", Ce**, Tb**, Yb**

2 . .
and Mn”", or a combination thereof.

[0084] In certain embodiments, the present invention is directed to a novel family of silicon

carbidonitride phosphors expressed by:
(2) M(I1)2S15Ng.(ax/3)+2}CxO322:A

wherein 0<x<5, 0<z<3, and [(4x/3)+z]<8. M(II) comprises at least onc divalent cation, and may
be selected from, but not limited to, the group including Be, Mg, Ca, Sr, Ba, Cu, Co, Ni, Pd, Zn,
Cd and other divalent transition metal ions, or a combination thereof, preferably from the group
including Ca, Sr, Ba and other alkaline earth metal ions, or a combination thereof. A comprises
a luminescence activator doped in the host crystal lattice at a concentration level from about
0.0001 mol% to about 50 mol%, preferably from about 0.001 mol% to about 20 mol%, relative
to the mole amount of M(Il). A can comprise at least one metal ion selected from the group
including Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi, Sb, or a combination

thereof, preferably Eu2+,'Ce3+, Tb*, Yb*" and Mn**, or a combination thereof.

[0085] In certain embodiments, the present invention is directed to a novel family of silicon

carbidonitride phosphors expressed by:

(3)  M(D2.eM(1D2uSisNg. 4x3+2)CxO322.A

-16-
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wherein 0<x<5, 0<w<0.6, 0<z<3, and [(4x/3)+z]<8. M(II) comprises at least one divalent
cation, and may be selected from, but not limited to, the group including Be, Mg, Ca, Sr, Ba, Cu,
Co, Ni, Pd, Zn, Cd and other divalent transition metal ions, or a combination thereof, preferably
from the group including Ca, Sr, Ba and other alkaline earth metal ions, or a combination
thereof. M(I) comprises at least onc monovalent cation, and may be selected from, but not
limited to, the group including Li, Na, K, Rb, Cu; Ag and Au, or a combination thereof,
preferably from the group including Li, Na, and K, or a combination thereof. In order to
compensate for the evaporation of M(I) at high temperature in firing processes, extra M(I) has
been designed in this formulation. A comprises a luminescence activator doped in the host
crystal lattice at a concentration level from about 0.0001 mol% to about 50 mol%, preferably
from about 0.001 mol% to about 20 mol%, relative to total mole amount of M(II) and M(I). A
can comprise at least one metal ion selected from the group including Ce, Pr, Nd, Sm, Eu, Gd,
Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi, Sb, or a combination thereof, preferably Eu®*, Ce**, Tb*",

Yb** and Mn*", or a combination thereof.

[0086] [n certain embodiments, the present invention is directed to a novel family of silicon

carbidonitride based phosphors expressed by:

@)  MID2. MI)2uS15.aMIIT)mNg [(ax3)+2+4m CxO322y6m: A

wherein 0<x<5, 0<w<0.6, 0<z<3, 0<m<2, and [(4x/3)+z+m]<8. M(II) comprises at least one
divalent cation, and may be selected from, but not limited to, the group including Be, Mg, Ca, Sr,
Ba, Cu, Co, Ni, Pd, Zn, Cd and other divalent transition metal ions, or a combination thereof,
preferably from the group including Ca, Sr, Ba and other alkaline earth metal ions, or a
combination thereof. M(I) comprises at least one monovalent cation, and may be selected from,
but not limited to, the group including Li, Na, K, Rb, Cu, Ag and Au, or a combination thereof,
preferably from the group including Li, Na, and K, or a combination thereof. In order to
compensate for the evaporation of M(I) at high temperature in firing processes, extra M(I) has
been designed in this formulation. M(III) comprises at least one trivalent cation, and may be
selected from, but not limited to, the group including B, Al, Ga, In, Sc, Y, or a combination
thereof, preferably from the group including Al and B, or a combination thereof. A comprises a
luminescence activator doped in the host crystal lattice at the concentration of from 0.0001 mol%

to about 50 mol%, preferably from about 0.001 mol% to about 20 mol%, relative to the total

-17-
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mole amount of M(II) and M([). A can comprise at least one metal ion selected from the group
including Ce, Pr, Nd; Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi, and Sb, or a combination

thereof, preferably Eu®*, Ce**, Tb**, Yb?" and Mn?*, or a combination thereof.

[0087] In certain embodiments, the present invention is directed to a novel family of silicon

carbidonitride based phosphors expressed by
(5) MDD M(DpM(1).DyE.CiFHy: A

wherein 0<a<2, 0<b<0.6, 0<c<2, 0<d<S$, 0<e<8, 0<f<5, 0<g<2.5, and 0<h<0.5; M(Il) comprises
at least one divalent cation selected from the group consisting of Be, Mg, Ca, Sr, Ba, Cu, Mn,
Co, Ni, Zn, and Cd, prefereably Ca, Sr, and Ba; M(I) comprises at least one monovalent cation
selected from the group consisting of Li, Na, K, Rb, Cs, Ag, and Au, preferably Li, Na, and K;
M(III) comprises at least one trivalent cation selected from the group consisting of B, Al, Ga, In,
Ti, Sc, Y, and La, preferably B, Al, and Ga; DD comprises at least one tetravalent cation selected
from the group consisting of C, Si, Ge, Sn, Pb, Ti, Zr, and Hf, preferably Si; E comprises at least
one trivalent anion selected from the group consisting of N, P, As, Sb, and Bi, preterably N; C
comprises a tetravalent anion of carbon; F comprises at least one divalent anion selected from the
group consisting of O, S, Se, and Te, preferably O; H comprises at least one monovalent anion
scicted from the group consisting of F, Cl, Br, and I, preferably F; and A comprises a
luminescence activator doped in the host crystal of the phosphor. In certain embodiments,

carbon is present in two different states, as both a tetravalent anion as well as a tetravalent cation.

[0088] In certain embodiments, at least one of the phosphor compositions of the present
invention is used as a wavelength converter for a light emitting device. The light emitting device
has a first illuminant which emits light having a peak in wavelength range from about 300 nm to
about 750 nm, and a second illuminant which emits a visible light upon irradiation with light
from the first illuminant, wherein the second illuminant contains at least one phosphor of the
present invention. The first illuminant can, for example, emit light having a peak in wavelength
range from about 300 nm to about 750 nm, preferably from about 400 nm to 670 nm or from
about 350 nm to about 480 nm, and more preferably from about 420 nm to about 660 nm. In

certain embodiments, the first illuminant is a laser diode or a light emitting diode (LED). When
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3.00.080.08 87.5 82.394.293.992 103621_6351.3214.00.10.1 1001141 Figure 7 illustrates
the XRD patterns of the phosphors with varying amounts of carbon in the composition
Sr2Si5N18.86P3R012983352: Eu2t. The diffraction patterns in Figure 7 are arraffgE¥$a0tded Bilthe carbon
content in the composition of the phosphors, i.e., the pattern for the sample 1.22 in the top position
contains the highest amount of carbon (x=5.0) in the composition whereas the diffraction pattern for
the sample 1.23 in the lowest position contains the lowest amount of carbon (x=0.5) in the

Cr(])mé)OSiﬂfh@nseﬁbmsmmﬂ?dtdﬁgﬂﬁﬁﬁﬁgpaﬁ@r&f%&ﬁef&{&(ﬁi%ir?eo‘ﬁ%&ﬂﬁﬂ%‘ﬁ l§fr3§é'5iz)l8é§tim?$§m?d at
the bottom position. as reference. The XRD patterns for the phosphors with Jow carbon content, for
exampled S%an%@.i‘ ebé#%&%ﬁh&ﬁ?&%rﬁ@f@f‘ésﬁ%&?@cg%ﬁéima‘.eAﬁ%}s‘é@bf“fHB BRSAR/EY XRD

patterns%dd:atgtmhahgaé‘rphosphor$68rﬁx8iﬁi\ﬂzo(4>6(6().r@,Qﬁzmebi&tfmmiabm}apiwl tonSK2B6INS. As the

carbon cQ@tent H?l?fﬁ%?@fjréﬁ?agi rRGHon PRGN 43, SDaRss Y sas Qoserved for the samples 1.25, 1.26,
1.27, 1.32 and 1.22. In the phosphors with carbon content of x<4, the XRD patterns show pure single

crystalline phase. When the carbon content increases to x>4, however, the diffractions from SiC
crystalli ase appear in a XRD pattern of 1.22 in Figure 7. Figures 8 and 9 depict the Reitveld
Refinenj@%lnd?ﬁr(‘i S8 FAPSEMER e iPE SEEM plHU PSR ARES TR LA SfEIE ?8‘8?#1e
phosphafisoipiseifharidédivhal abés phoH ergphibdphemartian) dtingxinap k) e e iightatevirg: capealsindistribute
statistically gn al'! N (NI-31 and N in the structure of the phosphor. Thereforg, the crystal structure
s are O L e B A R T IR P R e T,
Sr2SisN&> A aRri3)+,1C."03.62:Eu23, Ell = 5 mol%) Chemical formula Crystal system Space group 7
Lattice parameters (A) Unit cell volume (A3) S n .9EUO. S I 5N3.9C30CL 5 Orthorhombic Pmn21
(No. 31) 2 a= 5.6990(1), h = 6.7949(1),.c = 9.3241(2) 361.07(1) Atom x/a z./e U,sa*100 Site S.O.F

Sri 0 0.87148 0.00080
[0090] In the phosphor compositions of the present invention, luminescence activator A can be

doped in the host crystal of the phosphor either substitutionaliy or interstitially at a concentration
level from about 0.0001 mol% to about 50 mol% relative to the total mol% of the respective
divalent or divalent and monovalent cations. In certain embodiments, A is doped in the host
crystal of the phosphor at a concentration level from about 0.001 mol% to about 20 mol%
relative to the total mol% of the divalent or divalent and monovalent cations. In some
embodiments, A is doped in the host crystal of the phosphor at a concentration level from about
0.01 mol% to about 7 mol% relative to the total mol% of the divalent or divalent and monovalent
cations. In other embodiments, A is doped in the host crystal of the phosphor at a concentration
level from about 0.01 mol% to about 10 mol% relative to the total . mol% of the divalent or-

divalent and monovalent cations.

[0091] In certain embodiments, A comprises at least one co-activator. The co-activator may be
selected from, but not limited to, the group including Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Mn, Bi, Sb, prcferably Eu?*, Ce**, Tb*", Yb*" and Mn**, and the group including
halogen anions, F, Cl, Br and 1. The conccntration level of the co-activator can be from about
0.0001% to about 50% relative to the activator. In certain embodiments, the concentration level
of the co-activator is from about .001 mol% to about 20 mol% relative to the activator. In some
embodiments, the co-activator is doped in the host crystal lattice of the phosphor at a

concentration level from about 0.0] mol% to about 7 mol% relative to the activator. In other
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embodiments, A is doped in the host crystal lattice of the phosphor at a concentration level from

about 0.01 mol% to about 10 mol% relative to the activator.

[0092] In certain embodiments, the phosphor compositions of the present invention maintain at
least 60% of their relative emission intensity at temperatures up to 250°C. In other
embodiments, the phosphor compositions of the present invention maintain at least 85% of their
relative emission intensity at temperatures up to 250°C. In other embodiments, the phosphor
compositions of the present invention maintain at least 90% of their relative emission intensity at
temperatures up to 250°C. In certain embodiments, the phosphor compositions of the present
invention maintain at least 60% of their relative emission intensity at temperatures up to 200°C.
In certain embodiments, the phosphor compositions of the present invention maintain at least
85% of their relative emission intensity at temperatures up to 200°C. In other embodiments, the
phosphor compositions of the present invention maintain at least 90% of their relative emission
intensity at temperatures up to 200°C. In certain embodiments, the phosphor compositions of the
present invention maintain at least 60% of the relative emission intensity at temperatures up to
150°C. In certain embodiments, the phosphor compositions of the present invention maintain at
least 85% of the relative emission intensity at temperatures up to 150°C. In further
embodiments, the phosphor compositions of the present invention maintain at lcast 90% of the
relative emission intensity at temperatures up to 150°C. In other embodiments, the phosphor
compositions of the present invention maintain at least 95% of their relative emission intensity at

temperatures up to 150°C.

[0093]) In certain embodiments, the shape of the phosphor particles can be spherical and/or rod-
shaped. In some embodiments, the median diameter of the phosphor particles of the present
invention can be from about 2 to about 50 microns, preferably from about 4 to about 30 microns,
and more preferably from about 5 to about 20 microns. In further embodiments, the phosphor
particles of the present invention can be from about 2 to about 10 microns in diameter, or from
about 3 to about 9 microns in diameter. In some embodiments, the phosphor is a grain. In other

embodiments, the phosphor is a particle.
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[0094] In certain embodiments, the present invention further provides a light emitting device
comprising: a light source emitting light of having a peak in wavelength range from about 200 to
about 600 nm, preferably from about 350 to about 490 nm; and at least one phosphor
composition of the present invention, where the phosphor composition is positioned to absorb at
least a portion of the light output from the light source and effectively modifies the color of the
light absorbed from the light source, resulting in an emission of a longer wavelength than that of
the light absorbed from the light source. For example, the phosphor compositions of the present
invention can be mixed with a silicone resin to form a slurry. The phosphor-filled silicone can
be applied to a LED chip as shown in Figures 36-39. The LED can, for example, emit light in

the near ultraviolet (nUV) range (e.g., about 405 nm) or the blue range (e.g., about 450 nm).

[0095] The light source used in the present invention, can, for cxample, comprise a gallium
nitride-based LED with a light-emitting layer comprising a quantum well structure. The light
emitting device can include a phosphor of the present invention and a reflector located so as to
direct light from the LED or the phosphor (see Figure 36). The phosphor of the present
invention can be located on the surface of the LED (Figures 36 and 37) or separated therefrom
(Figure 38). The light emitting device can further include a translucent material encapsulating

the LED and the phosphor as seen in Figures 36-39.

[0096] In certain embodiments, the light emitting device of the present invention comprises a
light source, such as a LED, to either create excitation energy, or to excite another system to
thereby provide the excitation energy for the phosphor of the present invention. Devices using
the present invention can include, for example, and without limitation, white light producing
light emitting devices, indigo light producing light emitting devices, blue light producing light
emitting devices, green light producing light emitting devices, yellow light producing light
emitting devices, orange light producing light emitting devices, pink light producing light
emitting devices, red light producing light emitting devices, or light emitting devices with an
output chromaticity defined by the line between the chromaticity of a phosphor of the present
invention and that of at least one second light source. Headlights or other navigation lights for
vehicles can be made with the light emitting devices of the present invention. The light emitting

devices can be output indicators for small electronic devices, such as cell phones and personal
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digital' assistants (PDAs). The light emitting devices of the present invention also can be the
backlights of the liquid crystal displays for TV, cell phones, PDAs and laptop computers.
Luminaires for general illumination purpose can also be made with the lighting devices of the
present invention. Given appropriate power supplies, room lighting can be based on devices of
the invention. The warmth (i.e., amount of yellow/red chromaticity) of light emitting devices of
the present invention can be manipulated by selection of the ratio of light from a phosphor of the
present invention to light from a second source (including, a second phosphor). Semiconductor
light source-based white light devices can be used, for example, in a self-emission type display
for displaying a predetermined pattern or a graphic design on a display portion of an audio
system, a household appliance, a measuring instrument, a medical appliance, and the like. Such
semiconductor light source-based light devices also can be used, for example, and without
limitation, as light sources of a back-light for a liquid crystal diode (LCD) display, a printer
head, a facsimile, a copying apparatus, and the like. The light emitting devices of the present
invention can emit light having a peak in wavelength range from about 350 nm to about 750 nm.
The light emitting device can, for example, emit light having a peak in wavelength range of at
least 350 nm, or at least 355 nm, or at least 340 nm, and so on in increments of 5 up to at least
750 nm. The light emitting device can, for example, emit light having a peak in wavelength
range of at most 750 nm, or at most 745 nm, or at most 740 nm, and so on in increments of 5
down to at most 350 nm. Exemplary ranges for the peak in emission of the light emitting device
of the present invention include, without limitation, from about 500 nm to about 650 nm, or from
about 530 nm to about 560 nm, or from about 550 nm to about 600 nm, or from about 580 nm to

about 660 nm.

[0097] Suitable semiconductor light sources for use in the present invention also are any that
create light that excites the phosphor compositions of the present invention, or that excites a
diffcrent phosphor that in turn excites the phosphors of the present invention. Such
semiconductor light sources can be, for example, and without limitation, light sources including:
GaN (gallium nitride) type semiconductor light sources; In-Al-Ga-N type semiconductor light
sources, such as InjAljGaxN, where i + j + k = about 1, and where one or more of i, j and k can be
0; BN; SiC; ZnSe; BiAljGakN, where i +j + k = about 1, and where one or more of i, j, and k can
be 0; and Biln;AlGaN, where i + j + k + | = about 1, and where one or more of i, j, k, and [ can

be 0; and other such similar light sources. The semiconductor light source (e.g., a semiconductor
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0.42109 0.26456 0.71 2a 0.213 C6 0 0.42109 0.26456 0.71 2a 0.750 06 0 0.42109 0.26456 0.71 2a
0.019 1001151 Figure 10 depicts the luminescence excitation and emission spectra representative of
the phosphdMOiR&EBRposition of Sr2Si5hfs.[(4,0)1,4Cx037n:Eu2+, as daBASRateE4YyIsample
1.19. The excitation profile shows an efficient excitation in the range from 350 nm to 550 nm.
Meanwhile the reflectance profile in Figure Il shows a strong absorption in the same wavelength
regime. Under near-UV and blue light excitation, the phosphor emits a red light at about 630 nm with a

high quanipinaaeifiieiensad (34 XdmpMorRavEN thel eispiombands candetuneldHmonbiytie Eu2+
concentcrgtion tl)u('g also b tht arbon gonte t, as derf'n nstrated in Fi1 urf Ez.ac'&he blye shift of the
emission BEAG RarT BEPLSEAR et BRRCIRS STISBIER S o CaPEBRGIS (RE hitda SRR Gahicly PsElits in the
expansiﬁnmﬁmmmwaﬂtiw@/fd@nc@@hxymdlspi_emerfnemt@fcth;eIXRﬁhtt}wafdrdmm/ancamngn Figure
7. The hlug.shift ahibeismission eaks,arspmprnied e R, Sl eb e ahsprpion edge of Euzt

as shown in Figure 11. The fumen maintenance of the phosphorss more than 85% at 150 C and both
low (sar\’ﬁﬁl@a 1.15, x=1.0) and high (sample 1.21, x=4.0) carbon content phosphors show high thermal
stability as shown in Figure 13. Example 2: Preparation and properties of phosphor compositions of
family (2) M(1.1)2S15IN8_ 1(40.3)+71C,03,12:Eul" 1001161 Samples of phosphor composition

M(111)2SialNe-fail3)zIiC.;03v2:Eu).2 (i.e., com sitio% were e by a solid state reaction with the
startingi@gtﬁriagg gg@%}gn?m%ﬁm%{% ’(g}ilﬁ%& %gr?%rl\fo . %gfva?ﬁ r?rﬁﬁgee Fé’;sl ﬂiivggﬁﬂnmcﬁﬁr% e

(Ba3N2yxsiifcoby light érean SipNaasy Hebi3ndixesitiecdnagaldideaarBic semigoplugoniighies(EoR) in
designed fatips HstpehindaPig R }Tﬁ%efﬁlﬁémtiﬁﬂﬁaw%ﬁdm\%@m%‘éu{%éﬁ highéempeyatyre and

post-firing treatments described above. The luminescence properties of the phosphor products along

with the BT RY W entl iR B ARSSLHRTh R Tiahoy i PN Q 2-PL SR R A STAR Arecrantty dightlssed
below. Talbie Ssudheight mixkionm Hbihe ttaw phadphials fatapreparingdemipgsitipsak in wavelength

M(11)’SgnNSb%iﬁ%%+§§6XO3¥gzaE%%?§ %411? = Bg@, Sr E?r rggxtt%?lé ther%%Eﬁ%@(glei\é\é%iéght of raw
materiale 1) BashL AaARZ BN ST IR 4888° 0 100 7B 10, 2505 5.0654°5% 2 1656 0
0 1.435haht3G76ccondary, in relation to the phosphor compositions of the present invention, the
excitation-induced light is the relevant source light. Devices that use the phosphor compositions
of the present invention can inélude, for example, and without limitation, mirrors, such as,
dielectric mirrors, which direct light produced by the phosphor compositions of the present
invention to the light output, rather than direct such light to the interior of the device (such as, the

primary light source).

[0099] The light source (e.g., a LED) can, in certain embodiments, emit light having a peak in
wavelength of at least about 200 nm, at least about 250 nm, at least about 255 nm, at least about
260 nm, and so on in increments of 5 nm up to at least about 600. In some embodiments, the
light source emits light having a peak in wavelength of over 600 nm. The light source can, in
certain embodiments, emit light having a peak in wavelength of at most about 600 nm, at most
about 595 nm, at most about 590 nm, and so on in increments of 5 nm down to or less than about
200 nm. In some embodiments, the light source emits light at less than 200 nm. In certain
embodiments, the light source is a semiconductor light source. When LED chips are used, the
LED chips are advantageously filled with a transparent encapsulant with a dome-like shape as
shown in Figures 36-39. The encapsulant provides the mechanical protection on one hand, and
the encapsulant further improves the optical property on the other hand (improved light emission

of the LED die).
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0.0764 2.3 1.6419 0 0 1.076910.2309 0.0382 9.4 0.1898 0 1.0978 1.2842 0.2753 0.1140 2.5 2.2012 0
0 1.0902 0.6232 0.0774 2.6 0 0.1835 1.3948 1.8274 0.3917 0.1622 2.7 0 1.1762 0 1.7212 0.9839
0.12221 PCYRA8DHABAI411 | Table 9. Composition coefficient and luminesBERASYropEias of the
phosphors composition M(11)2Si51\18.i0xi3}*ziCx03z2:Eux2' (M(11)= Ba, Ca, Sr or mixtures thereof)
Example Composition coefficient Luminescence Characteristics (it",= 453 nm) x Y z QE (%)

[00100] The phosphor composition may be dispersed in an encapsulant. By the encapsulant, the
LED chips disposed on the substrate and a polymer lens are bonded without containing a gas as
much as possible. The LED die can be sealed directly by the encapsulant. However, it is also
possible that the LED die is sealed with a transparent cncapsulant (i.e., in this case, there are the
transparent encapsulant and the encapsulant to contain the phosphor composition). Owing to the

refraction indices close to each other, there is little loss of reflection at the interface.

[00101] In structural modifications, one or more LED chips are disposed on a substrate in a
reflection mirror and the phosphor composition is dispersed in a lens disposed on the reflection
mirror. Alternatively, one or more LED chips may be disposed on a substrate in a reflection

mirror and the phosphor coated on the reflection mirror.

[00102] In certain embodiments, the phosphor compositions of the present invention may be
dispersed in an encapsulant such as silicone and epoxy resin. The phosphor-mixed encapsulant
composition may be disposed on to the LED chip which is mounted on a substrate. The structurc
of the LED combined with the phosphor-mixed encapsulant composition can be sealed by a
transparent encapsulant as protective layer. In certain 'embbdiments, the outer transparent
encapsulant layer is shaped in a dome shape for directing and distributing the output [ight
(Figﬁrcs 36-39). In an alternative device structure, one or more LED chips are mounted on a
substrate and the phosphor-mixed encapsulant composition is .disposed onto thc multiple-chip

device (Figure 39).

[00103] In certain embodiments, the phosphor compositions of the present invention can be
dispersed in the light emitting device with a binder, a solidificr, a dispersant, a filler or the like.
The binder can be, for example, and without limitation, a light curable polymer, such as an
acrylic resin, an epoxy resin, a polycarbonate resin, a silicone resin, a glass, a quartz and the like.
The phosphor of the present invention can be dispersed in the binder by methods known in the
art. For example, in some cases, the phosphor can be suspended in a solvent with the polymer
suspended, thus forming a phosphor-containing slurry composition, which then can be applied on

the light emitting device and the solvent evaporated therefrom. In certain embodiments, the
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phosphor can be suspended in a liquid, such as, a pre-cured precursor to the resin to form a slurry,
the slurry then can be dispersed on the light emitting device and the polymer (resin) cured
thereon. Curing can be, for example, by heat, UV, or a curing agent (such as, a free radical
initiator) mixed with the precursor. As used herein “cure” or “curing” refers to, relates to or is a
process for polymerizing or solidifying a substance or mixture thereof, often to improve stability
or usability of the substance or mixture thereof. In certain embodiments, the binder used to
disperse the phosphor particles in a light emitting device can be liquefied with heat, thereby
forming a slurry, and then the slurry is dispersed on the light emitting device and allowed to
solidify in situ. Dispersants (meaning a substance that promotes the formation and stabilization
ol a mixture (e.g., a suspension) of one substance into another) include, for example, and without

limitation, titanium oxides, aluminum oxides, barium titanates, silicon oxides, and the like.

[00104] In certain embodiments, at least one of the additional phosphors is selected from the
followi_ng: (1) one or more phosphor compositions that emit green light, including, for example
and not limited to, Cal.,\-Sr,‘-Gazszt:Eu2+ (0=xZ1), Ca1_x_y.ZMg,‘SryBaZSiogt:Eu2+ (0=x<l1, O=<y<l,
0<z<l, x+y+z< 1), BaMgAlgO,7:Eu’", Mn?*, MYSi,N7:Eu?* (M=Ca, Sr, Ba), B-sialon:Eu**,
MSi;O0;N:Eu®" (M=Mg, Ca, Sr, Ba), Ba;Sic0;N:Eu®", M,SisNy:Ce’* (M=Ca, Sr, Ba),
YZSi4N5C:Ce3+, and a-sialon:Yb2+_, (2) one or more phosphor compositions that emit blue light,
including, for example and not limited to, (MSiO3)m0(SiOz)n:Eu2+, X (M=Mg, Ca, Sr, Ba; X=F,
Cl, Br, I), where m 1s I or 0, and either (i) n > 3 if m=1 or (ii) n=1 if m=0, MAILLQ4:Eu?* (M=Mg,
Ca, Sr, Ba), and BaMgAlmO|7:Eu2+, (3) one or more phosphor compositions that emit yellow
light, including, for example and not limited to, Y3Al50,2:Ce*" and other certum-doped garnet
typc phosphors, and a-sialon:Eu®*, and (4) one or more phosphor compositions that emit red
light, including, for example and not limited to, Ca|SrS:Eu® (0=x£1),
3.5Mg0+0.5MgF>GeOx:Mn*", Y,0,S:Eu**, M,SisNg:Eu®* (M=Ca, Sr, Ba), MAISiN;:Eu®"
(M=Ca, Sr), Y»SisNsC:Eu?*, and CaSiN;:Eu?". ‘

[00105] In certain embodimeﬁts, one or more additional phosphor compositions are added to the
phosphor compositions of the present invention to make, for example and without limitation,
white light LED lamps. The compositions of such additional phosphors can be, without
limitation, as follows:
(a) Caj.xAlxxySijxexyNoxxyCry:A;
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93.7 100.6 114647 2.7 2.0 20.6 21.6 97.608 1001171 Example 2.1: Ba2S15N8,(4"13)C,JEuZ2t.
The Rietveld refinement analysis (Figure 14A) of the X-ray diffraction pattern demonstrates that the
phosphor (s¥fA&128P$87 pure crystalline phase material and its crystal sStRCTWS2011/041111
Ba2Si5Ng,(4,,n)CN:Eu2+ (x=1) is similar to that of nitride compound Ba2S151\18. The crystal
structure data are summarized in Table 10. Figure 14B depicts the projected crystal structure of this
sample. Under excitation in the wavelength range of 370- 520 urn, this phosphor emits orangish-yellow

or orange-red fight irﬁﬂg\mgg@(qf[5§§95§§_9+gmg§@g@;t about 590 rim (Figure 15). The emission
peak wavelength is dependent on thé concentration of Eu in the composition as observed in Tables 8
and 9. This pF %pho Wﬁbﬁg"g)g%{iI’?hewﬁ&ﬂsta‘bﬂﬁy-nf:miﬁinescence. The lumen maintenance is

more than 80%apt 1E’M(G)a§zsm(omdnlﬁgg.y$,J,@wm_%_;&@;msj;@yggmmﬁg data for sample 2.2,
parameters (A§Unit S Vot QA TEar ebietor S B CA R AT NERE Prn2t (No. 91 2 3=
5.7679(1), h =vh@888(1), c = 9.3675(1) 374.64(1) Atom x/a zlc Lliwc100 Site S.O.F Bat 0 0.85627
-0.00204 1.1723 6, Sy Q kYl Q-8p627, 4 Q204 Lk f<| | x>xy+2, v/2<w, x-xy-2w/3-v/3<2, and
O<x-xy-z<l1;

M(II) is at least one divalent cation;

M(]) is at least one monovalent cation;

M(III) 1s at least one trivalent cation;

H is at least one monovalent anion; and

A is a luminescence activator.

[00106] In certain embodiments, one or more additional phosphor compositions are added to the
phosphor compositions of the present invention to make, for example and without limitation,
white light LED lamps. The compositions of such additional phosphors can be, without

limitation, as follows:

(a) M(I1),Si,ON¢Ce: A, wherein 6<a<8, §<b<l4, 13<c<17, 5<d<9, 0<e<2;

(b) M(ID)7Al12.4.ySix+yO25xNx.yCy: A, wherein 0<x< 12, 0<y<x, and 0<x+y< 12;

(© MUT)sM(IIT) 25y Six+yO25.xNxyCy: A, wherein 0<x< 12, 0<x+y< 12, and 0<y<x;
(d) MIDsMIIT)12.5.ySix+yO25x2382Nx 7 5yCy:A, Wherein 0<x<12, 0< y<x, 0<x+y< 12,
0<6< 3, and 8<x+y;

() MID)sM(I1T)12¢.ySix+yO25.x£82Nx 7 5-yCyzsr2: A, Wherein 0<x<12, 0< y<x, 0<x+y<
12, 0<8< 3, and 0<x+y;

(fH M1 7.yM(D)yM(IIT)12.5-y-2Sixsy+2025.x2352Nx = 5,C2:A, wherein 0<x<12; 0< y<x,
0<z<x, 0<x+y+2z<]2, z<x+§, and 0<6<3; _

(g) MID 7., M(DyMIIT)13-x-y-zSix+y+:025-x282Nx 7 52C26r2: A, wherein 0<x<12, 0< y<x,
0<z<x, O<x+y+z< 12, z<x+8, and 0<8< 3;

(h) MID 7., M(D)yM1) 1 2-x.y-2S1x+y+2025-x2382-v2Nx 7 52C.Hv:A, wherein 0<x<12, 0<

y<I, 0<z<x, z<x+d, 0<d< 3, 0< v<I, and O0<x+y+z< 12; and
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(1) M(ID)7.yM(DyM(I11)12:x-y- 28 ix+y+2025.x28/2-v2Nx 7 5-2C2e5nHy: A, wherein 0<x<12, 0<
y<l, 0<z<x, z<x+§, 0<8< 3, 0< v<l1, and O<x+y+z< 12;
wherein:
M(II) comprises at least one divalent cation;
M(l) comprises at least one monovalent cation;
M(III) compriscs at least one trivalent cation;
H comprises at least one monovalent anion; and

A comprises a luminescence activator doped in the host crystal lattice.

[00107] In is noted that any of phosphors described herein may be used to create a light emitting
device of the present invention. In the case that multiple phosphor compositions are used, it may
be advantageous that the multiple phosphor compositions are suspended in each matrix, and, in
that case, these matrices can be disposed back and forth in the light propagation direction.
Thereby, the matrix concentration can be reduced compared with the case that the different

phosphor compositions are dispersed and mixed together.

Examples

Preparation and Processes

[00108] The phosphor samples were prepared by a solid state reaction with the starting materials
of silicon nitride, silicon carbide, metal oxides, metal halidcs, metal nitrides and/or metals in
molar ratios designed for each of the target phosphor compositions. Metal nitrides and europium
nitride were prepared by the nitridation of the respective metal beforehand. Certain elements
constituting the invented phosphor compositions and their source materials used in the
preparation of the following examples are exemplified in Table 1. In the preparations, the source
materials in powder form were weighed out, mixed and grinded in a glovebox under dried N,
protection. The powder mixture was subsequently heated for 8-12 hrs in a temperature range of
1600-1850°C in a high temperature furnace under N,/H, atmosphere. The resultant phosphor
products were pulverized, sieved and washed. The phosphor products were tested and analyzed

by X-ray diffraction, luminescence spectroscopy and optical reflectance technique.
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0.99639 0.30 4b 0.667 C3 0.25410 0.44685 0.99639 0.30 4b 0.250 N4 0 0.57731 0.23237 0.24 2a
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"Table 1. Source materials for the preparation of alkaline earth silicon carbidonitride phosphors

Elements

Source materials

Alkaline earth (Ca, Sr,
Ba, Mg)

Nitride, metal, silicide, alloy, carbide, amide and azide, oxide or
carbonate

Silicon (St)

Silicon nitride (Si;N4), silicon oxynitride, Si, silicon carbide,
silicide, silicon amide, silicon carbodiimide, silicon oxide

Aluminum (Al)

Aluminum nitride, aluminum oxynitride, aluminum oxide,
aluminum carbide, aluminum carbonitride, Al metal, aluminum
halide

Boron (B)

Nitride (BN), boron carbide, boron oxide, boric acid

Nitrogen (N)

Nitride, nitrogen or ammonia gas, amide, azide

Carbon (C)

Carbide, carbon, carbidonitride, Si, C- and N-organic precursors,
amide and azide, e.g., SINCN)z, C;N>H,4, CoNo(NH), CsN3(NH,)s,
CNq

Alkali (Li, Na, K)

Metal, nitride, silicide, amide and azide, halide, carbide, oxide or
carbonate

Rare earth (Eu, Ce, Th
etc.)

Rare carth nitride, rare earth oxide, rare earth metal, rare earth
halide, rare earth hydride, rare earth amide and azide

Example 1: Preparation and properties of phosphor compositions of family (1) Sr,SisNs.

2+
14x3)+21Cx 0322 Eu

[00109] Example 1.1: SrZSiSNs-|(4,,3)+,,|Cx03y2:Euy2+ (z = 0). Samples of phosphor composition

SFQSi5Ng.(4X/3)CxZEUy2+ (i.e., composition (l) SrZSigNg-[(4x/3)+z]CxO3z/2:Eu2+ where Z=O) were

synthesized by a solid state reaction with the starting materials of strontium nitride (SraN or

Sry3N,), silicon nitride (a-SizNg or B-SizNy), silicon carbide (a-SiC or B-SiC), europium nitride

(EuN) in designed ratios listed in Table 2. The preparations followed the procedure of high

temperature and post-firing treatments described above. The luminescence properties of the

phosphor products along with the target chemical composition are listed in Table 3. It is

observed that the lumincscence efficiency measured by quantum efficiency is enhanced by

addition of carbon in certain range in the composition.



1.000 N6 0 0.42127 0.73598 0.14 2a 0.667 C6 0 0.42127 0.73598 0.14 2a 0.250 Example 2.2:
Ca2Si5N8 (4.0,3)Ci:Eu(Ca2Si5N8.10,/3)4,1C,03,./2:Eu2+ where T=0, x=2). The Rietveld refinement
of the XRD N¥@¢h2dRa3iE phosphor composition (sample 2.7) demonstratePe#2818¢sukENt product
is pure single phase carbidonitride whose XRD pattern is similar to that of Ca2Si5N8 nitride
compound, as shown in Figure |1 7A. However, due to the incorporation of carbon into the lattice, the
internal structure is deviated from the nitride lattice. The projection of the crystal structure is shown in
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1.7 1.2869 0.6774 0.8713 0.1202
1.8 1.3059 0.3443 1.1808 0.1222
1.9 1.2688 1.4741 0.1404 0.0698
1.10 1.2788 1.3206 0.2831 0.0703
1.11 1.2889 1.1646 0.4280 0.0709
1.12 1.2991 1.0062 0.5752 0.0714
1.13 1.6083 0.8894 1.1440 0.3157

em Space group Lattice

nic Cc (No. 9) 4
y/b z/c Uts0*100 Site

Table 3. Composition coefficients and luminescence properties for SrZSi5N3.(4x,3)C,(:Euyz+

Example Composition Coefficient | Luminescence Characteristics (Aexe =453 nm)

X y QE (%) | EM (%) | FWHM (nm) | Aem (nm)
1.1 0.5 0.1 91.9 101.4 101 632
1.2 0.75 0.1 94.4 101.9 103 630
1.3 1.0 0.1 92.8 97.3 95 620
1.4 1.25 0.1 97 106.8 102 629
1.5 1.5 0.1 99.2 110.7 104 632
1.6 2.0 0.1 74.7 70.2 101 627
1.7 3.0 0.1 88.1 96.4 104 630
1.8 4.0 0.1 57.7 62.8 96 627
1.9 0.5 0.06 95.2 101.3 92 625
1.10 1.0 0.06 96 108.3 98 625
1.11 1.5 0.06 95.2 101.3 92 625
1.12 2.0 0.06 94.6 104.2 99 628
1.13 3.0 0.20 71.9 82.1 109 641

[00110] Figure 1 shows the XRD patterns of exemplary SrzsisNg.(4x/3)Cx:Eu2+

phosphors. The

diffraction patterns arc arranged in order of the carbon content in the composition of the

phosphors, i.e., the pattern for the sample 1.8 in the top position contains the highest amount of

carbon (x=4.0) in the composition, while the pattern for the sample 1.10 in the lowest position

contains the lowest amount of carbon (x=1.0) in the composition.

The simulated diffraction

pattern for the crystalline compound Sr;SisNg is presented at the bottom position as reference.

The XRD patterns of the phosphors with low carbon content, for example 1.10, have similar
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-0.0007 0.7657 -0.0010 1.35 4a 0.03 Ca2 0.6117 0.7480 0.2005 1.80 4a 0.97 Eu2 0.6117 0.7480
0.2005 1.80 4a 0.03 Sil 0.0633 0.8055 0.3498 1.30 4a 1.00 Si2 0.7592 0.2146 0.3213 1.08 4a 1.00
Si3 0.7536 OYALEA8B92 1.38 4a 1.00 Si4 0.3663 0.2038 0.3701 1.70 PCT/US2011/041111

diffraction patterns with that of Sr;SisNg compound. Analyses of the observed XRD patterns
indicate that the sample phosphors Sr28i5N8-(4x,3)Cx:Eu2+ are isotypical to Sr;SisNs. As the carbon
content in the composition of SrzSi5Ng-(4x/3)Cx:EU2+ increases, the diffraction peaks render
systematic displacement to lower diffraction angles (20) due to the incorporation of carbon in the
lattice of Sr;SisNg. In the samples with carbon content less than nitrogen content, the XRD
patterns show pure single crystalline phase. When the carbon content surpasses the nitrogen
content, (i.e., the molar ratio of C/N>1) however, a small amount of the secondary phase of SiC
1s present, as seen in a XRD pattern of sample 1.8 in Figure 1. Furthermore, in comparison with
Sr,SisNg:Eu®*, the carbidonitride phosphors of SrzSi5N3_(4,<,3)Cx:Eu2+ show strong preferred
orientation due to the morphology of particles being rod-like, particularly at high carbon content.
As a typical example, the crystal structure data of strontium silicon carbidonitride phosphor of
Sr2Si5Ng. w3 Ce:Bu?* (x = 3, Eu®* = 5 mol%) are summarized in Table 4. It is worth noting that
the carbon atoms can also distribute statistically on all N (ND] and Nm) in the structure of the

phosphor. Therefore, the crystal structure data are not limited by the results given in the Tables.



4a1.00 Si5 0.8552 0.0024 0.1246 0.98 4a 1.00 NI 0.9848 0.6400 0.4297 0.14 4a 0.8334 N2 0.1270
0.0018 0.9890 0.19 4a 0.8334 N3 0.7979 0.2508 0.1711 0.18 4a 0.50 C3 0.7979 0.2508 0.1711 0.18
4a 0.50 N4 Ver220¥661 0.1673 0.26 43 0.50 C4 0.8012 PCT/US2011/041111

Table 4. Crystallographic data for sample 1.7, Sr2$i5Ng.(4xf3)CX:Eu2+ (x =3, Eu= 5 mol%)

Chemical formula Sry sEug 1SisN4C;
Crystal system Orthorhombic
Space group Pmn2; (No. 31)
Z 2

Lattice parameters (A) a= 5.6998(1), b= 6.7954(1), ¢ = 9.3269(1)
Unit cell volume (A%)  361.25(1)

Atom x/a y/b z/c Uiso*100  Site S.OF
Srl 0 0.86917 0.00283 1.22 2a 0.950
Eul 0 0.86917 0.00283 1.22 2a 0.050
Sr2 0 0.87990 0.37045 1.68 2a 0.950
Eu2 0 0.87990 0.37045 1.68 2a 0.050
Sil 0.25376 0.66434 0.69046 1.19 4b 1.000
Si2 0 0.05694 0.67381 1.20 2a 1.000
Si3 0 0.41839 0.45801. 0.95 2a 1.000
Si4 0 0.40723 0.90012 1.04 2a 1.000
NI 0 0.18867 0.52982 0.07 2a 0.750
N2 0.25322 0.90975 0.68894 0.06 4b 0.750
N3 0.24933 0.44692 0.01302 0.07 4b 0.250
C3 0.24933 0.44692 0.01302 0.07 4b 0.750
N4 0 0.58515 0.77643 0.06 2a 0.250
C4 0 0.58515 0.77643 0.06 2a 0.750
N5 0 0.16888 0.85014 0.07 2a 0.750
N6 0 0.42266 0.27020 0.04 2a 0.250
C6 0 0.42266 0.27020 0.04 2a 0.750

|00111] Figures 2A and 2B show the Rietveld Refinement and the projected crystal structure of
sample 1.7. Figure 3 shows the representative luminescence excitation and emission spectra and
optical reflection profile for sample 1.7. The excitation and reflectance spectra indicate that the
phosphor absorbs, and is efficiently excited by, light in the range from 350 nm to 600 nm. The

phosphor emits red light peaking at about 630 nm in'the spectral range of 500 to 800 nm.

[00112] As the carbon content is increased in the phosphor composition SrzsisNg.(4x/3)Cx:Eu2+,
the emission band shifts toward shorter wavelengths as shown in Figure 4 for 1.10 vs. 1.12 and
1.7 vs. 1.8, while the absorption edge of Eu®* is blue shifted as shown in Figure 5. The relative
emission intensity is plotted in Figure 6 as a function of the temperature, which demonstrates the
silicon carbidonitride phosphors have high thermal stability, e.g., the lumen maintenance is about

90% at 150 °C.
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0.7601 0.1673 0.26 4a 0.50 N5 0.9807 0.9969 0.2122 0.48 4a 0.8334 N6 0.8314 0.0116 0.9410 0.47
43 0.50 C6 0.8314 0.0116 0.9410 0.47 4a 0.50 N7 0.6294 0.1565 0.2699 0.12 4a 0.8334 N8 0.7971
0.4845 0.41Y90N2/9BTH0 C8 0.7971 0.48450.4119 0.12 4a PCT/US2011/041111

[00113] Example 1.2: SrZSi5N3_|(4‘,3)+Z|C\.O3y2:Euy2+ (z > 0). Samples of phosphor composition
Srzsi5Ng.l(4x/3)+zlcx032/2:Eu),2+ (i.e., composition (1) where z>0) were synthesized by a solid state
reaction with the starting materials of strontium nitride (SroN or Sr;N»), silicon nitride (a—Si3N4
or 3-Si3Ny), silicon carbide (a-SiC or 3-SiC), europium oxide (Eu,0;) in designed ratios listed in
Table 5. The preparations followed the procedure of high temperature and post-firing treatments
described above. The luminescence properties of the phosphor products along with the target
chemical composition are listed in TaBle 6. It is observed that the luminescence efficiency
measured by quantum efficiency is enhanced by addition of carbon in certain range in the
composition. For example, in the group of 1.14, 1.15, 1.16, 1.17, 1.18, 1.19, 1.20,_ 1.21 and 1.22
in which the composition Srzsi5N8.[(4x/3)+z]cx032/2:EUy2+ is comprised of the same amount of Eu
and varied amount of carbon (x), luminescence emission reached the highest level of QE=104%

and Em Int=119% at x=1.0.



0.50 1001181 The phosphor Ca2Si5N8.0"mc:Eu2+ (x=2) is efficiently excited by visible light in the
wavelength range of 370 nm to 540 nm (Figure 18) and emits orange-red light with a broad emission
band center®@a0 BISHFEL0 run. It is observed that the emission peak positRfrTdf s IHd5Phor is
varied by Eu concentration and substitution of Ca by other metals such as Sr or Pa or mixture of both.
The thermal quenching profile of the phosphor is shown in Figure 19. The emission intensity of this
phosphor decreases nonlinearly with the increase of temperature. 1001191 Example 2.3:
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03.31.2083 0 0 1.3066 0.2801 0.1229 00,0081 0 3.4 1.6219 0 0 1.3539 0.7740 0.1698 0 0.0224 0 3.5
1.3582 00 1.4577 0.8333 0.1828 0 0.1206 0 3.6 1.6484 0 &0 0.9174 1.1799 0.1726 0 0.0228 0 3.7
1.6356 0 0 VL YA2(033757 ' PCT/US2011/041111

Table 6. Composition coefficients and luminescence properties for Sr,SisNg.(ax3y+2/CxO322 :Euy2+

Example Composition coefficient Luminescence Characteristics (Aexc =453 nm)
X y z QE (%) Emission (%) | FWHM(nm) | Aem (nm)
1.14 0.5 0.1 0.1 88.2 98.6 106 630
1.15 1.0 0.1 0.1 104.3 119.5 110 638
1.16 1.5 0.1 0.1 98.3 111.8 109 638
1.17 2.0 0.1 0.1 93.1 106.7 112 638
1.18 2.5 0.1 ~ 0.1 87.8 100.1 112 638
1.19 3.0 0.1 0.1 94.2 106.4 98 631
1.20 3.5 0.1 0.1 90.3 102.6 101 632
1.21 4.0 0.1 0.1 - 66.7 74.6 94 626
1.22 5.0 0.1 0.1 54.7 60.1 96 628
1.23 0.5 0.06 0.06 101.2 114.3 99 626
1.24 1.0 0.06 0.06 97.3 108.8 95 629
1.25 1.5 0.06 0.06 89.1 98.4 92 622
1.26 2.0 0.06 0.06 98.6 100.9 91 622
1.27 3.0 0.1 0.1 89.0 93.6 97 625
1.28 0.5 0.08 0.08 106.8 119.6 90 624
1.29 1.0 0.08 0.08 103.7 113.6 90 625
1.30 2.0 0.08 0.08 94.7 99.7 93 624
1.31 3.0 0.08 0.08 87.5 94.2 92 621
1.32 4.0 0.1 0.1 82.3 93.9 103 635

[00114] Figure 7 illustrates the XRD patterns of the phosphors with varying amounts of carbon
in the composition SrzSisNg.(4X/3)+szO3y2:Eu2+. The diffraction patterns in Figure 7 are arranged
in order of the carbon content in thc composition of the phosphors, i.e., the pattern for the sample
1.22 in the top position contains the highest amount of carbon (x=5.0) in the composition
whereas the diffraction pattern for the sample 1.23 in the lowest position contains the lowest
amount of carbon (x=0.5) in the composition. The simulated diffraction pattern for the crystalline
compound Sr,;SisNg is presented at the bottom position as reference. The XRD patterns for the
phosphors with low carbon content, for examples 1.23 and 1.24, are similar to that of Sr;SisNg
compound. Analyses of the observed XRD patterns indicate that the phosphors Sr;SisNs.
(4_‘/3)4,-,,Cx03,,~3:Eu2+ are isotypical to Sr;SisNg. As the carbon content increases, the diffraction
pattern is changed, as observed for the samples 1.25, 1.26, 1.27, 1.32 and 1.22. In the phosphors
with carbon content of x<4, the XRD patterns show pure single crystalline phase. When the
carbon content increases to x>4, however, the diffractions from SiC crystalline phase appear in a
XRD pattern of 1.22 in Figure 7. Figures 8 and 9 depict the Reitveld Refinement and projected

crystal structure of sample 1.19. The detailed crystal structure of the phosphors js summarized in
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0.1713 00 0.0447 3.8 0 1.0499 0 2.4838 0.2366 0.2077 0 0.02740 3.9 0 0 2.0738 1.4598 0.3129 0
0.103600.0359 Table 13. Composition coefficient and luminescence properties of the phosphors
compositionKI2M3&iH 2wSi5SNs-mximEziCx03v2:Euy2. (M(11)=Ca, Sr, BETHEIELIOMNA) Example
Composition coefficient Luminescence Characteristics (2\",,,= 453 nm) xy z w QE (%) Emission (%) 1
FWHM (nm) X, (run) 3.11.0000.1 92.1 104.5 114 64!i- 3.2 1.0

Table 7. Here, it is worth noting that the carbon atoms can also distribute statistically on all N
(NPl and NPy in the structure of the phosphor. Therefore, the crystal structure data are not

limited by the results given in the tables.

Table 7. Crystallographic data for sample 1.19, SrZSisNg.[(4x/3)+Z]CxO3z/3:Eu2+ (x=3 Eu=35

mol%)
Chemical formula SrllgEUo_18i5N3_9C3OO,|5
Crystal system Orthorhombic
Space group Pmn2, (No. 31)
z 2

[Lattice parameters (f\) a=5.6990(1), b =6.7949(1),.c = 9.3241(2)
Unit cell volume (A%)  361.07(1)

Atom X/a y/b z/c Uiso* 100 Site S.OF
Srl 0 0.87148 0.00080 1.51 2a 0.950
Eul 0 0.87148 0.00080 1.51 2a 0.050
Sr2 0 0.87842 0.36869 1.45 2a 0.950
Eu2 0 0.87842 0.36869 1.45 2a 0.050
Sil 0.25363 0.66456 0.68498 1.35 4b 1.000
Si2 0 0.05557 0.67242 1.40 2a 1.000
Si3 0 0.41657 0.45568 1.38 2a 1.000
Si4 0 0.40949 0.89819 1.55 2a 1.000
Nl 0 0.18900 0.52570 0.95 2a 0.750
0Ol 0 0.18900 0.52570 095 - 2a 0.019
N2 0.24872 091124 0.68790 0.84 4b 0.750
02 0.24872 0.91124 0.68790 0.84 4b 0.019
N3 0.24781 0.45131 0.01017 0.59 4b 0.213
C3 0.24781 0.45131 0.01017 0.59 - 4b 0.750
03 0.24781 0.45131 0.01017 0.59 4b 0.019
N4 0 0.58328 0.76932 0.51 2a 0.213
C4 0 0.58328 0.76932 0.51 2a 0.750
04 0 0.58328 0.76932 0.51 2a 0.019
NS5 0 0.17728  0.84570 0.43 2a 0.750
05 0 0.17728 0.84570 0.43 2a 0.019
N6 0 0.42109 0.26456 0.71 2a 0.213
Cé 0 0.42109 0.26456 0.71 2a 0.750
06 0 0.42109 0.26456 0.71 2a 0.019

[00115] Figure 10 depicts the luminescence excitation and emission spectra representative of the
phosphors of the composition of SrZSisNg-[(4x/3)+z]CxO3m:Eu2+, as demonstrated by sample 1.19.
The excitation profile shows an efficient excitation in the range from 350 nm to 550 nm.

Meanwhile the reflectance profile in Figure 11 shows a strong absorption in the same wavelength
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WO 2012/033557 PCT/US2011/041111

regime. Under near-UV and blue light excitation, the phosphor emits a red light at about 630 nm
with a high quantum efficiency (~94.2%). Moreover, the emission bands can be tuned not only
by the Eu** concentration but also byl the carbon content, as demonstrated in Figure 12. The blue
shift of the emission band can be ascribed to the incorporation of carbon in the nitride lattice
which results in the expansion of the host lattice evidenced by the displacement of the XRD
toward lower angle in Figure 7. The blue shift of the emission peak is accompanied by the blue
shift of the absorption edge of Eu®" as shown in Figure 11. The lumen maintenance of the
phosphors is more than 85% at 150 °C and both low (sample 1.15, x=1.0) and high (sample 1.21,

x=4.0) carbon content phosphors show high thermal stability as shown in Figure 13.

Example 2: Preparation and properties of phosphor compositions of family (2) M(II),SisNg.

2+
14x3y+21Cx 03,2 Eu

[00116] Samples of phosphor composition M(II);SisNg.ax3y:2CxOs22:Eu,?” (i.e., composition
(2)) were made by a solid state reaction with the starting materials of strontium nitride (Sr;N or
Sr3N»), calcium nitride (Ca;N,), barium nitride (BazN,), silicon nitride (a-SizNs or 3-SizNa),
silicon carbide (0-SiC or B-SiC), europium nitride (EuN) in designed ratios listed in Table 8.
The preparations followed the procedure of high temperature and post-firing treatments
described above. The luminescence properties of the phosphor products along with the target

chemical composition are listed in Table 9. Specific examples are further discussed below.

Table 8. Weight amount of the raw materials for preparing composition
M(Il)zsijNg.[(4x/3)+ZJCxOJZ/2:EUy2+ (M(II) = Ba, Ca, Sr or mixtures thercof)

Example Weight of raw materials (g)
Ba3N2 Ca3N2 Ser Si3N4 SiC EuN
2.1 1.5889 0 0 1.0751 0.2305 0.0954
2.2 2.1656 0 0 1.4351 0.3076 0.0764
2.3 1.6419 0 0 1.0769 0.2309 0.0382
2.4 0.1898 0 1.0978 1.2842 0.2753 0.1140
2.5 2.2012 0 0 1.0902 0.6232 0.0774
2.6 0 0.1835 1.3948 1.8274 0.3917 0.1622
2.7 0 1.1762 0 1.7212 0.9839 0.1222
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0.10.10.186.6 90.9 100 627 3.80.50.10.1 0.1 32.6 36.7 103 618 3.9 1.0 0.08 0.08 0.1 60.4 64.7
112 626 [001231 Figure 23 shows the XRD pattern of phosphor sample 3.3. The diffraction pattern
shows a pure single phase and is similar to that of the phosphors in ExampRCI/2S28uy&dtimg that Sr
ions in the crystal structure are partially substituted by Li or Na. It is seen that the reflection peaks are
shifted to higher diffraction angles (20) while the relative intensity of the peaks altered from those of
Sr2Si5N8 compound. This fact suggests the shrinkage of the unit cell of the crystal owing to the
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ThesamplesofphospborgonopasitionM(24)2.."M (1121, Sis,N1(158)0'N8, wix,eRg-z*miCsOGRpi4-ffi:Eu
were syntbdasizgd byta splidostate| reaction with ti96.3tarting meiérgals of he nggtal nitrides3 the metal
oxides, silichn njtrided(a-Si3IN or|[3-SD3N4), silicors carbide (43HC or (13-SiQR eurdpiurseaitride (EuN)
or europiudrpoxide (Eu203) arid silicor®.dxide. Th&3above startiff.énaterials wite we|ghegdut in
designed amounts %isted indeble| 14 afd then me@ and/or géihded inja glo$@box undesdried| N2
atmosphere. Subsequently, the powder mixture was fired at 1450 - 1750C for about 8-12 hrs in a high
temperature furnace under N2/1-12 atmosphere. After firing, the product was grinded and sieved, and
washed|pothwateknlile ZONRoSition coptficmiits and mmﬁﬁfkﬂ}}@m&w&ﬂﬁi@ﬁ ofithe

product%arg |ISteéjfllp tab e I% WOQ 2012/033 57PC4/ 01 /0411 }able 14. Welg mounts of
raw matenials for préﬁ%#?ﬁ]gpgo%ﬁo& onsﬁlﬂf)sz r,, fS F\i‘é?(f)’x?]é)l rhc'lt%récr o =t [M(II) Ca,
Sr, Ba; Mdjtimblerildinld+8 cAﬁtE)(iimplad/\téi@mSaxﬂ‘me&tEnéI$>(§)) is SrNrCadpoBadig Si3N4
SiC

compound Ba;SisNg. The crystal structure data are summarized in Table 10. Figure 14B depicts
the projected crystal structure of this sample. Under excitation in the wavelength range of 370—
520 nm, this phosphor emits orangish-yellow or orange-red light in the range of 580-650 nm
peaking at about 590 nm (Figure 15). The emission peak wavelength is dependent on the
concentration of Eu in the composition as observed in Tables 8 and 9. This phosphor exhibits a
good thermal stability of luminescence. The lumen maintenance is more than 80% at 150 °C as

shown in Figure 16.
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Eu203 (EuN) Li3N a (N) Ainir../,..-,, 3"Jr,a | /2 AIN (BN) 4.1 1.6556 0 0 1.7021 0.3742 0.1642 0
0.0476 00 4.2 1.6648 00 1.6141 0.3741 0.1642 0 0.142700 4.3 1.6354 00 1.6725 0.3774 0.1656
0.0 109 0.09¥0 21 1033588! PCT/US2011/041111

Table 10. Crystallographic data for sample 2.2, Bazsi;Ng.(l;,</3)Cx:}3L12+ (x=1, Eu= 5 mol%)

Chemical formula Ba; oEug 1SisNg 667C

Crystal system Orthorhombic

Space group Pmn2; (No. 31) : .
Z 2

Lattice parameters (A) a= 5.7679(1), b = 6.9338(1), ¢ = 9.3675(1)
Unit cell volume (A%)  374.64(1)

Alom x/a y/b z/c Uiso¥100  Site S.O.F
Bal 0 0.85627 -0.00204 1.17 2a 0.970
Ful 0 0.85627 -0.00204 1.17 2a 0.030
Ba2 0 0.87841 0.63231 1.50 2a 0.970
Fu2 0 0.87841 0.63231 1.50 2a 0.030
Sil 0.25263 0.66783 0.31997 0.72 4b 1.000
Si2 0 0.05543 0.31925 1.19 2a 1.000
Si3 0 0.42027 0.53981 0.62 2a 1.000
Si4 0 0.39673 0.10308 1.27 2a 1.000
NI 0 0.16896 0.47335 0.18 2a 1.000
N2 0.24705 0.90019 0.33090 0.16 4b 1.000
N3 0.25410 0.44685 0.99639 0.30 4b 0.667
C3 0.25410 0.44685 0.99639 0.30 4b 0.250
N4 0 0.57731 0.23237 0.24 2a 0.667
C4 0 0.57731 0.23237 0.24 2a 0.250
N5 0 0.15814 0.15053 0.13 2a 1.000
N6 0 0.42127 0.73598 0.14 2a 0.667
Cé6 0 0.42127 0.73598 0.14 2a 0.250

Example 2.2: CazSisl\Jg.mB)Cx:Eu2+ (CazSi5N3.|(4x/3)+z|C,.(O37ﬂ:Eu2+ where 7z=0, x=2). The
Rietveld refinement of the XRD pattern of this phosphor composition (sample 2.7) demonstrates
that the resultant product is pure single phase carbidonitride whose XRD pattern is similar to that
of CasSisNg nitride compound, as shown in Figure 17A. However, due to the incorporation of
carbon into the lattice, the internal structure is deviated from the nitride lattice. The projection of
the crystal structure is shown in Figure 17B. The determined crystal structure data are
summarized in Table 11. In the structure of this phosphor crystal, the carbon atom is partially
occupied the N position with the form of NP in the lattice, as visualized in a model in Figure
17B. Alternatively, the carbon atoms can also distribute statistically on all N (N"*!and N2Yin the
structure of the phosphor. Therefore, the crystal structure data are not limited by the results

given in the table.



00 1.5845 0.3748 0.1645 0 0.0983 0.0953 0 4.51.5805 00 1.7049 0.3749 0.1645 0.0217 0.047700
4.6 1.6920 00 1.2410 0.7601 0.1668 0 0.0644 0 0.0259 4.7 1.7188 0 0 0.7654 1.1582 0.1694 0 0.0982
0 0.0395 4.8\9LUO?433657.4186 PCT/US2011/041111

Table 11. Crystallographic data for sample 2.7, Ca;SisNs.4x3)Cx:Eu** (x = 2, Eu = 3 mol%)

Chemical formula Ca1_94Eu0_06$i5N5_3333C2
Crystal system Monoclinic

Space group Cc (No. 9)

Z 4

Lattice parameters (A) a= 14.3171(1), b = 5.5988(1), c = 9.6684(1)
B=112.08(1)°
Unit cell volume (A%)  718.18(1)

Atom X/a y/b z/c Uiso¥100  Site S.OF
Cal -0.0007 0.7657 -0.0010 1.35 4a 0.97
Eul -0.0007 0.7657 -0.0010 1.35 4a 0.03
Ca2 0.6117 0.7480 0.2005 1.80 4a 0.97
Eu2 0.6117 0.7480 0.2005 1.80 4a 0.03
Sil 0.0633 0.8055 0.3498 1.30 4a 1.00
Si2 0.7592 0.2146 0.3213 1.08 4a 1.00
Si3 0.7536 0.4962 0.0592 1.38 4a 1.00
Si4 0.3663 0.2038 0.3701 1.70 4a 1.00
Sis 0.8552 0.0024 0.1246 0.98 4a 1.00
N1 0.9848 0.6400 0.4297 0.14 4a 0.8334
N2 0.1270 0.0018 0.9890 0.19 4a 0.8334
N3 0.7979 0.2508 0.1711 0.18 4a 0.50
C3 0.7979 0.2508 0.1711 0.18 4a 0.50
N4 0.8012 0.7601 0.1673 0.26 4a 0.50
C4 0.8012 0.7601 0.1673 0.26 4a 0.50
N5 0.9807 0.9969 0.2122 0.48 4a 0.8334
N6 0.8314 0.0116 0.9410 0.47 4a 0.50
Cé6 0.8314 0.0116 0.9410 0.47 4a 0.50
N7 0.6294 0.1565 0.2699 0.12 4a 0.8334
N8 0.7971 0.4845 0.4119 0.12 4a 0.50
C8 0.7971 0.4845 04119 0.12 4a 0.50

[00118]) The phosphor Ca2$i5N3_(4x;3)Cx:Eu2+ (x=2) is efficiently excited by visible light in the
wavelength range of 370 nm to 540 nm (Figure 18) and emits orange-red light with a broad
emission band centered at about 610 nm. It is observed that the emission peak position of this
phosphor is varied by Eu concentration and substitution of Ca by other metals such as Sr or Ba or
mixture of both. The thermal quenching profile of the phosphor is shown in Figure 19. The

emission intensity of this phosphor decreases nonlinearly with the increase of temperature.

[00119] Example 2.3: (Sro-gBao'.).‘gEuo,lSisN&(W;,Cx:Euz*. The XRD pattern of this phosphor

composition (sample 2.4, (Sro_gBao,l)2SiSN;;.[(“,;W]C_‘(ng/z:Eu2+ (z=0, x=1)) shows a pure
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0.2357 0.2069 0.0136 0.0599 00 4.9 0 1.0610 0 2,4273 0.2365 (0.1566) 0.0274 0.0601004.1000
2.0363 1.5943 0.1553 0,1286 (0.0356) 0.0395 0 0 4.11 0 0 2.0596 1.50420.2331 (0.1029) 0.0180
0.0395 0 0 WQ2% 433653 112443 0 1.6520 1.6267 0.3728 PCT/US2011/041111

crystalline phase (Figure 20). The diffraction pattern approximately matches the simulated
pattern of Sr,SisNg as shown in Figure 20. The diffractions shitt to low diffraction angle (20)
relative to those of the simulated pattern of Sr,SisNg. The shift of the diffractions are attributed

to carbon content and Ba replacement for Sr in the crystal structure.

[00120] Tigure 21 shows the excitation and emission spectra (under blue excitation at 453 nm)
the phosphor (sample 2.4) together with the reflectance profile of the phosphor. It is evident that
the phosphor has a strong absorption in the spectral range of 370 to 550 nm, and can be
efficiently excited by near-UV and blue lights. The absorbed energy from blue light can convert
red light from the clectron transition of 4f°5d' = 4f” of Eu**. The cmission band is located at
relatively longer wavelength at about 632 nm with the incorporation of Ba (or Ca) as expected
for this phosphor, i.e., red shift, and the emission peak can also be tuned by the content Eu®” in

the composition.

[00121] The temperature dependence curve of (Sro_gBao,|)2Si5Ng.(4x/3)Cx:Eu2+ (x=1, Eu=5 mol%)
in Figure 22 demonstrates this red phosphor possess high thermal stability at high temperature.

The residual emission inténsity is about 85% at 150 °C of its room temperature intensity.

Example 3: Preparation and properties of phosphor compositions of family (3) M(II),.
\»'Mk([-)?.wSiSNSJ(4x/3)+z|Cx032/2:Eu2+

[00122] The samples of phosphor composition M(II)z-wM(I)wai5N8.[(4x/3)+z_lcx03y2;EU2+ were
produced by a solid state reaction with the starting materials of metal nitrides, pure metal, silicon
nitride (a-SizNg or B-Si3Ny), silicon carbide (a-SiC or B-SiC), europium nitride (EuN) and
curopium oxide (Eu;0s) in designed ratios listed in Table 12. The preparations followed the
procedure of high temperature and post-firing treatments described above. The luminescence
propertics of the phosphor products along with the target chemical composition are listed in

Table 13. Specific examples are further discussed below.
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0.3770 0.1636 0.1654 0.0216 0 0.0632 0 0 0.0565 0.1428 0.0254 (0.0467),,, (0.1179) 4.13 1.6784 0

4.14 1.6966 00 1.4444 0.3811 0.16720 0 4.151.63681.52470000 1.5402 1.5336 0.3694 07 7
0.1621 WO 2012/033557 PCT/US2011/041111

Table 12. Weight amounts of raw materials for preparing composition M(I11);.,M(1)24SisNs-
((axny2CxO322.Euy ™" (M(I1)=Ca, Sr, Ba; M(I)=Li, Na)

Example Weight of raw materials (g)

SroN | CasN, | BasNy | SisNg SiC | EuyO; | EuN | LisN Na
3.1 1.2018 0 0 1.3357 | 0.2863 0 0.1185(0.0166 0
3.2 1.1858 0 0 1.3179 | 0.2825 | 0.1240 0 0.0164 0
3.3 1.2083 0 0 1.3066 | 0.2801 | 0.1229 0 0.0081 0
3.4 1.6219 0 0 1.3539 | 0.7740 | 0.1698 0 0.0224 0
3.5 1.3582 0 0 1.4577 | 0.8333 | 0.1828 0 0.1206 0
3.6 1.6484 0 0 09174 | 1.1799 | 0.1726 0 0.0228 0
3.7 1.6356 0 0 0.9102 | 1.1707 | 0.1713 0 0 0.0447
3.8 0 1.0499 0 2.4838 | 0.2366 | 0.2077 0 0.0274 0
3.9 0 0 2.0738 | 1.4598 | 0.3129 0 0.1036 0 0.0359

Table 13. Composition coefficient and luminescence properties of the phosphors composition

M(I1)2-wM(1)24Si5Ng [awr3y+1CxO322: By > (M(I1)=Ca, Sr, il3a; M(I)=Li, Na)

(Example Composition coefficient Luminesce.nce': Characteristics (Aexc = 453 nm)
X y z w QE (%) | Emission (%) | FWHM (nm) | A (nm)
3.1 10 0 | 0 | 01 92.1 104.5 114 641
3.2 1.0 [ 01 | 01 | 01 86.7 99.1 113 643
3.3 1.0 | 0.1 | 01 |005]| 1004 114 114 638
34 20 [ 01 ] 0.1 | 0.1 92.8 98.1 95 629
3.5 20 | 0.1 | 0.1 | 05 | g53 78.7 102 632
3.6 3.0 [ 0.1 | 0.1 | 0.1 85.1 91.7 96 627
37 130 01|01 | 0l | g6 90.9 100 627
3.8 0.5 | 01| 01 | 0.1 32.6 36.7 103 618
3.9 1.0 {0.08]0.08 | 0.1 60.4 64.7 112 626

[00123] Figure 23 shows the XRD pattern of phosphor sample 3.3. The diffraction pattern
shows a pure single phase and is similar to that of the phosphors in Example 1.2., suggesting that

Sr ions in the crystal structure are partially substituted by Li or Na. It is seen that the reflection
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0.1649 0 0.0218 0 0.0478 0.2353 10.2252 00 4.16 4.17 1.5850 0 0 0.9094 0.7516 0.1649
0.0218 0 0.5209 0 4.18 1.3969 0 0.2412 1.5021 0.3680 0.1615 0.0213 0.0468 0,2206 WO
2012/03355MOCHIYS38771/041111 Table IS. Composition coefficient and IuRéihdE28ht@4blbberties of
the phosphors M(11)2. wM(1).2wSis.,,,M(111)ff, N81(4x13).z-mtCx0(3:,...2).m:Eu [M(11)=Ca, Sr, Ba,;
M(l)=Li, Na; M(lIl)=B, All Example

peaks are shifted to higher diffraction angles (28) while the relative intensity of the peaks altered

from those of Sr;SisNg compound. This fact suggests the shrinkage of the unit cell of the crystal

owing to the replacement of Sr by smaller sized ions, Li or Na, in the crystal structure.

[00124] Under near-UV and blue light excitation, the phosphors emit red light in a wavelength
range of 550-750 nm. The emission peak varied in a wavelength range from 618 to 64l3 nm
(Table 13) depending on the content of Eu, C, Li and Na in the phosphor composition. The
sample of phosphor 3.3 efficiently emits red light in the wavelength range of 550-750 nm having
peak at about 643 nm as shown in Figure 24. The thermal quenching of the luminescence
emission of the phosphor is shown in Figure 25. The lumen maintenance is about 85% at 150°C,

indicating that the phosphor has high thermal stability of emission.

Example 4: Preparation and properties of phosphor compositions of family (4) M(I),.
wM(D2uSis.mMITD N3 (4x/3)+2+m CxO@a2yrm: A

[00125] The samples of  phosphor compositioh M)z M(D2wSis.nM(111)inNs.
(@vn+2+mCxOiz2yem: Eu were synthesized by a solid state reaction with the starting materials of
the metal nitrides, the metal oxides, silicon nitride (a-Si;N4 or 3-Si3Ny), silicon carbide (a-SiC or
B-SiC), europium nitride (EuN) or europium oxide (Eu,03) and silicon oxide. The above starting
materials werc weighed out in designed amounts listed in Table 14 and then mixed and/or
grinded in a glovebox under dried N, atmosphere. Subsequently, the powder mixture was fired af
1450 — 1750 °C for about 8-12 hrs in a high temperature furnace under N/H; atmosphere. After
firing, the product was grinded and sieved, and washed with water. The composition coefficients

and luminescence properties of the phosphor products are listed in Table 15.
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Composition coefficient -, _ m QE Luminescence Characteristics (X , = 453 nm) Emission(%) '
FM(hnm)A.e",(nm) xzw 4.11.00.1 00 96.0106.195630 4.21.00.1 0 0.3 98.0 111.0103 6324 ,1.00.1
0.05 0.2 9899381263635 4.4 1.0 0.1 0 0.2 103.7 116.8 102638 4.5 0.98 € P 1 b1

Table 14. Weight amounts of raw materials for preparing composition M(ID)2.wM([)2wSis.
mM(III)mN3.[(4x/3)+z+m]cx0(37/2)+mZEU [M(II)=Ca, Sr, Ba; M(I)=Li, Na; M(HI)=B, A]]

Weight of raw materials (g)

Example | ¢\ | CasN, | BasN, | SisNa | SiC (Eé‘j% %NB;\)I ALO; | SiO, (%1;]‘1)
a1 16556 0 0 [ 1.7021 | 03742 | 0.1642 0 | 00476| 0 0
42 16648 0 0 | 1614103741 | 0.1642 0 101427] 0 0
43 16354 0 0 1672503774 | 0.1656 | 0.0109 | 0.0960| 0 0
44 16681 0 0 | 1.5845 | 0.3748 | 0.1645 0 0098300953 | 0
45 [15805] 0 0 | 1.7049 | 03749 | 0.1645 | 0.0217 | 0.0477| 0 0
46 | 1.6920| 0 0 [ 1.2410]0.7601 | 0.1668 0 100644 0 | 0.0259
47 [1.7188] 0 .| 0 07654 1.1582| 0.1694 0 100982 0 | 0.0395
48 0 | 1.0747| 0 | 2418602357 | 0.2069 | 0.0136 | 0.0599 | 0 0
49 0 | 1.0610| 0 |2.4273]0.2365(0.1566) | 0.0274 | 0.0601 | 0 0
4.10 0 0 | 2.0363 | 1.5943 | 0.1553 | 0.1286 | (0.0356) | 0.0395 | 0 0
41l 0 0 |2.0596 | 1.5042 | 0.2331 | (0.1029) | 0.0180 | 0.0395 | 0 0
412 14150 0 102443 | 1.6520 | 03728 | 0.1636 | 0.0216 | 0.0632 | 0 | 0.0254
413 16784 0 0 | 1.6267 | 03770 ] 0.1654 0 0 ]0.0565 | (0.0467)
414 1696 0 0 14444 03811 0.1672 0 0 101428 | (0.1179)
415 116368] 0 0 [ 1.5402 | 03694 | 0.1621 0 0 102353 0
416 15847 0 0 11.5336 103757 ] 0.1649 | 0.0218 | 0.0478 | 0.2252| 0
417 115850 0 0 109094 | 0.7516] 0.1649 | 0.0218 | 0 |05209] 0
418 | 13969] 0 ]02412|1.5021 03680 0.1615 | 0.0213 | 0.0468 | 0.2206 | 0
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111.21006324.6 20.1 00 74.6 80.9103 634,4.73 0.1 0 0.358.5 64.7101 628 4.84.90.50.50.1

0.080.05 0.10.10.17515.48 17.397 616 618 4.10 0.5
WO 2012/033557 PCT/US2011/041111

Table 15. Composition coefficient and luminescence properties of the phosphors M(II),.
wM(D24Sis M MNg (4x3y+2+mICxO322)+m:Eu [M(I)=Ca, Sr, Ba; M(I)=Li, Na; M(II1)=B, Al]

Composition coefficient Luminescence Characteristics
Example (Aexc =453 nm)
X z w | m | QE (%) | Emission(%) | FWHM(nm) | Am(nm)
4.1 1.0 | 0.1 0 0 96.0 106.1 95 630
4.2 1.0 | 0.1 0 [03] 98.0 111.0 103 632
4.3 10| 0.1 [0.05(02]| 983 105.4 99 635
4.4 1.0 | 0.1 0 [02] 103.7 116.8 102 638
4.5 098] 0.1 | 0.1 |0.1] 101.9 111.2 100 632
4.6 2 0.1 0 |102| 74.6 80.9 103 634
4.7 3 0.1 0 (03] 585 64.7 101 - 628
4.8 0.5] 0.1 ]0.05]0.1 7.5 8.3 83 616
4.9 0.5 008 |01 01| 154 17.3 97 618
4.10 0.5 0.1 0.1 [0.1| 533 56.8 117 629
4.11 0.75] 0.08 | 0.1 |[0.1| 439 46.6 115 628
4,12 1.0 | 0.1 0.1 102] 914 96.5 102 631
4.13 1.0 | 0.1 0 (02| 103.2 112.5 96 628
4.14 1.0 | 0.1 0 |05] 99.9 108.9 98 627
4.15 1.0 10.667| 0 0 93.4 101.7 102 631
4.16 1.0 | 0.667 | 0.1 |0.1]| 98.6 107.5 108 632
4.17 2 | 133301 | 0 83.4 88.4 111 638
4.18 1 10667 0.1 |0.1] 89.0 97.5 108 637

[00126] Example 4.1: Sry.LizSisNs.j4x/3)+2/CxO0322:Eu.  This phosphor composition (sample
4.15) was designed to have equal molar amount of oxygen and carbon, i.e.,, x=32/2, in the
composition. In such a composition, the cross-substitution of (CQ)* > 2N¥ is targeted to
introduce less defects than those phosphor compositions having x # 32]2. It is clearly seen in the
XRD pattern shown in Figure 26 that the phosphor product is a pure single phase crystal. The
crystal structure of the phosphor is similar to that compound Sr;SisNg. This phosphor has high
absorption in the spectral range of 370 — 550 nm and can be efficiently excited by near-UV and
blue light, as shown in Figure 27, which emits red light with a emission peak at about 631 nm.
On the other hand, the emission band of Eu can also be tuned by the incorporation of Al, B, and

Li/Na, as well as changing C/N/O ratio.
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10.1 0./ 053 56.8117 629 4.110.750.08 00.143.946.6 115628 4.121.00.!10.1 0.2 91.4 96.5102

6314.13 1.00.100,2103.2112.5966284.141.00.100.599.9108.998 627 4.151.00.66700
93.4 WO 2012/033557 PCT/US2011/041111

[00127] The temperature dependence of the luminescence of this silicon carbidonitride (Figure
28) shows that the luminescence maintenance at 150°C is above 80% of initial intensity at room

temperature, suggesting high thermal stability of this phosphor.

[00128] Example 4.2: Sri.wLixwSis.nAlnNs @usprzem CxO@z2em:Eu.  Figure 29 shows the
Rietveld refinement of the powder XRD pattern for an example of this phosphor (sample 4.3). It
is clear that the obtained product is a pure single phase solid solution of silicon carbidonitride
phosphor, whose structure is similar to that of Sr,SisNg nitride material. In this type of structure,
Li and Al atoms are distributed on Sr and Si sites, respectively. Figure 30 illustrates the
excitation, emission and diffuse reflection spectra of phosphor sample 4.3. This red emitting
phosphor can be efficiently excited by near-UV and blue light and yields high quantum
efficiency. Additionally, this kind of the phosphors processes high thermal stability, as shown in
Figure 31, with a small degradation of the emission. intensity (<15% at 150 °C vs. the initial

intensity at room temperature).
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101.7 102r631 4.16 1.0 0.667 0.1 0.1 98.6 107.5108 111 L632 6381 4.17 2 1.333 0.1 0 83.4 88.4
4.18 10.667 0.1 0.189.097.5 108 637 100126J Example 4.1: Sr2..wn2,,,Si5N8.1(4',3)"1CiO3,j2:Eu.
This phosph¥PMPEEGN (sample 4.15) was designed to have equal moldESantigHdkigen and
carbon, i.e., x=3z/2, in the composition. In such a composition, the cross-substitution of (C0)6- 2N3- is
targeted to introduce less defects than those phosphor compositions having x 37/2. It is clearly seen in
the XRD pattern shown in Figure 26 that the phosphor product is a pure single phase crystal. The
crystal Stamte ocmam@mmr S findak e platsconspoiing SIZeNg. This, DFL sopgy, hasuhigh
absorpti (on in thB agectrgd rang 370 - 550 nal and can be efficiently excﬂed y near-UV and blue
light, as sho\/vn In igure 7nwh|c emits red light with a emission peak at about 631 nrn. On the other
hand, the efifssirabandwi Eu caBraddadEvuric by, thie ine0fhasation of Al, B, and Li/Na, as well as
changing CANBtetipslet001271 Theterngmhature dependence of the luminescence of this silicon carb
donitride (Figpae 28)uhows that tRemimiNesd&nce maintenance at 150C is above 80% of initial
intensity at Foom temperature su@gestlng high thermal stability of this phosphor. 1001281 Example
4.2:Sn."i, "é@?ﬁ%&%%‘ﬁ&/ S0l 1168 % ll:'TJq:?@Qﬂéligﬁw%ﬁ@ﬂﬁé)Rletveld refinement of the
powder XRDpe a B he abtained product
is a pure single phase SO|Id solutlon of S|I|con carbldonltrlde phosphor, whose structure is similar to
that of Sr2Si5NI8 nitride material. In this type of structure, Li and Al atoms are distributed on Sr and Si
sites, rel§fétivély cHisparesG0 Huktraes iH@@xchdIidonieidi’ssiewmid dithese Isflabiddispactha of
phosphg&@mpl@aﬁdjoﬁ'gﬁwgq&g{gglggrgggggﬁqgﬁg@;{glg lently excited by near-UV and blue light
and yields high quantum efficiency. Additionally, this kind of the phosphors processes high thermal
stability, as shown in Figure 31, with a small degradation of the emission intensity (<15% at 150 t vs,
the initial intensity at room temperature). Table 16. Crystallographic data for sample 4.3,
Sr2_,J,iv0%8| nEARmINR-04¥3) :+rnEx QL3RS hn N2 45 2,005, 2E0.1, (v=0D. 2)REheidical
formula, Grystal system LR APIAREIHTE () Ul SR VRl (o RS EL41

Sl4 SAIO2N6.3667C00.35 Orthorhombic
purity single phase phosphor (see Figure 32). The structure of the phosphor is similar to that

compound Sr,SisNg with slight divergence from the nitride structure due to the incorporation of
C and AIl-O in the lattice. The crystal structure data are summarized in Table 17, and the
projected crystal structure is shown in Figure 33. Figure 34 illustrates the excitation, emission
and diffuse reflection spectra of the phosphor (sample 4.6) of phosphor composition Sra..LizwSis.
mAImNg_[(4x/3)+-,_+m]CxO(3y2)+m:Eu2+ (x=2, w=0, z= 0.1, m = 0.2). This kind of phosphor
composition Sra.wLizwSis.mAlmNs.(axpzrmCxOpaayrm B> (x=2, w=0, z= 0.1, m = 0.2) has a
strong absorption band in the range of 370 ~ 550 nm and emits red light with broad emission
peak at about 630 nm as shown in Figure 34. The thermal quenching of the phosphor is shown in
Figure 35. The lumen maintenance is above 80% at 150 °C, indicating that this kind of phosphors

has high thermal stability of Eu*" emission.
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Prrtn21 (No. 31) 2 a =5.7169(1), b= 63901(1), c= 9.3657(1) 363.55(1) [00129] In comparison with
other silicon carbidonitride materials without Li-Al addition, the emission band of Eu2+ is located at
relatively loWYOZAVB¥HERtA. 1001301 Example4.3 PCT/US2011/041111
:Sr2..wEi2,5,Sis..",A18,N8448,3hz+nuC80(3,.0).":Eu(w=0).Rietveld refinement of the XRD pattern of
this sample (sample 4.6) indicates that this product is a high purity single phase phosphor (see Figure
32). The structure of the phosphor is similar to that compound Sr2Si5N8 with slight divergence from
the nitride BLEUCTUTErgig! i) FshiB CEROGI 0ah il C 8610511 B8 |Attise. L6 Sryeld siugieie data are
summargzegi in able 7, ancétf;}e projected crystal structure is shown in Figure 33. Figure 34 illustrates
the excitation, emZSS|on ghd use reflection spectra of the phosphor (sample 4.6) of phosphor
compositionCae2tii2aBisrmid, "N 84 @, ud, 8idd80¢8R (31 CiBuR+ (x=2, vi=0, z= 0.1, in = 0.2). This kind of
phosphor ccﬁ‘rrp@isimue&Z.,,Li2,,SDit_h,orh@ths.[(4.8,3)+z,miC8002,224,:Eu2+ (x=2,w=0,z=0.1, m =
0.2) has a sfreatg alesorption bandPmitBeMangé)of 370 - 550 tun and emits red light with broad emission
peak at abodt 630 nm as shown if Figure 34. The thermal quenching of the phosphor is shown in
Figure 35. Tﬁ’?étlEﬁﬁ’éFﬁ%ﬁﬁf NenceéT: |595?58\%123(50f a’336(o; ‘Fnd?caﬁ}l%]that this kind of phosphors has
high therm 2 S
Sr2,1.12wSis. mﬁ}mNstmy m|CxO(3 Jj;ibThm Eu&]o(x 2 wgpu*zea) 1S[ﬂ§ 0 25) 0. FChemlcaI formula
Crystal sy g

2N5.0333C20025!
362.82(1) Atorps

0.00000 0.86795-D.001

0.36952

Sil 0.25395 0. 66779 0.68346 1.28 4b 0.960
All 0.25395 0.66779 0.68346 1.28 4b 0.040
Si2 0.00000 0.05444 0.67351 0.94 2a 0.960
Al2 0.00000 0.05444 0.67351 0.94 2a 0.040
Si3 0.00000 0.40771 0.46049 1.09 2a 0.960
Al3 0.00000 0.40771 0.46049 1.09 2a 0.040
Si4 0.00000 0.41556 0.90158 1.01 2a 0.960
Al4 0.00000 0.41556 0.90158 1.01 2a 0.040
NI 0.00000 0.17903 0.52933 0.13 2a 0.629
Cl 0.00000 0.17903 0.52933 0.13 2a 0.250
Ol 0.00000 0.17903 0.52933 0.13 2a 0.044
N2 0.24756 0.91496 0.68147 0.86 4b 0.629
C2 0.24756 0.91496 0.68147 0.86 4b 0.250
02 0.24756 0.91496 0.68147 0.86 4b 0.044
N3 0.25151 0.44139 0.01164 0.98 4b 0.629
C3 0.25151 0.44139 0.01164 0.98 4b 0.250
O3 0.25151 0.44139 0.01164 0.98 4b 0.044
N4 0.00000 0.58312 0.77866 0.90 2a 0.629
C4 0.00000 0.58312 0.77866 0.90 2a 0.250
04 0.00000 0.58312 0.77866 0.90 2a 0.044
N5 0.00000 0.17092 0.84992 0.75 2a 0.629
C5 0.00000 0.17092 0.84992 0.75 2a 0.250
05 0.00000 0.17092 0.84992 0.75 2a 0.044
N6 0.00000 0.42643 0.27510 0.95 2a 0.629
Cé 0.00000 0.42643 0.27510 0.95 2a 0.250
06 0.00000 0.42643 0.27510 0.95 2a 0.044

Example 5: Preparation and properties of a phosphor composition of family (5)

M (1), M(1),M(ITE)D4E.CiFHy: A
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Sr? 0.00000 0.87845 0.36952 1.06 2a 0.950 Eu7 0.00000 0.87845 0.36952 1.06 2a 0.050 Sil 0.25395
0.66779 0.68346 1.28 4b 0.960 All 0.25395 0.66779 0.68346 1.28 4b 0.040 S i 2 0.00000 0.05444
0.67351 0.9W9Q2UBEBRAR 0.00000 0.05444 0.67351 0.94 2a 0.040 Si3 0.0860F' B24079#118146049

[00131] A sample of phosphor composition M(IDaM(1)pM(II)DJECeFgHp: A (where M(11)=Sr,
D=8i,C=N,and H=F;a=19,b=0,c=0,d=5,¢=6.9,f=1, g =0, h=0.3) was made by a
solid state reaction with the starting materials SroN, Si3Ng, SiC, and EuF3 in the designed rations

listed in Table 18.

Table 18. Weight amount of the raw materials for preparing composition

M(IT),M(1)sM(ITT).DgE.CF Hy: A.

Weight of raw materials (g)
Example SEN SisNs | SiC EuF;
5.1 1.2211 1.2857 0.2756 0.1436

Table 19. Luminescence properties for M(II),M(I),M(IIT).D¢E.CiFHp: A

Luminescence Characteristics (Aexc =453 nm)
Example
QE (%) Emission (%) | FWHM(nm) | A, (nm)
5.1 92.7 913 107 633

Example 6: Preparation of pcLEDs

[00132] The phosphor compositions of the present invention can be combined with a light
emitting diode (LED) to form a lighting device. The lighting device generally generates a light
emission with a color adjusted from that of the LED. A red-emitting carbidonitride phosphor
composition of the present invention, for example and without limitation, was mixed with a resin
cncapsulant to form a phosphor-filled slurry. The slurry was then applied onto a blue-emitting
LED chip in the design shown in Figures 36-39. In practice, the phosphors were mixed with a
silicone resin (silicone, Shin-Etsu LPS-2511). The phosphor-filled encapsulant slurry was then
injected onto an AlGaN-based, blue-emitting LED chip followed by a curing treatment according

to the manufacturer’s curing schedule.
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1.09 2a 0.960 A13 0.00000 0.40771 0.46049 1.09 2a 0.040 Si4 0.00000 0,41556 0.90158 1.01 2a
0.960 A14 0.00000 0.41556 0.90158 1.01 2a 0.040 NI 0.00000 0.17903 0.52933 0.13 2a 0.629 CI
0.00000 0.1%$DY 43833 0.13 2a 0.250 01 0.00000 0.17903 0.52933 0.13 P50 Np#1111

[00133] Example 6.1: A pcLED consisting of a blue-emitting LED and a red emitting
phosphor. Figure 40 shows the emission spectrum of the lighting device in which a red-emitting
phosphor of the composition (1) (sample 1.29) is packaged with a blue-emitting LED in the lamp

structure of Figure 37. The emission light has a pink color.

[00134] Example 6.2: White light pcLEDs. White light pcLEDs were preparcd by combining
a red-emitting phosphor of composition (1) (sample 1.29) and a yellow- or green-emitting
phosphor (2nd phosphor in table below) with a blue-emitting LED in the device structure shown
in Figure 37. The phosphor blend is mixed in a silicone resin in the ratios listed in Table 20.
The emission spectra of thc pcLEDs are shown in Figure 41. The luminance performance of the
pcLEDs are shown in Table 21. The results demonstrate that the emission of the phosphor of
composition (1) helps to achieve a warm white lighting device with CCT=2016 K and 2311 K in
the pcLEDs.

Table 20. The phosphor loading amount in pcLEDs of Example 6.2.

Loading of sample | Loading of 2nd phosphor | Total Phosphor Loading,
129 wt% of slurry
Device | 25 wt% Yellow-emitting YAG:Ce 7.41
' 75 wt%
Device 1l 25 wt% Green-emitting 7.41
Sr6.72Eu028511,015N,C
75 wt%

Table 21. The luminance performance of the pcLEDs.

luminous f1 lumi ffi pcLED
uminous flux, uminous efficacy Chromaticity cri| ccT | Duv
Im (Im/elec W) " y
Device | 26.3 31.0 0.499 0.378 | 76 | 2016 K |0.012
Device Il 25.4 29.9 0.467 0374 | 84 | 2311 K |0.014
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0.24756 0.91496 0.68147 0.86 4b 0.629 C2 0.24756 0.91496 0.68147 0.86 4b 0.250 02 0.24756
0.91496 0.68147 0.86 4b 0.044 N3 0.25151 0.44139 0.01164 0.98 4b 0.629 C3 0.25151 0.44139
0.01164 0.9%2B3U 24§93 0.25151 0.44139 0.01164 0.98 4b 0.044 N4 0.0000H0S28H4413 117866 0.90

[00135] The present invention is not to be limited in scope by the specific embodiments
disclosed in the examples which are intended as illustrations of a few aspects of the invention
and any embodiments that are functionally equivalent are within the scope of this
invention. Indeed, various modifications of the invention in addition to those shown and
described herein will become apparent to those skilled in the art and are intended to fall within

the scope of the appended claims.
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2a 0.629 C4 0.00000 0.58312 0.77866 0.90 2a 0.230 04 0.00000 0.58312 0.77866 0.90 2a 0.044 N5
0.00000 0.17092 0.84992 0.75 2a 0.629 C5 0.00000 0.17092 0.84992 0.75 2a 0.250 05 0.00000
0.17092 0.84992 0.75 2a 0.044 NO 0.00000 0.42643 0.27510 0.95 2a 0.629 CO 0.00000

Weclaim:

1. A composition comprising a phosphor having threnula
S1SisNg-[(4x/3)+z]CxO3z2 A
wherein 0 < x < 5.0; wherein 0.06 < z < 0.1; wheerg#4x/3)+z)<8; wherein % 3z/2; and, wherein A

comprises a luminescence activator doped in thedngstal of the phosphor.

2. A composition comprising a phosphor having threnula

M(I1) 2SisNs.{(ax3)+2CxOzz/2 A
wherein 1.0 < x < 2.0; wherein 0 < z < 0.1; wher@#x/3)+z) < 8; wherein x 3z/2; wherein M(ll)
comprises at least one divalent cation; and, wheketomprises a luminescence activator doped in

the host crystal of the phosphor.

3. A composition comprising a phosphor having threnula

M(I1) 2-.wM(1) 20 SisNg-j(ax3)+21CxOz212A
wherein 0.5 < x < 3.0; wherein 0 <z < 0.1; whe@id5 < w < 0.5; wherein ((4x/3)+z) < 8; wherein
X # 3z/2; wherein M(Il) comprises at least one divalgtion; wherein M(I) comprises at least one
monovalent cation; and, wherein A comprises a l@stence activator doped in the host crystal of

the phosphor.

4. A light emitting device comprising:

a light source emitting a first luminescence spaut and

a phosphor composition, which, when irradiatedhght from the light source, emits light
having a second luminescence spectrum;

wherein the phosphor composition comprises at t@a@s phosphor having a formula selected
from the group consisting of:

(@) SESisNg-[(4x/3)+21CxOs2122A, Wherein 0 < x < 5.0; wherein 0.06 < z < 0.1;emin
((4x/3)+2)<8; and, whereinx 3z/2;

(b) M(I1)2SisNg-jaxiz)+2CxOsz2:A, Wherein 1.0 < x < 2.0; wherein 0 <z < 0.1; wdin
((4x/3)+z) < 8; and, whereinx 3z/2;
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0.42643 0.27510 0.95 2a 0.250 06 0.00000 0.42643 0.27510 0.95 2a 0.044 Example 5: Preparation
and properties of a phosphor composition of family (5) M(11)"Al(1)bM(1 | I),DdErCrFgHb:A 1001311 A
sample of phosphor composition M(I)aM(1)bM(I111)eDdEcCrFgHh:A (where M(IT)Sr, D=Si, E=N, and
H=F;a=19,b=0,c=0,d=5,e=6.9, N1, g =0,h =0.3) was made by a solid state reaction with the
starting materials Sr2N, S13N4,SiC, and EuF3 in the designed rations listed in Table 18. Table
18Weight amount of the raw materials for preparing composition M(11),M(1),,M(111)"DdEcC/FgHh:A.
Example Wei :ht of raw materials (g) Sr2N Si1N4 SIC EuF3 5.1 1.2211 1.2857 0.2756 0.1436

Table 19. Luminesce roperties.for M(11)aMjfibM(l11),DdEeCrEgFil,-A . Example 6: Preparation of
pcLEDs 10013&??3 Thg'%ﬁﬁé'ﬁﬂ@b %Y(?’r'ﬁ%%&‘iﬁ%ﬂﬁ?b %Mp\r/\él)'s%ﬁ{r}g)\%rﬁ%ﬁ §:91 B’g%rg%oéfﬁeé Wi tgL’a light
emitting Wierlei(LE0H toWor. 2 Ngrarath de\cd e Sighntihey davied@gy@nerally generates a light emission
with a color adjy#edifiann adhHed Rl At SH-LINHIBG GaiAGIKINR P ROsRRRE SaMBasitinR of the

present invention, for example and without limitation, was mixed with a resin cncapsulant to form a
phosphofRMAYafIR-§at YRR SsAPBR"S55IR P BAIFERBILE. At REAAE DMASGIE IR e aigRSshown
in Figurdsamae&dncpraciice ot pbo sptier sogergystaded with a silicone resin (silicone, Shin-Etsu
CTS-2511). The phosphor-filled encapsulant slurry was then injected onto an AlGaN-based,
blue-emitting LED chip followed by a curing treatment according to the manufacturer's curing
scheduléd- WO 20a 2@BRs% el /CIZr0d ude1ain Alsum s siiagte 8:e aatiyal g petessiiingaha

blue-emigipgp-EAsmith@ sed e mitting RiRsENOG & igH Bg s hems e @ Miggias), wpRcEpm of the lighting
device in which a red-emitting phosphor of the composition (1) (sample 1.29) is packaged with a
blue-emitting LED in the lamp structure of Figure 37. The emission light has a pink color. 1001341
Examples6.2: Wirhtedayhp eitiérDef. dldhniel JighepahRDs Buere prepared by combining a red-emitting
phosphor of composition (I) (sample 1.29) and a yellow- or green-emitting phosphor (2nd phosphor in
table below) with a blue-emitting LED in the device structure shown in Figure 37. The phosphor blend

is mixed Tn a silitemecasesiHameirelgia Asiubeiemabie dopadhie afssiypiaridha BeRBNSEIAEDS are

shown inchigerfirddoer RedVBTIRBRCEURREIDIM0ANEABINS b@HRELAENR emEROW R TRiNeadouhnefrspults
demonstrate that the emission of the phosphor of composition (1) helps to achieve a warm white

lighting device with CCT=2016 K and 2311 K in the pcLEDs. Table 20. The phosphor loading amount
in pcLEDS of EXdmplenth@sitiablel 2thimte lurthieacwe peifapmanoe © AtlktipobEDws phormous flux, Im
luminous efficacy (1m/elec W)

9. The composition of claim 1, wherein the phosptwnprises a crystal of an orthorhombic or

a monoclinic system.

10. The composition of claim 2, wherein M(ll) congas at least one divalent cation selected
from the group consisting of Be, Mg, Ca, Sr, Ba, Ca, Ni, Pd, Zn, and Cd.

11. The composition of claim 2, wherein M(ll) congas at least one divalent cation selected

from the group consisting of Ca, Sr, and Ba.
12. The composition of claim 10, wherein M(ll) comses two or more divalent cations.

13. The composition of claim 2, wherein A compriadaminescence activator selected from the
group consisting of Ce, Pr, Nd, Sm, Eu, Gd, Tb, By, Er, Tm, Yb, Lu, Mn, Bi, and Sb.

14. The composition of claim 2, wherein A is Eu.
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pc LED Chromaticity C12.1 cc-r Duv  xr  Device! 26.3 31.0 0.499 0.378 76 2016 K 0.012 Device I
25.4 29.9 0.467 0.374 84 2311 K 0.014 1001351 The present invention is not to be limited in scope by
the specific embodiments disclosed in the examples which are intended as illustrations of a few
aspects of the invention and any embodiments that are functionally equivalent are within the scope of
this invention, Indeed, various modifications of the invention in addition to those shown and described
herein will become apparent to those skilled in the art and are intended to fall within the scope of the
appended claims. We claim: 1. A composition comprising a phosphor having the formula Sr2S15Ns
kixonziC8038/2:A wherein 0 < x < 5.0; wherein 0.06 < z <0.1; wherein ((4x13)+2z)<8; wherein x 3z12;

and, wherein A comprises a luminescence activator doped in the host crystal of the phosphor. 2. A
composifibn cormprispyroptiossihctaimdnyiiesciorinisid atithe siNe kekarafitheqdsisphaBkeein 1.0< x

<2.0; wheggie RasigrPidvel BEfiRIM AASAEY 0 1R omh 5 GRS el hsRIMHEhtaIBRARRR@dfeast one

divalent cation; and, wherein A comprises a luminescence activator doped in the host crystal of the
phospho'lv.'@.)'A composition comprising a phosphor having the formula M(I1)2wM(I)2wSi5N8
[(48,3)+8]C8038,2A wherein 0.5 < x <3.0; wherein 0< z <0.1; wherein 0.05 <w <0.5; wherein ((4x/3)+z2)

<8; whergin x 3%%8@4&%&?&&%@ &%LF}PE%% R SRR 'Vd?}'.%%‘ér%aélﬁ’d?ﬁé%%‘?g i&gKQrSO.mp”ses at
least one monovalent cation; and, wherein A comprises a Tuminescence activator doped in the host
crystal of the phosphor. 4. A light emitting device comprising: a light source emitting a first

luminescence 51Pﬁ§féHmE§:ﬂﬁon o RSP SeMRRS s pitbihised aniyadiaieshwiih dafnhigaohe
light source, emits light having a second luminescence spectrum; wherein the phosphor

composifdAAMHBISEESE Reast one phosphor having a formula selected from the group consisting of:
(a) Sr2SisNs4(470onzr8038/2:A, wherein 0< x < 5.0; wherein 0.06 < z < 0.1; wherein

18. The composition of claim 3, wherein M(ll) congas at least one divalent cation selected

from the group consisting of Be, Mg, Ca, Sr, Ba, Ca, Ni, Pd, Zn, and Cd.

19. The composition of claim 3, wherein M(ll) congas at least one divalent cation selected

from the group consisting of Ca, Sr, and Ba.
20. The composition of claim 18, wherein M(ll) comses two or more divalent cations.

21. The composition of claim 3, wherein M(I) conga$ at least one monovalent cation selected

from the group consisting of Li, Na, K, Rb, Cu, Agd Au.

22. The composition of claim 3, wherein M(l) congas at least one monovalent cation selected
from the group consisting of Li, Na, and K.

23. The composition of claim 21, wherein M(I) coisps two or more monovalent cations.

24. The composition of claim 3, wherein A compriademinescence activator selected from the
group consisting of Ce, Pr, Nd, Sm, Eu, Gd, Tb, By, Er, Tm, Yb, Lu, Mn, Bi, and Sb.

25. The composition of claim 3, wherein A is Eu.
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((4x13)+z)<8; and, wherein x 3z12; (b) M(I1)2SisNs-R4v3nzr8038/2:A, wherein 1.0 < x <2.0;
wherein 0 < z <0.1; wherein ((4x13)+z) <8; and, wherein x 3z12; (c)M(I)2wM(I)2wSisNs
RisisiEziCsOsz/zA, wherein 0.5 < x < 3.0; wherein 0< z <0.1; wherein 0.05 <w <0.5; wherein
((4x13)+z) <8; and, wherein x 3z12; wherein M(II) comprises at least one divalent cation; wherein
M(l) comprises at least one monovalent cation; wherein C comprises a tetravalent anion of carbon;
and, wherein A comprises a luminescence activator doped in the host crystal. 5. The composition of
claim 1, wherein A comprises a luminescence activator selected from the group consisting of Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho. Er Yh, Ly. Mn, BRi, and.Sh. 6. The camposition of claim 1, wherein A
s Eu 7 e et saBR D A e o B B R
concentre@itte kAl ast ipweh oftiumn @lona ol me kb dueDisIs relative o theetatdllealeeomuwtt Sf. 8.
The compagtipR §f@aim 1, further comprising one or more additional phosphors. 9. The composition
of claim 1, wherein the phosphor comprises a crystal of an orthorhombic or a monoclinic system. 10.
The composition of claim 2, wherein M(ll) comprises at least one divalent cation selected from the
group copaistinglod Bemptgsitica, dbriddm, L durfier Nonksistne andnc abitlitibhel ghogasition of claim 2,
wherein M(II) comprises at least one divalent cation selected from the group consisting of Ca, Sr, and
Ba. 12. The composition of claim 10, wherein M(Il) comprises two or more divalent cations. 13. The
composi#én of diatn¢INReRIeM oA daifp?isukesaiirifdsRERTIRRR 6 G¥Rietef droarthivehgrabie or
consisting bk&liRic g\y},t&m, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi, and Sb. 14.The composition
of claim 2, wherein A is Eu. 15. The composition of claim 2, wherein A is doped in the host crystal of
the phosphor at a concentration level of from about 0.001 mol% to about 20 mol% relative to the mole
amount @BM(11) THebligfh e aintimpdéauice aff cliaim 2, wwhéneincomprising one or more additional phosphors.
17. The compogijti I el 2 | r lc or a
monoclinic syst@&@n%mgggzoar%%t@ré gﬁ@%ﬁﬁ%&%ﬁﬁﬁy@%ﬁﬂ%ﬁ%@gé @?fgﬁgﬁ)ﬂ%g&%glent
cation s€féctet] BantthEgrlipRbrdiseiRg 60Be, Mg, Ca, Sr, Ba, Cu, Co, Ni, Pd, Zn, and Cd. 19. The
composition of glairachiesein MEH) seunRBRESaRtrieaataReclivdnheaionselseRdHgmthaigroup
consistin!ga fC% Sr, and Ba. 20. The composition of claim 18, wherein M(Il) comprises two or more
divalent Cations U2f‘g'lar?(9 @tﬁihposition of claim 3, wherein MU) comprises at least one monovalent
cation selected Groomiprésgscaufetemsistingnafrlof MardkinRimdCu, Ag and Au. 22. The composition of
claim 3, whereip %&)ﬁ%@?ﬁ?@%ﬁtdﬁ@%ﬁﬂ%&gnea@aﬂ;aqgé@a REIRGIRIION BRdKaHY GPesistig of

Li, Na, and K. 23. The composition of claim 21, wherein Mé@compnses I more monovalent
cations. "% SRefofsbdiloRbttair 3 Whetelt AbBBASES a luminescence activator selected from
the group consisting of Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi, and Sbh. 25.The
compositjgn of ¢laim 3, wherein A is Eu., 26. T?e omposition of claim 3, wherein A is doped in the
st oryet of DI FOT G AL R o SR Db 6080 GhR L LB ok A PRl
relative toakeleogihrrasigeatioouabofiNVA90) rmddbPu27Q0Te.composition of claim 3, further comprising
one or more additional phosphors. 28. The composition of claim 3, wherein the phosphor comprises a
crystal of an orthorhombic or a monoclinic system. 29. The light emitting device of claim 4, wherein:
M(I1) comiprises A&95¢ BREHITLEMCERIGPEBIAcLHBRIIRE YBISISHSR HRE TF4s: NRR? 8221SH Ba,
Cu, Co, Nabngth eath€tom abd(t)oompiigeaidesst are monovalent cation selected from the
group consisting of Li, Na, K, Rb, Cu, Ag and Au; C comprises a tetravalent anion of carbon; and,

A comprises at least one luminescence activator selected from the group consisting of Ce, Pr, Nd, Sm,
Eu, Gd, 88, Dy,THe,light Emittirtg, deyviogrfBlamnd Shecheigbtirfhreenitinigteematooaiiogeonaherein
the first lyzipgggence spectrum has a peak in wavelength range from about 250 nm to about 700 nm.
31. The light emitting device of claim 4, wherein the first luminescence spectrum has a peak in
wavelength range from about 400 nm to about 550 nm. 32. The light emitting device of claim 4,
wherein 88 lightisetigbe ésnittlightievivtiobothivd @ duaHasepritdeonddr ther dgliditivitiinghdspiee 0f claim
4, further comprising one or more additional phosphors. 34. The light emitting device of claim claim 4,
wherein the additional phosphor emits red, yellow, orange, green, or blue light when excited by a light
source. 335. ThEhglardramitgaeeitecsi claim elaim 4, waehdecd sl hosebon @ pidspthor having a
formula selegtediAgR threarP P BrResigHNa i CatinpalilgRestied2E (0<x<1), Catx y
xMgxSryBaxSiad:Eu2+ (0<x<1, 0<y<1, 0<z<1, x+y+z< 1), BaMgA110017:Eu2+,Mn2+, MYSi4N7:Eu2+
(M=Ca, Sr, Ba), B-sialon:Eu2+, MSi202N2:Eu2+ (MzMg, Ca, Sr, Ba), Ba3Si6012N2:Eu2+,
M2Si3IsI8:Ce3+ (M=Ca, Sr, Ba), Y2Si4N6C:Ce3+, u-sialon:Y62+, (MSi03).(Si02)":Eu2+, X (M=Mg,
Ca, Sr, Ba; X=F, ClI, Br, I), where mis 1 or 0, and either (i) n >3 if m=1 or (ii) n=1 if m=0, MAI204:Eu2+
(M=Mg, Ca, Sr, Ba), BaMgA110017:Eu2+, Y3A15012:Ce3+, and ct-sialon:Eut 36. The light emitting
device of claim 4, further comprising a second phosphor having a formula selected from the group
consisting of:



(a) M(IBaSibO,NdCe:A, wherein 6<a<8, 8<b<14, 13<c<17, 5<d<9, 0<e<2; (b)

M(IIFA112_,ySixxy025 xNx_yCy:A, wherein 0<x< 12, 0<y<x, and Oa-Fy< 12; (c)
M(IIT7MUID12-x-ySixxy025 xNx_yCy:A, wherein 0<x< 12, 0a-Fy< 12, and 0<y<x; (d)
MUIT7M(111)12-x-ySix+3,025-x-k36/2Nx + 6_yCy:A, wherein 0<x<12, 0< y<x, 0<x-Fy< 12, 0<8< 3, and
6<x+y; (e) M(I07M(11012-x-ySix+3,025_,6/2Nx-T 3_yCy-k6/2:A, wherein 0<x<12, O y<x, 0<x-Fy< 12,
0<8< 3, and 6<x+y; (OM(I1)7_yM(DyM(ll1)12 x y zSix+y+z025-x+36/2Nx + &C :A, wherein 0<x<12, 0<
y<x, 0<z<x, 0<x-Fy-Fz<12, za+6, and 0<6<3; (g) M(H)7_yM(DyM(Il1)12 x y zSix+y+z025-x+6/2Nx
6-zCz+6/2:A, wherein 0<x<12, 0< y<x, 0<z<x, 0<x-Fy-Fz< 12, za+6, and 0<8< 3; (h)
M(IIF_yM(ByM(I1)12 x y zSix+y+z025-x+36/2-v/I2Nx + 6-XXEly:A, wherein 0<x<12, 0< y<1, 0<z<Xx,
z<x+6, 0¥B< 3, DReJight gntitiradeyire af claiamela(in Midwer opon®ising i®) secend phosphor having a

2Six+y36Rft SRcHEN e PRHE IR SEAR Ly <fo Osaprog=y+d, 0<6<3, 0<vel, and

O<x-Fy-Fz< 12; Where|rﬁ)‘£/lgll com rlses at least one ent catlon )corpprlses at leagt one

monovaléﬂg’é.{t%'i‘isl@ﬂ tsiide é{ﬂeé’éf%é(frwge}% BaeAhOeembrdes MbgisNskd’monovalent
anion; awmmrsnwﬁélwﬂm@?wmy%m&w Tty f@@) %ﬁé@@&?ﬁﬁhe light emitting

device of c m 4, further com rising at least twp addl ion 8. The Jight emlttlng device of

claim 4, MF SC(B#D%{% NGar egé‘t)*o Neifr a?pﬂ%é’b] %ﬁh@@ 'Ri &'l § Ao & Bd5MH

waveleng@th, mnmfmﬂﬁ abbuﬂirSl}Q/nmrmtr{)MDVOOMerC{B M ha light=-g¢roitiinghdevice=af claim 4, further
vyavglgngth range from

;grc?ﬁtrfé %S%Dcwﬁ dl&on%l E‘?ﬁ@%whqr@éﬁtmg de \?A 6d\%lc ai maf%ﬁjlﬁher comprising at least

one addltlonal phosphor that emlts light having a peak in wavelength range from about 520 nm to

about 60§snm. fide FiiG BafItRYHENRLIGY G8iRN £ aim it iaH ne A sgﬁrﬁ%qu e forftRud he

light emitting device of claim 4, wherein the device emits cool Whlte light.” 43. The light emitting device

of claim ﬁekﬁﬂgpeiwméh&egfi%@e‘?ﬂﬂ@%y&ﬂﬁﬁmhne light. 44. The light emitting device of claim 4, wherein
the device emlt@yght MMI};&@MN waueéeﬂgﬂm:angeb‘mm abowm&nmgo(amﬁ 600 nm. 45.

The light emlttl ewﬂaig § éﬁ(j Vsrﬁy &%X %\ﬂ\c{:-vwé:% e égsf '!ng‘bha‘é')?%ﬁ do(?g avelength range
oa e

from about 520 mi evice of clam 4, w elh the device emits
light having a p&ak in M%Mﬂ@hzr&ﬁ@@@ﬂnﬁ“&@ﬁ%b&ﬁﬁmt@%é@t 0502 Andrereytight emitting

device of claim )Whe,w(qr) RIS Qgﬁwzs\% L%]W@\anyl@ A PeAkiBiNdElensthyrange o @beyt 400
nm to about 70
0<6< 3 ando<x+y;
(e) M(I1)7M(I1) 125y SixryO25xs52Nx 7 5yCysai2:A, Wherein 0<x<12, € y<x, 0<x+y< 12,
0<d< 3, andd<x+y;
) M(I1) 72,M(1) yM(T) 12-x.y-Sixey+2O025.xs352Nx T 5..C:A,  wherein  0<x<12, € y<x,
0<z<Xx, O<x+y+&12, z<x+#, and 09<3;
(9) M) 7M(1) y M) 12-xy-2Siksy+2025.xa52Nx F 5.Crs52:A,  Wherein 0<x<12, 8 y<x,
0<z<x, O<x+y+x 12, z<x#, and 09< 3;
(h) MU 7yM(1) yM(U) 12.5y-Sixry+2O025 xe32-12Nx F 5.CHv:A, wherein 0<x<12, 8 y<1,
0<z<X, z<x#, 0<d< 3, X v<1, and 0<x+y+Z 12; and
(i) M(I1) 7, M(1) yM(IN) 12-xy-rSixey+7O025-xa572-vi2Nx T 52Cea2Hv:A, Wherein 0<x<12, 8 y<1,
0<z<X, z<x®, 0<d< 3, 6 v<1, and O<x+y+Z 12;
wherein:
M(Il) comprises at least one divalent cation;
M(I) comprises at least one monovalent cation;

M(IIl) comprises at least one trivalent cation;
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H comprises at least one monovalent anion; and
A comprises a luminescence activator doped in st ¢rystal.

37. The light emitting device of claim 4, furthemaprising at least two additional phosphors.

38. The light emitting device of claim 4, furthemaprising at least one additional phosphor that

emits light having a peak in wavelength range fadmout 350 nm to about 700 nm.

39. The light emitting device of claim 4, furthemaprising at least one additional phosphor that
emits light having a peak in wavelength range fadmout 480 nm to about 640 nm.

40. The light emitting device of claim 4, furthemaprising at least one additional phosphor that

emits light having a peak in wavelength range fadmut 520 nm to about 600 nm.

41. The light emitting device of claim 4, whereire tdevice emits white light.

42. The light emitting device of claim 4, wherée tdevice emits cool white light.

43. The light emitting device of claim 4, wherere tdevice emits warm white light.

44, The light emitting device of claim 4, wherere tdevice emits light having a peak in
wavelength range from about 400 nm to about 600 nm.

45, The light emitting device of claim 4, wherere tdevice emits light having a peak in

wavelength range from about 520 nm to about 600 nm.

46. The light emitting device of claim 4, whereie tdevice emits light having a peak in

wavelength range from about 380 nm to about 750 nm.

47. The light emitting device of claim 4, whereie tdevice emits light having a peak in

wavelength range from about 400 nm to about 700 nm.
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