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this invention. Background of Invention [0004] In recent years, R&D efforts
have been intense on both LED chip and phosphors for phosphor-converted LED
(pcLED), with the result that bGlaimef Prioriént hi gh- power LEDs and effi ci ent
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excited state, causing the excitation energy to be directed to heat

em ssion through lattice relaxation rather than to the desired | um nescence
eni ssi on. Moreover, these MMM@%&&MOM% heating with

vibrational excitati on, and thereby further reduce_th nescenc
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illum nation application requires high optical energy flux (e.g., higher

than 1 Watt/m®), which causes additional heating by a Stokes shi ft

generat ed inside the phosphor Gevermmgnt Fugdingessf ul devel opnent of pcLED

| anps for general illumnation, therefore, requires phosphors that can
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phosphor's Ium nescence is an intrinsic property of the phosphor which is

determ ned by the conpositi oBackmtovinbofdinyvergionr e of the crystalline

material. 100051 Nitride and oxynitride phosphors have been used in pcLEDs
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-NSi-C, -NSIi-N, and -CSi-C networks in which the strong coval ent

bonds of Si-C and Si-N serve as the main building blocks of the structure.
Generically, the network structure forned by Si-C bonds has a strong
absorption in-the entire visible |light spectral region, and therefore has
been previously considered unsuitable for use in host materials for high
ef ficiency phosphors. 100081 It has now been discovered in this invention
that in certain carbidonitride phosphor conpositions, carbon actually
enhances, rather than quenches, the |um nescence of a phosphor, in
partlcular at relatlvely hlgh tenperatures (e g. 200C—400C) The i nvention
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[0018] In certain enbodi nents, the present invention is directed to a
conposition conprising a phosphor of formula (5) above. In certain

enbodi merwe,20t2133350nposi ti on conpri ses one or nore addi PCoABRoplegphors. | n
certain enbodi nents, the phosphor conprises a crystal of an orthorhomnbic or
nonoclinic system [0019] In certain enbodi nents, the phosphors of the
present invention emt |ight having a peak in wavel ength range from about

400 nmto about 700 nm when excited by |ight haV|n9 a peak in wavel ength
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M 11)aSi bCeNdCe: A, wherein 6<a<8, 8<b<14, 13<c<17, 5<d<9 O<e<2; (b)

MIIT)7 A, wher.ei n 0<x< and Os<x
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nonoval ent cation; MII1l) conprises at |east one trivalent cation; H

conpri ses at Ieast one nonoval ent ani on A co rls Iaﬁtrlmnescence
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2012/ 033557PCT/ US2011/ 041111 entttlng deV|ce of the present invention
further conprises at | east one addittonal phosphor that emts |ight having
a peak in wavel ength range from about 480 nmto about 640 nm In certain
enbodi nents, the light emtting device of the present invention further
conprises at | east one additional phosphor that emts |ight having a peak
in wavel ength range from about 520 nmto about 600 nm [0027] In certain
enbodi ments, the light emtting device of the present invention emts white
Iight In certaln enbodlnents the Ilght enlttlng deV|ce of the present
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100331 As used herein, "particle" refers to an individual crystal of
phosphor. [00341 As used herein, the term "phosphor" refers to a phosphor
in any appoapry@sss7’f orm such as a phosphor particle, aprphasphon4gnnri n, or
phosphor powder conprised of phosphor particles, grains, or a conbination
thereof. [0035] As used herein, a "phosphor conposition" refers to a
conposition conprising a phosphor having the ratio of atons specified for
the particular phosphor. It may or nmay not be stoichiometric proportions.

| mpur el SIPNHRECBNeingreasas ag ther arsqual Pf easbphinseaseiayithivecystagns pratertcd rarnges.
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pure for a particu & (?rysta I'ne phase, 1.e., "no nore Yool a
secondéficyenppase. 10037] "Wiite light," as used herein, |s Ilght of certain
chromaticity coordi nate values (e.g., Conm ssion Internationale de

| " Ecl airage (CIE)), which are well-known in the art. Correl ated col or
tenperature of a light source is the tenperature of an ideal black-body
radi ator that radiates |ight m I9%e to that |ight source. Higher
col or tenperatures (5,000 K or nore) are called cool colors (or "cool
white"); lower color tenperatures (2,700-3,000 K) are called warm col ors
(or "warmwhite"). [00381 Tenperatures described herein for processes

i nvol \9049] alrseﬂmtraﬂnb@dimqas thh aseergrimvepfion fseditpgied tora wivhkfamikyadtsilinenvessel
in qu tants per se. [0039] Throughout the

speci ?rt(t:)a f‘l,ct)rr]\ epho ehroesnecgre?&%bge made to M), MOD, and MII11l), where MI)
is at | east one m)noval ent cation, MIIl) is at |east one dival ent cation,
and M I11) (l)s aSr.Bigdgt./on€O5pLMal ent cation. In addition to any val ues for
t hese vari abl es t hat rray be given with respect to a particular formulation,
M) b t up, con |st a, Cu,
Co, wma%d‘ 8? Q <e, 5%{1}()’51%&% be Sl lu{‘gnesc?rﬁg aa%lyﬂor%gﬁdssl sthlgng of
Li, NapstKsry$th, 1a€£t¢¢ :Aga &ndceﬁuatlﬂnd:vw( frbﬂn) abcsn‘, De008¢ t mdi%h rtonabbhteSQrmulm
consi st i.n
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all technical _and _scienti terns sed herei n have t an|,pg as
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i nvenbh@MnPebpngsmbittontigebyri cal and scientific terns used her ei n have t he
sane neani ng when used. It nust be noted that, as used herein and in the
appended cl ai ns, the singular fornms "a", "and", and "the" include plural
references unless the context clearly dictates otherw se. [0042] In the

descr igu1bpniéerRitasiioaime BRJréseMbvenfiof BiiRbkd eNatomgdsatdn@dmipsisiug ad,
wherein the chenical fornula for the host crystal jis, given first, followed

by a édremcabidoriderRiprrion of Hrmpladaghoy SalibFe RIPRRARETS dbofqraResition

cert aiffiiePShAPKRS dnB drIthsreSdaaRichaICHHokHOrWN @K Rerkdi® eBivoURAdAlsE tRf pldospiesphor ' s
host crystal 1s discussed, the activator(s) may not be i ncl uded when

r ef er 6MEPTYS £ KeysigheiasrRsthosiomPiGRTmanosknic Bisiedt. Description of the Fi gures
[0043) FIGURE 1 depicts the x-ray diffraction (XRD) patterns of sanples
1.8, 1.7, 1.12, 1.11, and 1.10 of phosphor conposition (1). The bottom nost
si mul pat p tern
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2012/ 02336 7iREE fbedtnly pfeskd by0044] FI GURE 2A depicts the Rietveld

Ref i nement of the XRD powder diffraction for Sr2Si 5N3-(4v3)Cx: Eu2- (sanple
1.7). Figu 2 kcfis the cted crystal structure of Sr2Si5118-
(4x/3)C,: EK§+ B’V@%F‘ iy )"’]OO{)U% FI GURE 3 depicts excitation and

em ssion spectra (under excitati on at 453 nm, as well as the optical

r ef | esthesm Qexabi 0623 odndd &l )ez]x8 7 MAIT) pormppdes pt lcantpos divilgnt qatiyn. (agd ABYS5NS-
(4./3 6 @Gt c8fng

cont e)r? s%gcl{%dmr&éi_&ﬁgéhem lgaot%b%h éé’%ﬁ%u%g{gé (i\gllg1622{1%1%7EI thiglN%@g??rphosphor
conpo€idtand rmtt(eit)jw(alién@&rﬁrli\omne(tal 1)sChr. &mm)mamdehertﬁfume@mhl! a‘omothc gtoup53 nm

[ 0047 | GU depi ¢ s r ef t anc ctra of sanp 12, and
120 ST BB 0 e RS SRR SR ok et TaiRe feater el an Tty
of sanple 1.7 under que excitation at 453 nm [0049] FIGURE 7 depicts XRD
patterns of sanples 1.22, 1.32, 1. 273-1.26, 1.25, 1.24, and 1.23 of

phosphor conposition (1). The bottom nost si mul at ed pattern is for Sr2Si 5N8
and is shown for reference. The asterisk in the upper-nost pattern
indicates SiC as a second phase in sanple 1.22. [0050] FIGURE 8 depicts the
Ri etvel d Refinenent of the XRD pattern for Sr2Si 51\18- -

[ (4x5) +zi Cx03. 1J2: Eu2+ (sanple 1.19). [0051] FIGURE 9 depicts the projected
crystal structure of sanple 1 19 for Sr28|5N8 R4x/3)+7 1cx03 /2:Eu2+.
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[ 0068] FI GURE 27 depicts the excitation and em ssion spectra under bl ue
excitation at 453 nm as well as the reflection spectra, for sanple 4.15 of
conposi t iw 2003857 9Si 5N6CO Eu. [ 0069] FlI GURE 28 depi cPETIUSRO 1 ogrimBl
stability for sanple 4.15 of conposition (4) Sri 9Si 5N6CO Eu under bl ue
excitation at 453 nm [0070] FIGURE 29 depicts the Rietveld Refinenent of
t he XRD pattern for sanple 4.3 of conposition (4)

Sr2.",Li 2SI 5. mAl n\N84( 4x/3) +z+mLCx0( 3v2) +m Eu2+. 0071] FI GURE 30 depicts
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FI GURE 31 depicts the thefmal stabi for sanple 4. conposition (4)
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52, 3ot DR F Bbarle b\l AR i Rl ORI Lo iiellpe e,
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47for L OXO(37. [ 2) +m Eu2+ (x=2, w=0, z=
eérﬁgl%) . §875Eb PI%@“ de%rra(iom% auoé)%]crretogtr on and em ssion spectra

(under bl ue excitation at 453 nn) as well as the reflectance spectra, of

Sr2.,,Li2wSi 5_, AImN3. i (4x/3) - z+m Cx0(37/ 2) +m Eu2+ (x=2, w=0, z= 0.1, m-=

0.2) I R 35 depicts r ity faor
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t he | icgltal efdntdrindehodid sreneoclikie s@tedgent i nvention. 100801 FlI GURE 39

depicts an enbodi ment of the Iight emtting device of the present

i nvention. 100811 FI GURE 40 depicts the em ssion spectrum of a pcLED

conpri si.n: que-e Demttin 4 d-emttin
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em ssicaidp@idd phosfhotdwppeiddlDs: of Exanple 6.2. The curve with the higher

peak is for Device | of Exanple 6.2. The curve with the |lower peak is for

Device |1 ¢f Exmmjzel\/ﬁl)a,sxﬂ\[ae(ﬁ@;g]@mg,pescr| ption 100831 In certain

enbodi nents, the present invention is directed to a novel famly of silicon

carbidonitride phosphors expressed by: (1)Sr2Si 5N8-[ (4x/3)+z] Cx037y2: A
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about CZ)QNIIIUIdO/(Zn red atd smiertdivdldie uﬁﬁﬂrt@orﬁﬂﬁﬂlﬁbn@for Sicombin@@dn th@m?f Ipﬁcfferalblyl east

one t al |on seletedfrogﬂ ijgrg(chudrn Ce, Pr Eu, Gd, Thb,

Dy, HEOMEe P Vi luding. Cip S e a F alka et 1?rfenéafcor?%ar@rlabry

Eu2+, tHeRsdt, Inl3in em%alr@ms M‘(i’ﬁcmﬁﬁns@s BRTEH Mk idaaldnb e4tRAE.. MIDQRBhprises

certai n enbodi nents, the resent invention is directed to a novel famly of
si | i céhleast PRs BERGR qnﬂ@trﬁﬁoagrﬂmysbeesilﬁpt@g &ep. Byt no( Qyuted to, the group including

M 1) 23N, Iz@%&%&gza@@%m ' OmBHALSH hefRoK 5§a~fer91ﬂ§ ®m a@%r&(pﬁmér&amg Lk8.

M 11) conprises at |east one divalent cation, and may be sel ected from but
not | N& eediKe or atgnenbinasiap theredtudinnegrigie, capdinments, 3YI(T) paAmPEses ey, OrNporepd,  Zn,
Cd ang, ANt %t‘i’cﬁak et oPdeﬁWé&ﬁﬁ%Hsdf'@Fo@'thé &Qﬁorat%n & WI?QI H@B't&ﬂ dritereaaf .
preferably fromthe group I ncl ng Ca, , Ba and her ak ine earth
met al firipgprocesses extonyi(Ndes bwntmerge@fm this é@mprlatl@es Aacqmuprispes LEHBesCeRee| vat or

doped LY. I t
0. oot uafefRpprth it WEh st ladeEy e BpCREE 00 i B0 IPERAAM e 20
nmol % abait aStO| wel%, prefhmblyofrem atrourn. 0Qif mllv(% [ty abgut 2nmelimprelagige & tdtdasoleone

net al | an..s th I Tbh, Dy,
Tt =S 0 Pd ) S ZESHBTR Ml e SR o Mo T Gy T,
Ce3+, m'EIhBHqg (Yd:)Z’i' Hd,dSl‘NhBu- GarTa Dyokloj RatTinpnYl, Iier ddd, Bi[ 88.85]a ¢amigeativai n
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osphors Xpt esse
M 11) 2- WIV(l) ZWSr SNs- Ray/ 3+z) Cx03z/ 2. A wherei n 0<x<5, 0<w<0.6, 0<z<3, and
[ (4x13) +4<8. MIIl) conprises at |east one divalent cation, and nay be ¢

selected from but not limted to, the group including Be, My, Ca, Sr, Ba,
Cu, Co, Ni, Pd, Zn, Cd and other divalent transition netal ions, or a
conbi nati on thereof, preferably fromthe group including Ca, Sr, Ba and
other alkaline earth netal ions, or a conbination thereof. M) conprises
at | east one nonoval ent cation, and nay be selected from but not limted
to, the group including Li, Na, K Rb, Cu, Ag and Au, or a conbination
thereof preferably fromthe group |ncI udr ng L|, Na and K or a
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10093] In certain enbodi nents, the shape of the phosphor particles can be
spherical and/or rod-shaped. In sone enbodi nents, the nedi an di aneter of
t he phosphonop3siscl es of the present invention can be PCoMSabIoO81121t 0
about 50 microns, preferably fromabout 4 to about 30 m crons, and nore
preferably fromabout 5 to about 20 mcrons. In further enbodi nents, the
phosphor particles of the present invention can be from about 2 to about 10
mcrons in dianeter, or fromabout 3 to about 9 microns in dianeter. In
sone enbodi nents, the phosphor is a grain. In other enbodi nents, the
phosphor is a particle. 100941 In certain_enbodi nents, the present
i nvent!PYA] f & esein gnkagiraenss. she pregent iemention igdispster dea CORPISUINFGMPASING ght
sour C&;1rQh fcsﬂbmgmkﬂl&%ogghohl%yk&ﬂmﬁa (Esee&ven VR4 elLadbduimendant EQGIpARRME 200
to about 600 nm preferab from about 350 to about 490 nm and at | east
one plvesptiens ove npmgretaddmocal rhkephorse Je pertaimembadiments, i plospins cpINBE§SE 6r
conpo t least a portion of the |ight output
from %ﬁs&ﬁ?ﬂfﬁor@%ﬁo&x{eﬁggﬂn r&fzg}g%%s%ns nodi fies the color of the Iight
absor bed fromthe 1ight source, resulting in an em ssion of a |onger
wavel ength than that of the |light absorbed fromthe |ight source. For
exanp h S Vv xed

P yButs) o PSP ORERRURGSHE LRy Ay Y SRR WAL BNEAR S (28
appl i edrbidpnaridégihosphiops apresbagbay. i n Fi gures 36-39. The LED can,- for exanpl e,
emt light in the near ultraviolet (nUV) range (e.g., about 405 nm or the
bl ue range (9e. gMUIRLbM(E) 4SO MA N 0295k e hinght source used in the
present invention, can, for exanple, conprise a galliumnitride-based LED
W th a, h t ~ i | i ght
10, B2 GG o B, SR ST BAHATH U] SRS Ul st
r ef | ecliailent ctatcohdsmyas: selpcted frem; bllm rghtimftedtn, thhgrd_LEDl@udltlg]Be pHesphér. (see

Figure, 3 Th h r of, e present e t he
surfagBe g‘;u £R ﬁl_%g ?Eig ad O%r gﬁal%?f)ranglrn%éenq eta%!rua %P Aer ren#)?%ﬁéfg]epe&rf e 38).
The | ipgéferablyi frohnge c@wp:ewuaimg‘ x} BerBa rned Ltdlseraalkarlmasdanbemttahmre,r pala
encapsul tl n the ED and .t he os ho seen in Figures 3653 00961 In
certaif Ig IP‘E Ertq §ﬂ'tb8‘$ %ﬁﬁé?fm’:résef)fw? I?g e SoRten ?/t[eontl on
conpr Imeyc@nﬂrlsedﬂat 1&RUSEModvelRnBGtian, laE&)maweeeledsted fromghiitenoe Kmittdita, dre
energy, or to excite another eXstemto therebx E‘@fde th )iCI tation
energ)ﬂr?‘{?rmﬁlﬁ@“%%slﬂﬁolf‘ R, G S preb it 0T  GRIRRIN N eagl? KT Phd s esent
i nventd-Qny GRRAdiHACLUAGs, fHar K%@rmk&nbxam)nvw%mm Thi fBriant bmodm«{emt,eM(l)ght

pr odum ng |ight entting devices, indigo |ight producing light e | ng
devi c&9mpppagewp |ogmorepmea%@i%gcqlioghtl P A QEPFRBE, th@F\é‘”’é’ﬁralt‘Pﬁﬁf )odu0| ng

I'i ght a?m httern;ger&!@eénﬁ%m )6?ch§%¥‘§ Lekem(mﬁas&hragsxgmha uﬂmrﬁmgoﬁiemmgs
orange |ight producing Tight emtting devices, produci ng |i ght

eni t t icapriessiat degst crn@drwalgﬁtcamrb@u@mw heusglﬁfte@ffiﬁoma |be“‘BgW‘E?€s‘° BF erqught
em t1i;ng, A8YBCRE oM i S@nY Od‘llta%}nbmﬁmiéf'egf tYerdlabil, Reh ¥ ki ihdi@np Al ween
the chromaticity of & phosphor of present | nvent| on-and that of at

| east @nen¢&cond domplrtatiow treeedf. Heaéﬂtq"ghﬂ@o@meoﬁhwllﬁaﬁpﬁty&lﬁ?sowq PgMEE f or
vehi cl.e e de e Shdd

[ nventtflgarllgnqgﬁtgorﬁs% R{éf Ehgm gﬁégs%g%bﬁgopgg;{h% [ nd|r§<l§;1'[t(3 loggﬁc %Pthse mal |
el ect rcondentraténi @fef%omﬂﬁﬂﬁl asol&’zetol ahohbﬁibmoa%dpqn&rrmY]édom abogt 0401 amd¥estoant s

PDAs T tt f be th
G M i et WS A S Bl R MR aRERED. W bR SBaR 0e e
| apt Opnélﬁlﬁphﬂsﬂécﬁcd frovi tha proap 1rfthdu@gaﬁe,rP&J Ni) $mnEmaﬁ}d onb pmr plos Er,clam, db,so be

made e li,ghting devices the present.d pventiwLn z@ v approprl ate
power B’fﬂ tE3«;*»32‘“d ?F&’Hmnﬂtbo"cgﬁre%epbeg?gb y%‘ gw Cte-é b% ﬁgglrﬂ/r[lvefn i‘on. The
war nt Rofibirfation aqeialdﬂt of yellow red chromaticity) of Ii ght em tting devices

of the present invention can be mani pul ated by selection of the ratio of
light froma phosphor of the present invention to light froma second

sour cqoducﬂc bl 6ldriagh erdbsiga sl tw\,&s@h&h)/em@ﬁm diesactdad ercorlnp@“ﬁorswmembas ed
white |ight devices can be used, for i

in ssion t
G ‘spl 4)1oPDICRASEIaH FEpoBhs oL dUisi o eEoBalt SO F B GREH B GRBPYH B o
di splay portion of an audi o system a househol d appllance a neasuring
i nstrunment, a nedical appliance, and>the |ike. Such sem conduct or | i ght
source-based | i ght devices also can be used, for exanple, and w thout
limtation, as |ight sources of a back-light for a liquid crystal diode
(LCD) display, a printer head, a facsimle, a copying apparatus, and the
l'ike. The light emtting devi ces of the present invention can emt |ight
havi ng a peak in wavel ength range from about 350 nmto about 750 nm The
Ilght enlttlng deV|ce can, for exanple enit l'i ght haV|ng a peak in
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(I)MI1)7IMDyMI11)12-x-y-2zSi x+y+z025- xi s/ 2-vi 2Nx 8-zCz6/ 2H, : A, wherein
0<x<12, OwWORel/038552<x, z<x+8, 0<8< 3, 0< v<l, and O<x+yPrI/UB2011MBNEI N:

M 1) conmprises at |east one divalent cation; MI) conprises at |east one
nonoval ent cation; MI1Il) conprises at |east one trivalent cation; H

conpri ses at | east one nonoval ent anion; and A conprises a |um nescence
activator doped in the host crystal lattice. 1001071 In is noted that any
of phssphtses odegcmpisedditionalifhosrbprshdn aertadn epbedivgnts the phogphorspinptiseng devi ce
of th t that multi ple phosphor conpositions
are ugebg,ga?;éfghnoarg}]% emgéc\?%nrtl%%égﬁgsfﬁ the multipl e phosphor conpositions
are suspended in each matrix, and, in that case, these matrices can be

di sposed back and forth in the Iight propagation direction. Thereby, the
mat ri ){OMGthmtcEﬂthﬂnWﬁnhﬁs r esdupresknc anyeatied i ditectel etoc assovieh damilpn eof
dlfferent tl‘gr co Sltl s are dispersed and m xed together. Exanples
Pr eparaty ‘tré POPROES §esie(518’i'081 The phosphor sanples were prepared by a
solid state reaction with the starting materials of silicon nitride,
silicon car oxi.des | halides, nmetal nitrides and/or netals
i n nol ar é§| oswgg*f\’gh%&@?)dgégﬁ&gﬁthe t arget phosphor conpositions.

Metal nitrides and europium nitride were prepared by the nitridation of the
respective netal beforehand in elenments constjtutin the i nvent ed

phos pRYEEreEébATsd; PR, Aaer ﬁéﬁs 96@%%&%%&%5 anfs & Or- eS8t i on of

the fql|.oWoR8dR%RAREEN, %@ nﬁ&%@fﬁélb&écﬁﬂom"bu—fﬂm [8nited tbnthte BRuphshaiad BENs, the
source nmaterials in Wd formwere V\Blg out, mxed and grin edin a

gl ovedds% GamBeBagey eQP N, Ibt dne6d prshotherisv ansitiAnmelpldonia 8T & cRsBRioNt | v
heat egy, JrQJf ﬁe%bgf foth Q%@o%ﬁgﬁﬁ;@i&g &, 'SAGELarkf ?{ﬂéoa%%ﬁég&ﬂ Rl m,g Ror a

t enperat ure Flrndce un atmosphere. e resul tant phosphor products
wer e pgmtﬁetatuzredleresf eVe dergannl ewdhsdiagnts,TME phersprirgs e od uedrs dwateat caipned and

anal -ra i i [ um o] C

"or1 wanch Bl et Eled S By ATLE SRR RAG B SRECLL G0N P R e

mat er igadup 1hdndxhgé1 JPNgIar Rib,i ©n A aral Kkal émeecaslrindtiopi thereolh prederbhld dreim Hicde
hosphors El nt ur ¢ terl [ jin arit h

ﬁl tr Ip &éoup ITEntCE)HEnb Ell i CI 1% g?l by %mbl lztg)% thel%oﬁ ﬂl (éfgtgﬁl 81%50&#1?1&%,'\/%?;(1)

car borameriis|tive @n n{of jnobbtalan natruns r M[HI)( &nﬂk&@s atsledst omentrofxgcnt tatiodegndSi |

silicon carbide,, suicide, sili.c am SI|IC ilicon
oxi de "™V ﬁf}ﬁ‘it‘(dA?)omAlq.']'ﬁt“ﬂhrlr‘l“erg n‘f”dﬁH %fPERn"?tcu %I@I’I e, Erm§hum oxi de,
al um RUAbERGEH dRreofll praferdbly GRRDERI frolléncliindrell alGa, ahdiBi, R b@hbldﬁldﬁor on
(B) Nitride (BN, boron car bi(gﬁéc boron oxide, boric acid N

Nitri deeredi i esg@in Grbodimens MEELcomprisertwopF mase ENAlGhcHIERs- 8‘885‘3 @ar bon,
car bi dtamnttcb%ac&am&o angh the %sgﬁtlgktﬁl mttle@wtﬁ@t&mexamldeoaﬂdma)zoo@qe,mcﬁ%g :
S (NCN) 2, CONDELd,  CONB(NEI) 1\11-12)3, CN, K) Metal,
nitri de abeyt|50oneiés. Pa‘tFFfGélyafﬁ%I“ at??la& OMamP% to e%&ub|29énoldsurﬂé“‘t?r‘°ct8? %ﬂat e
Rar e eadit Bmbi of VRIT) Ipd R/I(B )A B& &naist B l@és‘i Bhéjﬁleta[ fnseRalel Mroaxind @roupar e

earth netal, rare eart lide, rare earth IX rare earth am de and
azi de ingyding e Pr: Nqbrsepéuaﬁﬁoﬁb &ve Hor Bdp (Yos ‘é)bett%sMb CHHFYBPIPFIRs of
famly B FRE, 22 2E I ri

Sr 2Si s}l]\?g%ia(r 4% ?e%b;NEL 0%@%2 E%Jyzx-lrb %’3 ‘iM%r . lé?ﬁr%glgég g%n Eﬁgésmhebr éo(;](q)p Sgss?ttl on
Sr 2Si 9¢d8t ¢nt, tﬁ@v@lenEggt@m selected from)thp(ggqqm a@nsigtng of C, Si, Ge, Sn, Pb, Ti, Zr, and

Sr 2Si + Z state
Ceact Fin PR Eg R s BRE e gﬁtgﬂtﬁ%eﬁettﬁtﬁﬁtt%%%?tfm%t%c*%r3N2)
sili cdnmmhbrgrcde c@asnﬁm@l\tzﬁ\bﬂ’ AS,—% 3MUBi. Isiprdferoad anshradimenty, & @im@rises N.3CSi C) ,
europiumnitrid ned rati.o ted i )

pr eparSPPENE 36 r?" \%@Mlt’%e p?aé gel’duffje OBF rlshe§ Lle toqgrde;\tag?‘gla’gﬂﬁ selmgd me

t r eat nen g udeasistedofldo\8 . SeThed | Tem hes:zssﬁmnd qtmbmianentesF @brntnhe%pﬁosﬁhor

products along with the t et. ch 0sitiaon arec kgt Tabl e 3.
1 s CBeargatierape pREe YR st et Brmid e reRet et B ko

ef fi cipedteryed antahasetl doynpaideli i.i on of carbon in certain range in the
conmposition. WD 2012/ 033557PCT/ US2011/ 041111 Tabl e 2. Wi ght anmount of the
raw materials for preparing conposition Sr2Si 51\ 18- (4xnCx: Euy2+ E xanpl e

Weight of raw materials (g) Sr2N }



Si3Nd SiC EuN 1.1 1.2371 1.4653 0.1396 0.1156 1.2 1.2456 1.3892 0.2102
0.1160 1.3 1.2505 1.3126 0.2814 0.1165 1.4 1.2554 1.2354 0.3531 0.1169 1.5
1. 2603 1.wb26120038%34 0.1174 1.6 1.2703 1.0001 0.5717 0. pC¥AS2017/04112869
0.6774 0.8713 0.1202 1.8 1.3059 0.3443 1.1808 0.1222 1.9 1.2688

[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 present
invention can comprise at least one phosphor having a formula selected from formulas (1), (2),

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

[0021] In 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;..SryGa,;S4:Eu?* (0=x<1), Cajx.y.
Mg, Sr,Ba,Si0«Eu*"  (0<x<1, 0<y<l, 0<z<l, x+y+z< 1), BaMgAl;Oi7:Eu?*,Mn®,
MYSisN7:Eu** (M=Ca, Sr, Ba), B-sialon:Eu?*, MSiO,N,:Eu** (M=Mg, Ca, Sr, Ba),
Ba;Sic012N2:Eu?*,  M,SisNg:Ce** (M=Ca, Sr, Ba), Y,Si4aNe¢C:Ce**, a-sialon:Yb*",



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 Twibl2e12833538nposi tion coefficients and | um nescemrce/yseapautiies for
Sr2Si 5N8. (4, 3) Cx: Euy2+ E xanple Conposition Coefficient Lum nescence
Characteristics (Xexc =453 nm x Y QCE (Y9 EM(YNQ FWHM (nm kern-(nm 1.1
0.5 0.1 91.9 101.4 101 632 1.2 0.75 0.1

(MSiO3).,,0(SiOg)n:Eu2+, X (M=Mg, Ca, Srt, Ba; X=F, CI, 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*,

Y3AL0,2: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(I1).Si,OcN¢Ce: A, wherein 6<a<8, 8<b<14, 13<c<17, 5<d<9, 0<e<Z;
(b) M(I1)7Al12.4ySixsyO25xNy.yCy: A, wherein 0<x< 12, 0<y<x, and 0<x-+y< 12;
(©) M(ID)sM(IID) 12y SixsyO25xNyyCy: A, Wherein 0<x< 12, 0<x+y< 12, and 0<y<x;
(d)  MILMII) 2.4y SixryOa5ne352Nx 7 5yCy: A, Wherein 0<x<12, 0< y<x, 0<x+y< 12,
0<6< 3, and 6<x+y;
(e) M(ID)sM(I11)) 2.y SixsyO2s-x:82Nx 7 5-yCyes2: A, Wherein 0<x<12, 0< y<x, 0<x+y<
12, 0<8< 3, and d6<x+y; |
€)) M(ID 7., M(DyM(IIT) 1 2.xy-2Six+y+:025x2352Nx 7 52C2:A, wherein 0<x<12, 0 y<x,
0<z<x, 0<x+y+z<12, z<x+3, and 0<6=3;
(g  MID7,MI),M(II)12-xyzSix+y+2O25x£52Nx 7 52Cresa: A, Wherein 0<x<12, 0< y<x,
0<z<x, 0<x+y+z< 12, z<x+§, and 0<06< 3;
(h) M(I1) 7., M(DyM(III) 1 2-x.y-zSixry+2025-x2382-v2Nx * g;zCZHV: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; and
) M(D)7yM(I)yM(IID)12-x-y-2Sixsy+2025-xt82v2Nx 7 5. CresnHv: A, wherein 0<x<12, 0=
y<l, 0<z<x, z<x+§, 0<8< 3, 0< v<I, and O<x+y+z< 12;
wherein:
M(II) comprises at least one divalent cation;
M(I) comprises at least one monovalent cation;
M(III) 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, the light

-8-
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emitting device of the present invention further comprises at least one additional phosphor that
emits light having a peak 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 the 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 Eu2+, Ce3+, Tb3+,

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.



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 wOL01§W65101 Figure 1 shows the XRD patterns oPCesaqpliasmil

Sr 2Si 5N8- (4v3) C, : Eu2+ phosphors. The diffraction patterns are arranged in
order of the carbon content in the conposition of the phosphors, i.e., the
pattern for the sanple 1.8 in the top position contains the highest anount
of carbon (x=4.0) in the conposition, while the pattern for the sanple 1.10
in t helOPFMests pwdi bareh cHAbai RS Hean gaglemermtipyniccstzater oy ryeling) of n t he
conposidi i i i on: pat t.er i npound
S 251 R P D B ey e & B K er s
of t hePhoprhwphotigleswiapaveigr.car bon content, for exanple 1.10, have sinilar
diffraction patterns with that of Sr2Si 5N8 conpound. Anal yses of the
observed XRD patterns indicate that the sanpl e phosphors

Sr 2Si SINB32] 48 Tyed Ereein,aflight sotrggi tddrs tto afy 28160Sf light chmblachoreitognerent in
the co i.tion of Sr2S - (4x/.3) Cx:.Eu2+ i ncreases, .the.diff t peaks
Fender ME0Ry i, B o YRR AR ek e b ARG Ui { SPTEY, DT he
I ncor pemadandmct@fquaatoimowell-baset Eghtadniitting diddeSi BsSeradiBde, bna phespiangheshau t h

carbon,content less.than.nitrogen content, the X atterns oW pure

o hot anE PP o A e SRR R A P S PO BNt T HEPLOUEE of A MFFPogen
cont enthyerfibn @an eftite eRBitetifradiatel the @hosphd>diechPVE@VeREite andihedl systamynheredy t he
secondary phase of SiCis_present, as seen in a XRD pattern of sanple 1.8
in Fi gRiP\@d% ° ey taHeR fsr ey, for H‘echHiPQPi wdireclyt h Sr2Si 5N8: Eu2+, the
carbidonitride phosphors of Sr2Si 5N8(4,,,3)Cx: Eu2+ show strong preferred
orientation due to the errPho ogy of particles being rod-like, particularly

at hi JAOBAr dorisedbhreint paricles refgisite ap individna] @ysteld PBPSPEPTl structure data of

strontiumsilicon carbidonitride phosphor of Sr2Si5N8.(4,/3)C :Eu2+ (x = 3,
Eu2+ = 5 nol % are sunmmarized in Table 4. It is worth noting that the

car bonl0&4nedscusad hersis. die serp phewher gefessttp @athpgphehingdnly aRpropyialE 3@ mhsech \ 1] 21)
inth t t ol r 3 ata are
not | ?a%sat %@%@; ? ﬁ@glreég‘glh(%%ﬂgf e{r]l’ ?rnaﬁ?g{o'?'ggrvg&s%n%%ﬁgﬂ?%lﬁﬁﬁﬁgﬁ’r aphi c
dat a fgseing@nplkembingjonShapHENS( 4, r 3) Cx: Eu2+ (x = 3, Eu = 5 nol % Cheni cal
formula Crystal system Space group Lattice paranmeters (A) Unit cell vol une
(A3)

[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, i.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 l’I:chairage (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").
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Sr 1. 9Eu01Si 5NAC3 Ot horhonbic Pm21 (No. 31) 2 a = 5.6998(1), b =
6.7954(1), ¢ = 9.3269(1) 361.25(1) Atomx/a Yib z/c Uls0*100 Site S.0.1?
Sri 0 0. 8802712383283 1.22 2a 0.950 Eul 0 0.86917 0.00288TAIS2A1241101 050 Sr ?
0 0.87990 0.37045 1.68 2a 0.950 Eu2 0 0.87990 0.37045 1.68 2a 0.050 Si

0. 25376 0. 66434 0. 69046

[0038] Temperatures described herein for processes involving a substantial gas phase are of the

oven or other reaction vessel in question, not of the reactants per se.

[0039] Throughout the specification, reference may be made to M(I), M(1I), and M(III), where
M(I) is at least one monovalent cation, M(1) is at least one divalent cation, and M(III) is at least
one trivalent cation. In addition to any values for these variables that may be given with respect
to a particular formulation, M(II) may be selected from the group consisting of Be, Mg, Ca, Sr,
Ba, Cu, Co, Ni, Pd, Zn, and Cd; M(I) may be selected from the group consisting of Li, Na, K,
Rb, Cu, Ag and Au; and M(II) is selected from the group consisting of 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.

[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. It

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.

e



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 O 0.18867 0.52982 0.07
2a 0. 750 WP 2012283332 0. 90975 0.68894 0.06 4b 0.750 N3 0. P¢93320.14409P

0. 01302 0.07 4b 0.250

[0044] FIGURE 2A depicts the Rietveld Refinement of the XRD powder diffraction for
SrQSi51\13,(4,‘,3)Cx:}3u2+ (sample 1.7). Figure 2B depicts the projected crystal structure of Sr,SisNs.
@w3)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) (SraSisNs.

@xmCxEU™ (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 5 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,SisNjg.
[(4x/3)+Z]CxO37/2:Eu2+ (sample 1.19).

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

2
(axny+CxO32:Eu™.

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

of composition (1) (SrZSisNg-[(4x/3)+zJC;03m: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) (Sr2SisNg.(aw3y+3CxO322:Eu®™).
-12-



C3 0.24933 0.44692 0.01302 0.07 4b 0.750 Nd 0 0.58515 0.77643 0.06 2a 0.250
C4 0 0.58515 0.77643 0.06 2a 0.750 N5 O 0.16888 0.85014 0.07 2a 0.750 N6 O
0. 42266 OV@202M385504 2a 0.250 C6 0 0.42266 0.27020 0. 04PEA/WB2MM30411WW\
Figures 2A and 2B show the Rietvel d Refinenent and the projected crystal
structure of sanple 1.7. Figure 3 shows the representative |um nescence
excitation and em ssion spectra and optical reflection profile for sanple
1.7. The excitation and refl ectance spectra indicate that the phosphor

absorbs, and is efficiently excited by, light in the range from350 rimto
600 nmgodhje mmﬁmqa ?]cftssthE Refelsl cqmarbtaﬁae'shﬂagt & a@b&msm@peur%f Bark 165
spectral range of 800 nm 1001121 As the carbon content is I ncr eased

in thel %ds%j‘hd)f%c%ﬁﬂo%ﬁ QfR?ﬁs@PQSi%ltlpn(U)(S,SQSENQHM)&W@O@MESB|)01ﬁd‘tfem‘€? shifts

t owar d.,sRafhek 4¥8Yg! engths as 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 in
Figure 5. The relative em ssion intensity is plotted in Figure 6 as a

funct | @s411 RUETPERBUCSne WALGH, SSIRIPHE AhaRct e Sthd G0, SALRbgR0L i de

phosphors have sta el naint 8nance s about
90% atcobfip@Etion (1) SI‘?SI;Ns (ax3)+21Cx 0322 Eu under blue excitation at 453 nm.

[0056) FIGURE 14A depicts the Rietveld Refinement of the XRD pattern of sample 2.2 for
phosphor composition BazSi5N3_(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 of _BazsisNg-(4x/3)CxZEUZ+ (sample 2.2) under blue excitation at

453 nm.

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

(Ba3Si5Ng.(4x3Cx:Eu’") under blue excitation at 453 nm.

+
- FIGURE 17A depicts the Rietveld refinement of the XRD pattern of a phosphor of Ca,SisNs.
axnCx: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 Cazsist-(4x/3)CxIEU2+ (sample 2.7) under blue excitation at

453 nm.

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

(CazsisNg.(4x/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)
(Sro.9Bag 1)1 9Eu0.1SisNg.(ax3)Cx:Eu’.

-13-



1001131 Exanple 1.2: Sr2Si sN3-1(4x/3)+zi Cx03z/2: Euy2+ (z > 0). Sanples of
phosphor conposition Sr2Si 5Ns-i (4, a3),z] Q\032/2: Euy2+ (i.e., conposition
(1) wher ew9=0)2/08835¢ synt hesi zed by a solid state reacti @aTWISROL10MB1Et arti ng
materials of strontiumnitride (Sr2N or Sr3N2), silicon nitride (a-S13N4 or
13-Si 3N4), silicon carbide (a-SiC or 13-Si C), europiumoxide (Eu203) in
designed ratios listed in Table 5. The preparations foll owed the procedure

of hig e,and post-firing treatnments described above. The

| uni _neif%%ﬁ{f‘g%?ﬁ&@ ?fgép‘g‘f"_t hEXPRUSH REYIID KB FEES) andsgrissiontspesiam &ngbt

chem calrveriRosell i@ Mhekéflckiafidee Shekfa, T6h §hBsphbit t(éaﬁmp%b%% ygd C(t)rﬂgt;siﬁo@eg)

| um nesirence efficiency neasyred by quantumefficiency’is enhance y

addi t i &oeiaoPastersiiNs-efxEn Upé?fd%-‘ei efcitaiionebfPount i on. For exanple, 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

t he con@%si tion Sr2Si 5N8-[ (4x/3)+zi Cx032/2: Euy2+ is conprised of the sane
amount [W63IEUFERERESRZ depicimBientherfal s@biipnof samplé 24 efgsospive cembssticon(2) eached

t he hi f =1049 =119% at x=1.0. WO

20?2/ bg?g"%?%@f %gﬁ'gﬂ‘%%‘;f%fod%‘ﬁ@%&@%%@%ﬁnt of the raw materials
for preparing conmposition Sr2Si51\18 [ (4v3)+4Cx03, 12: Euy2+ Exanpl e Wi ght

f i Si i C Eu203 1,14.1.2276 1.45 0,1385.0.1216
o L UBiE g o B AN S SRR A8, R0R AR 0, TER,"

1. 2361p81cdV Bt SBSEHZB sDovi2 R4 rdfertBeel. 2390 0. 8153 0. 6991 0.1227 1.19 1.2419
0.6537 0.8409 0.1230 1.20 12448 0.4915

[0065] FIGURE 24 depicts the cxcitation and emission spectra under blue excitation at 453

nm, as well as the reflectance spectra, for sample 3.3 of composition (3).

[0066] FIGURE 25 dcpicts the thermal stability for sample 3.3 of composition (3) under blue

excitation at 453 nm.

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

Sr1 9SisNgCO:Eu. The simulated pattern for Sr,SisNgis 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, SisN¢CO:Eu.

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

Sr9SisNgCO:Eu under blue excitation at 453 nm.

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

composition (4) Srz.wLizwsi5.mAlmNg.((4x/3)+z+m]cx0(37j2)+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.
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0.9833 0.1233 1.21 1.3027 0.3434 1.1779 0.1292 1.22 1.3244 0 1.4968 0.1314
1.23 1.2670 1.4720 0.1402 0.0739 1.24 1.2770 1.3187 0.2827 0.0744 1.25

1. 2870 1.w6201200343574 0. 0750 1.26 1.2973 1.0048 0.5744 OPOTAG2Mm.12F1111 7091
0.9011 1.1590 0.1695 1.28 1.6762 1.9559 0.1863 0.1308 1.29 1.6893 1.7522

[6073] FIGURE 32 depicts the Rietveld Refinement of the XRD pattern for sample 4.6 of

composition (4) Sry.uLizwSis-mAlmNg.(as/syrzemCxOpzaym:Eu®" (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.[(4x/3)+z-o-m]CXO(3Z/2)+mZEu2+ (X=2, V\’=O, z=0.1 , M= 02)

[0075] FIGURE 34 depicts the excitation and emission spectra (under blue excitation at 453
nm), as well as the reflectance spectra, of Sra.,LizwSis.mAlmNsg.(aw3yz+mCxO@mapm:Eu®™ (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 1.29).

[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

I1 of Example 6.2.
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0.3756 0.1319 1.30 1.7161 1.3350 0.7631 0.1340 1.31 1.7437 0.9043 1.1631
0.1361 1.32 1.2477 0.3284 1.1264 0.1236 WD 2012/033557PCT/ US2011/ 041111
Tabl e 6. worepre4i3sisen coefficients and | um nescence prop@®CTiUsSg0tfiou1111
Sr2S15N8-[ (4, d3) - +- z1Cx03z/ 2: Euy2+ Exanpl e Conposition coefficient

Lum nescence Characteristics (Xexc =453 nm x Y z QE (% Em ssion (%
FWHM nm) Xern (nm) L14 0.5 0.1 0.1 88.2 98.6 106 630 1.15 1.0 0.1 0.1 104.3
119.5

Detailed Description

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

carbidonitride phosphors expressed by:
(1) SraSisNg.(ax3)+)CxO3.12:A

wherein 0<x<5, 0<z<3, and [(4x/3)+2]<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)2S1sNs.(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(II). 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.

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

carbidonitride phosphors expressed by:

(3)  M(I)2.sMI)2wSi5Ng.((4x/3+2)CxO0322.A

-16-
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94.2 106.4 98 631
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110 638 1.16 1.5 0.1 0.1 98.3 111.8 109 638 1.17 2.
638 1.18 2.5 0.1 0.1 87.8 100.1 112 638 1.19 3.0 O.
1.20 3.5 WOoRo/B330. 3 102. 6 101 632 1.21 4.0 0.1

00.1
101
P

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

carbidonitride based phosphors expressed by:

(4) M(ID2.M1)2wSi5. MmN (4x3)+24m)CxO322y+m: 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
Yy
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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, 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) MIDM(DuM(IID)DJE.CiF Hp: 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(II) 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(IIT) 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; D 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, preferably 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
sclcted 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
ra}lge 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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the second illuminant containing one or more phosphor compositions of the invention is
irradiated with light from the first illuminant, it can, for example, emit light with a peak in
wavelength range from about 460 nm to about 660 nm, preferably from about 480 nm to about

660 nm, and more preferably from about 500 nm to about 650 nm.

[0089] In certain embodiments, the second illuminant comprises at least one additional
phosphor. The additional phosphor or phosphors can, for example, emit light having a peak in
wavelength range from about 480 nm to about 660 nm, preferably from about 500 nm to about
650 nm.

[0090] In the phosphor compositions of the present invention, luminescence activator A can be
doped in the host crystal of the phosphor either substitutiona]iy 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, preferably Eu**, Ce*", Tb**, Yb*" and Mn*", and the group including
halogen anions, F, Cl, Br and I. The concentration 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 0.01 mol% to about 7 mol% relative to the activator. In other
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93.9 103 635 [00114] Figure 7 illustrates the XRD patterns of the
phosphors with varying anounts of carbon in the conposition

Sr 2Si 5N3-Wox0R)08333703, . / 2: Eu2+. The diffracti on patter n®Cirroskiigoeai1v are
arranged in order of the carbon content in the conposition of the
phosphors, i.e., the pattern for the sanple 1.22 in the top position
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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 least 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 example, 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.c., 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 deﬁce 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
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 In;Al;GagN, where i + j + k = about 1, and where one or more of i, j and k can be
0; BN; SiC; ZnSe; B;iAljGagN, where i + j + k = about 1, and where one or more of 1, j, and k can
be 0; and BiInjAlyGaN, where i +j + k + | = about 1, and where one or more of i, j, k, and I can

be 0; and other such similar light sources. The semiconductor light source (e.g., a semiconductor
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chip) can be based, for example, on III-V or II-VI quantum well structures (meaning structures
comprising compounds that combine elements of the periodic table of the chemical elements
from Group III with those from Group V or elements from Group II with those from Group VI).
In certain embodiments, a blue or a near ultraviolet (nUV) emitting semiconductor light source is

used.

[0098] In certain embodiments, the phosphor compositions of the present invention can be
excited by light from a primary light source, such as, for example, a semiconductor light source
(e.g., a LED) emitting light having a peak in wavelength range of about 300 to about 500 nm,
from about 350 nm to about 480 nm or about 330 nm to about 390 nm, or from a secondary light
source, such as, emissions from other phosphor(s) that emit light having a peak in wavelength
range of about 300 nm to about 500 nm or about 350 nm to about 420 nm. Where the excitation
light is secondary, 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 include, 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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products along with the target chem cal conposition are listed.in Table 9.
Specific exanples are further discussed bel ow. Table 8. Wi Cht anmount of

the raw materials for preparing conposition
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2.3 1:66p&ittdnlndy B/EHReL30D the DBBZhip. whibh 88 inted on a substrate. The structure
of the LED combined with the phosphor-mixed encapsulant composition can be sealed by a
transparent encapsulant as protective layer. In certain 'embddiments, the outer transparent
encapsulant layer is shaped in a dome shape for directing and distributing the output light
(Figures 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 the 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 solidifier, 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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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
of 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 selecied from the
following: (1) one or more phosphor compositions that emit green light, including, for example
and not limited to, CaySrGaSeEu?" (0<x<1), Cay.xy-MgxSt,Ba,Si0s:Eu’* (0<x<1, 0<y<l,
0<z<1, x+y+z< 1), BaMgAlgO17:Eu?* Mn?*, MYSi,N;:Eu?* (M=Ca, Sr, Ba), B-sialon:Eu*",
MSi,0:N,:Eu®* (M=Mg, Ca, Sr, Ba), BasSigO;Ny:Eu®, M,SisNg:Ce’* (M=Ca, Sr, Ba),
Y,SisN¢C:Ce**, and o-sialon: Yb?*, (2) one or more phosphor compositions that emit blue light,
including, for example and not limited to, (MSiO3)m0(Si02)n:Eu2+, X (M=Mg, Ca, Sr, Ba; X=F,
Cl, Br, 1), where m is 1 or 0, and either (i) n > 3 if m=1 or (i1) n=i if m=0, MALO4: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, Y3A15012:Ce3+ and other cerium-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, CaSrS:Eu**  (0<x<1),
3.5Mg0+0.5MgF+GeOy:Mn**, Y,0,S:Ev**, M,SisNg:Eu** (M=Ca, Sr, Ba), MAISiN;:Eu*’
(M=Ca, Sr), Y2SisNeC:Eu?*, and CaSiNy: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) CayxAlxxySi)xexyN2xxyCxy Aj
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(d)  MUDxMI) M) xoxy-zS1 1 ctxy+2N2-xxy-2w3Cxy Ow-vi2Hy: A; and

©  MAD)MI)MIUD)xy-sSitxenysaNaxery- w33 CryOwHy AL

wherein:

0<x<1, O<y<1, 0< z<1, 0< v<l1, O0<w<], x+2z<1, x>Xy+z, v/2<w, X-Xy-2w/3-v/3<2, and
O<x-xy-z<l;

M(I) is at least one divalent cation;

M(I) is at least one monovalent cation;

M(III) is 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(IT),Si,ON¢Ce: A, wherein 6<a<8, 8<b<14, 13<c<17, 5<d<9, 0<e<2;

(b) M(I1)7A112.4-ySix+yO25.4NxyCy: A, wherein 0<x< 12, 0<y<x, and 0<x+y<12;

©) M(ID);M(IID) 12.5.ySix+yO25-xNx-yCy: A, wherein 0<x< 12, 0<x+y< 12, and 0<y<x;
(d) M(I)sM(IIT) 2.5,y SixsyO25-x2382Nx 7 5-yCy: A, Wherein 0<x<12, 0< y<x, 0<x+y< 12,
0<d< 3, and d<x-+y;

(¢) MIT);M(III) 2.5y SixsyO2sxs52Nyx 7 5-yCyesa:A, wherein 0<x<12, 0< y<x, 0<x+y<
12, 0<8< 3, and d<x+y;

(H MI1)7.,M(DyMT1) 12oxy-2STxry+2025x2352Nx 7 52C2:A, wherein 0<x<12; 0= y<x,
0<z<x, 0<x+y+z<12, z<x+8, and 0<d<3; ,

(@ MDD MI)MID) 2.0y Sixeyr2025xs82Nx 7 5:Crzon:A, Wherein 0<x<12, 0= y<x,
0<z<x, 0<x+y+z< 12, z<x+8§, and 0<6< 3;

(h)  M{ID7yMD)M(I1)3-.y2Sixty+z025-x238nv2Nx 7 5.2C.Hv:A, wherein 0<x<12, 0=

y<l, 0<z<x, z<x+§, 0<8< 3, 0< v<I, and O<x+y+z< 12; and
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A compnses 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 muliiple 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 halides, 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.

27-



0.87841 0.63231 1.50 2a 0.970 EIf) 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
Si:3 0 0.weRiR/33%3981 0.62 2a 1.000 Si4 0 0.39673 0. 10808/ UB2@7/02611. 000 NI

0 0.16896 0.47335 0.18

"Table 1. Source materials for the preparation of alkaline earth silicon carbidonitride phosphors

Elements

Source materials

Alkaline earth (Ca, Sr,

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

Ba, Mg) carbonate

Silicon (Si) S'il.ic.on ni'_tr.ide (Si53Ny), silicon oxynitride, Si, silicon carbide,
silicide, silicon amide, silicon carbodiimide, silicon oxide
Aluminum nitride, aluminum oxynitride, aluminum oxide,

Aluminum (Al) 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
Carbide, carbon, carbidonitride, Si, C- and N-organic precursors,

Carbon (C) amide and azide, e.g., SIINCN),, CoN>Ha, CoNa(NH), C3N3(NH,)s,

CN,

Alkali (Li, Na, K)

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

Rare earth (Eu, Ce, Tb
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+
1(4x3)+2/Cx03.2:Eu

[00109] Example 1.1: Sr28i5N3-|(4x/3)+,,]Cx03y2:Euy2+ (z = 0). Samples of phosphor composition

SrQSisNg_(4x/3)Cx:Euy2+ (i.e., composition (1) SI'ZSiSNS-[(4x/3)+z]CxO3z/2:EU2+ where z=0) were

synthesized by a solid state reaction with the starting materials of strontium nitride (Sr:N or

Sr3Ny), silicon nitride (a-Si3Ng or B-Si3Ny), 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 luminescence efficiency measured by quantum efficiency is enhanced by

addition of carbon in certain range in the composition.
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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 OWR20243655667 C4 0 0.57731 0.23237 0.24 2a 0. 250CWAISQ010/046314

0. 15053 0.13 2a 1.000 Ne

Table 2. Weight amount of the raw materials for preparing composition SrzsisNg_(4x/3)CxIEUyZ+

. Weight of raw materials (g)
Example SN SizNs | SiC EuN
1.1 1.2371 1.4653 0.1396 | 0.1156
1.2 1.2456 1.3892 | 0.2102 | 0.1160
1.3 1.2505 1.3126 | 0.2814 | 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 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

Table 3. Composition coefficients and luminescence properties for SrZSi5Ng.(4x/3)C,(:Euy2+

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 SrZSisN;;.(W;)C‘\-:Euz+ phosphors. The
diffraction patterns are 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 0.42127 0.73598 0.14 2a 0.667 C6 0 0.42127 0.73598 0.14 2a 0.250 Exanple
2.2: Ca2S15N8- (4x/3) Cx: Eu2+ (Ca2S15N8- 1(4x/ 3)+z1C, 037/ 2: Eu2+ where z=0,
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i ncorporation of carbon into the lattice, the internal structure is
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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
SrSisNg. w3 CaiEu?t (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 (NP and N in the structure of the

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



-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 0.80D28121036%74a 1. 00 Si3 0.7536 0.4962 0.0592 1. 38C24/S201004811d 0. 3663
0.2038 0.3701 1.70 4a

Table 4. Crystallographic data for sample 1.7, Sr28i5l\lg_(4x/3)CX:Eu2+ (x =3, Eu =5 mol%)

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

Lattice parameters (A) a= 5.6998(1), b = 6.7954(1), c = 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
Cé 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 Sl’zSijNg.(4x/3)CxIEu2+,
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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1.00 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 G¥0Qi%83550. 2508 0. 1711 0. 18 4a 0.50 N4 0.8012 @®@CTAB2010/04878 0. 26
4a 0.50 C4 0.8012

[00113] Example 1.2: Sr;SisNg.j4y3)+2/CxO322:Eu,** (z > 0). Samples of phosphor composition
SrZSi5Ng.l(4x/3)+Z]CN03U2:Eu,,2+ (i.e., composition (1) where z>0) were synthesized by a solid state
reaction with the starting materials of strontium nitride (Sr2N or Sr3Ny), silicon nitride (_a—Si3N4
or B-Si3Ny), silicon carbide (a-SiC or B-SiC), europium oxide (Eu,0;3) 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 Tai)le 6. Tt 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 SrZSi5Ng.[(4,‘/3)4,7,](3x037/2: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.



0.7601 0.1673 0.26 4a 0.50 N5 0.9807 0.9969 0.2122 0.
0.0116 0.9410 0.47 4a 0.50 Co 0.8314 0.0116 0.9410 O.
0. 1565 0.w629120033574a 0. 8334 N8 0. 7971 0.4845 0.4119

0.4845 0.4119 0.12

Table 5. Weight amount of the raw materials for preparing composition

Sr2SisNg.((awpCxO32n:Euy’”

48 4a 0.8334 N6 0.8314
47 4a 0.50 N7 0.6294
0. PETAB2@15011C8 0. 7971

Weight of raw materials (g)

Example SEN SisNa SiC Euy0;
1.14 1.2276 1.4540 0.1385 0.1216
1.15 1.2304 1.2954 0.2777 0.1219
1.16 1.2333 1.1361 0.4175 0.1222
1.17 1.2361 0.9761 0.5580 0.1224
1.18 1.2390 0.8153 0.6991 0.1227
1.19 1.2419 0.6537 0.8409 0.1230
1.20 1.2448 0.4915 0.9833 0.1233
1.21 1.3027 0.3434 1.1779 0.1292
1.22 1.3244 0 1.4968 0.1314

'1.23 1.2670 1.4720 0.1402 0.0739
1.24 1.2770 1.3187 0.2827 0.0744
1.25 1.2870 1.1630 0.4274 0.0750
1.26 1.2973 1.0048 0.5744 0.0756
1.27 1.7091 0.9011 1.1590 0.1695
1.28 1.6762 1.9559 0.1863 0.1308
1.29 1.6893 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
1.32 1.2477 0.3284 1.1264 0.1236
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4a 0.50 1001181 The phosphor Ca2Si 51\ 18- (4v3)Cx: Eu2+ (x=2) is efficiently
excited by visible light in the wavel ength range of 370 nmto 540 nm

(Fi gure 18P 20amh3sds’t s orange-red |ight 'with a broad em gsirars2tandiiecent er ed
at about 610 nm It is observed that the em ssion peak position of this
phosphor is varied by Eu concentration and substitution of Ca by other
nmetals such as Sr or Ba or m xture of both. The thermal quenching profile
‘of the _phosphor is shown in Figure 19. The enmission intensity of thjs
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phosphors with low carbon content, for examples 1.23 and 1.24, are similar to that of SrySisNg

compound. Analyses of the observed XRD patterns indicate that the phosphors Sr;SisNjg.

(4,‘/3)1»-,,C,\-03,fg: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 is summarized in
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0.0164 0 3.3 1.2083 0 0 1.3066 0.2801 0.1229 0 0.0081 0 3.4 1.6219 0 O
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 8o@/B3484 0 0 0.9174 1.1799 0.1726 0 0.0228 OP8INS20168%B10

Table 7. Here, it is worth noting that the carbon atoms can also distribute statistically on all N
(NP 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]Cx03,/3:Eu2+ x=3,Eu=35

mol%)
Chemical formula Sry9Eup 1Si5N39C500.15
Crystal system Orthorhombic
Space group Pmn2; (No. 31)
Z 2

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

Atom xX/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
N1 0 0.18900 0.52570 0.95 2a 0.750
01 0 0.18900 0.52570 095 - 2a 0.019
N2 0.24872 0.91124 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
O3 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
N5 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 0213
Cé6 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]CxO37j2: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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0 0.9102 1.1707 0.1713 0 0 0.0447 3.8 0 1.0499 0 2.4838 0.2366 0.2077 0O
0.0274 0 3.9 0 0 2.0738 1.4598 0.3129 0 0.1036 0 0.0359 Table 13.
Conposi t iwo 2028i3835¢i ent and | um nescence properties of wPrhe/yshagphans
conmposition M 11)2_, M 02" Si 5N8- Rax/ 3) +4Cx037, 2: Euy2+ (M 11)=Ca, Sr, Bo;

M) =Li, Na) Exanple Conposition coefficient Lum nescence Characteristics
(A,,,c =453 nm xy zwQE (% Emssion (%9 FWEIM(nm kern (rinm 3.1
1.00°'0

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 by~ 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 ot 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(1I):SisNsg.

2+
1(4v3)+2)Cx03,2: Eu

[00116] Samples of phosphor composition M(II)zsisNg-[(4x/3)+Z]Cx03z/2:Eu,,2+ (i.e., composition
(2)) were made by a solid state reaction with the starting materials of strontium nitride (SroN or
SrNa), calcium nitride (Ca;Ny), barium nitride (BasN3), silicon nitride (a-SisNg or B-SizNa),
silicon carbide (a-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(II)zSi5N8.1(4x/3)+ZJCXO3zj2:EUy2+ (M(II) = Ba, Ca, Sr or mixtures thercof)

Example Weight of raw materials (g)
Ba3N2 Ca3N2 SI‘zN 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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Table 9. Composition coefficient and luminescence properties of the phosphors composition

M(I1)Si5Ng.aw3y+1CxO322:Eu, > (M(II) = Ba, Ca, Sr or mixtures thereof)

Example Composition coefficient Luminescence Characteristics (Aexe = 453 nm)
X y z QE (%) | Emission (%) | FWHM(nm) | A.n(nm)
2.1 1.0 0.1 0.1 66.2 74.3 109 626
2.2 1.0 0.06 - 0.06 72.8 75.3 98 594
2.3 1.0 0.04 0.04 66.1 69.0 88 585
2.4 1.0 0.1 0.1 90.3 100.6 98 631
2.5 2.0 0.06 0 593 63.8 112 625
2.6 1.0 0.1 0.1 93.2 100.6 114 647
2.7 2.0 0.06 0 20.6 21.6 97 . 608

[00117] Example 2.1: BaZSist.(4x/3)Cx:Eu2+. The Rietveld refinement analysis (Figure 14A) of
the X-ray diffraction pattern demonstrates that the phosphor (sample 2.2) is a pure crystalline
phase material and its crystal structure of Ba;;SisNg.(‘;xB)Cx:Eu2+ (x=1) is similar to that of nitride
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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Example 2.2: CaZSisNg_(4x,3)Cx:Eu2+ (Ca2Si:-,Ng.|(4,‘/3)+1|C,‘037/z:Eu2+ where z=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 Ca,SisNg 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 NI in the lattice, as visualized in a model in Figure
17B. Alternatively, the carbon atoms can also distribute statistically on all N (N Bland Nm) in the
structure of the phosphor. Therefore, the crystal structure data are not limited by the results

given in the table.



Exanpl e Weight of raw materials (g) , , 3r2IN, , 1. ,a3IN 2 , ,xT Da3i N2
0: xi. 013n4 O:r, ov..- EU203 (EuN) Li3N (Na) Ai r, i-u2v3 0:c, 0i.J2 AN
(BN) 4.1 woest®m3ssse 1. 7021 0.3742 0.1642 0 0.0476 0 O 4PeTAISB@4M4010 1.6141
0.3741 0.1642 0 0.1427 0 0 4.3 1.6354

Table 11. Crystallographic data for sample 2.7, Ca;SisNsg (ax3)Cx:Eu** (x =2, Eu = 3 mol%)

Chemical formula Cal.94EUO,06Si5N5_3333C2
Crystal system Monoclinic

Space group Cc (No.9)

Z 4

Lattice parameters (A) a= 14.3171(1), b =5.5988(1), ¢ = 9.6684(1)
£ =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
Si5 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
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 0.4119 0.12 4a 0.50
C8 0.7971 0.4845 0.4119 0.12 4a 0.50

[00118] The phosphor CazSisNg.(‘;me,(:Euz+ (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 ot temperature.

[00119] Example 2.3: (Sro,gBao,.),,gEuo,lSisN&“m,Cx:Euh. The XRD pattern of this phosphor

composition (sample 2.4, (Sro_gBao‘,)ZSisNg_[(AL»\/3)1‘z]C,(03,/2:Euz+ (z=0, x=1)) shows a pure
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crystalline phase (Figure 20). The diffraction pattern approximately matches the simulated
pattern of Sr,SisNg as shown in Figure 20. The diffractions shift to low diffraction angle (26)
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] Figure 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 4£°5d' = 4f’ of Eu?*. The emission 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,l)ZSisNg.(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)..
wM‘(I»)ZWSiSNS-l(4x/3)+lex032/2:Eu2+

[00122] The samples of phosphor composition M(II)z.wM(I)wai5Ng.l(4x/3)+z]CxO3Z,2;Eu2+ were
produced by a solid state reaction with the starting materials of metal nitrides, pure metal, silicon
nitride (a-SisNg4 or B-SisNy), silicon carbide (a-SiC or B-SiC), europium nitride (EuN) and
europium 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 0.7654 1.1582 0.1694 0 0.0982 0 0.0395 4.8 0 1.0747 0 2.4186 0.2357
0.2069 0.0136 0.0599 0 0 4.9 0 1.0610 0 2.4273 0.2365 (0.1566) 0.0274
0. 0601 0 WO20M36550 2. 0363 1.5943 0.1553 0.1286 (0. 0356pCO/US2B0/00110895
0.0395 0 00 0O04.110

Table 12. Weight amounts of raw materials for preparing composition M(I1)2.,M(1)24S15Ng.
((axiy+1Cx0322.Eu, > (M(IT)=Ca, Sr, Ba; M(I)=Li, Na)

Weight of raw materials (g)

Example

Sro:N | CazN, | BasNp | SizNy SiC | Eu;03 | 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 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(lI)z.wM(I)gwsi5Ng.[(4x/3)+Z]CxO32/21EUy2+ (M(II)=Ca, SI‘, éa; M(I)=Li, Na)

Example Composition coefficient Luminescepcc? Characteiistics (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 | 0l 86.7 99.1 113 643
33 1 1.0 | 0.1 ] 01005 | 1004 114 114 638
34 |20 01 01] 01 92.8 98.1 95 629
3.5 20 | 0.1 | 01 | 05 85.3 78.7 102 632
36 130 |01 ] 01 | Ol 85.1 91.7 96 627
37 130 ]01]01 | 01 | ge6 90.9 100 627
38 105 0101 | 01 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 2.0596 1.5042 0.2331 (0.1029) 4.12 1.4150 0 0. 2443 1.6520 0.3728
0.1636 0.0216 0.0632 0 0.0254 4.13 1.6784 0 0 1.6267 0.3770 0.1654 0 O
0. 0565 (OW046i2y0383514 1.6966 0 O 1.4444 0.3811 0.1672 0 @CO/UBAA3/04011179)
4.15 1.6368 0

peaks are shifted to higher diffraction angles (20) 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 wavelf:ngth
range of 550-750 nm. The emission peak varied in a wavelength range from 618 to 643 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 (D)2 Sis. M) N3 (4x/3)+ 2+ m] CxOGE2yrm: A

[00125] The samples of  phosphor compositioh MID;. M(D2wSis. M) Ns.
[@x3y+2+mCxOznym: EU were synthesized by a solid state reaction with the starting materials of
the metal nitrides, the metal oxides, silicon nitride (a-SisNy or 3-Si3Ny), silicon carbide (a-SiC or
B-SiC), europium nitride (EuN) or europium oxide (Eu,O3) and silicon oxide. The above starting
materials were 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 at
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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0 1.5402 0.3694 0.1621 0 0 0.2353 0 4.16 1.5847 0 0 1.5336 0.3757 0.1649
0. 0218 0.0478 0.2252 0 4.17 1.5850 0 0 0.9094 0.7516 0.1649 0.0218 0 0.5209
0 4.18 1.8069120038552412 1.5021 0.3680 0.1615 0.0213 0. 04@8TAIS2Q0641011 WO
2012/ 033557PCT/ US2011/ 041111 Tabl e 15. Conposition coefficient and
| um nescence properties of the phosphors MO02-
Wi Vi (1)2wSi 5-mMI11), N8-[ (4xJ3) +z-nm Cx0(3zr2)+",:Eu [MIIl)=Ca, Sr,
M1)=Li, Na; MII1)=B, A] Exanple
Table 14. Weight amounts of raw materials for preparing composition M(ID)2.wM(D)24Sis.
mM(IDuNg (4x3y+24miCxOpz2yem:Eu [M(I1)=Ca, Sr, Ba; M(I)=Li, Na; M(II[)=B, Al]

Bo:

Weight of raw materials (g)

Example | o\ | CayN, | BasN, | SisNe | SiC ;Eé‘é% %Nli\)] ALO; | SiO, (%1;\]\1)
41 | 16556 0 0 | 1.7021 03742 | 0.1642 0 00476 0 0
42 | 16648] 0 0 | 1614103741 0.1642 0 01427 0 0
43 |1.6354] 0 0 |1.6725]0.3774| 0.1656 | 0.0109 | 0.0960 | 0 0
44 | 16681 0 0 | 1584503748 | 0.1645 0 |0.0983 | 0.0953 0
45 | 15805] 0 0 |1.7049 | 03749 | 0.1645 | 0.0217 | 0.0477| 0 0
46 |16920] 0 0 |1.2410]0.7601 | 0.1668 0 |00644| 0 | 00259
47 |17188] 0 .| 0 |07654]|1.1582] 0.1694 0 |00982] 0 | 0.039
48 0 | 1.0747| 0 |24186|02357| 0.2069 | 0.0136 | 0.0599| 0 0
49 0 |10610| 0 |24273]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
411 0 0 |2.0596 | 1.5042 | 0.2331 | (0.1029) | 0.0180 | 0.0395| 0 0
412 | 14150 0 |02443 |16520]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 [1.6966] 0 0 | 1.4444 | 03811 | 0.1672 0 0 [0.1428 [ (0.1179)
415 |16368] 0 0 | 1.5402 03694 | 0.1621 0 0 02353 0
416 | 15847] 0 0 |1.5336|03757| 0.1649 | 0.0218 | 0.0478 | 02252 | 0
417 15850 0 0 100909407516 | 0.1649 | 00218 | 0 [05209| O
418 | 13969] 0 02412 1502103680 0.1615 | 0.0213 | 0.0468 | 0.2206 | 0

-43-



sition coefficient Lum nescence Character
(%9 Emssion(%99 FWHM nm) ken,(nm) 4.1 1.0

OWO 20120335598. 0 111.0 00
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Table 15. Composition coefficient and luminescence properties of the phosphors M(II),.
wM(D)2Si5.uMITD N3 aw3y2¢m CxOiz2ym:Eu [M(I1)=Ca, Sr, Ba; M(I)=Li, Na; M(III)=B, Al]

103 632

4.

erl

S
0
3 1. 1

t

iC
1
0

s (kexc = 453 nm
0 0 96.0 106.1 95 630
05 OrP2TAB2@1M@H1H 99 635

Composition coefficient Luminescence Characteristics
Example (Aexc =453 nm)
X z w | m | QE (%) | Emission(%) | FWHM(nm) | Aem(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 1.0 ] 0.1 [005[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
4.3 0.5 0.1 }10.05]0.1 7.5 8.3 83 616
4.9 051008 | 0.1 |0.1 15.4 17.3 97 618
4.10 05| 0.1 0.1 {0.1{ 533 56.8 117 629
4.11 0751 0.08 | 0.1 {0.1| 43.9 46.6 115 628
4,12 1.0 01 |01 (02| 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] 999 108.9 98 627
4.15 1.0 10.667| O 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 133310110 83.4 88.4 111 638
4,18 1 10667 0.1 0.1 89.0 97.5 108 637

[00126] Example 4.1: Sr2 wLizSisNg.(4x/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 COr > 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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116.8 102 638 4.5 0.98 0.1 0.1 0.1 101.9 111.2 100 632 4.6 2 0.1 0 0.2 74.6
80.9 103 634 4.7 3 0.1 0 0.3 58.5 64.7 101 628 4.8 0.5 0.1 0.05 0.1 7.5 8.3
83 616 4.800B/0B3B8 0.1 0.1 15.4 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: Sra.uLiswSis.mAlmNs (4u3)+2+mCxO@z2yem: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,SisNjg 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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17.3 97 618 4.10 0.5 0.1 0.1 0.1 53.3 56.8 117 629 4.11 0.75 0.08 0.
43.9 46.6 115 628 4.12 1.0 0.1 0.1 0.2 91.4 96.5 102 631 4.13 1.0 O.
103. 2 112w6 20R8/82%74.14 1.0 0.1 0 0.5 99.9 PCT/US2011/041111

Table 16. Crystallographic data for sample 4.3, Srz.wLiZWSi5.mAlmN3_1-(4V3)+Z+mlcx0(3m)+m:Eu2+
(x=1, w=0.05,z=0.1,m=0.2)

Chemical formula Sr|'g5Lio,|EuO,|Si4~3A1042N5.3(,67C00_35
Crystal system Orthorhombic

Space group Pmn2, (No. 31)

Z 2

Lattice parameters (A) a=5.7169(1), b= 6.7901(1), ¢ = 9.3657(1)
Unit cell volume (A°)  363.55(1)

[00129] In comparison with other silicon carbidonitride materials without Li-Al addition, the

emission band of Eu?* is located at relatively long wavelength.

[00130] Example 4.3 : Srz-wLiwais_mAl,nNg-](4,/3)+z+m|Cx0(3z/2)+m:Eu. (\’V=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 Sr,SisNg with slight divergence from the nitride structure due to the incorporation of
C and Al-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.wLizwSis.
mAlmNg-[(4x/3)+z+m]CXO(3712)+mZEU2+ x=2, w=0, z= 0.1, m = 0.2). This kind of phosphor
composition Srg.wLiZWSi5.mAIn1Ns-[(4x/3)+z+m]CxO(3z/2)+m:Eu2+ (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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108.9 98 627 4.15 1.0 0.667 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 1.333 0.1 0 83.4 88.4 111 638 4.18 1 0.667 0.1

0.1 89.0 wW0.261213855637 [ 00126] Exanple 4.1: PCT/US2011/041111
Sr2Li 2, Si 5N8- 1(4x/ 3) +zi Cx037/ 2: Eu. Thi s phosphor conposition (sanple 4.15)
was designed to have equal nolar anmount of oxygen and carbon, i.e., x=3z12,

in the conposition. In such a conposition, the cross- substltuti on of (CO0)6"
-> 2N3- is targeted to introduce | ess defects than those phosphor Eul
composFahledd. Raxstalgesepys data for speplel 46 $iy-vhiaeHsnhlnNagsxRBEERarn E8hown i n
Fi gur 26 Jhpt=1 henph@sphor product is a pure single phase crystal. The
crystal strudture’of fhe phosphor is sinmilar to that conpound Sr2Si 5N8.

Thi s phosPieorichfemilagh abSosun.i GmedlnNs hesCsPest ral range of 370 - 550 nm and
can be ef@iystelesystey exci t édthpyhamatae - UV and bl ue |ight, as shown in Figure
27, whi chSmend greup ed | i ghtPrm2 Na 3épi ssi on peak at about 631 nm On the

ot her handél, the emi ssion band of Eu can al so be tuned by the incorporation
of Al, BLmrdphraMda:rs 65 wet15.7489(@ harrgb. nP70)NE 8 9r3884(0) 1001271 The

terrper at uget céipehdende) of36eRBe(ihum nescence of this silicon carbidonitride
(Figure 28) shows that t he um nescence mai ptenance_at 15 s above 80% of
initial |ntAé?f§|ty at/a roomteﬁfggeratur ¢ sugg §‘te*| ﬁ@ h‘lc"ben thgﬁn% stability of

this phosphgy. TU@LaBI0 EXanpkeros- 2000132 147 _ 2a

Sn_wLi 2wSi sl n, YRodddx/ 3) - ge s Cx003af 1) +m By Fi gpyy e 290 §§tpws t he
Rietvel d ref;imerregtoogéo the pewder XpgRepattern deor ag), exanpbe of this
phosphor (sagpl e gog?ﬁo |t |(§;8fé4gar bHRgbsA he qb56a| neg, prodygiyis a pure

single phasgl]sol i Jtion, gis78i || (3 34@ar bi gl n| trife phgsghor, whose
structure i “5|mb 3550tha(§6637f798r2 n|tr| I‘Ia|ood’lthls type of
structure, %E ons @5§44g| st 6'69%160' orb
respecti veI F| g il nate sot6t7e5]exm toagl on em ss and di ffuse
reflection ct r@oe hosp, 9677§anpb ) em tt phosphor can
be effici en ex5lobg by a g e y| el %l gh quantum
effici ency ddl tb Y, pt]cbslphorf pr oc(eé s high thermnal
stability, sho F| gu6 t9 598 smalllmdegr idat i of) g the em ssion
intensity ( %a VS % |n| g 3|nter3)s af roor‘rbg%*rperature)

Cl 0.00000 0.17903 0.52933 0.13 2a 0.250

0) 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
03 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
Cs 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
C6 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)
MID.MT)pM(III)DyE.CiF Hp: A
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Tabl e 16. Crystallographic data for sanple 4.3,
Sr2_,, Li 2wSi 5- mAl mNB- Rdx/ 3) +z+m Cx0(3,r2),: Eu2+ (x=1, w=0.05, z= 0.1, m=
0. 2) Chermwoab12383sal aSr 1. 85Li 0s1Eu0. Si 4. 8A10. 2N6. 3667 CPOTAS 2@ pst1al
syst entOrt hor honbi ¢ Space groupPrm21 (No. 31) 2 Lattice paraneters (?,k) a =
5.7169(1), b = 6.7901(1), c 9.3657(1) Unit cell volume (As) 363.55(1)
1001291 I n comparison with ot her silicon carbidonitride nmaterials wthout
-Al addition, the em ssion band of Eu2+ is |located at relatively |ong
vvavel ength. 1001301 Exanpl e4. 3
1 Sr2 i 5. mAl 11IN8-i (4x/3),z+. 1 37P) . .. . 0). Rietveld
refi nebémwfd‘f* S't“?i%]ekéBh‘}?ﬁQg?re?q‘PR?FmPﬁ &’ﬁ@ﬂ 1@@@%@%&8} (Where #1105t hat
this ppedyEiN, sn@HBFIN=RW, 'bt=yo~°d9@|@ Bhases phasphpk of ey by Qu GaRdy 2 The
structure of the phosphor is simlar to that conmpound Sr2Si 5N8 W t sllght
di ver gthidetae m%?ttqﬂewlm thejsthating majerialp Srbl &ixNa, SiGand ﬁaﬁrlpah@descgnefbfan@mnd
Al-0 |nstg;ch@,1lagfeq The crystal structure data are sumarized in Table 17,
and the proj ecteg crystal structure is shown in Figure 33. Figure 34
illustrates the excitation, em ssion and diffuse reflection spectra of the
phosphor (sanple 4.6) of phosphor conposition Sr2Li ZSi S.
mAl , ,, Avig) +z + ( + uz, ( 12 ki nd
of phoﬁ‘g?llg{r 1(?) Ogly %gn%éé&t mI?lE7,%,leS| éa“zml"ym‘aﬁx? 3) ‘mm%xo“%‘?? %tm Eu2+
(x=2 )Mt BN D EAQHRA. has a strong absor ption band in the range of
370 - 550 nmand emts red light with broad em ssion peak at about 630 nm
as shown in Fi gure 34. The thernal quenchl ng of the phosphor is shown in
Figure 35. Thetumem i mcnouu,c u € —inch Lati ng that
this kind of phoBpimmls haschigh We@ﬁ%wa*“%é%ﬁ?li Sf—E2+—em|ssion.  Tabl e
17. Crystal | ographd ‘S*:NU rr“.*‘ - Euf;
Sr2-wl, i 2wSi 5-lmAlr x/‘?:iﬂ.h 1'(523?3, D20 o, (QJQ,J‘S\.Aro, z= 0.1, m=
0.2) Chem cal formula Crystal system Space group Lattice paraneters
(A) Unit cell volume (A") Srl.9Eu01S14. 8A10.2N5.13333C2013.35 Ot hor honbi c
Pm21 Taede 181) urBinascende. pfdRifck or M(ID.M(IB2ATI(LDE.CHFZHAA3634( 1) 362. 82(1)
Atom x/a YTh z/c UL0" 100 Site S.O F Srl 0.00000 0.86795 0.00132 1.47 2a
0. 950 Eul 0.00000 0.86795 0.00132

ao
T Q@

At
at
[
\

Example Luminescence Characteristics (Aexc =453 nm)
QE (%) Emission (%) | FWHM(nm) | A, (nm)
5.1 92.7 91.3 107 633

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
pomposition of the present invention, for example and without limitation, was mixed with a resin
encapsulant 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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1.47 2a 0.050 SO 0. 00000 0.87845 0.36952 1.06 2a 0.950 Eu2 0. 00000 0O.87845
0.36952 1.06 2a 0.050 Sil 0.25395 0.66779 0.68346 1.28 4b 0.960 Al 0.25395
0. 66779 OW6283333528 4b 0.040 Si 2 0.00000 0.05444 0. 673PCTASWH1DA11D1 960 Al 2
0. 00000 0.05444 0.67351 0.94 2a 0.040

[00133] Example 6.1: A pcLED consisting of a bluc-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 prepared 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 the 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 pcLED:s.

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 11 25 wt% Green-emitting 7.41
Srs.72Eu0.28511,013N1,C
75 wt%

Table 21. The luminance performance of the pcLEDs.

luminous luminous eff pcLED
uminous flux, uminous efficacy Chromaticity cri| ccT | Duv
Im (Im/elec W) " .
Device | 26.3 31.0 0.499 0.378 | 76 | 2016 K | 0.012
Device 11 25.4 29.9 0.467 0.374 | 84 [ 2311 K |0.014
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Si 3 0.00000 0.40771 0.46049 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 Al14 0.00000 O.41556

0. 90158 1WODR0R2#3655040 NI 0. 00000 0. 17903 0.52933 0. 13 22CP/U52@1QK1101 00000
0. 17903 0.52933 0.13 2a 0.250 01 0.00000 0.17903

[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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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 OW0212%365501164 0.98 4b 0.629 C3 0.25151 0. 44139COB2:m6440108 4b
0.250 03 0.25151 0.44139 0.01164 0.98 4b

We claim:

1. A composition comprising a phosphor having the formula Sr;SisNg (ax3)+2)CxO322:A,
wherein:
0<x<5, 0<z53, and [(4x/3)+z]<8; and

A comprises a luminescence activator doped in the host crystal of the phosphor.

2. 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, Tm, Yb, Lu, Mn, Bi, and Sb.

3. The composition of claim 1, wherein A is Eu.

4, The composition of claim 1, 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 of

Sr.
5. The composition of claim 1, further comprising one or more additional phosphors.
6. The composition of claim 1, wherein the phosphor comprises a crystal of an

orthorhombic or a monoclinic system.

7. A composition comprising a phosphor having the formula M(I1);SisNg.(ax3y+2/CxO32: A,
wherein:

0<x<5, 0<z<3, and [(4x/3)+2]<8;

M(II) comprises at least one divalent cation; and

A comprises a luminescence activator doped in the host crystal of the phosphor.

8. The composition of claim 7, wherein M(II) comprises at least one divalent cation selected

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

9. The composition of claim 7, wherein M(II) comprises at least one divalent cation selected

from the group consisting of Ca, Sr, and Ba.
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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 OWO202203855629 C5 0. 00000 0.17092 0.84992 0. 75 2&C0/U32€110%11@1 00000
0.17092 0.84992 0.75 2a 0.044 N6 0.00000

10.  The composition of claim 8, wherein M(II) comprises two or more divalent cations.

11. The composition of claim 7, wherein A comprises 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 Sb.
12. The composition of claim 7, wherein A is Eu.

13. The composition of claim 7, 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 of

M(I).

14. The composition of claim 7, further comprising one or more additional phosphors.
/

15.  The composition of claim 7, wherein the phosphor comprises a crystal of an

orthorhombic or a monoclinic system.

16. A composition comprising a phosphor having the formula M(II),.wM(I)2wS15Ns.
(ax3)+21CxO03.2:A, wherein: ‘

0<x<5, 0<z<3, and [(4x/3)+z]<8;

M(II) comprises at lcast one divalent cation;

M(I) comprises at least one monovalent cation; and

A comprises a luminescence activator doped in the host crystal of the phosphor.

17. The composition of claim 16, wherein M(II) comprises at least one divalent cation

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

18. The composition of claim 16, wherein M(II) comprises at least one divalent cation

selected from the group consisting of Ca, Sr, and Ba.
19. The composition of claim 17, wherein M(IT) comprises two or more divalent cations.

20. The composition of claim 16, wherein M(I) comprises at least one monovalent cation
selected from the group consisting of Li, Na, K, Rb, Cu, Ag and Au.
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0.42643 0.27510 0.95 2a 0.629 C6 0.00000 0.42643 0.27510 0.95 2a 0.250 06
0. 00000 0.42643 0.27510 0.95 2a 0.044 Exanple 5: Preparation and

properti esoah12203pds0sphor conposition of famly (5) PCT/US2011/041111
MIl)aM1)bM 111), DdE, Cf FgHh: A [ 00131J A sanple of phosphor conposition
MI1),MDoMI11)eDdE, Cf F8Hh: A (where MI1)Sr, D=Si, E=N, and H=F;, a = 1.9,
b=0 ¢c=0 d=5 ee=6.9 f=1, g =0, h=0.3) was made by a solid
state reaction with the starting materials Sr2N, Si3N4, SiC, and EuF3 in
the designed rations listed in Table 18. Table 18. Wi ght anount of the raw
materigls e c%?mqam cpmn@%ﬁérag m&&n%we!agd ot e AIbg iy  Exanpl e
Wei ght of raw naterials SI'C BuF3 5.1 1.2211 1.2857 0.2756
0. 1436seletigh fromithe gmmmgcleaeéLle@p@dtK es for MIpaM DoM111)eDdE, Cf FaHh: A
Exanpl e Lum nescence Characteristics (kexe -453 nm QE (% Em ssion (%

FWHM nm)
22.  The composition of claim 20, wherein M(I) comprises two or more monovalent cations.
23.  The composition of claim 16, wherein A comprises 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
Sb. '

24, The composition of claim 16, wherein A is Eu.

25.  The composition of claim 16, 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 total mole

amount of M(II) and M(I).
26. The composition of claim 16, further comprising one or more additional phosphors.
27.  The composition of claim 16, wherein the phosphor comprises a crystal of an

orthorhombic or a monoclinic system.

28. A composition comprising a phosphor having the formula M(II),.M(I)24Sis.aM(IH);nNs.
(awd)+z+mCxO@zay+m: A, wherein: .

0<x<5, 0=w<0.6, 0<z<3, 0<m<2, and [(4x/3)+z+m]<S8;

M(II) comprises at least one divalent cation;

M(I) comprises at least one monvalent cation;

M(I11) comprises at least one trivalent cation; and

A comprises a luminescence activator doped in the host crystal of the phosphor.

29. The composition of claim 28, wherein M(II) comprises at least one divalent cation

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



ken, (urn) 5.1 92.7 91.3 107 633 Exanple 6: Preparation of pcLEDs [00132]
The phosphor conpositions of the present invention can be conbined with a
i ght emwoi2op/ds3sde (LED) to forma |ighting device. TRETIUSQiiowg1tevi ce
generally generates a |light em ssion with a color adjusted fromthat of the
LED. A red-emtting carbidonitride phosphor conposition of the present

i nvention, for exanple and without limtation, was mxed with a resin
encapsyl ant_to form a phosphor-filled slurry. The slurry was then applied
onto a bl uelmompesigon el 39, MherepeMdbsogrisssaiteastonEdiyaleascatien 39. | n
Pract i sectdd TR RS SR oFiCKest WidBa @ Silicone resin (silicone,

Shi n-Etsu LPS- 251%. The phosphor-filled encapsul ant slurry was then
injected onto an Al GaN-based, blue-emtting LED chip followed by a curing
treat t j : ' ' ul. :

20121 033557 BT DRSO L BT T T L S0 e n D R SEhER M Ben o g of &
bl ue-emtting LED and a red em tting phosphor. Figure 40 shows the em ssion

spectr of | i i VoCE, L N: WhH a red-emttin hosphor. of the
corrpos?ﬁtni onﬂfe%%mf gg?r{’)d gek%g% 2 ?V‘s’érp%%‘\é@ggg‘a“%‘sg %atge%f %ne-'g?ﬁ%tv Ollelﬁtgcaﬁ‘ﬁb in the

| anp stalagtdurom bE ghiuguepesiSing oThe NarKsBb,atu, lAigghtl has a pi nk color. 1001341
Exanple 6.2: Wiite light pcLEDs. Wiite |ight pcLEDs were prepared by
conbining a red-emtting phosphor of conposition (1) (sanple 1.29) and a
yel | owd3.or THee®mpestiidt oidpi s phaein(Mycqahgsphanedsiodeaddvhieh@aliowi th a
blue-emtti gg) LED in the. devi ?E ?\%ruct re shown in Figure 37. The phosphor
bl end TEECHEIRG N SEPUBICPREYRE o Bs N3 # Khe ratios listed in Table 20. The
em ssion spectra of the pcLEDs are shown in Figure 41. The | um nance
perforpance_of the pcLEDs are shown in Table 21. The results denonstrate
that tfe enfhsSPBROBEON HelPMI<oNBEreIMAbeATHEISES BYP T IorpBIopevalent salioneve a
warmwhite lighting device with CCT=2016 K and 2311 K in the pcLEDs. Table
20. The phaosphor | oadi ng amount in pcLEDs of Exanple 6.2. Loadingofsanple
1.29 Ldadi nﬂie&f)mzﬁﬂtlmgﬂmr@ﬂSWb%rFmMGHbmprLsewilmt, ongitowa¢ntsptigmr y Devi ce |
25 W % ek i ' 5 0 .. ice Il 25 % G een-emtting
S yoes el ML Lo B BoA LG 1y 8 A O e i nance
performance of the pcLEDs. |um nous flux, 1mlum nous efficacy (Infelec W

pcLED Qj'r Onﬁte'cghb&it%w o%im\é, wher)e(in‘?R;l‘(III) comprises at least one trivalent cation

selected from the group consisting of Al, Ga and B.

- 37. The composition of claim 28, wherein A comprises 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
Sb.

38. The composition of claim 28, wherein A is Eu.

39.  The composition of claim 28, 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 total mole
amount of M(II) and M(I).

40. The composition of claim 28, further comprising one or more additional phosphors.

4], The composition of claim 28, wherein the phosphor comprises a crystal of an

orthorhombic or a monoclinic system.
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Device | 26.3 31.0 0.499 0.378 76 2016 K 0.012 Device Il 25.4 29.9 0. 467
0.374 84 2311 K 0.014 [00135] The present invention is not to be limted

i n scope WY 20te3335@ci fi ¢ enbodi ments di scl osed i n the epampiSesimiieh are
intended as illustrations of a few aspects of the invention and any

enbodi ments that are functionally equivalent are within the scope of this

i nvention. Indeed, various nodifications of the invention in addition to

t hose shown and described herein will becone apparent to those skilled in
the art and are intended to fall within the scope of the appended cl ai ns.
Ve cl havi ng the fornul a
Sr28|g%g11(4x/éﬁgnggﬁgégggng?B@%E@%ﬁﬁwg Egggﬁmg£z<3, and [ (4x/3)+z]<8; and
A conmpYided (MUl nesEdeldeAawhérviat or doped in the host crystal of the
phosphor. 2. The conposition of claim 1, wherein A conprises a |um nescence
activator selected fromthe group consisting of Ce, Pr, Nd, Sm Eu, Gd, Tb,
Dy, Ho, Er,0<@n3, 0¥b<0 6_,LO<C‘KZ!] ,0<BKS, O&nﬂ% Bb{<530<grAe, emhfrdsiOtS; on of claim 1,
wherein A i 05 omaise mﬁﬁgo |H| pf claiml, wherein Ais doped in the
host crysta f ?ﬁé 5 oSPhSre Wag BW¥antration | evel of from about 0.001
nmol % t o abowgl) %mla%tn@lstadne\n&mboalémeatml e anount of Sr. 5. The conposition
of claiml1, &ﬂ ther r|S|nq one or. nore additional phosphors. 6. The
conposi ti ot Eﬂ?ﬂqﬁﬁ?t PV B8 phor conprises a crystal of an

or t hor honbire c@hprzesmnast d,d&lt@u-gﬁ/yl%hﬁﬁhon 7. A conposition conprising a
phosphor having the fornul a ) 2Si 5N8-[ (4x/ 3) +] C, 037, 2: A, wherein: 0<x<5,
0<z<3, and J{oaprisssa Jeagh ongpiny e“é%‘Hﬁ’Fl ses at |east one dival ent cation; and
A conpri seg @npHENLREENIS AGbh ¥Adaondoped in the host crystal of the

phosphor.
F comprises at least one divalent anion;

H comprises at least one monovalent anion; and

A comprises a luminescence activator doped in the host crystal of the phosphor.

43.  The composition of claim 42, wherein A comprises 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
Sb.

44, The composition of claim 42, wherein M(II) comprises at least one divalent cation

selected from the group consisting of Be, Mg, Ca, Sr, Ba, Cu, Mn, Co, Ni, Zn, and Cd.

45. The composition of claim 42, wherein M(II) comprises at least one divalent cation

selected from the group consisting of Ca, Sr, and Ba.
46. The composition of claim 42, wherein M(IT) comprises two or more divalent cations.

47. The composition of claim 42, wherein M(I) comprises at least one monovalent cation

selected from the group consisting of Li, Na, K, Rb, Cs, Ag, and Au.

48. The composition of claim 42, wherein M(I) comprises at least one monovalent cation

selected from the group consisting of Li, Na, and K.
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8. The conposition of claim7, wherein M11) conprises at |east one

di val ent cation selected fromthe group consisting of Be, My, Ca, Sr, Ba,
Cu, Co, NwvO2P/03%357 and Cd. 9. The conposition of clai ®CT/USeafogiimt M | 1)
conprises at |east one divalent cation selected fromthe group consisting
of Ca, Sr, and Ba. WD 2012/033557PCT/US2011/041111 10. The conposition of
claim8, wherein MOD conprises two or nore divalent cations. 11. The
conposition of claim7, wherein A conprises a |lum nescence activator

sel ect® f rBwmcoREOHrIURS %Ws%tvhwgmd\ﬂ”gwmms?s IR, O Bpfre MQNOGEN THionpy | Ho,
Er, Tm Yb, Lu, M, Bi, and Sb. 19. The corrposition of claim?7, wherein Ais
Eu 13. The corrp05|t| on of claim7, wherein Ais doped in the host crystal
of t hedbhosspmagsitonefiréaim42arherain () campriseorhlessionne tOVAOT carising t 0 about
20 ”Dlsé]crcf%h%hqvt%e u an{@?m OFBDHP Ofcn MISI:)Y nEHJa The conposi tion of claim
7, further conprising one of note *addi ti onal ahosphors 15. The
conposition of claim?7, wherein the phosphor conprises a crystal of an

or t hor honbi o (WelNe A C sitia ri,sing a
hospro heue g BraRE VR ST DR e R fa ot SRR B
wher ei selec@d Xrob the g@af comsimtling 0AALHatani B3; M 11 ) conprises at | east one
dival ent cation; M) conprises at |east one nonoval ent cation; and A
conprises a | um nescence activator doped in the host crystal of the
lphosphm dﬁhZ cl()ﬂ;bﬁsllﬁl(ﬁ}fm’(w.ilﬁ'li4|Q[’1wﬁérelﬁ|mi:dﬁ}i@es ahesedna thvhl)entC@fi’&]E bd@sedat .
east ne dival ent cati el ec t roup consisting of Be, M, ,
fo pthe g(’f)“p‘TQPS'StF%OC%%,% gi‘ﬁ) T ? a'i‘ﬁégcorrpom tion of claim 16,
vvherel n I\/(I ) conpri ses at | east one divalent cation selected fromthe
group consisting of Sr, and Ba. _ 19. The conposition of claim 17,

wher ei ¥ wuihe&ﬁwp?%w HhepimA2nyheeiniB compriseseisaghnge trivadent sen ssfiRssi ti on of
cl ai m g&n L6 @ ddnNbing STNTI | y\ge% g,;d Bgeast one nonoval ent cation sel ected
fromthe group consisting of Na, K, Rb, Cu, Ag and Au. -52- WO

2012/ 033557PCT/ US2011/ 041111 21 The conposition of claim16, wherein M)
COMPI I 5£5  afnelc6BLsi B (TRAAA! GG 3tdobriSAl £ REGUnt BRAICh GG QuliegONSI Sti ng
of Li, Na, and K e corrp05|t|on of "claim 20, wherein M1) conprises
two orfroroths sropowasisine &L iSoRs and 7g. The conposition of claim 16, wherein A
conprises a |lum nescence activator selected fromthe group consisting of

Ce, Pr, Nd, Sm Eu, G, Th, Dy, Ho, Er, Tm Yb, Lu, M), Bi, and Sb. 24.
The corfposilticonmpésicdnadfivial®,42vivkerein il @mmiSE&ﬁt lea@one Timmogdepasioni on of claim
16, vvh thCr of the phosphor at a

concent e@e?(f)’n tg\e/g gor];sr%nﬁ%gg B %Cftf nmol % to about 20 nol % relative to
the total nole amount of MII) and MI). 26. The corrp05|t|on of claim 16,

further, conprisin ddi t,i onal rrp05|t|on
of ol alfn 26 REPETERG| S i ae HBT B M TLis SBvgscare &0 SYERAF horbi ¢ or
a nonofednh metgr@psdoemtmngeAchNﬂp&s; Eu, @i, Toyipy,ikd, Bg Tan pYindphbm, Bgwhdig t he
forrrulsqbw(loz. "M1)2,Si5 ,MIIl),"Ng. i (4x/3)+7, -m Cx0(3-e2)+,": A, wherein:
0<x<5,70<w<0. 6, 0<z<3, 0<nk2, and [(4x/3)+z+m <8; M) conprises at | east
one dival ent cation; M) conprises at |east one nonval ent cation; MIII)
conprises at |east one trivalent cation; and A conprises a |uninescence
activat'or dopeaMpPesiiqRelben 43r‘§§‘t‘%lP‘°b‘PEPhe phosphor. 29. The conposition
of claim28, wherein MI1) conpri ses at | east one d| val ent cation sel ected

fromthe group consisti n% of Be, Sr, Ba, Co, Ni, Pd, Zn, and
cd. 88 201 eesesTPORiY fi/wbﬂ@mﬁlseredvnélwd@mml|06fhedﬁwmhar?hazs

wher e'd%n%lrbt)oncl@m?rof f6m a%ut'(ﬁﬂﬁtm&%%%éﬂﬁ‘b@mol%%lbﬁ% ©eheplLrhold Om t he
group consi sti Ca, Sr, and Ba. . The conposition of claim?29,
V\herelarmquf)Mﬁgr?ﬁﬁM@s two or nore d| vaI ent cations. 32. The conposition
of claim 28, wherein M) conprises at |east one nonoval ent cation sel ected
fromthe group consisting of Li, Na, K Rb, Cu, Ag and Au. 33. The
conposi% i orfhekompesitianxd clavméfzeﬁunhmcpwpwn@pmmmﬁ afldipenal phaspheshoval ent
cation selected fromthe group consisting of Li, Na, and K




34. The conposition of claim32, wherein MI) conprises two or nore

nonoval ent cations. 35. The conposition of claim28, wherein MII11I)

conpri sesweat2012¢m3357one trival ent cation sel ected from tReTgrsoup/oenmsi sti ng
of B, AI, Ga, In, Sc, and Y. 36. The conposition of claim 35, wherein
MI11) conprises at |east one trivalent cation selected fromthe group
consisting of Al, Ga and B. 37.The conposition of claim28, wherein A
conprises a_ |l um nescence activator selected fromthe group consisting of
Ce, Pro0-Nd, Thegpmppsitiqupof cigim 4@y whesein tss phosphor nits light haring Bipeakdnd Sb.  38.
The ¢ b f j j t il ef=% SL f claim
28, whore R g ol B OO 0D e e i RO el
concenvavglcngth ringgdionpabolur 21 rrh duabodt FWinomol % t o about 20 nol % rel ative to
the total nole amount of MII) and MI). 40. The conposition of claim 28,
further conprising one or nore additional phosphors. 41. The conposition
of cl atlm 28 hewhmpesitont dfelaundd piwbereio oimpphiosg®r eoraprisss akrystal efrenor t hor honbi ¢ or
a ”Dno&lhioﬂqio%ﬁ Osrtaer%noc\ﬁg?cgosjrg/ 033557PCT/ US2011/ 041111 42. A conposi tion
conprising a phosphor havi g'?'he formula M 11)"M1)bMI111)cDdE, Cf FgHh: A,
wherei n: 0O<a<2, 0<b<0.6, 0<c<2, 0<d<5, 0<e<8, 0<f<5, 0<g<2.5, and 0<h<0.5;
M11) gconprj at |egst one divalent cation; MI) conprises at |east one
nonoval‘ent ‘%Q&%SH‘,‘“‘M S‘TVI‘SC CoHP"8es at | east one trivalent cation; D

conpri ses atlighe@atce@ifittingh fiay difintsceleispétirufn; 60dTpr i ses at | east one
trival ent anion; C conprises a tetraval enf anjon of carbon; F conprises at

| east one diRPSFRUAE compogitionvhighpyyher gzadigted with righy fomy s Hghl Hice£M16n: and A
conpr i |58 hayil JH¥eBSROBRAGR s@ntd dRtRImdoped in the host crystal of the
phosphor. 43.°The conposition of claim42, wherein A conprises a

| uni nescencd¥eksit the ghespherommosigon cypprisaatdeastgnedhagihet havdngos fogaulapr | Nd,

Sm Eleleldd bk thP¥roupPonskling M Yb, Lu, M, Bi, and Sb. 44.The conposition
of claim42, wheréin MI1l) Conprises at | east one dival ent cation selected

fromthe gl®up EoAsNstivmgi@O:BA, WigrelCh<x<S; <53, ardd(4¥h;+zIs8; Ni, zZn, and
Cd. 45. The £0MmesihsoR, of claign 42, L8k LlJs 5 t | east one

di val ent czgt)i onﬂz(e:)'gc°?]§ﬁ4”€?z%d't?ﬁzé ’g‘?’l\({)@ug goﬂsséiygf%_ﬁggﬁﬁ(g?ﬁaé’and Ba.

46. The comtasi t M(W)0M@LaSisN 4@y whePebA, Whtren corhri<sw?.6 (625 andor e

di val e[gl{wj:)g& i<§_ns. 47. The conposition of claim42, wherein M1) conprises at
| east “one m)]no\/al ent cation selected fromthe group consisting of Li, Na,

K, Rb, GCs, (&g, MH)AMIARIIRHEDAROGLLHC.Os/61aA nwhdecinlirerBiOswi16)

conpri t | east nonoval ent cation selected fromthe group consisting
of Li 0 Uit (90137 535887 PCT/ US2011/ 041111 49, The conposi tion of
claim42, \er eMUINMMQ)),XOMIDEESF JHVA, Gvherai e<aranostaloen <edt Dodrs, 50. The
conposj ti f_claim42 Q@f’u rein MIII) conprises at |east one trival ent
catio <§é£2)é?-<€d8 ﬁ#ﬁ’taﬂé“ %ui consisting of B, Al, Ga, In, Ti, Sc, Y, and
La. Siherciite conposition of claim42, wherein MII1) conprises at |east one
trival ent ?\?Hféon sel ected fromthe group consisting of Al, Ga and B. 52.
The conposif{dsomprises &5 lggshone GAFUicAI®: conpri ses at | east one tetraval ent
cation sel aglebniprioen & MastPne widonePN&r sitopag of C, Si, CGe, Sn, Pb, Ti, Zr, and
Hf .  53. The conposition of claim42, wherein E conprises at |east one
trival ent AHlBheosrises st ImiEYengEAHi9P: consi sting of N, P, As, Sb, and Bi.
54. The compQshdrs@t Masrn@iidtA2lentlgbfi N F conprises at |east one dival ent
anion selected fromthe group consisting of 0, S, Se, and Te. 55. The
conposi t i off @Mpeisesiatlcast onpirévatdanpaniort, conpri ses at | east one nonoval ent

ani on sele g | wsting of F, d, Br, and I. 56. The
conposi ti o?%&p&ﬁsﬁgﬁgﬁ%&&vﬁ%{?g}n }bz%hpri ses a |l um nescence activator

sel ect ed f Fowmphecsgt bap coodwrkniangpnof Ce, Pr, Nd, Sm Eu, G, Tb, Dy, Ho,
Er, Tm Yb, i . conposition of claim42, wherein A
is Eu. 58.“Weprg%r%?gfttoﬁggnoggv%frg%%ogig%dmer ein Ais doped in the host
crystal of A ¢eenprsospluorineatenae enive®ntomt iowe hestekystf. fr om about 0. 001 nol %
to about 20 nol %relative to the total nole anount of MIIl) and M1).

63. The light emitting device of claim 62, wherein:
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59. The conposition of claim42, further conprising one or nore additional
phosphors. WD 2012/ 033557PCT/ US2011/ 041111 60. The conposition of claim42,
wher ei n tWe 2ptaspiseér emts |ight having a peak in wavel @eagius20iangainf from
about 400 nmto about 700 nm when excited by light having a peak in

wavel engt h range from about 250 nmto about 500 nm 61. The conposition of
claim42, wherein the phosphor conprises a crystal of an orthorhonbic or a

nmonocl i ni ¢ s&stem 62. ght emtting device conprising: .a |ight source
emitting aM Ir§9mpwf»ﬁb'§e%ﬁ&%d1§ﬂé@tcatmﬁseb?ﬁad from the gepupaRYRHE °EBAposi ti on,
whi ch,myhen st Haaedh at & Nivwd, 2nl dfghtq;f rom the 1ight source, emts Iight having
a second [ um’'nescence spectrum wherein the phosphor conposition
conpr i ses M(Il aPriserb 19gRome ano et sefica selseted framsthe exoup gomsisting hkl. gr oup
consi g AL( a) Sr2S 15:1\18-[(4x/3)+]C x 03z/.2: A, wherein 0<x<5,
0<z<3 and (4x1 <8 (b) M 11) 2Si 5N- Rax/ 3) +z} Cx037j 2: A, wherei n 0<x5,
0<z<3, and I\[l((IIJ,)«ldBr)pm]:% least one trivaler) cation selected from the group consisting of B, Al,
I\/(I 1) 2(?-5 c}\/(§I )%§i@N8-f(4x. [ 3) +4Cx037r 2. A, wherei n 0<x<5, 0<w<0.6, 0<z<3, and
[ (4x/3 (d)
MI1)2."MID &;mpslsss ariaki dnerdiBrvhlont )idy selde@dG(aBY fh2 )etquprroAsistimgent €], i, @ex. 5

0<z<3,. 05 andd 4x/ 3) +z+ni <8; and (e)

M I 1) alk E%%ﬁ’ fYCDdE, Cf FgHh: A, wherei n 0<a<2, 0<b<0.6, 0<c<2, 0<d<5,

0<e<8, O0<f Exonprigesat feastamd uvaiicnarion yderedifrom Melgtdupaongisinges NaP, heast one
divalent c |on M 1) conprises at |east one nonoval ent cation; MIII)
conpr i ¥ed? Ieast one trivalent cation; D conprises at |east one

t etraval entc @@{}jrg&aﬁugﬂmm hlﬁ@,somarﬂoaast one trivalent anion; C corrpri ses a
tetraval ent_ anion of carbon; F conprises ast one dival
conprises &tCOMPESES b HastopR diralearanioelssied Z‘HH’ ie NP CPRLYing Ofﬁn‘s cence
activafgrredoped in the host crystal. 63.The |light emtting device of claim
62, wherein: MI1) conprises at | east one di val ent cati on sel ect ed
from t he grbepmresAsitdeasRpcarongaalengniogselcted fromgthe expup consising opf, CIzRr: and
Cd; and I; Mg!) conprises at |east one nonoval ent cation select ed fromthe
group consisting of Li, Na, K Rb, Cu, Ag and Au; MI11) conprises at
| east one tréorariset atdesi o leminesenct afcnmmshlecw ﬁum the grouB CONHFLIDE OBCEAl | Ga,
In ; ty tn:0 traval ent cation sel ect ed
rom (e B P SgsTR PR D 450 ¥ LgARgoag diet T avsl el G :
conpri ses at | east one tr| val ent anion selected fromthe group consisting
of N, P, n i S5e r F
cory i Ges” are TeePindsnle PRI EE Sndehithd MEL AR OMARLURREBRBAT, g of
0, S, ibsvavaaditiimange from abblit@Shpm v@bowt’/00 emst one nonoval ent ani on sel cted
fromthe group consisting of F, C, Br, and I; and A conprises at

| east one | um nescence activator selected fromthe group consisting of Ce,
Pr, Nds. Sm’I’hElllghtG@hlttfﬁ@,deWe offidaimb2, whereinYbe fitsulumvigscdBice speeduiBhhas a fdak The
Ilght emttln 5}1 ﬁm62 Sﬁlntheflrst | um nescence spectrum
has a‘Bé"éKe Frhq- %‘f ﬂ’@t opt 4988 P GRUBAYURM250 nm to about 700 nm  65. The
Heft emtting device of claim®62, wherein the first lum nescence spectrum
has a peak _in wavel ength ranee from about 400 nmto, about 550 n 66. The
li ght %ni ttThﬁb‘g’éfé\?PE’é‘géFV‘E? 8 15252, WAEF i the be spyghts aétﬁﬁ? erBiting djo o35 Yht

em ttifngsedli@de or a |l aser diode. 67. The light emtting device of claim
62, further conprising one or nore additional phosphors. 68. The |ight
emtting device of claim®67, wherein the additional phosphor emts red,

yel | owy or gpggoy e dVicDbtBaikd N turtBEdNEX ik e BY mdrd dddftonsiOur ce. WO
2012/ 0:?]35?]7PCT/gU82011F041111
phosphors

68.  The light emitting device of claim 67, wherein the additional phosphor emits red, yellow,

orange, green, or blue light when excited by a light source.
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69. The light emtting device of claim®62, further conprising a second
phosphor having a formula sel ected fromthe group consisting of:

CalSr xGa280:2BAB3(50<x<L), Cai-x-yzMy, SryBazSi O4: Eu2+ ( 0exTA[S2Q@4p4«l11 0<z<1,
x+y+z< 1), BaMyA110017: Eu2+, Mh2+, MYSi 4N7: Eu2+ (M=Ca, Sr,

Ba), | 3-si al on: Eu2+, MSi 202N2: Eu2+ (M-My, Ca, Sr, Ba), Ba3Si 6012N2: Eu2+,

M2Si 5N8: Ce3+ ( M=Ca, Sr, Ba), Y2Si 41\ 16C. Ce3+, a-sialon: Yb2+

(Msi O3 0 (Si 02) : Eu2+, ) I\@ Ca, Sr, Ba; X=F, d, Br, i‘ where mis 1 or
0, andi t Hae lighyeniging delerr‘p claimgy2, furibpr GeEIPriSME RSECONIRNOBAOERDEAVENY, Ca,
', Babun BRI R, CAMBNLE R cARIERShaLaN G2 70 The i ght

emtt| ng device of claim her conprising a secopd hosphor havi ng a
f or mul-Mes®iBabiEl By 0Pk Rk Ogvﬁh@<eﬁnsl+$+t4_rig BaMgAl ) T MBS b, 1\ | dCe: A,

K\/(hi(r)%%g ﬁ<% 3 %2% %?{ %<&alag<ﬂﬁ§[\ﬁé <€‘b QQ):I?(% C6’ % Ba) and O<x+y< 12,

(c) N(HalsszNL tﬂZl\Aosma R’y OA5Ca, ¢, ] B&)ywsmwme@émaam%? O<x+y< 12, and
O<y<x; l\/% TMLLI1)12 x éSI x1- 025 x38/ 2NX; wher ei n,_0<x<12,
0< y<x(M~°0Qx)d~y( iQ; El(5<9<<(1‘é Mgnda i X=F¢ &), EN/(HO’Y‘I\?(“P T“Ili ?rQ adieithsFdD5.- x EaNx

T 8-y e 0g,,2y g S<x+y; (f)
M 11) y?/(f%?AY\)E 1’2”)?9_?%@299%0% @6?21 fég) Bgﬁgﬂ&z%A%Mer ein 0<x<12,
0< y<XY;A0nske” Omdwazqui,Eu z<x+5, and 0<8<3; (qQ)
MIL)7_yMI)yMIIl),2-x-y-LSi x-,r-z025-x5/2N &C8/2: A, wher ei n 0<x<12, O<
y<x, 0<z<x, 0<x+y+z< 12, z<x+8, and 0<8< 3; (h)

M 11) 770, , MTh} }’x@ﬁtldnhbtﬂ:ﬁ deMce & Aaiyri2) Rurthexcodriding /a2bbon8-ph&pherdhaviyg avher ei n
0<x<1 0< z< <x+8, .0<8<_3, 0< v<1, and O<x+y+z< 12; and (i)

M 107 % R)E‘l‘?;gfﬂ)i‘;fqdlfj%“ eﬁ%‘@%?“as%gé‘% x5/ 2-v/ 2Nx 8- zCz. 8/ 2Hv: A, wher ei n
0<x<12, O<¥<1, MIHZSKO, I‘Zd‘@g%,wlﬁfeﬁﬁ6&<808’<b\k§4 13a8d1 Q$xdyorn<ed?; wherein: MOO
conprises at |east one divalent cati o é on‘Bri ses (g{)l Ieas one
monoval ent (®at i DB ey ixeBriphi-Ledtay ereéla T*%le VE¥ T AP T oAt Pon; H

conpri ses 3& ! emﬁummp‘nﬂmkﬁpm 30}:ADwhasid o<4z\<q9m)=rx#§eszaanhtmnfya>escence
activator doped in host crystal 71. The l'ight emtting device_of
claim 62, fdrt héf‘f(U&MﬁHﬂ)la e Ebos- 4iea1§t+&y@®Aadd\Fteirb%%N<18hQ)§ pRordsx+ys32, The
light em ttOI ﬁg dewsge of claim®62, further conprising at |east one

addi ti onal Ds’p°ho {4t emits | ght havi ng a peak in wavel ength range from

about 350 m@;l t o MDA (IITRA, 810, 0,735 NLRE., Cl b4, efitreini Ok<dey D€ g<af Ockgism 62,
further conprising at_|east one additi onaI phosphor that emts |ight haV| ng

a peak in vdvefosrgand ??%I‘Fer from about 480 rimto about 640 nm 74. The
| i ght errit it he I.SI a
%hOSp YI 77 ym(fa}fMglnﬁlz FSas whf 3 \-_:35/26\1 CgIT@ A mreﬁ“ 0|<§ ?j @@?7<X

addi ti onal aving a peak in wavel engt h fange from
about 520 mrRetQ 0aquutz561)(i<x+&nand U§6<3The | i ght em tti ng deV| ce of claimb62,

wherein the devi emits white |j ght T ht fing,deyice of
claim 75, WAer ewﬁ?hg}(hévvme"em SY*C%P‘*S’ i e ’FF”Q Wher’? <g §¥Pit< ’

em tting devige of+el,aI10 A&+s\WMHarorba 3t he device emts warmwhite |ight.
78. The light enmitting device of claim62, wherein the device emts |ight

having a péek i M(WWM(@M(W)&&@@&&M%MMM 400ChnA.owhbrsint 0600 2arfi<  79.

The light e dev e of r e device emts |ight
havi ng a pé(r;t]< qt<r?< <§I <f3ﬁ3 g‘fj@%?%ﬂ?&ﬁ% glgi’(f‘)‘gnmto about 600 nm  80.
The 11 ght %ﬁ”twmﬂwtm(@ﬁ)n | i0.08,; JAheneln Chedeviviranioks <1, gt
havi ng a peak in wavel ength range from about 380 run to.about 750 nm 81.
The |ight emltG9zRy devd.dsd88, @iafhaeck9<we?é|12b the device emts |ight
havi ng a heak in wavel ength range from about 400 nmto about 700 nm

M(II) comprises at least one divalent cation;
M(I) comprises at least one monovalent cation;
M(III) comprises at least one trivalent cation;

H comprises at least one monovalent anion; and
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A comprises a luminescence activator doped in the host crystal.

71.  The light emitting device of claim 62, further comprising at least two additional

phosphors.

72.  The light emitting device of claim 62, further comprising at least one additional phosphor

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

73.  The light emitting device of claim 62, further comprising at least one additional phosphor

that emits light having a peak in wavelength range from about 480 nm to about 640 nm.

74.  The light emitting device of claim 62, further comprising at least one additional phosphor

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

75.  The light emitting device of claim 62, wherein the device emits white light.

76.  The light emitting device of claim 75, wherein the device emits cool white light.

77. The light emitting device of claim 75, wherein the device emits warm white light.

78.  The light emitting device of claim 62, wherein the device emits light having a peak in

wavelength range from about 400 nm to about 600 nm.

79.  The light emitting device of claim 62, wherein the device emits light having a peak in

wavelength range from about 520 nm to about 600 nm.

80. The light emitting device of claim 62, wherein the device emits light having a peak in

wavelength range from about 380 nm to about 750 nm.

81.  The light emitting device of claim 62, wherein the device emits light having a peak in

wavelength range from about 400 nm to about 700 nm.
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