CARBONI TRI DE BASED PHOSPHORS AND LI GHT EM TTI NG DEVI CES USI NG THE
SAME | nventors: Yuangiang Li, Yongchi Tian, and M chael Dennis
Romanel | i ¥P2MH1437™Priority [0001] This appl i cation cl AGHUSAHE#HEYy
to U.S Provisional Application No. 61/334,967, filed May 14, 2010,
and U.S. Provisional Application No. 61/354,992, filed June 15, 2010,
t he di scl osures of which are hereby incorporated by reference in
their entireties. Statenent Regardi ng References [0002] All patents,
publ i cations, and non-patent references referred to herein shall be
consi der ed CARBONUTRIDFIBASED PHOSEHORS IANDDLICHT EBPTINGDETICESUSING r
entireties. Background of I|Inventi oTHEXXXME |In recent years, research
and devel opnent efforts have been intense on devel opi ng conbi nati ons
of |ight sourceslngedorgidosphonsLi, Natgcehi Tikn, pnd Michaeldfentis Romanelli

hi gh-performng light emtting devices, with the result that both
efficient high-power |ight sources and efficient phosphors have been
denonstrated. For exanple, both IQ@}.L@IM ng di ode ("LED') chips
and phosphors for phosPhor converted LED ("pcLED') devices have bee
denonst r atl@¢P1] Abifnpglicstiesguns pEprity dhE- Sp?f@‘é‘fa‘ﬁ‘!ﬁ PPPlgRonstie G 834.967, fled
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with the | t so ch as a L

oper at e atd’%{‘]’&ﬁest"'gwgé]i‘ ga’f" H?r@!?’ Incepppraged a}ﬁﬂffé ticg PR gptTeligSet i on
tenperatures of high power LEDs are in the range of 80C- 150C. At

t hese tenperatures, the crystal of the phosphor is at a high
vibrationally excited state, causing the LED excitation energy to be
directed to heat em ssion thfiategiend rdiver Refdrencas i on rat her than to
t he desired | um nescence em ssion. Mreover, these lattice

rel axat i orl8003} ol petefisr pibdicatibesatand grontphiente tpjerdngest bedarred eldulbdraiy shidke be
| um nescengg; i $RbRbrated b*z%feﬁ-eﬁct?int\é'ﬂﬁé DBcafidifih el Rattreis €C1 UdeS
successful applications of existing phosphor materials. The pcLED

| anp for general illumnation application requires high optical
energy flux (e.g., higher than 1 Watt/m®R) which causes additi onal
heating by a Stokes shift generated inside the phosphor crystals.
Successful devel oprrent of Ii ghiagkgreund,oflnyentions i ncor porating both
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phosphor. For exampl e, residual .carbon that renmins after
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Si-N serve as the main structural corrponents Generically, the
network structure forned by Si-C bonds has a strong absorption in the



100111 In certain enbodi nents, the crystal structure of host crystal
of the phosphor of the present invention is an orthorhonbic or

monocl i ni cWO)E 778 ystem I n certain enbodi ments, the RGRER2810/042491
structure of the host crystal of the phosphor belongs to space group
Cre2, or Cc. 100121 In certain enbodiments, the crystal structure of
the host crystal of the phosphor of the present invention is an

ort horhonbic system wherein the unit cell paraneter a of the host
crystal is between about 9.65 A and about 9.90 A, the unit cel
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A and abouwpropstOgt the plmmlsﬂvhlplnls@etﬁtnamd byrheththereompasitionfad ghoysgpgire of the
structure Qffiemesh. crystal of the phosphor of the present
invention i's a nonoclinic system wherein the unit cell paraneter a
of the host crystal is between about 9.65 A and about 9.90 A, the
unit cell [mmapm%egecbcﬁrﬁoﬁlh@h&z@ﬁir pfebytsiloat his%réﬁﬁﬁ%ﬁ'@d&n&&@id&re@a &dmrod oind
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9.80 A orbpdtingerthenbauell@timolightand about 9.81 A, unit cell paraneter
b can be between about 5.60 A and about 5.75 A, between about .5.60 A
and 5.70 A, or between about 5.64 A and about 5.67 A; and unit cell
par anet er 19008hn Cagonisidgabasherode commel of wrgn.outazen, siliser, ERIEL G{or
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wherei n 0<x<l, O<y<l, 0 5 z<1, 0v<l, 0<w<1, x+z<1 x>xy+z, and
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the' or oup ") kil B BRI Sy sl BERELES
Cd; M) is selected fromthe group consisting of Li, Na, K Rb, Cu,
Ag and Au; MalD is selected fromthe group consisting of B, A, G,




[0034] In certain enbodinents, the light emtting device of the
present invention conprises a phosphor of the present invention, and
one red- enWOtHHE42Ghe bl ue-emitting, and one green-eni tRATES20M04BOr .
I n ot her enbodi nents, the light emtting device of the present

i nvention conprises a phosphor of the present invention, and one
red-emtting, one blue-emtting, and one yellowemtting phosphor. In
certain enbodinents, the |[ight emtting device of the present

i nvention conprises a phosphor of the present invention, and one

red- em tticBghin OBorStHi&LHosIRbE fokiflations) dhOMHBorytEdnl 19\@he9ﬁl;1tyl%lliéﬂt PRASPRgIon
In certain enbodi ments, the |I9ht emtting ﬁew ce.of th é‘ﬁ? g%%have

i nvent i on EBRprdceER eSS JR GRS © ??Fb"f"décrﬁ’rs?isg fse F"ﬁk’}%‘f"lnﬁ?ﬁ’m"

bl ue- em t tekéullent Y E1ERMy ONdntision Gnd HATentisteon\eEclefy: emi t ti ng phosphor.
[0035] In further enbodinents, the light emtting device of the
present invention conprises a phosphor of the present invention and
nore than three additional pholﬂgggn”ﬂ Oq In certain enbodi nents,
the light emtting device of tie—preseﬁ¥—rﬂveﬁ%lon emts white |ight.
In sonme e n t

l'ight. In’ot h)erEE e m I&ﬁ@g{lﬂg@ﬂ% h@gﬁr&ht emt !fnlcgsg(3 g&/elﬁcégﬁéﬁof\g %@1&( of
white |i grvﬁrhomﬁp-hisﬁdm@hP@@mf}SS%YUsed herein, "activator" refers to
the atomc or ionic species that enmts |ight with the support of the
host crystal. The activator nay be doped in the host crystal in a
very snal | amoiht , @eMaySherNdeSerd bed herein. 10038] As used
herein, "co- actlvator refers to an addltlonal activator in the sane
host crystal 100391 As used_herein, "dopant" ,refers to an, atom c or
i oni ¢_spectEEniiae! 05y dopietrapl Od . SPLoaf 15 & pppstspicagelyeirpopsd in

her ei n, pﬁg& {sedl efruched S ohd@ntifion rédél\éf ghoal 0. @Ul){ﬁdl%'to afoup fIOBPBOrELative to
[ 0041] As ei n, refers to.an_ a

; "
aggregati o be(g‘fra’ HP?Fﬂ%@Sto ¢ o ssBd ey the %&WB&%Q? o dd§m. Eu,
where the q;arrbum &, En;@mnwb Ieadin| Bi, smmbrahmcbra&ampaﬁé,rm& Eo’ (hds p’h’ér
particles of,axpowder. 10042] As used herein, the term "phosphor”
refers to a phosSphor in any appropriate form such as a phosphor
particle, a phosphor grain, or phosphor powder conprised of phosphor

particles, O(QJVSP'IHScertQﬁ O @MRAE Ahb Ofesh eirn@é?ltmn [15094§1edAt% W Side1 NGRRY o

"light source"” refers to any source o l'i ght capabl exciting or
i rradiati rgrbemEidphtssprisroserreieeddvesent | nventi on, | ncI udi ng wi t hout
limtation a Goup II1-V sem conduct or quantum wel | -bascd | i ght

emtting diode, a |l aser diode, or a hor ot her than the phosphor
of a light eni®®indtelipdil ’F*Y“t%e‘ﬂmlg’seﬁg tnvention. The |ight source
of the present invention can either excitel/irradi ate the phosphor

directly, qr C|t stemto there xcltation
cner oy | or I (S G 0RB § ey s r B e S e
her ei n foroszkmags;se)&z; zﬁ\klkaAkﬁgﬂa MUIDSE atltdsiedne Gasleptitaion, akena9hbe kddted
oven or other.,reaction.vess i.on t of th ants r
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t emper at ure of Source 1 s the tenperature

bl ack- bodyseleciefi fmﬂ@)ﬂw etene inckiding Ca | Ny ﬁtn, b, GdoHp Byabd. Erlive YboLw, M, Bi,
|'i ght sourggsy Iﬂ;oggﬁgfe,gmk@gwtﬁmpgﬁsatﬂweﬁbz&;,dqu K or nore) are called
cool colors (or "cool ite" | ower col or tenperatures (2, 700-3, 000
K) are called warm col ors (or 'warm white"). 100461 For the purposes
of the exanpl es described herein, the quantum efficiency (QE) was
nmeasured agai nst an internal standard sanple. 100471 Unl ess defi ned
otherwi se, all technical and scientific terns used herein have the

sanme neani ng as commonly understood by one of ordinary skill in the
~3-



[0067] FIGURE 19 depicts the X-ray powder diffraction patterns of
phosphors of fornulation (3). [0068] FI GURE 20 depicts the

t enper at urWod8énéhce of the emission intensity of phd®§FHER&06#2491
formulation (3). [0069] FIGURE 21 depicts the fluorescence excitation
profiles of phosphors of formulation (4). The fluorescence was
nonitored at 650 urn. 100701 FI GURE 22 depicts the fluorescence

em ssion spectra of phosphor sanples of formulation (4) with an
excitation of 460 nut [0071] FIGURE 23 depicts the tenperature

dependencegpgb) tme;em SeRibORmEY, OBS Ipkdéer®finRR@MP ROBiSecRl hod Motat fadily (©f) .
[ 0072] FIGUE&E g ts a |ight Emttlng device structure of the
present i GFEMRITIEEHDaS ??]h"rﬁF’@qfﬁ%d % depicts a light enmitting device
structure of the present invention. [0074] FIGURE 26 depicts a |ight
emtting devic rese iavention. [0075] FI GURES
27(a) and 27(b éﬁﬁ@ )21}49 r?“""cfn“é'ﬁd‘ é’fﬁ"@%lgon spectra of
Cat, zI\/(I)z(AI E), xy- zS||-x rxy47N2- x- xy-2./3.v/30,, Cxyliv: Ce3+ M1)*
(x = d B car bonit | y<py = L,
Mv?fl)eremQ)"ixge _?_ 1, d@ﬂ@r&@i hg ah&j&xgl}oz.%P %9&1‘(?1‘ C]l;@

and (b) e em ssion $pectra were nonitored at 460 ri m and
the excit &SY6hS SperchAh ximtex o, et &g -xatz<b 78D ingt 1§ag0mme flivasnterien, 2gd
deplcts t hey@BE&R Foff hEEbHNEQuAREEd M2, BL Sr, Ba, Cu, Co, Ni, Pd, Zn, Cd and oth

"M1), (AI Xy zollt-x%x?}z Rz- X Xy [V%W% v abvvl&(;f &: Coa- l\/(an‘%%0 er(x
o 5, v “elcnteem Top gl deps (Y is-at lf?st owormaql%ﬁﬁn%%mah%ﬁsm from
[0077] Fl %L%Qnaﬁ&lgcﬂaslﬁ,h@% cayAgoamdaar M{IfIf @€ lehs® Bndd@V 4K BRioR and

NP et e g A 0% r ik ol

t he terrpertahmttoe mletpieimdenoﬂe i0h Huhleeerics kbdvator nibpadSint tie @fystal structure at a

Cal.,,zM | +ZN2- X=XV -2, 130WCx ; DA (X
S0, 5, 2\ bR Rteyer B Y S i 50 KA T Nl
eni ssit on sbpnletmsaogizmﬁﬁg@om thezrbmintludinecpdtﬁ%{sm EEH?L {) be@f EIS Er,

i nvention S§1200; m 21pC
conpri si ng;r sanit;llttg no. ia2 2. pﬁﬁ%g Jp%fﬁtg% ﬁ IE(]:lts tﬁg%erﬁgsrg?loﬁ spectrum
of a pcLED conprising sanmple no. 2.7. Fi gure 31(c) depicts the

en ssi on 86 ' NeeRin %@%E&@omprﬂrébﬂgmﬁm & BRected: tb- a Fﬂogarem;’nl(o@l)
depicts the_em ssion, spectrum of pcLED conpri si ng sarrp e no.

[0080] FI G@JRE‘@'QE’H‘EER%P@}’P%%WG%’Von spectrum of an exenpl ary V\:hl te
| i ght pcLED of the present i nvent| on conpri si ng YAG Ce and sanpl e no.

2.2. 100811 FI GQURE he .em ssjon s of an exenpl ary
white |ight pc@g 6‘%@ %{%11%@ PRSI PoH e ng] %% green
silicate phospdey M(EhsaAVHI) BTN 257 «: L iy b OB H 4t | on 100821 In
certain enbodi nents, the present invention is directed to a novel
famly of carbonitride-based phosphors expressed by:

(1) Cal- x Alwhese{nSim<k+0cy R O 2y, Chsrv <A, (ivetle kte<0<sexttz, Ordyad-xymr<ef meladobly
0.3 .. 5 _x@yslay obyoSs, @_Léﬂﬂs“@é&%c&v@%' %@k? >qua9%ldb%( £§1€<10'M(ﬁ11§'

str UCt ure at a concentraiion |evel of about . | % t 0 "about

nol % r el atdt {Festee dixalenpeadiop g may basdegied tﬁemarbe xsre\a’slpclb%g Pois Qae%t %l

fromthe 911'19@@ Nlnl?d Zﬂl(ftgan@%thmpdwaléﬂﬂtranﬁﬁbn fabtal i6%, M(Dis dMVeastdRe mbfovalddh
Yb, Lu, re preferably Ce3+, Eu2+, Eu3+, Tb3+ Yb2+

and Mh2+. cem?peémy&ﬁ aqlch’}? fomdhe P 1&91%18&11 Nog K B3 iy 48 2y M(Dds 2
conbi nat i aeestdne GrdlkMN2aidnClard rEaibe del&bddUtoirOiie ﬁcb&ﬂ/ itl6ding®tAl, GANIR 86 HILe

2H Wartzit t i h t h bel t
Space or oL PA oG A R RB L ReRITE: FACH et gl UPY ROPRGHITE oo
crystal syskael Gudie gowpantiudiat F,o0, Baanddle kxpresed(4hyth¢ hendvalehtamiong

ohere bot R, SRR Amt (ayof Subl bl M b Y o s o

| attice, and can replace each other in the fornulation. [0083] In

certain enbodi nents, the present invention is directed to a novel
R



may be selected fromthe group including Be, My, Ca, Sr, Ba, Cu, Co,
Ni, Pd, Zn, Cd and other divalent transition netal ions. Ma) is at

| east one WORSMAMEN® cation, and may be sel ected from RUITAISGEIO@#ER491
including Li, Na, K, Rb, Cu, Ag and Au. M1H) is at |east one
trivalent cation, and may be selected fromthe group including B, Al,
Ga, In, Sc, Y, La and Gd, and other trivalent transition netal ions.
A is a lum nescence activator doped in the crystal structure at a
concentration | evel of about 0.001 nmol%to about 10 nol % relative to

M11). Prebefidoint (3FaARitREerAlA 1|s@ﬁ§ﬁme@&ﬁce| Afkate bkl adnd dr@mt tthetu@raoup

i ncl udi ng Ce, Ll
and Sb, nﬁP'&e'ﬁPB?‘blF%PéPéab@é@ do1 El?b’#m aéalgéb “%élga%?%gﬁd T’t?hf‘?ﬂt?ly
I n formul atiapRst 61&)101@.5&130(33)'roﬁfthé Heuppin€edid Cé, Pv,ent, SN Eu, tdteTﬁumatﬁenEr,

ronoval ent b o By SR e By o At ong: Miten, e.g..

[I\/(I)S|f+4[CaAI]5+ (or, in terms of the present invention,

MM bR oS TR BRAERILAS A1 LORITYI U pafitPieaec

Cal - x- ZNa Pt Hayeiiisn fs-an ontb@h@mc o(moyn@h;mzp@atwst}ers 41 In certain embodiments, the
M) M 1. O%r%fa?s)(n’ﬁﬁrmg o mENS N Mtﬂéﬁh‘}@h&a%ﬁgg 15 spbd ShupfdHeal Gl ti ng
formulation o host crystal,

Mal h- x-zW LM M x- xy-zSi | -x+xy+zN2 X-XyCxy, is conprised of both
carbon anqodif 1R 9&hin dMbofiheft@Mhdd@ystdl stdciird SRhAERt &Rk 0018 BhospKbr bie
formul ati on. 100861 Furtherm)re In further enbodi nents OE GE%

i nvent i on PEEH AYFIEEP t578 ofthpphomyif sysieyy. “ﬁ’é‘i"l%g‘ ung el a fLieResherystal
ani ons ar as agieed aﬁoﬁtﬂdiﬁeﬁthtﬂﬁdboﬂIQwst&aﬂte uhiticef] hramibiatd athe(hédt crykthids between

it i i;al | h dth
10 Lo R3-L Ikl SUORIAL UL 0 Y41 DEKOD A0 PENSRA |
f or mul at i GD0p4agngd abdwe 5.5 Ar Gy Buthérsmpadimeray, byit celiphacetdr hyanbdx pgweenabalt or

hal .

( Z) ﬁ/glef‘x }%ﬁ? d%]%§tt{ '9%% 'AOQ &L aﬁ@??ﬁg an&"&t%ug%(g d§ C@%gcw%ﬁ Clg 19 A agd
(4a) M 1- 0 Ebxat 2RIV m;yﬂ pargmezeslh caszbwaxz'm@bowyiw 311%@@ 5.3000whe!

wher ei n Ogsh s%ﬁkﬁféﬂd 507032 %ilbenQeeM iﬂout %Wiland %ﬁ&lﬁé 67 )P%SM u%n caﬂ;ﬂmmeter p

O<x-xy-z<1, preferab g

0<w<0. 3. ¥ e%&y&out aﬂQf @%W&&ffwem thoytﬁ% Aatd abelﬁsﬁtl%%aer between
di val ent G8kitGn5 Aandavselys.des sel ected fromthe group including Be, M,
Ca, Sr, Ba, Cu, Co, N, Pd, Zn, Cd and other divalent transition
metal ions. MJ) is at | east one nonoval ent cation, and nay be

sel ect ed flo@3] tiheergiroeiibotifizhis dha¢rydtdl stribdeure Kftthqst &ystatAgttﬂmﬂosﬁmm oMuM
el bal g SO ot B SR G S0 ik AR B S5 p5EHES SO oGP
transiti orbetreemiboiiches. A khd abouttS. qoéastte witeclhpaancd énf tlaﬂwsrbnryst@lndbame,en be
sel ected fhomsdes gt&tteutlwg%pgm&eugmﬁer ABfmt bt By }t%lgutft@ten%out

(4), the m)noval ent anion replaces a certain anount ygen

I'n fornmul a&408rh eurbgboutt Sl zfxrwé\ﬂm wiftcelh pprametergh(baiekef the bast erstal inbasveen

(v/3) of erBﬁtcBng@greee‘ ah& atibul %J@Rﬁ&eﬂqﬁn&%ﬂ%ﬂhﬁ&usdﬁmﬂ.@n Ela&télé‘r £EMkal
structure at a concentratlon | evel, of about 0.0Q1 nol % %[l:;out 10

mol % r el atheFeer abogy -3 A apfl gyt &BY & betweeg 3basi 975 @&s‘*{’%ﬁéo Rr between
sel ected fabetmgt#ge& gidoAbPuti ml Mdhzﬂgel(:ﬁararl?é’ter Nedn bSBRtwE, abbud 5,601 arldyaboitto

Th2e Vo2e ik S FPHORH] A P FEer s PrP S WS G bHaof 0L mid it

i nvent i on, cell gifam@seeacs: l@ticew stootrs. 080 Aaamnd a0 dtobmtdeen nbomhﬁoﬂymi #but 5.10

structure of h t ni.ration l,ev a
nol %t o ab‘g’ °trtb e&l%ﬁ r1'\(}1<;‘1jt‘1|§‘v bou% %’I V(tél entt t°‘°‘l Btﬁrﬁ%“}‘%f%ejﬁ‘m

enbodi nents, A is doped in thc crystal structure of the phosphor at a

concentration | evel of between about .01 nol % and about 7 nol %
-5-



[ 00100] The polynmer | ens advant ageously has a spherical or oval
cavity. The cavity is filled with the encapsulant. As a result, the
LED array WO 20114778t a short di stance fromthe pol ymerPQrdi$2010/042491
Ther eby, the nechanical structure size can be reduced. [00101] In
preferred enbodi nents, the light emtting devices of the present

i nvention conprise two or nore different phosphors, and in this case,
at | east one of the phosphors is a phosphor as disclosed herein.
Thereby, the white tone can be particularly adjusted to be accurate.
I't can be H§ﬁfc'a!111 bé &t\%eﬁ BEdu® 88 Hég?eepﬁfa%mlbz" d@?@@rb@th%ényaboﬁm@ and about 91
superinposé th gﬁg hors as | ayers instead of dispersing the
phosphor s 4¢Rse ?e“}"f?ﬂél??é‘%s?ﬁif‘@?m%df’w‘ﬁatlvely t he phosphors can be
i nterm xed an dlspersed in one matrix. Such layering can be used to

obtainafln Ssion col or of .a pl ra|
conver si of% o SFETERE ?Qreset“héw\%\’?i hts @Fﬁcgg E’ elghélg ke
absor pti Oﬂorﬂ:fnsﬁlba lig'lgi’btlrcemh&iiieﬁ'lﬂs Gifhthadegra diﬂnﬂ.llmﬁeetremtﬂ apbrtlm&omdczeﬁlbty a

first phos e \Y i.on,

phosphor, g[ﬁ(%)%’? pﬁm%’ HPSIE aﬁl{]‘rn wﬁl]e%n glglt%enhggpgou cg]eTS"ﬁ @“‘S’ﬁ %ESJCB y a
second phbspieecepceaspebtininahdt usgdhfferamﬂmnhmﬁrblylummescgec epsctryph odiwrthe fyst
simlar ar t han two
phosphors ﬁ‘%ﬁ cgﬁg?%q{ehn%??%#e&kﬁ&gdm east %@pg ﬁlsﬂi?g’cgddl tional
phosphors is dlko §dlphbsﬁh®aﬁy1\b&xy€hé\ spresent invention. In sone

enbodi nent s, ab) |e@§1t“1@£1ﬁ(1ﬁﬁmt,1@ﬁm% tlgn@l phosphors is a phosphor
that emts greenll en excite | ue-emtting LED, that, for
exanpl e, emits3 Yi nggmavWﬂmxwﬁl Utrh]é]Pxx&Tbédl ments, at |east one of

t Pel add't tional (#mehmmwammesm;mm; 2waCHOS ABEL: heﬁndte{rbodl ments,

at least one o is agr emtting
phosphor, for %@an&@lamg&q@h)"w U et e "tcg’ ffn act i vat ed
yttrium aImh&bmmglatOnﬁtl 0 X448, M‘E),,O‘iﬁflﬂt opielnxagi-e,veal Odx-xy-z<1; M(I) is at
orthosili ates e.q..,

al kal i ne E oR® dw?lg]t c?ur?l oggﬁs aF%}B% f”(e ’E%f@a%@g ,E\%@ﬂffs ‘A{%%%%‘éﬁ%aﬁeq% he
case that camhxlﬁ plaeleghwptmp*gxleatmomseldAlsalumysqg@eaelwaﬁqt ageous t hat

the nmultiple phosphors are suspended in each matrix, and, in t hat
case, these matrices are di sposed back and forth in the I|

propagat i 6¥18li feceian lighthepiging, device smbediments oMEBNisr slecGh fE“&h ﬂt?egwup

reduced C‘Esﬂéﬁﬁ@tﬂof‘ﬂet it OF seanect, at NI |fP€ ZH Hd@@%(lpﬁ@&&h@l’fﬁmﬁﬁhe group
di spersed and m xed _t oget her . Exampl e The aration_of

Dhobphor s COTF Shial Bn kPGt et e VUL (BT R NS O e e,
Al EI SlShmh@;m 8, B GAVERY, § iflietee@d fr&nmc%ﬁﬁlp gheidtingaif FOCIaBr dnil §tagdlon A1
Table 1 wi't estl e er,the rot

2t nospier &met Riestoaf Pl GR scifisl TR b ASue SoRun L 3 Spabu Gt o1
x was fi xat, &y, Ho-Er, Bmydn, Le, Mn,Whasng8b.i ed from O to 0.10. This
variation corresponds to an increase of C content and a decrease of
the [AI]/[SI] ratio, as seen in Table 1. The m xture was then | oaded
in a firireprpbde cotaincambeilibiets. thvllighh smitting dlaviest o IBOBGeRiGnvegtionpamarisgheler
N2/ H2 at I t er then ground and si eved.
[00104] T ﬁ&gﬂrgﬁpé%@ggégﬁgggﬁrxyN Hg:f(’ol?rrul ation of
Cal."Al.-xySii-x-ExyN2-.),C'y: Eu2+. This phosphor emts a red |ight
under blu 001171 NiMinkd Qﬁﬂodﬁi@ﬁistﬁ& h:%ﬂ rfttif 8Ricd ot tHelprdsBRt iSRMRMSmERkEs a

forth in 1, the Si a ampl.e reasedfromsarrpleto
sanpl e. APS?SBHHF%RI?SBW Q’§§r¢é!@ éﬁ(@wﬁ“ ‘t”‘m“ﬁ@m%l ns no SiC, i.e.
[ SiC] =0, was prepared as a reference sanple. As depicted in F| gure 2,
the em ssion peak wavel ength is shifted to a | onger wavel ength as the
amount of SiCis increased, resulting fromthe incorporation of
silicon-carbon atons into the nitride lattice. [00105] The phosphors
of these preparations are excited by a light of wavel ength from 350
-0-



1.0617 0.8450 1.0148 0.0360 0.0435 80 662 87 1.3 1.0620 0.8008 1.0151
0. 0360 0.0870 91 661 87 1.4 1.0624 0.7566 1.0154 0.0360 0.1306 73 663
93 1.5 1.089200/1#2728 1. 0158 0.0361 0.1742 72 664 93 10GTOBROIPHE491
crystal |l ographic data for these preparations are listed in Table 2.

It is shown that the unit cell paraneters a, b, ¢ and hence the unit
cell volume of the crystalline Cat.xAl x-xySit-x+xyN2.x.xyCxy: Eu2+
(x=0.5, Eu=1 nol% decrease as the anmount of SiC content in the
formulation is increased. Figure 5 shows the XRD patterns of the
phosphor s (gifisf 1§ fRMENMLBEIIGRS thd it &Bitbg labvidNEihed@pemtisvehting dfpiisec £l |

paraneters as, function of for, the phosphors_of fhese preparations.
The unit ®BPPIGSFREaRddy %)&ég?le%@zwlﬁgargw Ne-red aneter y is

increased fromy=0 to r0 1. This decrease corresponds to a decrease

of the [Al ii] ratiqg i.n the farnul at.ion, . deppnstrati.n n incr e
"h the nuipgh ol et e AT arng Bvied ST BERRER Bl e RBEEEE
as an i ncrpeapboricxpresbaaibly €4) MID: (W) MGG .S 2hadNe w8 24 Exl0angdrA. (Al - T N)
bonds. In fact it is known that the |l ength of bonds of Si-C (or A -C
is shorter than that of Si-N (or Al-N). In addition to the evidence

of the spd@®2fbdu Gyiher adbodimertsitssiiaghh eniinetdevcet! IR pyerert lnveniigydopatises a
ref | ect angeogho it 1l Mit LAEDNNRL | SLLLOR, DAL ATRL S decr ease

as carbide content 1ncreases denonstrates that pair is
i ncorporated into the lattice.

[0021] In certain embodiments, the light emitting device of the present invention comprises a

combination of two or more of the phosphors of the present invention.

(0022] In certain embodiments of the light emiiting device of the present invention, the first

luminescence spectrum is from about 330 nm to about 500 nm.

[0023] In further embodiments of the light emitting device, the light source is a light emitting

diode or a laser diode.

{0024] In certain embodiments, the light emitting device of the present inventions comprises a
phosphor wherein the host crystal of the phosphor is an orthorhombic or a monoclinic crystal
system. In certain embodiments, the crystal structure of the host crystal of such phosphor
belongs to space group Cme2, or Ce.

[0025}F In certain embodiments, the light emilting device of the present invention comprises a
phosphor wherein the crystal structure of the host crystal of the phosphor is an orthorhombic
system, wherein the unit ccll parameter @ of the host crystal is between about 9.65 A and about
9.90 A; the unit cell parameter b of the host crystal is between about 5.55 A and about 5.80 A;
and the unit cell parameter ¢ of the host crystal is between about 5.000 A and about 5.15 A, In
furlher embodiments, unit cell parameter 2 can be between about 9.75 A and about 9.85 A,
between about 9.75 A and about 9.80 A, or between about 9.79 A and about 9.81 A; unit cell
parameler b can be between about 5.60 A and about 5.75 A, between about 5.60 A and 5.70 A,



Table 2. Lattice paraneters of Cat.,Al,, ,3Sit_, +xyN2,., 3, Cxy: Eu2+ (x
= 0.5 Eu =1 nnor/o) Sanple IDxy a (A) b (A) ¢ (A Unit cell volune
(Al 1.1 0 902048270 66550 5. 06669 281.16 1.2 0. 025 9. 78430180186 223%1

5. 06066 280.38 1.3 0.05 9.78524 5.66069 5.05903 280.23 1.4 0.075
9.78196 5.65813 5.05694 279.89 1.5 0.10 9.77083 5.64391

or between about 5.64 A and about 5.67 A; and unit cell parameter ¢ can be between about 5.000
A and 5.10 A, between about 5.05 A and about 5.10 A, or between about 5.05 A and about 5.07
A.

[0026] In other embodiments, the light emilling device of the present invention compriscs a
phosphor wherein the crystal structure of the host crystal of the phosphor is a menochinic system,
whercin the unit cell parameter a of the host crystal is between about 9.65 A and about 9.90 A;
the unit cell parameter b of the host crystal is between about 5.55 A and about 5.80 A; the unit
cell parameter ¢ of the host crystal is between about 5.000 A and about 5.15 A; and the unit cell
parameter 8 (beta) of the host crystal is between about 87 degrees and about 93 degrees. In
further embodiments, unit cell parameter a can be between about 8.75 A and about 9.85 A,
between about 9.75 A and about 9.80 A, or between about 9.79 A and about 9.81 A; unit cell
parameter b can be between about 5.60 A and about 5.75 A, between about 5.60 A and 5.70 A,
or between about 5.64 A and about 5.67 A; and unit cell parameter ¢ can be between about 5.000
A and 5.10 A, between about 5.05 A and about 5.10 A, or between about 5.05 A and about 5.07
A; and the unit cell parameter § (beta) of the host crystal can be between about 88 degrees and
about 92 degrees, between about 89 and about 91 degrees, and between about 90 and about 91
degrees.

[0027] In certain embodiments of the light emifting device comprises a second phosphor.

{0028] In further embodiments of the light emitting device, the second phosphor comprises one
or more of the following phosphors: a red-emitling phosphor, a blue-emitting phosphor, a
yellow-emitting phosphor, and a green-emitiing phosphor. In certain embodiments, the second
phosphor is selected from the group consisting of a red-emitting phosphor, a blue-emitting
phosphor, a yellow-emiiting phosphor, and a green-emitting phosphor.

{0029] In some embodiments, the light emitting device compriscs a phosphor of the present
invention combined with a red-emitting phosphor. In other embodiments, the light emitting
device comprises a phosphor of the present invention combined with a blue-emitting phosphor.

In other embodiments, the light emitting device comprises a phosphor of the present invention



5.05049 278.51 1001071 Tables 3 and 4 show the refined structural
paranmeters and isotropic thermal displacenent paraneters of

Ca0. 495A10WA3E1144B8MN1. 4503. 05: Eu2+, The crystal struct (CE/ESR010/042491
carbonitride reflects the incorporation of carbon atons in the host
| attice, specifically, the random partial substitution of the nore
lonic nitrogen anions. This random substitution of Cinto the host
| attice |l eading to these carbonitride speci es decreases
crystal |l ographic symetry conpared to the isostructural nitride

(sanpl e | Rydpiddd: wifthh %ello%/ Jnﬁftﬁ&@?ﬁcﬁ ok.N ut lalra&r éﬂ&ea@%ﬁw Ghe!fi@t ShirfiddeRice

carbonitrides gives | ower when refined in the
| over sy rrﬁewrgﬁem%’a@ﬂl?rrﬂf the pregant lgreﬂg%%omé Wléh 2 grego-coN KRR PhOFRBGR)
(Tables 3 and 4). Table 5 depicts the major X—ray di ffraction peaks
for sanpl

2. Figur the t erature dence of
Lhe oot ot o Bretet Fpfimen of REdishopaing AORE! B 3taind HRSIPRE » erdin
rel ative esiittsy ghosphoroe B gelioy- dﬁﬁmgﬁiﬁﬁlﬂloﬁslntfﬂﬂmnﬁioﬂimnts nigr se@sd ghosphoe

car boni tri; deg.ﬁa‘?fe ﬁﬂ hox (a %%R or eillmzr 3111;f-a|";|e é)h{}sp orlorAéx) €en O%Jf': p%%%% t her mal

stablllty'%% i de I'ncor ora Ion
(sanple 1D 1.1), partlcularly at hi gh tenperatures. Table 3. Refined

(A 5y o - B3 AR S s i A oS e SRR BBID EBes 410
Space gr ougseyteo additivgsl phesphars; evhereip aridatdeast tyapdditiond) phepipfsicactpomprise one

5. 6444( 1 VGl P
5 98%2 éé’%ﬁgép%lﬂﬂg@ﬁ%f gﬁil?ﬂl ¥a Mar%n{stbg’g% ¥ h&Sg Q@Cé')mﬁ?g phédhot) =

0. 3151(2) Yell%gwmﬁp@sa@fen%gﬁﬁl %ﬂ'@ﬂ@r’@&@ﬂ 2) 0.4975(3)

[0032] In certain embodiments, the light emitting device of the present invention comprises a
phosphor of the present invention and two red-emitting phosphors. In other embodiments, the
light emniiting device of the present invention comprises a phosphor of the present invention and
two blue-emitting phosphors. In other embodiments, the light emitting device of the present
invention comprises a phosphor of the present invention and two yellow-emitting phosphors. In
other embodiments, the light emitting device of the present invention comprises a phosphor of

the present invention and two green-emitting phosphors.

[0033] In certain embodiments, the light emitting device of the present invention comprises a
phosphor of the present invention, and one red-emitting and one blue-emitiing phosphor. In
other embodiments, the light emitting device of the present invention comprises a phosphor of
the present invention, and one red-emitting and one green-emitting phosphor.  In other
embodiments, the light emitting device of the present invention comprises a phosphor of the
present invention, and one red-emitting and one yellow-cmilling phosphor. Tn other
embodiments, the light emitting device of the present invention comprises a phosphor of the
present invention, and one blue-emifting and one green-emitting phosphor. In other
embodiments, the light emitling device of the present invention comprises a phosphor of the

present invention, and one blue-emitting and one yellow-emitting phosphor. In other



0.89 0.01 All 0.1728(1) 0.1563(2) 0.0222 0.38 0.45 Si | 0.1728(1)

1 0.1563(2) 0.0222 0.38 0.55 N | 0.2130(3) 0.1214(5) 0.3782(4) 0.35
0.967 C 1 W020800@3770. 1214(5) 0.3782(4) 0.35 0.033 N2 0 KCTA4BG(B)2491

0.9826(9) 0.28 0.967 C2 0 0.2458(5) 0.9826(9) 0.28 0.033

embodiments, the light emitting device of the present invention comprises a phosphor of the

present invention, and one green-emitting and one yellow-emitting phosphor.

[0034] In certain embodiments, the light emitting device of the present invention comprises a
phosphor of the present invention, and one red-emitting, one blue-emitling, and one green-
emitting phosphor. In other embodiments, the light emitting device of the present invention
comprises a phosphor of the present invention, and one red-emitting, one blue-emitting, and one
yeilow-emitting phosphor. In certain embodiments, the light emitting device of the present
invention comprises a phosphor of the present invention, and one red-emitting, one green-
emitting, and one yellow-emitting phosphor. In certain embodiments, the light emitting device
of the present invention comprises a phosphor of the present invention, and one blue-emitting,

one green-emitting, and one yellow-emitling phosphor.

{0035] In further embodiments, the light emitiing device of the present invention comprises a

phosphor of the present invention and more than three additional phosphors.
[0036] In certain embodiments, the light emitting device of the present invention emits white

light. In some embodiments, the light emitling device emits warm white light. In other

embodiments, the light emitting device emits cool white light.

Definitions

[0037] 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 erystal in a very small
amount, as further described herein.

[0038] As used herein, "co-activator" refers to an additional activator in the same host crystal.

[0039] As used herein, "dopant” refers lo an alomic or jomic species that is doped in a host

crystal.

-10-



Tabl e 4. Refined structural paraneters, isotropic thermal displacenent
paranmeters ULO(A ) of Ca9.495A1045S10. 55N1. 45C0. 05: Eu2+ Cryst al

syst enVbno®Pi2pl1g48Bace groupCc (9) Lattice paraneters (PATAIS2010/042491
9.8071(1) -5.6446(1) c¢c = 5.0597(1) /3 = 90.069(1) Unit cell volune
(A3)V.= 280.09(1) RI, 8 5.68%4.16%2.14 Atomxis r/b x 100
S.OF. Cal 0.6236(5) 0.8166(2) 0.3095(5) 0.94 0.99 Eul 0.6236(5)
0.8166(2) 0.3095(5) 0.94 0.01 Al 0.30167 0.1587(9) -0.1756(11)

[0040] As used herein, “particle” refers to an individual erystal of phosphor.

[0041} As used herein, “grain” refers to an agglomeration, aggregation, polycrystalline or
polymorph of phosphor particles, where the particles are not easily separated as compared to
phosphor particles of a powder.

10042] As used herein, the term "phosphor™ refers to a phosphor in any appropriate form, such
as a phosphor particle, a phosphor grain, or phosphor powder comprised of phosphor particles,

grains, or a combination thereof,

[0043] As used herein, “light source” refers to any source of light capable of exciting or
irradiating the phosphors of the present invention, including without limitation a Group -V
semiconductor quantum well-bascd light cmitting diode, a laser diode, or a phosphor other than
the phosphor of a light emitting device of the present invention. The light source of the present
invention can either excite/irradiate the phosphor directly, or excite another system to thereby

provide the excitation energy for the phosphor indirectly.

[0044] 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.

[0045] “White light,” as used herein, is light of certain chromaticity coordinate values (e.g.,
Commission Intcrnationale de I’Eclairage (CIEG)), which are well-known in the art. Correlated
color temperature of a light source is the temperature of an ideal black-body radiator that radiates
light of comparable hue to that light source. Higher color temperatures (5,000 K or more) are
called cool colors (or "cool white”); lower color temperatures (2,700-3,000 K) are called warm

colors (or "warm white").

[0046] For the purposes of the examples described herein, the quantum cfficiency (QE) was

measured against an internal standard sample.

-11-



0.56 0.45 Sit 0.30167 0.1587(9) -0.1756(11) 0.56 0.55 Al 2 0.4548(3)
0.3449(8) 0.3394 0.08 0.45 812 0.4548(3) 0.3449(8) 0.3394 0.08 0.55
Ni 0.4175(9P 201184539 16) 0.190706) 0.02 0.9667 Cl 0. 417 FCIYUDIBOBIIN 6)
0.190706) 0.02 0.0333 N2 0.3441(10) 0.125505) 0.189805) 0.10 0. 9667

[0047] 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,

[0048] In the description of phosphors, 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(s)

and co-activator(s).

Brief Description of the Figures

[0049] FIGURE 1 depicts the fluorescence emission spectra of phosphor samples of

formulation (1) with the excitation of 460 nm.

{0050] FIGURE 2 depicts the dependence of the emission peak wavelength of phosphors of

formulation (1) on the amount of 8iC added to each phosphor's preparation.

[0051] FIGURE 3 depicts the fluorescence excitation spectra of phosphors of formulation (1).

The fluorescence was monitored at 650 nm.
[0052] FIGURE 4 depicts the optical reflectance of phosphors of formulation (1).

[0053] FIGURE 5 depicts the X-ray powder diffraclion patterns of phosphors of fermulation
(D.

[0054] FIGURE 6 depicts the latlice parameters of phosphors expressed by the formulation
CayxA Ly SitneyNoxxyCoy'B0™" (x = 0.5, Eu = 1 mol%) as a function of y for sample

preparaticns 1.1 through 1.5,

[0055] FIGURE 7 depicts the temperature dependence of the emission intensity for phosphors
expressed by the formula Ca].,(;ﬂd,‘.,‘ySil.,LJ,,‘,,NZ.,(.,(},C,cy:Eu‘?r {x=0.5, Eu = 1 mol%).

-12-



C2 0.344100) 0.125505) 0.189805) 0.10 0.0333 Na 0.6212(11) 0.2526(5)
0.293402) 0.07 0.9667 C3 0.6212(11) 0.2526(5) 0.2934(12) 0.07 0.0333
Tabl e 5. TWOZKWI43778li f fracti on peaks of sanple 101.2 f RCTIusRmI0&4PION
(1). No. 2 theta () d(A) I () ( hkl ) orthorhombic (hkl ) nonoclinic
1 18.198 4.8710 1.6 (1 1 0) (1 1 0) , 25.439 3.4984 3.7

[0056] FIGURE 8§ depicts the lattice parameters of phospbors expressed by the formulation
Ca1xAlexySi1osyNaayCoy BZ™ (=005, Bu = 1 mol%) as a function of x for sample
preparations 1.6 through 1.10.

[0057] FIGURE 9 depicts the fluorescence emission spectra of phosphors of formulaiion (2)

with the excitation of 460 nm.

[0058] FIGURE 10 depicts the dependence of the emission band width of phosphors of

formulation (2) on the amount of SiC added to each phosphor's preparation.

[0059] FIGURE 11 depicts the fluorescence excitation profiles of phosphors of formulation (2).

The fluorescence was monitored at 650 nm.

{0060] FIGURE 12 depicts the dependence of the emission intensily excited at 550 nm of
phosphors of formulation (2} on the amount of SiC added to each phosphor's preparation. The

cmission was monitored at 650 nm.
[0061] FIGURE 13 depicts the optical reflectance of phosphors of formulation (2).

[0062] FIGURE 14 depicts the X-ray powder diffraction patierns of phosphors of formmulation
).

[0063] FIGURE 15 depicts the ternperature dependence of the emission intensity of phosphors

of formulation (2).

[0064] FIGURE 16 depicts the fluorescence excitation profiles of phosphors of formulation (3).

The fluorescence was monitored at 650 nm.

[0065] FIGURE 17 depicts the fluorescence emission spectra of phosphor samples of

formulation (3) with the excitation of 460 nm.

[0066] FIGURE 18 depicts the reflectance spectra of phosphors of formulation (3).

-13-



(111) (111) 331.785 2.8130 71.1 (0 2 0) (0 2 0) 4 35.581 2.5211
58.8 (0 0 2) (0 0 2) 5 36.526 2.4581 100.0 (0 2 1) (4 0 0) 6 40.201
2.2414 4. IWOROILATH1 1 2) 7 41.071 2.1959 9.1 (2 2 1) KA/EB201p/og491
48.390 1.8795 24.3 (0 2 2) (0 2 2)

[0067] FIGURE 19 depicts the X-ray powder diffraction patterns of phosphors of formulation
(3).

[0068] FIGURE 20 depicts the temperature dependence of the emission intensity of phosphors

of formulation (3).

[0069] FIGURE 21 depicts the fluorescence excitation profiles of phosphors of formulation (4).

The flucrescence was monitored at 650 nm.

10070} FIGURE 22 depicts the fluorescence emission spectra of phosphor samples of

formulation (4) with an excitation of 460 nm.

[0071] FIGURE 23 depicts the temperature dependence of the emission intensity of phosphors
of formulation (4).

[0072] FIGURE 24 depicts a light emitting device structure of the present invention.

[0073] FIGURE 25 depiots a light emitting device structure of the present invention.

[0074] FIGURE 26 depicts a light emitting device structure of the present invention.

{0075] FIGURES 27(a) and 27(b), depict excitation and emission spectra of
C21-xM(D(AIB ) y-zSitxsayts Ny 2wz s OuCoyHu: Ce MD™ (x = 0.5, v = 0, Ce = 1 mol%)
carbonitride phosphors; () M(I} = Li, and (b) M(I) = Na. The emission spectra were monitored
at 460 nm and the excitation spectra were monitored at 570 nm.

[0076] FIGURE 28 depicts the optical reflectance spectra of
Cal-x-zM(I)z(A]-B)x-xy-zSi1—x+xy+zN2—x-xy—2w:'3-VIBOWnyHv:ces+:M(D+ (X = 05: y = 0: Ce=1 mOI%’

M(I) = Li, Na) carbonitride phosphors.

[0077] FIGURE 29 depicts the X-ray powder diffraction patterns of
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9 49.320 1.8462 4.3 (1 3 0) (1 3 0) 10 52.066 1.7551 6.9 (2 2 2) (2 2
2) 11 52.726 1.7347 1.1 (4 2 1) (1 3 1) 17 56.505 1.6273 24.8 (3 3 0)
(3 3 0) 13WeZ0B8827105917 0.5 (1 | 3) (1 1 3) 14 59. 640 PLTAARG00439Y 3

3 1) (3 3 1) 15 62.249

Ca1 MDA AIB ) xy2S11 gt 2N xeny-2i3-03 0w Coy HyiCe  M(D)™ (x = 0.5, v = 0, Ce = 1 mol%,
M(I) =Li, Na).

(0078] FIGURE 30 depicts the temperature dependence of the emission intensity of
Cal-x-zM(I)z(AlB)x-xy-zSi1-x+xy+zN2-x-xy-2wn'3-v.f3Owava:C33+5M(D+ (x=035v= 0, Ce = 1 mol%,
M(T) = Li).

[0079] FIGURE 31 depicts thc cmission spectra of exemplary carbonitride pcLEDs of the
present invention. Figure 31(a) depicts the emission spectrum of a pcLED comprising sample
no. 2.2, Figure 31(b) depicts the emission spectrum of a pcLED comprising sample no. 2.7.
Figure 31(c) depicts the emission spectrum of a pcLED comprising sample no. 4.1. Figure 31{d)
depicts the emission spectrum of a pcLED comprising sample no. 4.3.

[0080] FIGURE 32 depicts the emission spectrum of an exemplary white light pcLED of the

prescnt invention comprising YAG:Ce and sample no. 2.2.

[0081] FIGURE 33 depicts the emission spectrum of an exemplary white light pcLED of the

present invention comprising a green silicate phosphor and sample no 2.2.

Detailed Description

[0082] Tn certain embodiments, the present invention is directed to a novel family of

carbonitride-based phosphors expressed by:

0] Cay xAlexySiixrayN2xxyCxy A

wherein 0<x<1, O<y<l1, preferably 0.3 =x 0.8, O<y<0.5. A is a luminescence activator doped in
the crystal structure at a concentration level of about 0.001 mol% to about 10 mol% relative to
Ca. Preferably, A can be at least one ion selected from the group including Ce, Pr, Nd, Sm, Eu,
Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi, and Sb, more preferably Ce**, Eu”*, Eu**, Tb**, Yb**
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1.4902 2.4 (1 3 2) (1 3 2) 16 64.410 1.4453 22.7 (0 2 3) (0 2 3) 17
66.271 1.4092 3.3 (0 4 0) (0 4 0) 18 67.544 1.3857 1.5 (2 2 3) (2 2
3) 19 68. 590 201138873018. 4 (3 3 2) (3 3 2) 20 69.150 1. 3FCA/US010/04BY
1) (5 3 0) 21 72.135 1.3084 0.6

and Mn?*, Compositionally, the host crystal of formulation {1) is a combination of CaSiN; and a
solid solution AIN/SiC. Both AIN and SiC (2H Wurtzite) are crystallized in a hexagonal system
which belongs to space group P63me, and CaSiN; can be either cubic or orthorhombic crystal

system. Such z combination can be expressed by the following equation:

( 1 -X)Cas iN2 + xAl ] _ySin] -yCy - Ca] -xAlx.xySil-x-i-xyNZ-x.xnyy

where both carbon and nitrogen are constituent atoms of the host lattice, and can replace each

other in the formulation.

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

carbonitride-based phosphors expressed by:
(2 Ca -x—zNazM(HI)x-xy-ZSi 1—x+xy+zN2-x-xnyy:A

wherein 0<x<], 0<y<1, 0<z<1, x>xy+z, and 0<x-xy-z<l, preferably 0.3 <x 0.8, 0<y<0.5, 0<
2<0.45, x>xy+z, and O<x-xy-z<l. M(II) is at least one trivalent cation, and may be selected
from the group including B, Al, Ga, In, Sc, Y, La and Gd, and other trivalent transition metal
ions. A is a luminescence activator doped in the crystal structure at a concentration level of
about 0.001 mol% to about 10 mol% relative to Ca. Preferably, A can be at least one ion
selected from the group including Ce, Pr, Nd, 8m, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, Lu, Mn, Bi,
and Sb, more preferably Ce®*, Ev?*, Eu®, Tb*, Yb?' and Mn**.

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

carbonitride-based phosphors expressed by:

(3) M(H) I—x—zM(I)zM(I H)x-xy-z Siy -x+xy+zN2-x-xnyy:A

wherein 0<x<1, O<y<l, 0 =z<I, x+z<1, x>xy+2, and 0<x-xy-z<1, preferably 0.3 <x <(.8,
0=y<0.5, 0=2<0.45, x+z<1, x>xy+z, and 0<x-xy-z<1l. M(II) is at least one divalent cation, and
may be selecled from the group including Be, Mg, Ca, Sr, Ba, Cu, Co, Ni, Pd, Zn, Cd and other

divalent transition metal jons. M(J) is at least one monovalent cation, and may be selected from
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the group including Li, Na, K, Rb, Cu, Ag and Au. M(TI) is at least one trivalent cation, and
may be selected from the group including B, Al, Ga, I, S¢, Y, La and Gd, and other trivalent
transition metal ions. A is a luminescence activator doped in the crystal structure at a
concentration level of abont 0.001 mol% 1o about 10 mol% relative to M(II). Preferably, A can
be at least one ion selected from the group including Ce, Pr, Nd, Sm, BEu, Gd, Tb, Dy, Ho, Er,
Tm, Yb, Lu, Mn, Bi, and Sb, more preferably Ce*”, Eu?*, Bu®', TH*", Yb*' and Mn*".

[0085] In formulations (2) and (3) of the present invention, the divalent cation M(II) and
trivalent M(III) are partially replaced by the monovalent cation M(I) and Si by a way of cross-
substitution, e.g., [M(D)Si]**>[CaAl}*" (or, in terms of the present invention, [MI)M(II]*).

This substitution results in a formulation expressed as follows:

Cay -xAlx-xySi 1 —x+xyN2-x-xnyy+z[NaSi] 5+—) Ca; —x-zNarAIx-x}r-zS i [-x+xy+zN2-x-xycxy'i'Z[CaA1]s+

ML) 1My S1i sy Na-renyCay 2 [M D8] -
M1 MM nyrSit ety aNa-xoyCry+ 2 [ M{IM(IID T

in which the resulting formulation of the host crystal,
M{ID 12 2MD M) y-zS11 x41y+2N2x5yCry, s comprised of both carbon and nitrogen, which can

partially replace each other in the formulation.

[0086] Furthermore, in further embodiments of the invention (formulations (4) and (4a) below),
oxygen and halogen anions are added to the host crystal. In formulation (4), the nitrogen is
partially substituted by the oxygen and the oxygen is, in tumn, replaced partially by halogen.
Alternatively, in the formulation (4a), the nitrogen is partially replaced by oxygen and/or

halogen. These formulations of phosphor are expressed by:

(4) M(II)] -x-zM(I)zM(IH)'x -xy-zSi i -x+xy+zN2 =X=xy=-2w/3 nyow—v.’ZHv A and
(43-) M(ml X -zM(I)zM(IH)x -xy-zSi 1 -x+xy+zN2 -K-xy-2w/3-v/3 CX}'OWH\':A

wherein 0<x<l, O<y<l, 0=z<1, 0=v<l, O<w<l, x+2z<I, x>xy+z, and O<x-xy-z<l, preferably

0.3 =x =0.8, 05y<0.5, 0 <2<0.45, 0 =v<0.3, 0<w<0.3, x+z<1, x>xy+z, and O<x-xy-z<I. M(IT) is

-17-
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according to the process described in Exanple 1(a) using the starting
materials and weights listed in Table 6. The product is expressed by
the formulation of Cal..xAl x-xySii-x+xyN2....yCxy: Eu2*. In these
preparations, the x value was systematically increased fromO0.45 to
0.6 and the y value was fixed at 0.05. This change lead to a
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S13N4 .
Tm, Yb, Lu, Mn, Bi, and Sb, more preferably Ce™, Ev®*, Eu®*, Tb**, Yb** and Mn®".

[0087] In the formulations of the present invention, luminescence activator A can be doped in
the crystal structure of the phosphor at a concentration level of about 0.001 mol% to about
10mol% relative to the divalent cation. In some cibodiments, A is doped in the crystal structure
of the phosphor at a concentration level of between about .01 mol% and about 7 mol% relative to
the divalent cation, In other embodiments, A is doped in the erystal structure of the phosphor at
a concentration level of between about .05 mol% and about 5 mol% relative to the divalent
cation. In further embodiments, A is doped in the crystal structure of the phosphor at a

concentration level of between about .5 mol% and about 2.5 mol% relalive 1o the divalent cation.
[0088] In certain embodiments, A comprises at least one co-activator.

[0089] In certain embodiments, the phosphors of the present invention maintain at least 70% of
their relative emission intensity at temperatures up to 250°C. In other embodiments, the
phosphors of the present invention maintain at least 85% of their relative emission intensity at
temperatures up to 230°C. In other embodiments, the phosphors of the present invention
maintain at least 90% of their relative emission intensity at temperatures up to 250°C. In certain

embodiments, the phosphors of the present invention maintain at least 70% of their relative
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EuN SIC x Y xy 1.6 1.1221 0.7307 1.0725 0.0381 0.0376 0.45 0.05 0.023
1.7 1.0853 0.7978 1.0380 0.0390 0.0411 0.48 0.05 0.024 1.8 1.0334

0. 8924 0. 989200/1920@ 0. 0460 0.52 0.05 0.026 1.9 0.9922 ¥CTA67610049%505
0.0412 0.0498

emission intensity at temperatures up to 200°C. In certain embodiments, the phosphors of the
present invention maintain at least 85% of their relative emission intensity at temperatures up to
200°C. In other embodiments, the phosphors of the present invention maintain at least 90% of
their relative emission intensity at temperatures up to 200°C. In further embodiments, the
phosphors of the present invention maintain at least 90% of the relative emission intensity at
temperatures up to 150°C. In other embodiments, the phosphors of the present invention

maintain at least 95% of their relative cmission intensity at temperatures up to 150°C.

[0090] In certain 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 zbout 30 microns,
and more preferably from about 5 to about 20 microns. In some embodiments, the phosphor is a

grain. In other embodiments, the phosphor is a particle.

[0091]) In certain embodiments, the present invention further provides a lighl emitting device
comprising: a light sourcc cmitting light of wavelengths from about 200 to about 600 nm,
preferably from about 350 to about 490 nm; and at least one phosphor of the present invention,
where the phosphoar 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 sonurce. For
example, the phosphors of the present invention are mixed with a silicone resin to form a slurry.
The phosphor-filled silicone can be applied to a LED chip as shown in Figure 24. The LED emits
light in the near ultraviolet (nUV) range (e.g., about 405 nm) or the blue range (e.g., about 450

nmy}.

[0092] The light source used in the present invention, can, for example, comprise a gailium
nitride-based LED with a light-emitting layer comprising a guantum 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 Figures 24-26).  The phosphor of the present
invention can be located on the surface of the LED (Figures 24 and 26) or separated therefrom

-19-
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7.

fl uor es@onzéa/gtvad act eri sti cs of phosphors PCT/US2010/042491

CamAl . . xySii..-FvNt _x xyCxy: Eu2+ Sanple |ID Fluorescence
Characteristics QE Peak (nn) Peak FWHM 1.6 66.8 658 92 1.7 84.3 658

90

(Figure 25). The light emitting device can further include a translucent material encapsulating

the LED and the phospher as seen in Figures 24-26.

[0093] 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 emiiting 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
oufput 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 emitiing devices of the present invention. The light emitting
devices can be output indicators for small electronic devices, such as cell phones and personal
digital assistants (PDAs). The light emitiing devices of the present invention also can be the
backlights of the liquid crystal displays for TV, cell phones, PDAs and laptop computers.
Luminaires for general illumination purpose can also be made with the lighting devices of the
present invention. Given appropriate power supplies, room lighting can be based on devices of
the invention. The warmth (i.e., amount of yellow/red chromaticity) of light emitting devices of
the present invention can be manipulated by selection of the ratio of light from a phosphor of the
present inventjon 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 cxample, 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,
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[0094] Suitable semiconductor light sources for use in the present invention also are any that
create light that excites the phosphors of the present invention, or that excites a different
phosphor that in tumn cxcitcs 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
InjAliGagN, where i + j + k = about 1, and where one or more of i, j and k can be 0; BN; SiC,;
ZnSe; BiAl;GayN, where 1 + ] + k = about 1, and where one or more of i, j, and k can be 0; and
Bilnj Al GaN, where i + j + k + 1= about 1, and where one or more of i, j, k, and 1 can be 0; and
other such similar light sources. The semiconductor light source (e.g., a semiconductor 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 IIT
with those from Group V or elements from Group II with those from Group VI). In certain

embodiments, a blue or a ncar ultraviolet (nUV) emitting semiconductor light source is used.

[0095] In certain embodiments, the phosphors of the present invention can be excited by light
from a primary light source, such as, for example, a semiconductor light source (c.g., a LED)
emitiing in the wavelength range of about 300 to about 500 nm, from about 350 nm to about 450
nm or about 330 nm to about 390 nm, or from a secondary light source, such as, emissions from
other phosphor(s) that emit in the 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 phosphors of
the present invention, the excitation-induced light is the relevant source light, Devices that use
the phosphor of the present invention can include, for example, and without limitation, mirrors,
such as, dielectric mirrors, which direct light produced by the phosphors 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).

[0096] The light source (e.g., a LED) can, in certain embodiments, emit light 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 about 5 nm to at least ahout 600. The light source can, in certain embodiments,

emit light of at most about 600 nm, at most about 595 nm, at most about 590 nm, and so on in
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Exanpl e 2: The preparati on of phosphors of fornulation (2) [00109]
Powders of Ca3N2, AIN, BN, S13N4, EuN, SiC and netal Na were mixed in
a designed ratio as set forth in Table 9 with a nortar and pestle
under the protection of N2 atnosphere. The m xture was then | oaded in
a firing boat or crucible and was fired at 1600 C for 6 hours under
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[0098] In structural modifications, one or more LED chips are disposed on a substrate in a
reflection mirror and the phosphor is dispersed in a lens disposed on the reflection mirror.
Alternatively, one or more LED chips may be disposed on a substrate in a reflection mirror and

the phasphor coated on the reflection mirror.

[0099] In certain embodiments of the present invention, phosphors 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 shury, which then can be applied on the light emitting device and the
solvent evaporated therefrom. In certain embodiments, the phosphor can be suspended in a
liquid, such as, a pre-cured precursor to the resin to form a slurry, the shury 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
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Characteristics Ca3N2 MN Si3N4 BN Na EuN SIC QE, % Jiern, nm FWH NI,
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precursor. As used herein “cure” or “euring” 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, a slurry is formed, 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.

[00100] The polymer lens advantageously has a spherical or oval cavity. The cavity is filled with
the encapsulant. As a result, the LED array is fixed at a short distance from the polymer lens.

Thereby, the mechanical structure size can be reduced.

[00101] In preferred embodiments, the light emitting devices of the present invention comprise
two or more different phosphors, and in this case, at least one of the phosphors is a phosphor as
disclosed herein. Thereby, the white tone can be particutarly adjusted to be accurate. ¥ can be
usefuf to disperse the phosphors separately, and superimpose the phosphors as layers instead of
dispersing the phosphors together in one matrix. Alternatively, the phosphors can be intermixed
an dispersed in one matrix. Such layering can be used to obtain a final light emission color by
way of a plurality of color conversion processes. For example, the light emission process is:
absorption of the light emission of a semiconductor light source by a first phosphor of the present
invention, light emission by the first phosphor, absorption of the light emission of the first
phosphor by a second phosphor, and the light emission by the second phosphor. A similar
arrangement can be utilized where there are more than two phosphors. In certain embodiments,
at least one of the additional phosphors is also a phosphor of the present invention, In some
embodiments, at least one of the additional phosphors is a phosphor that emits green light when
excited by a blue-emitting LED, that, for example, emits light at 460 nm. In other embodiments,
at Jeast one of the additional phosphors is a YAG phosphor. In further embodiments, at least one
of the additional phosphors is a green-emitting phosphor, for example and with out limitation,

cerium activated yttrium aluminum gamet (YAG:Ce®™), europium activated orthosilicates, e.g.,
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1. 0201 0.7426 1.0782 0.0273 0.0252 0.0364 0.0660 93 655 94 2.4 1.0202
0.7202 1.0784 0.0273 0.0252 0.0365 0.0881 88.9 662 96 2.5 1.0206
0.6754 1. oW6&00/18278 0. 0253 0. 0365 0. 1321 81.2 658 99 2PCG/UB20120L491
0.6306 1.0791 0.0273 0.0253

(Ca,Sr,Ba),Si04Eu”  and  europium activated alkaline ecarth metal thiogallates
[(Ca,Sr)Ga;S4:Eu'].

[00102] In the case that multiple phosphors are used, it may be advantageous that the muitiple
phosphors are suspended in each mairix, and, in that case, these matrices are disposed back and
forth in the light propagation direction. Thereby, the matrix concentration can be reduced

compared with the case that the different phosphors are dispersed and mixed together.

Examples

Example 1: The preparation of phosphors of formulation (1)

Example 1(a)

[00103] Powders of CasNa, AIN, SizNs, EuN and SiC were mixed in a designed ratio as listed in
Table 1 with a mortar and pesile under the protection of N; almosphere. In this scries of
preparations, the formulation parameter x was fixed at x=0.5 while y was varied from 0 to 0.10.
This variation corresponds to an increase of C content and a decrease of the [Al}/[Si] ratio, as
seen in Table 1. The mixture was then loaded in a firing boat or crucible and was fired at 1600°C

for 6 hours under N»/Hs atmesphere. The product powder was then ground and sieved.

[00104] The product is expressed by the formulation of CayxAlxySit cixyNaxxyCay:Eu?". This
phosphor emits a red light under blue or nUV light excitation (Figure 1). In the samples set forth
in Table 1, the SiC of cach sample was increased from sample to sample. A preparation (sample
ID 1.1) that contains no SiC, ie. [SiC]=0, was prepared as a reference sample. As depicted in
Figure 2, the emission peak wavelength is shifted to a longer wavelength as the amount of SiC is

increased, resulting from the incorporation of silicon-carbon atoms into the nitride lattice.
[00105] The phosphors of these preparations are excited by a light of wavelength from 350 nm to

610 nm, and more efficiently excited by a light of wavelength from 420 nm to 550 nm (Figure

3). The optical reflectance of the phosphors (Figure 4) shows a gradual incrcase in the
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0.0365 0.1763 73.8 650 104 2.7 0.9717 0.6792 1.1364 0.0274 0.0508
0.0367 0.0886 83.7 654 100 Table 10. Crystall ographic data of a
phosphor Ga0.24iANaty7@25A1 035B0. 025Si 0. 6NI 425C0. 075: Ee ofpdrarseaib/aiziein
(2) (sanple ID 2.5). Crystal systentrthorhonbic Space groupCnt2l (36)
Lattice paraneters (A)a = 9.7232(2) b = 5.6287(1) ¢ = 5.0322(6) Unit
cell volume (A))V= 275.41(1) 8 5.94% Rp4.12% 7.6 Yih elz Ubo x 100
S.O F. 0.3220(3) 0.4964 1.90 0.94

wavelength range from 460 nm to 620 nm as the added SiC amount is increased, demonstrating

that the presence of carbide in the phosphor actually eahances, rather than hinders, optical

refleclance.
Table 1. Starting materials (in grams) and luminescence characteristics
for phosphors of formulation {1).
Sample ID Ca,_,‘Alx_xySil_xfxyNz_x_xnyyzEuzJ' . Luminescence Characteristics

CasN, AlN SizNy EuN SiC QE,% | Aem nm FWHM, nm

1.1 1.0613 | 0.8892 | 1.0145 § 0.0360 | 0.000 90.5 653 87

1.2 1.0617 | 0.8450 | 1.0148 | 0.0360 | 0.0435 80 062 87

1.3 1.0620 | 0.8008 | 1.0151 | 0.0360 | 0.0870 9 661 87

14 1.0624 | 07566 | 1.0154 | 0.0360 } 0.1306 73 663 93

1.5 1.0627 | 0.7123 | 1.0158 | 0.0361 | 0.1742 72 664 93

[00106] The crystallographic data for these preparations are listed in Table 2. It is shown that
the unit cell parameters a, &, ¢ and hence the unit cell volume of the ¢crystalling

Cay.xAlxySitgesyNoxyCry: EU?" (x=0.5, Eu=1 mol%) decrease as the amount of SiC content in
the formulation is increased. Figure 5 shows the XRD patterns of the phosphors of the
preparations. Figure 6 further depicts the unit cell parameters as function of v for the phosphors
of these preparations. The unit cell parameters decrease linearly as the parameter y is increased
from y=0 to y=0.1. This decrease corresponds to a decrcasc of the [AI]/[Si] ratio in the
formulation, demonstrating an increase in the number of (Si/Al)-C honds relative to (Si/Al)-N
bonds, as well as an increase in shorter Si(C/N) bonds relative to longer (Al-C/N) bonds. In fact
it is kmown that the length of bonds of Si-C (or Al-C) is shorter than that of Si-N (or AI-N). In
addition 1o the evidence ol the spectroscopic data (emission spectra of Figure 1; optical
reflectance of Figure 4), the fact that lattice parameters decrease as carbide content increases

demonstrates that the Si-C pair is incorporated into the latlice.
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0.3220(3) 0.4964 1.90 0.05 0.3220(3) 0.4964 1.90 0.01 0.1564(3)
0.0227(5) 0.17 0.35 0.1564(3) 0.0227(5) 0.17 0.02 0.1564(3) 0.0227(5)
0.17 0. 60 WOLBMAARYe 0. 3742(5) 0.19 0.95 0.1316(8) 0. 374220002491 05
0.2495(9) 0.972301) 0.11 0.95 0.2495(9) 0.9723(11) 0.11 0.05 Exanple
3: The preparation of phosphors of fornulation (3)

Table 2. Lattice parameters of
Cal-xAlx-xySil-x+xyN2-x-xyC!y:Eu2+ (x=0.5, Eu = 1 mol%)

Sa;lbple xy 2 (A) b(A) ¢ (A) Unit c&(:k;;olunl&
1.1 0 ] 9.79468 | 5.66550 | 5.06669 281.16
1.2 0.025 | 9.78430 | 5.66225 | 5.06066 280.38
1.3 0.05 | 9.78524 | 5.66069 | 5.05903 280.23
14 0.075 | 9.78196 | 5.65813 | 5.05694 279.89
1.5 0.10 | 9.77083 | 5.64391 | 5.05049 278.51

[00107] Tables 3 and 4 show the refined structural parameters and isofropic thermal
displacement parameters of Cag.405A1045Sip 55Ny 45C005:Eu*, The crystal structure of carbonitride
reflects the incorporation of carbon atoms in the host lattice, specifically, the random partial
substitution of the more ionic nitrogen anions. This random substitution of C into the host lattice
leading to these carbonifride species decreases crystallographic symmetry compared {o the
isostructural nitride (sample ID 1.1). This is reflected in that the structure of these carbonitrides
gives a lower R factor (e.g., Rup) when refined in the tower symmetry monoclinic crystal system
(i.e., Cc space group) (Tables 3 and 4). Table 5 depicts the major X-ray diffraction peaks for
sample [D 1.2. Figure 7 presents the temperature dependence of the emission intensity of the
phosphors. Ii is shown that the relative emission intensity decreases as temperature increases.
The carbonitride phosphors (sample IDs 1.3 and 1.4) show higher thermal stability than a nitride
phosphor without incorporation of SiC (sample ID 1.1), particularly at high temperatures.
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[00110] Powders of Ca3N2, AIN, BN, Si3N4, EuN, SIC and Li 3N were

m xed in a designed ratio as given in Table 11 with a nortar and
pestl e undwo 20he4pret ecti on of N2 at nosphere. The m xt woa/uosasohipasn

| oaded in a firing boat or crucible and was fired at 1600 C for 6
hours under N2M2 at nosphere. The product powder was then ground and
si eved. The product is expressed by the fornul ati on of

Cal , -zLi zMal | ) x- xy-zSi t - x+xy+zN2. x. xyCxy: Eu, map = (A, B). The
phosphors of this formulation are excited by |ight of wavel ength 350
rimto 610 rim (Figure 16). This phosphor emts a red |ight under

bl ue or nuVv |Ig$ (§X‘Lgat|on Flgure 17).. The refl ectance spectra of
t he phosphof&P&cRefiped styvetyral parameters; ispiopigthenmal displrement parpmetens Mg e r
diffraction patterns are shd¥fiCs, FABWSRssHDsCt:But*ar to Exanples 1
and 2, the obtained phosphors can be indexed to be either

or t hor hombi ¢ ofg d
has hi gh therna$m§§ ity as |nd|@ﬁ§ &lln Flgure 20 for the
t enper at ur e depferdenceofi)t he en1ss+ﬂmmumten5|ty Table 11. Starting
materials (grams) and | um nescence’th@fdiet eri stics for phosphors of

osphor

formul ati on (3X1 SBMRLE A C_ﬁﬁﬁﬂn
ALizMIIT)x. "2 gmx+(y42N2xx@x2y80 © MI11) = (AL B)

Lunlnescence Chauacterlstlcs CaSNﬂm%IM 813N4 BN Li 3N EuN SIC QE, %
A, run FYWAHM rifm 3.1 1. 0259 0. 7695%3%0844 0.0274 0. 0128 0.0367 0. 0443
75.3 663 91 3.24-0263—0-7245—1 084 0.0274

A
o L. UOTr

Atom wa y/b c/z Uia x 100 S.OF.
Cal 0 0.3151(2) 0.4575(3) 0.89 0.99
Eul 0 0.3151(2) 0.4975(3) 0.89 0.01
All 0.1728(1) 0.1563(2) 0.0222 0.38 0.45
Sil 0.1728(1) 0.1563(2) 0.0222 0.38 0.55
N1 0.2130(3) 0.1214(35) 0.3782(4) 0.35 0.967
Cl 0.2130(3) 0.1214(5) 0.3782(4) 0.35 0.033
N2 ¢ 0.2458(5) 0.9826(9) 0.28 0.967
2 O 0.2458(5) 0.9826(9} 0.28 0.033
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0.0128 0.0367 0.0886 70.2 655 92 3.3 0.9833 0.6873 1.1500 0.0277
0.0260 0.0371 0.0896 67.2 656 97 1.2 1.0617 0.8450 1.0148 0 0 0. 0360
0. 0435 80 w6208n487¢ 1. 0202 0. 7652 1.0784 0 0. 0127 0. 03T/ (32018642488. 7

657

Table 4. Refined structural 2parameters, isotropic thermal displacement parameters Uy,
)

(A%) of Cap.a95Alp.45Si0.5sN1.4sCo0s: Eu”*

Crystal system Monoclinic
Space group Ce (9)
Lattice parameters (A) a =9.8071(1)

b =5.6446(1)

¢ =5.0597(1)

2 =90.069(1)°
Unit cell volume (A% V=280.09(1)
Z 8
R., 5.68%
R, 4.16%
X2 2.14
Atom x/a y/b ¢z Uiy 2 100 S.OF.
Cal 0.6236(5) 0.8166(2) 0.3095(5) 0.54 0.99
Eul 0,6236(5) 0.8166(2) 0.3095(5) 0.94 0.01
All 0.30167 0.1587(9) 0.1756(11) 056 0.45
Bil 0.30167 0.1587(9) -0.1756(11) 0.56 0.55
Al2 0.4548(3) 0.3449(8) 0.3394 0.08 0.45
Si2 0.4548(3) 0.3449(8) 0.3394 0.08 .55
N1 0.4175(%) 0.6153(16) 0.1907{16) (.02 1.9667
C1 0.4175(9) 0.6153(16) 0.1907%(16)  0.02 0.0333
N2 0.3441(10) G.1255(15) 0.1898(15) 0.10 0.9667
C2 0.3441(10) 0.1255(15) 0.1898(15) 0.10 (0.0333
N3 06212(11)  0.2526(5) 02934(12)  0.07 0.9667
3 0.6212(11)  0.2526(5) 02934(12)  0.07 0.0333
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95 Exanple 4: The preparation of the phosphors of formulation (3)
100111] Powders of Ca3N2, AIN, BN, Si3N4, EuN, SiC and netal K were
m xed in awdeasiignedorati o as set forth in Table 12 wi t lrcaumemasziand
pestl e under the protection of N2 atnosphere. The m xture was then

| oaded in a firing boat or crucible and was fired at 1600 C for 6
hours under N2/ 1-12 atnosphere. The product powder was then ground
and sieved. The product S expressed by the fornul ati on of

Cal azMJ : Ox-xy. zSi t. . XyCxy: Eu, MB1l) = B). The phosphors
emt red |ight uant um
ef ficiency (Tab#gﬁgg) Ji)i"aLNj}grr @é‘f}gﬁy“‘g%ﬁ&sf‘sr“géfméﬁrh@ﬂ ?%Wﬁ&%édgmgp 1gossesses
high thermal stabrtity Tesulted fromboth carbl ¢ggagnd K (nk)

i ncor porat i on. Npabl e Pthetsthar t #) mat er | al @) ( griaRlban dmbibglimescence

characteristi c—f_o—r‘_lwﬁ‘ers Ok g7fior ut Et ¢)7) (d)(11d;>arrp| e
Cal .s.21(264(121)".", 2589 .s. , " 3485 3Eu &)Y
Lumi nescence Char act erfi&®i cs Cz%@NQ MN SI 37 )EuN Sil %
urn EWHM nm 4.5 1. 023%:0. 76055 £, 0718 0. o 3)4 7 0. o# & 0438 90
662 94 3.6 1. 0343 0. 71lo6m 2.2414 41 (112) (112)
41.071 2,1959 9.1 221 @21)
s 48.390 1.8795 243 ©22) ©22)
9 49320 1.8462 43 {130) {130)
10 52,066 1.7551 69 (222) (222
1 52.726 1.7347 1.1 “21) (131)
12 56.505 1.6273 24.8 (330) (330)
13 57.888 1.5917 0.5 (113) (113)
14 59,640 1.5490 0.3 (331) 331)
{5 62.249 1.4902 24 (132) (132)
16 64.410 1.4453 27 (027) ©23)
(7 66.271 1.4002 33 (040) (0 4 0)
(8 67.544 1.3857 15 (223 (223)
19 68.520 1.3683 184 (332) (332)
20 69.150 1.3574 12,6 (©41) (53 0)
21 72.135 1.3084 0.6 (241) (241)
22 75.152 1.2632 1.8 (00 4) (004)
23 76.460 1.2447 1.0 (423) (133)
24 77.385 12322 2.7 (622) (042
25 78.104 1.2226 0.7 (204) (4 40)
26 80,399 1.1934 1.0 (242) (242)
27 80,908 1.1872 0.5 (44 1) (441
28 83.864 1.1527 19 (314) (024)
29 86.715 1.1220 1.1 (730 (150)
30 $8.936 1.0996 0.4 @42) (442)
31 §9.234 1.0967 04 (821) (731)
Example 1(b)

[00108] Phosphor samples were prepared according to the process described in Example 1(a)
using the starting materials and weights listed in Table 6. The product is expressed by the
formulation of CayxAlixySiixtxyNowxyCryiEU?".  In these preparations, the x value was
systematically increased from 0.45 to 0.6 and the y value was fixed at 0.05. This change lead to
a variation of [A1}**/[Si]" ratio from about 0.81 to about 1.54 across the preparations. When the
carbon content is nearly fixed, the unit cell volume increases as the x value increases (i.e.

[ALF*/[Si]* ratio increases). This is ascribed to the fact that the bond length of AI-N (or Al-C) is
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1.0721 0.0271 0.0427 0.0362 0.0876 83.2 653 95 3.7 0.9060 0.6710
1.1737 0.0271 0.1280 0.0362 0.0438 80 651 104 3.8 0.9063 0.6264
1.1741 0. OR¥2oini28d 0. 0363 0.0875 78.7 650 106 ExanplreThisz010/042491
Preparati on of phosphors of fornulation (4) 100112] Powders of Ca3N2,
AN, BN, Si3N4, netal Na, EuN, SiC, CaF2 and Si02 were mxed in a
designed ratio as set forth in Table 13 wth a nortar and pestle
under the protection of N2 atnosphere. The m xture was then | oaded in
a firing boat or crucible and was fired at 1600 C for 6 hours under

N2/ H2 at mogplehen lhIlh(ﬁ' @—Wﬁy siopaude 'ﬁelﬂ@ﬁtrartéa%} {0 Qs andle SlyeMaHlit cdihe

product is expressed formul ati on of

Cai . X. zNazPA?@fEEFS,S!lﬁ@} fo Tﬁhlﬁﬁlaﬂi Rigutg 8yxhers thesletfigesparanyetessia, b, gug ¢ of fpigAl-

FEQS phor e:psiimxémzxrnm it O, mmhﬁaﬂ Iml%lgemelrease bMhé vQltof @ Xietchat. i mjtmonauy,
i gures a t | t her mal, antum

G {61 ancy 8T BF iipialSk B fPusris Tisegn e oA g B Hhiieppi

13: St art ivalye afidcanthedhsinésgenadiaficiangof thiephogmerence characteristics for

phosphors of fornulation (4). Sanple ID

Table 6. Starting materials and formula parameters
of phosphors Ca;.,[AJ,E.,WSil.,‘4.,,,1\12.,‘.,R,,C,q,:Eu2th

Ca1xAlyvySitxtuyNzoxxyCoyt B Formula parameters

SampicID | CaiN, AIN Si3Nj EuN Sic X y Xy
1.6 1.122] | 0.7307 | 1.0725 | 0.0381 | 0.0376 | 0.45 0.05 0.023
1.7 1.0853 | 0.7978 | 1.0380 | 0.0390 | 0.0411 0.48 0.05 0.024

1.8 1.0334 | 0.8924 | 0.9892 | 0.0402 | 0.0460 | 0.52 | 0.05 0.026
1.9 0.9922 | 0.9674 | 0.9505 [ 0.0412 | 0.0498 | (.55 0.05 (.028
1.10 0.9610 | 1.0350 | 09187 | 0.0330 | 0.0533 | 0.575 | 0.05 0.029
1.11 0.9247 | 1.1040 | 0.8839 | 0.0314 | 0.0568 | 0.60 | 0.05 0.030

Table 7. Fluorescence characteristics of phosphors
Ca1; ALy ShiopiayNa.5y Cryt Eu

Sample ID Fluorescence Characteristics
QE Peak (nm) | Peak FWHM

16 66.8 658 92

1.7 84.3 6358 90

1.8 82.2 659 86

19 89.2 654 87
1.10 83.5 656 91
L.11 89.3 661 90
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Cal .".2Na2(AlB)s-s1-2S i vssr.aN2 .nowncyOw. vt2H,.: Eu Lum nescence
Characteristics Ca3N2 AIN SisNa EN Na EuN SiC CaF2 SIQ2 QE, % km nm
FW 1M nrnwé.2811049587 0. 6761 1.1121 0. 0273 0. 0506 0. 03@8TAISOR8B42491

0. 0215 0.0248 76.9 640 101 4.2 1.0019 0.7616 1.0541 0.0271 0.0251

0. 0363

Table 8. Lattice parameters of
Ca1x Ay Sig iy Na iy Cry B0 (v = 0,05, Eu = 1 mol%)

SampleID | x a(A) b(A) ¢(A) | Unit cell volume (A”)
1.6 0.45 | 9.77023 | 5.64858 | 5.05715 279.09
1.7 0.48 | 9.77368 | 5.65075 | 5.05773 279.33
1.3 0.50 | 9.78524 | 5.66069 | 5.05903 280.23
1.8 0.52 | 9.78749 | 5.65553 | 5.00285 280.25
1.9 0.55 | 9.78975 | 5.66062 | 506356 280.60
1.10 0.575 | 9.80960 | 5.65424 | 5.06092 280.71
1.11 0.60 | 9.80967 | 5.65392 | 5.06223 280.77

Example 2: The preparation of phosphors of formulation (2)

[00109] Powders of Ca;Nz, AIN, BN, SiaNy, EuN, SiC and metal Na were mixed in a designed
ratio as set forth in Table 9 with a mortar and pestle under the protection of N; atmosphere. The
mixture was then loaded in a firing boat or crucible and was fired at 1600 °C for 6 hours under
Ny/H; atmosphere. The product powder was then ground and sieved. The product is the
formulation of Cayx-zNa;M(IID).xy-2Si1-xtxy+2N2-5-xyCoy En, M(IIL) = (Al, B). This phosphor emits
a red light under blue or nUV light excitation (Figure 9). The emission band width increases with
the increase of the added SiC amount (Figure 10), indicating a carbide ¢ffect on the fluorescence
propertics. The phosphors are exciled by a light of wavelength from 350 nm to 610 nm, and
more efficiently excited by a light of wavelength from 420 nm to 550 nm (Figure 11). As
depicted in Figure 12, when the phosphors are excited by a green light, for example, at 550 nm,
the emission intensity drops as the added amount of SiC increases. As shown in Figure 13, the
optical reflectance of the phosphors in the wavelength range from 460 nm to 620 nm shows a
gradual increase as the amount of SiC is increased. The XRD patterns are shown in Figure 14,
The crystal structure data is listed in Table 10. The temperature dependence of the emission

intensity is shown in Figure 15,
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0.0438 0.0213 0.0246 92.5 653 93 Exanple 6: Preparation of phosphors
of fornulation 4(a) 1001131 Powders of Ca3N2, AN, BN, Si3N4, netal Na
and K, L13WO2BuN4273pC, CaP) and Si02 were m xed in a deiTgisaenoosidio
as set forth in Tables 14, 15 and 16 with a nortar and pestle under
the protection of N2 atnosphere. The m xture was then | oaded in a
firing boat or crucible and was fired at 1600 C for 6 hours under
1421H2 at nosphere. The product powder was then ground and sieved. The
product is the fornul ation of

Cai - x- ZMUVALB) X- XFaBIeb] Starting Tate? il (grary fod phedphGCoSiofnuldton:(BU (M 1) =
Li, Na, K). This phosphor emts a red |ight under blue or nUV |ight
excitation wth hcghnehenmalsistabe Iid uangnbi(gheguanf um ighbtednency |of
| um nescent Seaplessi on. The starting materi al s and | unm neshemnestics
characterifstilés pfaNhesalNpr ipdli at BN avee [sENT or3it | RETabk.gs |IBWHY.
Table 14: [Starti majerials (grans) land llum nescence %€har amt ¢M.gmiics
for phospHor &1of | FYEMIP-Z78 6AITAP02724 B9PR [10/9364 | 0.0220 | 93.2 [ 660 90
ali-x.:1 13. 2A1Bj)1.9192 80.2350 1 1.p78il t| P.0E4 D, 0852- | 2.0364, 34|y @5 | 365B5.(1 93
Lum nescence2@haj BEOE| P-8426 ¢ $.078Ca BRZ3 ADNZB 1 INAC4BN.0860 FURI Bi €5CaF24Si|02
% QE, k m| neA FMBNP2 nerv42 31.078988.0270. 1322 |D.0085/(40.MB8DABEH 0. 6251 (360363
2.5 | 1.0206 | 0.6754 | 1.0788 | 0.0273 | 0.0253 | 0.0365 | 0.1321 | 81.2 | 658 99
2.6 ]1.0209 | 0.6306 | 1.0791 { 0.0273 | 0.0253 | 0.0365 [ 0.1763 | 73.8 { 650 104
2.7 | 09717 | 0.6792 | 1.1364 | 0.0274 | 0.0508 | 0.0367 | 0.0886 | 83.7 | 654 100

Table 10. Crystallographic data of a phosphor Cag 47Nay25A15.35B0.025515.6N1 425Co.07s:En’" of
formulation (2} (sample 1D 2.5).

Crystal system Orthorhorabic
Space group Cmic2, (36}
Lattice parameters (A) a=9.7232(2)

b=5.6287(1)

¢=15.0322(6)
Unit cell volume (A% ¥=1275411)
VA 8
Rup 5.94%
R, 4.12%
¥ 7.6
Atom xfa y/b c/z U x 100 S.OF.
Cal 0 0.3220(3) 0.4964 1.90 0.94
Nal 0 0.3220{3) 04964 1.90 .05
Eul 0 0.3220(3} 04564 1.90 .01
All 0.1732(2) 0.1564(3) 0.0227(5) 0.17 0.35
Bl 0.1732(2) 0.1564(3) 0.0227(35) 0.17 0.02
Sil 0.1732(2) 0.1564(3) 0.0227(5) 0.17 0.60
N1 0.2183(4) 0.1316(8) 0.3742(5) 0.19 0.95
C1 0.2183(4} 0.1316(8) 0.3742(5} 0.19 0.05
N2 0 0.2495(9) 0.9723(11) 0.11 0.95
C2 0 0.2495(9) 0.9723(11) 0.11 0.05
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0. 0438 0.0427 0.0328 82.2 649 95 4.4 0.9964 0.7000 1.0820 0.0410

0. 0380 0.0366 0.0663 0.0000 0.0331 73.8 647 96 4.5 0.9876 0.7610
1.0724 0. O®dkoDv@2H4 0. 0363 0.0438 0.0426 0.0000 89.3 Gadn@Ao10dahbe
15: Starting materials (grams) and | um nescence characteristics for
phosphors of fornulation (4a). Sanple ID Cal.x.J. VA 113)x.,"

zSil.

,,ny,,N2..3y.2".33.,,r3C,"y0, A Eu Lum nescence

Example 3: The preparation of phosphors of formulation (3)

[00110] Powders of Ca3Na, AIN, BN, SizN, EuN, SiC and Li;N were mixed in a designed ratio
as given in Table 11 with a mortar and pestle under the protection of N; atmosphere. The
mixture was then loaded in a firing boat or crucible and was fired at 1600 °C for 6 hours under
Ny/H; atmosphere. The product powder was then ground and sieved. The product is expressed by
the formulation of Cay.xzLiM(H)yx.ry..S11x4xp+2N2xxyCxy: Btt, M(TL) = (AL, B). The phosphors of
this formulation are excited by light of wavelength 350 nm to 610 nm (Figure 16). This
phosphor emits a red light under blue or nUV light excitation (Figure 17). The reflectance
spectra of the phosphors are illustrated in Figure 18. The typical X-ray powder diffraction
patterns are shown in Figure 19. Similar to Examples 1 and 2, the obtained phosphors can be
indexed to be either orthorhombic or monoclinic system. In addition, this kind of phosphor has

high thermal stability as indicated in Figure 20 for the temperature dependence of the emission

intensity.
Table 11. Starting materials (grams) and luminescence characteristics
for phosphors of formulation (3).
Cay.r LMD sy i1 i xyiz N2 55y Coy: B, MUTLL) = (Al B) Luminescence
Sample Characteristics
ID CayN; AIN SizN, BN LiaN FuN SiC QE, | A | FWHM,
% nm nm

31 1.0259 1 0.7695 | 1.0844 | 0.0274 | 0.0128 | 0.0367 | 0.0443 | 753 | 663 91

32 1.0263 { 0.7245 | 1.0848 | 0.0274 | 0.0128 [ 0.0367 | 0.0886 | 70.2 | 655 92

3.3 0.9833 [ 0.6873 | 1.1500 | 0.0277 | 0.0260 | 0.0371 | 0.0896 | 67.2 | 656 97

1.2 1.0617 | 0.8450 | 1.0148 |0 0 0.0360 | 0.0435 | 80 662 87

34 1.0202 | 0.7652 | 1.0784 (0O 0.0127 | 0.0365 | 0.0881 | 887 | 657 05

Example 4: The preparation of the phosphors of formulation (3)

[00111) Pewders of Ca;N;, AIN, BN, 8i3N4, EuN, SiC and metal K were mixed in a designed
ratio as set forth in Table 12 with a mortar and pestle under the protection of N, atmosphere,
The mixture was then loaded in a firing boat or crucible and was fired at 1600 °C for 6 hours
under Na/H; atmosphere. The product powder was then ground and sieved. The product is
expressed by the formulation of Ca KM xy-2811 xtxys2N2x-2yCry:Eu, M(IH) = (Al, B). The
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Characteristics

Ca3142 MN S13N4  13/s1 Li,

EuN SI C Car

QE,

/0

)3, ", " am FWHM nm 4.6 0.9910 0. 7636 1.0505 0.0272 0.0127 0. 0364
0. 0439 0. OWwd&01/9328 86.3 658 94 4.7 1.0021 0. 7494 1. 0883 d32608/052491

0.0193 0. 0368

phosphors emit red light under blue or nUV light excitation with high quantum efficiency (Table

12). Moreover, this red emitting phosphor possesses high thermal stability resulted from both

carbide and X incorporation.

Table 12. Starting materials (grams) 2nd luminescence characteristics
for phosphors of formulation (3).

Sample Cay KM,y St ngraNaizayCry: B, MUTID) = (AL B) Luminescence Characteristics
D CasN, AIN 8i3N, BN K EuN SiC | QE% | Agp nm [ FWHM,
nm
35 10139 | 0.7605 | 1.0718 | 0.0271 | 0.0427 | 0.0362 | 0.0438 90 662 94
36 1.0143 | 0.7160 | 1.072% | 0.0271 | 0.0427 | 0.0362 | 0.0876 | 832 653 95
7 0.9060 | 0.6710 | 1.1737 | 0.0271 | 0.1280 | 0.0362 | 0.0438 80 651 104
3B 0.9063 0.6264 § 1.1741 | 0.0271 | ©0.1281 0.0363 | 0.0B75 8.7 650 106

Example 5: Preparation of phosphors of formulation (4)

[00112] Powders of CasNp, AIN, BN, Si3N,, metal Na, EuN, SiC, CaF; and SiO; were mixed in

a designed ratio as set forth in Table 13 with a mortar and pestle under the protection of N,

atmosphere. The mixture was then loaded in a firing boat or crucible and was fired at 1600 °C

for 6 hours under Ny/H, atmosphcre. The product powder was then ground and sieved. The

product is expressed by the formulation of

CayxNaz(AlB)xxy-2811-xtxy+ N2 xxy-2w3CxyOwv2Hyv:Bu. This phosphor emits a red light under
blue or nUV light excitation (Figures 21 and 22) with high thermal stability and high quantum

efficiency of luminescent emission (Figure 23 and Table 13).

Table 13: Starting materials (grams) and luminescence characteristics
for phosphors of formulation (4).

Sample CaynoNaf AIB)y 22511 xoys M2xey-2wn CryOwvaH o Bt Luminescence Characteristics
P FaN T AN S [ BN | W | BN | SC | Can |50 | OB | o | FWEML
% nm nm
4.1 | 0.9537 | 0.6761 | 1.1121 | 0.0275 | 0.0506 | 0.0365 | 0.0852 | 0.0215 | 00248 | 768 | €40 101
72 [ 1.0019 | 0.7616 | 2.0541 | C0271 | 0.0251 | 0.0363 | 0.0438 | 0.0213 | 00246 | 925 | &3 93

-34-




0. 0444 0.0000 0.0333 64.5 653 94 4.8 0.9934 0.7655 1.0787 0.0273
0.0128 0.0365 0.0440 0.0429 0.0000 90.6 656 97 Table 16: Starting
mat eri al s Woramey27and | um nescence characteristics for poraspiionsof
formulation (4a). Sanple ID Ca.i..e,412. xX.i KAAB)...y.zSi

Lum nescence Characteristics Ca3N2 MN S13144 BN K EttN SIC CaF2 Si 02

Example 6: Preparation of phosphors of formulation 4(a)

[00113] Powders of Ca;N,, AIN, BN, Si;N,;, metal Na and K, LizN, EuN, SiC, CaF: and Si0;
were mixed in a designed ratio as set forth in Tables 14, 15 and 16 with a mortar and pestle
under the protection of N, atmosphere. The mixture was then loaded in a firing boat or crucible
and was fired at 1600 °C for 6 hours under No/H; atmosphere. The product powder was then
ground and sieved. The product is the formulation of

Cay e MD{AIB )y St xytaN2exexy-2wi3-3CryOwly B (M(I) = Li, Na, K). This phosphor emits
a red light under blue or nUV light excitation with high thermal stability and high quantum
efficiency of luminescent emission. The starling materials and luminescence characteristics of

these preparations are set forth in Tables 14-16.

Table 14: Starting materials (grams) and lJuminescence characteristies
for phosphors of formulation (4a).

. Luminescence

Cal-x-zNaz(AlB)x-xy-zSII -xfxysz‘.‘.—x—xvawa-v.‘EnyOWHv: Eu Characteristics
Sample 1D OE | FWBM
Ca;N, AIN SizNy BN Na EuN SiC CaF, Si0, % ’ m am ?

4.3 0.9881 | 0.7390 | 1.0474 | 0.0407 | 0.0251 | 0.0363 | 0.0438 | 0.0427 | 0.0328 | 822 | 649 95
4.4 0.9964 | 0.7000 | 1.0820 | ¢.0410 [ 0.0380 | 0.0360 | 0.0663 | 0.0000 | 0.0331 | 73.8 | 647 96
4.5 0.9876 | 0.7610 | 1.0724 | 0.0271 | 0.025] | 0.0363 | 0.0438 | 0.0426 | 0.0000 | 853 653 94

Table 15: Starting materials (grams) and luminescence characteristics
for phosphors of formulation {4a).

Luminescence
Characteristics

) - - - E, | FWHM,
CayN; | AN § 8Ny | BN | LN [ EuN | SiC | CaF; | Si0; Q% ?171“1 nm

4.6 0.9910 | 0.7636 | 1.0505 | 0.0272 § 0.0127 | 0.0364 | 0.0439 | 0.0428 | 0.0329 | 26.2 658 94
4.7 1.0021 | 0.7494 | 1.0882 | 0.0275 | 0.0193 | 0.0368 | 0.0444 | 0.0000 | 0.0333 | 64.5 653 94
4.8 0.9934 | 0.7655 | 1.0787 | 0.0273 | 0.0128 | 0.0365 | 0.0440 | 0.0429 | 0.0000 | 90.6 656 97

Cﬂ.] -X-zLiz(AlB )x-xyrzSil ~x+xy+zN2-x~xy- zwIJ-vBnyova:Eu
Sample ID
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QE, %km urn FWEIM rim4.9 0.9875 0.7161 1.0723 0. 0406 0.0640
0.0362 0.0438 0.0000 0.0328 78.1 645 95 4.10 0.9824 0.7347 1.0413
0. 0404 0. Owd=20111@86d. 0. 0436 0. 0424 0.0326 89.9 653 95 4criusPe198i991
0. 7565 1.0662 0.0269 0.0425

Table 16: Starting materials (grams) and luminescence characteristics
for phosphors of formulation (4a).

: Luminescence
s amplc Cal-x-sz{AlB)x-xy-zSIl -x+xy+zN2-x-xy-2w.r]-\ﬁcxyova: Ell Charactcrisrics
0 , s . QE, )em, FWHM,
CaNo | AIN SigNy BN K EulN SiC CaF, 8i0, o am am

49 0.9875 | 0.7161 | 1.0723 | 0.0406 | 0.0640 | 0.0362 | 0.0438 | 0.0000 | 0.0323 | 78.1 645 95
4.10 0.9824 | 0.7347 | 1.0413 | 0.0404 | 0.0425 | 0.0361 | 0.0436 | 0.0424 | 0.0326 | 899 653 95
4.1 0.9819 | 0.7565 | 1.0662 | 0.026% | 0.0425 | 0.0360 | 0.0435 | 0.0424 | 0.0000 | 93.1 656 94

Example 7: Preparation of carbonitride pcLED

[00114] Several phosphor powders of the present invention were mixed with an encapsulant
resin (e.g., a silicone), at 5 wt% phosphor loading amount. The phosphor-filled crnicapsulant was
then injected onto an AlGaN-based, blue-emitting LED chip followed by a curing treatment
according to the manufacturer’s curing schedule. The emission spectra of the phosphor-
converted LEDs are shown in Figure 31. The luminance properties of the phosphor in the device
are listed in Table 17,

Table 17: Luminance properties of devices prepared with phosphors of the invention

Sample ID: 43 | a1 27 | 22
Phosphor luminous flux (Im) 0.740 | 0.800 | 0.673 0597 |
Phosphor luminous efficacy (Im/elec W) | 11.267 | 12.203 | 10.217 | 9.053
Phosphor conversion efficiency T9.7% | TT.7% | 75.7% | 82.0%
peLED x 0346 | 0322 | 0392 | 0407 :
peLED y 0.160 | 0.156 | 0.190 | 0.176
- Phes x 0.625 | 0.603 | 0.633 | 0.660
‘ Phos y 0.373 | 0.395 | 0.366 | 0.339
Duv 0.284 | 0.314 § 0,107 | 0.115
uk 0.327 | 0.305 { 0.350 | 0379 i
vk 0.227 | 0222 | 0.253 | 0.246 |

Example 8: Preparation of white light pcLED
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0. 0360 0.0435 0.0424 0.0000 93.1 656 94 Exanple 7: Preparation of
carbouitride pcLED [00114] Several phosphor powders of the present

I nventi on werelmxed W th an encapsul ant resin (e.g., @cvis:aone)ll at
5 w % phosphor | oadi ng anount. The phosphor-filled encapsul ant was
then injected onto an Al GaN- based, blue-emtting LED chip foll owed by
a curing treatnent according to the manufacturer's curing schedul e.
The em ssion spectra of the phosphor-converted LEDs are shown in
Figure 31. The lumi nance properties of the phosphor in the device are

listed in Baﬁ%FAlrzd.e 1ﬁfﬂl>%a$gmmldé’%d§@f&y?%f eroprf@s%ﬂt']ﬁ»%nmn @ﬁ%ﬂ&ﬁ& 22, was

pr epar ed mnth phosphors of the invention 1 2.72
Phosphor | ##ibists Withuse (sefAnd 0 8730 oorso'elkov-wgsne agqsph@hd%fﬁﬁor o o

| um nous  efdajseB&)si0): 151127‘)@& sedud} whils 207 1. éyg&ghcﬂrﬂus&l% deQoftade Rhogohiot

0 0 0 '
gog\glgr SI ngﬁi ' en dn %g}%&z @ @ﬁghé)s&}gr gle/l(l)ds were {'(1)11 eCJ_ “I?:it a sﬂ?cogél 1‘6€Sillgl:l \%ezre

applied to a blue-emitting LED chip by following the procedure described in Example 7. The
luminance properties of the pcLED are listed in Table 18. This particular embodiment of the
phosphor blend of the instant invention -- cerium-doped yirium aluminum gamet
(YAG:Ce)/Carbonitride -- gives a warm white light and its chromaticity coordinates lie very
close to the black body locus with a correlated color temperature (CCT) of ~1984 K and color
rendering index (CRI) of 86. Higher CRIs may be possible with other exemplary preparations.
The emission specira of the pcLEDs are shown in Figures 32 and 33,

Table 18: Phosphor blends of Example §

CarboNitride | CarboNitride
(sample ID 2.2) | (sample ID 2.2)
Yellow/Green phosphor YAG Silicate
Loading in silicone, wi% 5% 5%
Yellow/Green:Red phosphor ratio, w/w 75:25 70:30
pcLED luminous efficacy (Im/elec W): 31.275 26.065
peclLED x: 0.506 0.422
pcLED v 0.408 0.331
CRI 86 79

Example 9: Preparation of Ce**-doped carbonitride phosphors

[00116] The appropriate amounts of CasN; and/or CaSi;, AIN, BN, Si3N4, CeN or CeO;, SiC,
Li;N and alkali metal (Li, Na, K) or alkali metal silicide M({I);Si (M(I) = Li, Na, K) were
weighed out according to the designed ratio as shown in Table 17. Apart from SiC, the source of
C can also be introduced by the starting materials of MC; (M = Ca, Sr, Ba, En), ALC; and ByC.
Subsequently, the powder mixture was mixed throughout by using a mortar and pestle under the
protection of N, atmosphere. The mixture was then loaded in a firing boat/crucible and was fired
at 1600 °C for 6 hours under N»/H; atmosphere. The product powder was then ground and
sieved for obtaining the phosphor with suitable particle size. The formulation of the final product
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01761 Phos x 0.625 0.603 0.633 -07660-- Phosy 0.373 0.395 _ 0.366
0.339 - Duv ------------ 0.284 -- 0.314 0.107 0.115 uk 0.327 0.301
0. 350 0. 379D Mk/B27287 0.222 0.253 0.246 : Exanple 8: Braapaenioeraonf
white [ight pcLED [00115] A red-emtting carbonitride phosphor of

t he present invention, sanmple no. 2.2, was conbined with a second
green- or yellowemtting phosphor (YAG Ce3+ or

(Ca, Sr, Ba) 2Si O4: Eu2+) to produce white light. The phosphors used to
denonstrate a white |ight chED are listed in Table 18. The phosphor
bl ends V\’erﬁasrCa%(%@I(IM(MB),?gy ;sal N QQQQW 2535,,!3@ Nelsi) Ofé,@*rbﬁ(l)ag@; bﬁ@m& ﬁméphor emits

bl ue-emtting, LED ch procedur e crib
S e o+ el e ibhe st Blve of PUE Hgh: sxhisti b g Sl SR Highe
18. This p@faﬁtumuéfﬁilereﬁhﬂdlmicclﬁfcrrtﬁ%ﬁmpflfﬂs pRuatidal &aderfisidnh §pettiiS btk

d ytt
(VAG Ce) | PBERE AR BEeirb s R 1 VRIFETED G o e rfgeance speta of
chromat i ci fiwse pbopllirnat eksovm e Fygrre/28C | Tis XRIb pitleens lateashbwid ﬁdEdgdre) E@J sindvite h
a correl at t 6
ndex ( cra SOnE R GETRELR ok HsTia Aloor b bulRE b aied oERERITY
pr epar at i ohenochiie sysi¢ing 9 owntiqued i &e @bova WaanpxidsEDégtaﬁ 80 shrewarthg wmﬁwrgunees

32 and 33.4 . 1 dsr Qe s BN jons,
(saﬁgl e ID{i amﬂﬁ %b%lgrﬁ Iggt])gr %gf} gf g%) ?( 2 \?e? ?}(‘)W glg%'hstb#ﬁgﬁﬁ

demonslralmg a thenmal stability of the emlssmn better than that of YAG:Ce.

Table 19. Starting materials (grams) and luminescence characteristics for

Ce**-doped carbonitride phosphors

Cald-zM(n:(AlB)x-xy-zSil-x"'xy"zNz-x~x)'-1w13-vﬂowCﬁHv:CGH,M(lr (V = D) Luminescence Characteristics
Sample ID . . . QE 2 FWHM
CaN; | AN [ SN, | BN | MaLiN{ ceo, | sic | sio, | e :

% nm nm
5.1 0.7740 y 1.0678 | 0.0272 | 0.0252 1 0.0378 | 0.0440 | 0.7740 D 26 586 130
52 1.0188 | 0.818]1 } 1.0564 | 0.0000 { 0.0127 | 0.0378 | 0.0440 | 1.0188 45 577 133
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YAG Silicate Loading in silicone, wt% 5% 5% Yel | ow G een: Red phosphor
ratio, ww 75:25 70: 30 pcLED | um nous efficacy (InVelec W: 31.275
26. 065 pcLED x: 0.506 0.422 pcLED y: 0.408 0.331 CRI 86 79 Exanple
9: Preparation of Ce3+-doped carbonitride phosphors 1001161 The

appr oprivaicrimnmount s of Ca3N2 and/or CaSi 2, MN, EN, Si3N4, CeN or

Ce02, SiC, Li3N and alkali nmetal (Li, Na, K) or alkali netal silicide
M1)2Si (M1) = Li, Na, K were wei ghed out according to the designed

rati o as shown in i C, the source of C can al so
be |ntroducgld by %ﬁggé’ﬁarl‘fa“ rréoegrnlrug S of M2 (M= Ca, Sr, Ba, Eu),

Al4C3 and 134C. SubsequeilyNaiMAIPOWRIL . ALULE was m xed thr oughout
by using a nmortar and_pestle under t protection of N2 atnosphere

The i AN RS T Hekrz) 58Sy wihgrein 9024 r’nj; %@Qé/wh%m& 30 RS < Ped
at 160%%%8 {1 2+Qf+hf)so UNgfLe N $1 (%tx”%sﬁ @Fﬁf anﬁg\rﬁh&é Bl PL Yodes

t hen groun eved for obtaini W hswta

parti clvdlaemM(IIl[hsAlg)ammtvmer@mAaﬁEm e fi naI product was

Cat "M 1) z(ALB)..Xxy.2Sii-x+xp-zN2- x- xy- 2vds- v/ 30wC, LyHy: Ce31, M| )+ (v
= 0). This phosphor emts a yell oworange |ight under blue or nUVv

i ght excitation e gﬂﬁ @%Po?&@fn@'wﬁ&@ﬁ'th«i wosgm Hak gt BHARLUM

efficiency of lumn t emssion. The ex tion and em ssion
spectra of the phosphor §afsNm.kdfils:sBeptsdinsfasrEuShown in Figures
27(a) and (b). The reflectance spectra of these phosphors are shown
in Figure 28. The xRD patterns are shown in Figure 29, and the powder

i ndex data indicafg h@#ﬁ@r@&g—tﬁgmua;@r boni tri de phosphors belong to
ort horhonmbi c or nonoclinic systens as nentioned in the above

exanpl es. Figure 30 shdvidh k}é\/lflézﬂ’rﬁéﬂ)a&wsel -toplndefeeAof the enission
intensity of .one af, the ho at
d Wherel Do 52 (PFOEZ 465 eHérgﬁ (SR{SI )Ogli %Rxwzt)han ()t( ﬁ%(tz)of

denonstrating a P et mdl |ty b on be

YAG: Ce.<1Tak([18 isl@ leaSt @iel dinglentaation;a1d) (sgi‘t maonambdoumeﬂtafaﬁemaau) is at
characteristics for Cest do ed carbonitride_phosphors Sanple 1D Cal,,

M 1) 2( Afasy enqtrivglient cajion: and A(lsi&h]ély‘ﬁ‘ﬂ@ﬁ@&é;?%‘éﬂ{tm 1)+ (v =0)
Lum nescence Characteristics Ca3N2 MN Si3N4 BN Na/Li 3N Ce02 Si C

4, A light emitting device comprising:

a light source which emits light having a first luminescence spectrum; and

a first phosphor which, upon irradiation with light from the light source, emits light
having a second luminescence spectrum that is different than the first luminescence spectrum;

wherein the first phosphor comprises a phosphor having the formula

MD) 1M MO S 1ty N2xy oy A

wherein 0.3 <x<0.8; 0 <y <0.5; 0 <z <045; (x+z) <1; x> (xyt+2); 0 < (X-xy-2)

<I; M(II} is at least one divalent cation; M(]I) is at least one monovalent cation; M(III) is at

least one trivalent cation; and A is a luminescence activator.

5. The light emitting device of claim 4, wherein the first phosphor comprises a
phosphor having the formula
Carx.Na,M(IID)x xy-zS11xcxy+z2N2xxyCry: A,
wherein 0.43 < (1-x-z) < 0.53; wherein 0.024 <z <(.05; wherein 0.36 < (x-xy-z) < 0.53;
wherein (1-x+xy+z)=0.6; wherein 1.3 < (2-x-xy) < 1.62; and, wherein 0.013 < xy < 0.096;
wherein M(IID) is Al; and; wherein A is Eu*".
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Sio2 Qg¢, ii AAAMm nmFWM nmb5.1 0.7740 1.0578 0.0272 0.0252 0.0378
0. 0440 0.7740 0 26 586 130 5.2 1.0188 0.8181 1.0564 0.0000 0.0127
0.0378 0.0440 1.0188 45 577 133 W claim 1. A phosphor
having the fornmula Cal _x_zNazMII1)",y_zSii_x+"y+zN2_X_xyCxy: A,

wherein 0.4% < (Ippe l?g)ﬁ énﬁtn%de\)mf%'lﬁm(h QAfdrend the fgst%oipm)?'é&hﬂn&s 36

< (Xx-Xy-z) < 0.53; wherein X+Xy+z) 6; wherein X-Xy) <
1.62; Dhdsphehbrangtie. fongula xy < 0.096; wherein MIII) is AI and:;

f cl 1, wh th h h
nmagrfherbqoé]&%pzé&oss oozsg ?Nl.c;zgasoms%uzp claim erein © phosphor

7. The phosphor of claim 1, wherein A is doped in the host crystal of the

phosphor at a concentration level of about 0.001 mol% to about 10 mol% relative to Ca.

8. The phosphor of claim 1, wherein the crystal structure of the host crystal of

the phosphor is an orthorhombic or monoclinic crystal system.

9. The phosphor of claim 1, wherein the crystal structure of the host crystal of
the phosphor belongs to space group Cmc2; or Cc.

10.  The phosphor of claim 1, wherein the crystal structure of the host crystal of
the phosphor is an orthorhombic system; wherein the unit cell parameter a of the host crystal
is between about 9.65 A and about 9.90 A; wherein the unit cell parameter b of the host
crystal is between about 5.55 A and about 5.80 A; and, wherein the unit cell parameter ¢ of
the host crystal is between about 5.000 A and about 5.15 A.

11.  The phosphor of claim 1, wherein the crystal structure of the host crystal of
the phosphor is a monoclinic system; wherein the unit cell parameter a of the host crystal is
between about 9.65 A and about 9.90 A; wherein the unit cell parameter b of the host crystal
is between about 5.55 A and about 5.80 A; wherein the unit cell parameter ¢ of the host
crystal is between about 5.000 A and about 5.15 A; and, wherein the unit cell parameter 3
(beta) of the host crystal is between about 87 degrees and about 93 degrees.

12.  The phosphor of claim 2, wherein
M(II} s selected from the group consisting of Be, Mg, Ca, Sr, Ba, Cu, Co, Ni, Pd, Zn,
and Cd;
M(J) is selected from the group consisting of Li, Na, K, Rb, Cu, Ag and Au;
M(III) is selected from the group consisting of B, Al, Ga, In, Sc, Y, La and Gd;
H is selected from the group consisting of F, Cl, Br and I; and
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Ca0. 47Na0. 025A10. 35B 0. 025Si 0. 6N . 425C0. 075: E112. 3. A phosphor
having the formula MI1)i_x_ zMDzMI11),,,,y_zSi|-x+xy+zN2-x-xyCxy: A
wherein 0.3 <x <0.8; 0< vy <0.5; 0< z <0.45; (x+z) < 1; x> (xy+z); 0<
(x-xy-z) <1; MII) is at |east one divalent cation; MIl) is at |east
one nonoval %Eoﬁ@ﬁée@@t 1eMt|oh!:}ne‘ta?I 16'1'1t tﬁ?eﬁtfr&ﬂ%et b%ﬁ‘ktﬁ”ﬁstiﬁgw @Q,;P.r,aﬂg, A
is a lum nescence activator. 4. t emttin evice conprising: a
i ght sSowrke GahifohDgnile,Erl Tgmhﬁ’bhhmMg,Bu fnd Sb. | um nescence spectrum
and a first phosphor which, upon irradiation with light fromthe

| ight source, emts |light having a second | um nescence spectrumthat
i's differentyst hamgehofitos b b4 PESKEERR fs%‘fa%di H%he WO&cBsthl bPhefl | 1 St
phosphor conprises a phosphor havi ng the formul a

MO ) 1, .pRespholvet d ¢ontentratisii llevel sf/abonp0.00 0wl %A to about 1(ineal %i nelagive todd(II).
<0.8; 0O< vy <0.5; 0< z <0.45; (x+z) < 1; x> (xy+z); 0< (x-xy-z) <1;
MI1) is at |east one divalent cation; M5 is at |east one nonoval ent
cation; MIIl4) i srratphbghek opaenﬁ b \vl@éreﬁtth&e%t@mn@ﬂﬂe O th hast crystal of

| um nescence activator. he light "emtting device of claim
4, whertk¢ phasplorfip msprﬂmrb@lph@ror@mmdinyeﬁryataﬂ)mor having the fornul a
Cat_. zNazM I 1 1) x_xy_zSii _x+xy+zN2_x_xyCxy: A, wherein 0.43 < (1-x-2z)
< 0.53; wherein 0.024 <z < 0.05; wherein 0.36 < (x-xy-z) < 0.53;
wher ei n (1- X5xy+Z)ieQight emhgfigdevide of ctaihd, ¥whepein:< 1. 62; and, wherein
0.013 < xy <0.096; wherein MIIl) is_ A; and; wherein_ A is Eu2+.

6. The |i ghtMdRiis sslegiediBomahe group capsistng afier Mean Cantr, BarGe: GhdighhZn,
conpri sdggé%ophosphor having the fornmul a C ao. 47Nao. 025A10. 35B 0. 025S
i 0. 6N . . 075: Eu2+. 7. The phosphor of claim1l, wherein A
is doped in Mﬁelsmekzbtedlﬁm thle godupt doasiptiespiial Naj K aRb,a0e ey argtAwn | evel

of about O. bout 10 nol % r el at . 8. he
phosphor of 9\4@3}% ecm Oéwetas%urw%asavge }?u‘%t ﬁagﬂbe%eL%&GJ'

crystal of thg s@f&@f"eﬁffﬂﬁn the @6\.}&6&11@19{15@8@ CI9Br ARMPGhy Ni ¢ crystal

system . The phosp of claimZ, Wwhereln the crystal
structure ofA tcbmpltms fat kcasysmam%n‘l 1¢m1qatﬂdsfmmrth¢gqugmstsbng pfCe Ryy Ndp
Cnc2l . The pbos . clapm 1, wherein the crystal
struct ﬁ%c%‘\" G &o13%1 ?:’r]%fsfgll’ ng ﬂt‘ﬁ\g %I}fo%‘ﬂgﬁn is an orthorhonbic
system wherein the unit cell paraneter a of the host crystal is

bet ween about 9.65 A and about 9.90 A; wherein the unit cell
paraneter b 16f t Hehetight erpittjng é¢v1¢esoﬂsétlméew@mtheﬁraéumlwna%wtmm
5.80 A n paranmeter ¢ of the host crystal is
betmeeﬁS§ a[bWEP%'%id{hAtt é’lﬁ?gou 5 15 A 11. The phosphor of

claim1, wherein the crystal structure of the host crystal of the
phosphor is a nongclinic s%ntem wherein the unit cell paraneter a of

t he host crylgt al Ths light craEhnséeige of dama, sherean edisht siree is ghighei n

t he uni r f the host crystal is between about 5.55 A
and abc??ﬁlﬁﬁl &%Oq\ﬂqﬁgesggfl% tghe unit cell paraneter c of the host

crystal is bet ween about 5.000 A and about 5.15 A; and, wherein the
unit cell rarret (beta) .of the t crystal is betvveen ahout 87
degr ees and 4 boutﬁ@élgg bgpiteag device Of}caf@ %@%ﬁ%ﬁﬂwg afsefepgpﬁ?@,ﬁon

wherein MI1) is selected fromthe group consisting of Be, M,

Ca, Sr, Ba, Cu, Co, Ni, Pd, Zn, and Cd; M) is selected fromthe
group consi s ng Toie light emitingleviRie, oflaimAg, whdrefuthe sedont phpspheetauprisds

Ll ot dae Pt Bite fOBR il RlssBhoiyt wimittiie Phgsohbe. il BRistin phosphorya
el %ﬁﬁtﬁdﬂ‘&ﬁ@phgwg?a'a S s e B M. B and

Sh. 13. The phosphor of cI aim2, wherein Ais doped in the
host crystal

oo Lo abad 10 THE AP ERIEhe B GIRRHSNS, Shifdh, e telond nBafit is Feéh-

emitting phosphor or a yellow-emitting phosphor.
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20. The light emtting device of claim18, wherein the second
phosphor is a green-emtting phosphor or a yellowemtting phosphor.
21. The light emtting device of claim 18, wherein the second
phosphor is a YAG Ce phosphor, a green or yellow silicate phosphor,

or a green %l fi ' n%ﬂ?é}?ﬁﬁn%devme of c?azl"m Ighgrgl:feﬂ%e%égohh?ﬂﬁ &ﬂiﬁlv 1sGe of

claim3, further co 'east two additi onal

wher ei Y A£Gtk pitospleasi gicen oagddiow dhiedte plinaphdroosa g@ein sxdﬁd@p]n@;phmne or
nore of the foll ow ng phosphors: a red-emtting phosphor, a

bl ue-em tting phosphor, a yellowemtting phosphor, and a

green-em ttihg PhRAIARAF emlttln%#ev1<?egof & 3, irettHer B0 ﬁélﬂ%atdiﬁé@t &Fo Aditional
claim3, wherein thelight emtting devide emts

24. Th @hbsmﬂors, @ﬂneteun myd gideast evohdditigiahpi@phok eadh conigrse Iong bt merx Qﬂthtng
devi ce

cl a1 m A8To e PEPTPPRe P ipiing PRGSRPra e s E B hRRRRT YL B r e

l'i ght. phosphor aggagg& drhiiflg Ri¥spidrng device of claim 24, wherein the
light émtting device emts warmor cool white |ight.

23.  The light emitting device of claim 3, wherein the light emitting device emits

white light.

24. The light emitting device of claim 18, wherein the light emitting device emits

white light.

25.  The light emitting device of claim 23, wherein the light emitting device emits

warm or cool white light.

26. The light emitting device of claim 24, wherein the light emitting device emits

warm or cool white light.
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