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(57) ABSTRACT

A phosphor is disclosed. In an embodiment a phosphor
includes an inorganic substance which includes, in its com-
position, at least an element D, an element Al, an element
AX, an element SX and an element NX where D includes
one, two or more elements selected from the group consist-
ing of Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, alkali
metals and Yb, Al includes one, two or more elements
selected from the group consisting of divalent metals not
included in D, SX includes one, two or more elements
selected from the group consisting of tetravalent metals, AX
includes one, two or more elements selected from the group
consisting of trivalent metals, and NX includes one, two or
more elements selected from the group consisting of O, N,
S, C, Cl, and F, wherein the inorganic substance has the same
crystal structure as Sr(Sr,Ca,_,)Si,Al,Ng;.
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FIG 10a

Uncoated
Before degradation test
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FIG 10b

Uncoated
After degradation test
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FIG 11a

Coated
Before degradation test
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FIG 11b

Coated
After degradation test
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FIG 16
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FIG 20c
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FIG 21

Single crystal diffractomeiry solution of the novel
structure Sr{SreLa1-g)SinAloNg

Details of the x-ray crystallography solution

Lattice parameters
574.93(3) pm

a

b 516.35(3) pm
c 1138.1(2) pm
B 120.341(2)°

Formula units Z 2
Radiation Mo Kg, A=71.073 pm
Measured/independent reflections 8331/2053

Measured section of reciprocal space  -8<h<8; -7 <k<8; -16</<17

GoF 1.97
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FIG 22

Distances in the novel structure
SH{Sr30a15)SinAloNg

Important interatornic distances in the novel structure Sr(SrCaq_g)SipAloNg
Siy/Aly- N1 175pm Sio/Alo- N1 202 pm  Sig/Alz- N1 168 pm
N2 181 pm N2 176 pm N3 194 pm
N3 188 pm N4 178 pm N4 183 pm
N5 182 pm N6 171 pm N5 167 pm
Sig/Mg- N2 187pm Sy N1 259pm Sro/Cap N2 250 pm
N3 159 pm N3 263 pm N4 281 pm
N4 202 pm N5 1 264 pm N6 1 253 pm
N6 192 pm No 2 270 pm NG 2 272 pm
N5 3 277 pm N6 3 263 pm
N5 4 297 pm
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a C Fig a) Phosphor of the invention
SI(Sr G-y ) SinAlopNg:Eu, view of the layers
b

FIG 24b

Fig b) Phosphor of the invention
SH{SrCaq_g)SinAloNg Eu,
> [010] viewing direction
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FIG 24c¢

phosphor SCASN
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FIG 31 .
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FIG 33

St(Srg 75Caq 25)SioAloNg:Eu - FHE8b/13
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FIG 352
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HG 36a

100-
90-
80-
70-

=2 60+

~ 50
40-
30-
20-
10-

(51 a0 4)AISINg EUZ +
\ (0.4%)
\ ~ = Si(Srg gCag 2)SinAloNg:Eu2 +

500 600 700 800

FIG 36b

100+ S—
90 = (Srp gCap 4)AISINg:Fu2+
80+ (0.4%)
704 = ~ St(Sry gCag 2)SipAlpNg:Eu2+ 4

22 G- (1.2%)

= 50-
40
30

e~

PP ="~ -

O b 1 § H
300 400 500 600 700
A [nm]



Patent Application Publication Nov. 10,2016 Sheet 30 of 145 US 2016/0326430 Al

HG 37

[ANG IR gy
(S8




Nov. 10,2016 Sheet 31 of 145 US 2016/0326430 A1

Patent Application Publication

GGE0 {1 BESG | 06 | 9000 [ v8ELL| 2/0EL a 0 0 JO8°0 L 2060 1 600LL 1644 9% %0 o1 070 He
BCE0 1 ZE90 ] 06 | 9020 {481 PO9CL g 0 0 | BSK0}0ZR'0 | 666°9L 9406 90 %P0 £1 RS0 He
P90 1 SB9'0 1 05 | ¥0T'0 | 468 1L | £26°CL 0 0 0 8GF'L | ¥p2’0 | 988°0L | 884G 97 %y'0 ¢ 800 Hy
0SS0 | 98901 06 | ¥0Z2'0 {60611 | 18581 ] 1] 0 BIC'L 1 GDC0 | 96891 | ipsC 90 %0 oL /80 HY
FOE'0 1 98901 06 | B8Z0 {002 L | BALCHT OvYC 0 861k 0 0000166 LC | 104C 89 %90 0L 7e0 He
ISE0 10890 05 | 4820 [ CGE | 8L g 0 B6L°L 1 PGR0 10000 | E0L1E | 689 80 %9°0 o1 180 HY
Q0C0 1 E89°0 | 06 | 6820 [ GLC'LL | GRLCL 0 { B6iL 0 vIG0 | €22 12 | P04 80 %90 o1 080 H
POL'O L €290 05 | SRZG | L2011 ZE9 T 0 0 69¢'C G 0 19602 | 1/9°7 80 %90 ciRen H4
POE0 1 290 06 | 1620 [ S0STHL | GRRZL ] 28D 0 0 8501485068212 G247 80 %30 oL 910 He
FOC'0 I PEOG ] 08 | 0620 | L2 HE | GO8°CH] SvO' 0 0 | poR'C 10000 0¥ | BT 80 %90 2L CED M
VOL0 1 €800 06 | 2BCC {CYELL | BERCH T 8FOD 0 0 & iBS'0 | E9¥' 1 168477 80 %90 Sl yLo HA
EGCD 1 SE9'G | 06 | 2620 1928 L] 24621 SB'L 0 0 G 0 VeV L2 | 16T 8¢ %90 oL eL0 HY
VOE'D | 2290 | 06 | 89¢0 | 268 0L | SG8'LL g 0 0 1SBL'EIAZL'Z {69961 {905 80 %90 Sl ZL0 He
YOE0 1 E890 | 06 | S/C0 194901 |6/ E 0 0 0 PSP EIpe'E 120200 | viST 80 %90 ¢U L0 He
9GS0 | 1890 | 06 | £82°C {G/B01 {1282 0 { 0 2891 { vl | 6907 | 9v9'E 89 %30 oL 0D M
GO0 | 1E90 | 06 | 620 | /GE L] 456 0 0 0 0 £91L 16V 1E | BELT 80 %3 0 o1 B00 HY
GOE'0 1 ZE9°G 1 06 | v620 [ ELLEL | 000'EE g 0 0 IBYECYERD | YOG LE | 8YL 80 %90 ©1 800 H4
PGS0 | PEQ'G ] 06 | 262G [ VED'LL | LIBZL ] 0 0 I8 L 12820 | 91V g | 62T 80 %90 BL /00 He
GO0 12890 05 | 2ACC [ OV0LL | 8IREL 0 0 ] LOSL 1 062°0 | B3V 1E | 0822 80 %90 €17 900 Hy
GOE°0 1 2890 0S | €620 [ YOI L1 | E6BCE 0 0 0 |98FC1G/80 1260 1e | Wie g0 %30 £ 600 HY
A1 | X310 | 1BIoL | Eglng bnis | Pagi Hobadinl Caeg | Cais | Bqy | ONBig | OnERp ¥ J TETNENE
(1-xg=2)
UOWEZLE10RIEYD . n3AINCrydisetegPiglis
23100 f/siubiog o do
nkENISIY IS by

uopisodion

e6E I




Nov. 10,2016 Sheet 32 of 145 US 2016/0326430 A1

Patent Application Publication

99€0 | €890 | 06 G0 0T vigeL) 0 G 0 0 {GLI0|806%C | ¥Se) 80 %e 't el /90 B4
IS0 P90 ) 06 | vEG0 LSS HL [ LG18LL O G 0 0 (8LL0l0zgiciesLe 20 %L e 990 Hd
0SC0 18590} 0% | 96V0 {¥SGLL{E8LEL] O 8 0 0 {8LL0[€98°L7|98) 80 %0'L £1 690 H
pOE0 1 PEQ0 | 06 | B6E0 {1611 | B0ZE) 0 0 0 0 16110206712 [ 16/C g0 %30 e ¥90 H4
BGE'0 1 8EG0 Y 06 | ¥OT0 | ¥OR L1 ACGEL] D AN, 0 | 8pS0 i8R0 9811|226 90 %Y'0 £L 190 HY
BGE0 1 8E90 ] 0S | 9020 {€i02H{ 04 O iTANY 0 10000} /0LL|6v0 2L ER.S 90 %0 7090 14
09E'0 {4890} 0 | G0Z'0 {62611 {119l 0 ezLn 0 (00K {0000| 0821 ERLS 90 %0 €1 650 H
000198901 05 | €020 {828 1L {96V EL] O 4N 0 1909019060 | veL L} ¥0LS 90 %0 o1 960 Hd
950 1 6EG0 | 06 | ¥OT0 JLAEHL [ GVEE) 0 7 0 1922019800 961721 1G624S 90 %Y e 860 H4
8GE0 1 6EG0 ] 0S | SDZ0 | ¥96'LL {199 { L' 0 [LI90 | e0v0 | 086°9L |06 90 %Y £1 250 H4
BSE0D 16200 05 | 9020 fgi0ei]s0le 0 gre' 0 0 19860 |6V0LLIERLS 90 %0 160 HY
IS0 {6890 0% | 9020 {SI0ZH L0481 © ieF'0 0 0 1608°0|080°21 €616 90 %Y'0 €L 050 HY
9GED 1 OP90 ] 05 | 9020 [ 986'LE | ¥/OEL] 960'L | L¥40 0 0 0 | L0208 90 %P0 £1 BY0 HY
9601 OV90 | 0G | 90270 1 066'LE {6491 5060 | 2V0 { 0 { 2107211280 90 %Y 0 £ 9r0 H4
8GE0 1 68001 06 | ¥OZ0 {468 LL{€/GELT O GvZ 0 0 (897t 0 mmmpwr 181G 90 %0 0 H
BGED 1 6890 05 | G020 {16711 (GRSEL] O gy 0 [G0ZLE 0 [CI89L|ipLS 90 %0 £1 970 Hd
YSE0 {1 CP90 ] 05 | 90270 {G66'LL {GBOEL | 9890 | 619D 0 0 a wco.t 684G 90 %0 oL o0 By
AGE0 1 BE90 ] 05 | G020 {OV6 L [ 129EL | 91870 0 0 isiegt O |9ye'91|85i% 90 %b'0 21 Ch0 He
960 1 OvO0 | 06 | 9020 {2L02L | Y0LCL ] 029 0 0 0 16190 | 6v0 /L {261 90 %Y "0 i
GSE0 19901 05 | 9020 [ L1071 | €02 8821 g 0 0 10000 8v0LL | €64 90 %0 el Lp0 He
310 1 x30 beor So2ng b Ny | In8ig | Paary [obalnd Saeg | Sy | Saw | 2nBig {2nten X i ETNE: =
(147 =)
UOIRZLBIRIRYD . :m_\,@.ﬁzm%, begBighis
{eando IR L haicC O, Y|
JACNIS _,q 157 e
Lo 8?_8

46¢ Yid



Nov. 10,2016 Sheet 33 of 145 US 2016/0326430 A1

QAC0 | LE9D | OOV | vl | €412 166262 a g 4 0 1420092867 |86t G6'0 % 1 21/691 41
0/2°0 {6290 60L | 0/80 | /25¢0 | 66962 4] 0 g 0 FEC'D | 4GB 27 | 9Ld'¢ 60 %60 2i/991
piE0 I 290 ] 0L | 0650 | 2687¢ | 9L19¢ { a a 0 168270809y [ovLy ¢80 %90 AV
2950} /89°0 | 60L | JSLTL [ 19¥'22 1 629°6C g g g 0 0520 |1 818747 | 804°C 60 %'t TASTATET]
PO2'0 | GE9°0 | 00L | 996°0 | 606G | #2967 4 0 0 { RSATE INEE A EVN 60 %0} AR IR
¢80 192901 00 | pAIT0 | 8YS2E i vaL62 g g 4 0 L2 | v00ay [ 61472 50 %80 ZL/Ee!
G/E0V V290 | 00L | 890 (0622 16VLGZ ) D g 4 0 1220 1 050'8Y {1247 60 %40 ZieeL
LIE0 1 229'0 | 00 | 2850 | 2pS2T | viL'6 g 0 g 0 FEZ'0 | 26087 | #8242 60 %90 AN
GJE0 T vZ9'0 | 001 | BBY'0 | BI2'ET | VY9 d 0 0 0 [8€20 1 /¥E'Ey 009G 30 %G 0 2i/800 41
LE0 1 92901 GO | 9650 {00C€ 899 a8 g g 0 920 | €06 Sy | v65'SG 80 %90 21004 41
998°0 | 2590 | O0L | 2150 {998'¢C | [¢d iz g it g 0 | v¥20]8iG6E 2698 L0 %G0 21/66 41
F9E'0 1 BE9'0 | Q0L | 8650 | 002'CT | 89Y'9¢ { 4 a 0 [ BEZ0 | E06EY | ¥BS'S 80 %90 Z1/E6 4L
Y380 | GEG'0 | 00 | €16°0 199857 | /2242 0 g 4 0 |¥r20]8iG6E 12898 10 %60 21788 44
GPE'D | ¥SG0 ] OG | 2860 | Obp 1L | ESOEL g 0 0 0 1/ZL10|6YSL2 65472 20 %0'C oL 780 H4
eGS0 L SPO0 T 06 | OV [ J6FLEEBLEEL d a a 0 [8EL0{962712 12447 80 %S o190 He
ZiS0 192901 05 | 1/G0 1980 1E | 6Y97CL 0 a g 0 90| 2i6%¢ 189970 560 %C L o1 090 HA
0/50 8290 | 0C | GI50 |8Gi it ieler| o i 0 |0 |7ii0(evvz|e00t] §260 %21 el 610 4
958°0 1 2¥90 ] 0G | 0650 | ¥Sh'LL | 690°CL { 8 { 0 VLD ESE e 2ive GeR'o % SL 00 H4
3050 | 0vG0 | 06 | 9850 | B/ 1L |E862L] O 5 5 | 0 17,1088z 8502] 680 %l 1o 800 iy
2980 1 9E9°0 | 0G | 28BS0 | ¥OS'LL | 868°CL g g 0 0 9010 /68¢]v0i'} 54870 %'} ¢1eg0 Hd
A310 | x310 el | Eplng | NIV | PNEIS | P4gn |Lovadn] Sqeg | S8 | Bdiy | Onig {Onfeg] x s juauliatag
(1%z=2)
UofEzIB1IRIEN 61N su\,nmzmp&_wmi leafichis
[EIRCO S naf Engiyis* ten
LBIsedia)

Patent Application Publication

J6€ DI



Nov. 10,2016 Sheet 34 of 145 US 2016/0326430 A1

0 0 0 0 |6SP010250] 0 |66691|84G bl b 90 %0 o1 680 H
0 0 0 0 {8SYLIvP20] O [989°0L|8ELG bl 5 90 %0 oL 8e0 M4
0 0 0 0 189C°L1G0E0] O [969°0L|LRLS Ll ; 90 %% oL /00 Hy
01 0v9'0 0 g86L L} O {0000 O [S6L4C 1042 Bl } g0 %90 el 780 Hy
0 0 0 E6LL I PS80 {0000 O |60LiZ| 68972 bl b 80 %30 el LSO HY
0 4] 0 BoLLY O VIS0 0 [ 82248 v017T il L 80 %30 €L 080 Hy
0 0 0 16921 O 0 0 19602 | 12972 1) 1 80 %30 {el 620 Hd
0] 2Ero 0 0 18/G01/820] 0 |68842|52L7¢ bl b 80 %90 CLgL0 HY
0] 6v90 0 0 {¥98°010000] O |OVE1C |61 b} L 80 %90 oL LD M
0 ]8b90 0 0 0 |I85C| O [€9p'ig|5eLZ) i P 80 %90 1ol pioHd
06621 0 0 0 0 0 |pEV iz ieie ] it | 80 %30 lel 014
0 0 0 0 168LEi6eke] O {6996} 9057 L ; 80 %90 oL 710 Hy
0 0 0 0 (PSPl WeL ] 0 | 20C0C | viST ! ; g0 %90 e L0 He
g 0 0 0 {289°L{vel’t| 0 {69.02|9v972 il b 80 %30 CL 010 H4
{ 0 0 0 0 [€91°t] 0 |26Viz (8812 il L 80 %30 €1 600 H4
0 0 0 0 [6VECIVEBD| O | 99512 | 6RLTIGL600°L 80 %90 CLa00 He
0 0 0 0 188 112E20] 0 [9Wid|624¢16600L L 80 %90 CL /00 HY
0 0 0 0 (S L {0620 0 |8cric|0EL21560:0t b 80 %90 o} 900 H4
0 0 0 0 (98P0 ]GRO O |26G1T|SrIZ 15468001 L 80 %90 o1 600 He
I Yagry Holal] Caeg | Cus | Eay eg | anBig |OnBeglone s ] wenio) Wy X A JUBUIIBX]
(1-xz=e)
n3hIdpydig(teabishis
5/s1b1om 0
nakEnsiyis tey
UoIIS00WOY)

Patent Application Publication

P6E< 9




=

2 ‘

3 BSE0]J69C] 0S| 0 ] 0 | 0 | 9020 [260L] ¢ Jv99et] 0 ] 0 o] 0 | 0
o 9 {seablos F o [ o Tofwozolmeeie]l o Jessesl 0 1 0 (ol 0 [ o
S 0060196901 05 | 0 [ 0 [0 [ w0z0 [So6 i O [ieserl 0 | 0 |0) 0 | ©
Q o0 joe9c] os o J o Joleszofooeii] o ezl o o lol 0 [ 0
2 296010690 05 | 0 [ 0 foluseolesini] o Jeezer] 0 J 0o 0] 0
. 9960 18901 05 | 0 | 0 | 0 | 68¢0Sketi] 0 ls62zil 0 | 0 101 0 | 0
X 7960 [ £690 | 05 | 0 | 0 | 0 | S8¢0 [Z40 ] 0 /892 | O | 0 |0 0 | O
s poe0leeo0fos L o [ 0 [0 {160 Je0eti] 0 Jeeszil o | 0 lo] 0 | 0
“ P90 | ¥890 ] 0 | 0 | 0 | o Joez0 faeti] 0 Jsogvi| 0 [ 0 Jo] 0 | 0
3 P90 200l 06 L 0 | 0 |0 [e6e0 {evert] o leseErl 0 [ 0 [0] 0 | 0
= €OE0 | GE90 | 05 | 0 | 0 | 0 | o620 |96 k| O lze6zr| 0 | 0 {01 0 | O
° 080 [ 22901 05 | 0 | 0 | 0 | 8920 | 26608 O |ssgii| 0 | 0 |01 0 | ©
S Y90 [ S690 1 05 | 0 | 0 | 0 | 6209905 0 |e/iei| 0 | 0 |0 0 | ©
S 9960116901 05 | 0 | 0 | 0 | 820 [S/601] 0 lreszt| 0 | 0 0] 0 | 0
w. 99€°0 | 1€5°0 | 06 | 0 | G |0 | €620 [JSETT| 0 |yS6er| 0 | 0 |0 0 | 0
z G9E'0 | 26901 05 | 0 | 0 | 0 | ¥620 |ELVLL| O |ooost| 0 | 0 | 0] 0 | 0
- PICO I ¥E90 1 0S| O | O | 0 | 2620 J¥E0LE] O fueely 0 1 0 |0 O 0
S G960 | 2690 ] 05 | 0 | 0 | 0 | c6co |OOIt| ¢ |eleer| 0 | 0 |0 0 | 0
3 69870 128901 06 | 0 | O | 0 |€6e0 |v0it] ¢ 1€66¢i) 0 | 0 ] 01 0 0
= A3 | X310 [ 1BoL [ais|Cpanina | Elng | NIy [eiuden) PNEiS | Encenienuz|ondl Eodup | NEF
[~ "

.m HEZUBIOEIRYD

.m eondo B/s1B1om

=3

=

36€ Dl
&




-

«

m

m 0 0 0 0 0 |80 0 [E9812198.T) L | 80 %0t |£1 690 HY

@ 0] 0 0 0 | o [eiro] o loetzfwre] 1 | 80 %80 181 ¥90 Hd

= 0L 0 Jcao | o fovsoleien] o [estiifeess] 11 ] 90 %0 |gL 190 Hd

Q 0] 0 | ver0 | 0 |0000]Z0LV] o |6WOZV|SBIG| L} ] 90 %0 gL 090 14

£ ol o [€vo] o Joorvrjooon] o [oszzriesss] 1 ] 90 %0 gL 650 1
0l 0 [ezaro | o loosolooen] o [verzifvoss] 1) 1 90 %70 8L 650 Hd

¥ 01 0 | G20 | O |620]|98v0| 0 |96L/1|GelS] 1 ! 90 %0 |21 £50 Hd

s 0] 0 | 1w0 | ¢ [1I90]e0r0] o Joseor|ozls] 1 | 5y %0 18 250 K

° 0] 0 | 820 ] 0 | 0 [v8eD| 0 [6v0Z1[e6lS] L} | 97 %0 lgL 150 Hd

5 0l 0 jlev0 | 0 0 |6080| 0 |0S0/L|CBLG) LI | 90 %0 |eL 060 Hd

2 019800 | 420 | 0 | 0 | 0 | o [n0uLjos/s] 11 | 0’0 %0 1g1 60 Hd

- 0SD60 | 1avG | 0 | 0 | G | 0 [Z107v|e8ls| bt ] 90 %0 1oL 8p0 1

= 0l 0 | S0 | o |ssvi| O | o |ese9rfsls] 1 ! 90 %70 1oL /p0Hd

= Y1 0 | S0 | 0 |Gct| O | 0 |SH9F| bS] LI | 90 %0 |el oyl Hd

= 0 19890] 6100 | € | O | 0 | 0 |S0/1|G8/S] L} | 90 %0 1oL b0

2 g 19g0) 0 0 {660 0 0 |9v6'9118G/G) LI b 90 %0 el SrOH4
6102901 0 0 0 G190 0 |6¥0/LICBLST L | 90 %0 1el zvQHd

g 01680l 0 0 | 0 Jooo'o] o [ev0uL]eels] 1 ] 90 %0 181 b0 Hd

= 0] 0 0 0 1/9¢0]esa0] 0 [600LL 162G 1 ] 90 %70 1oL op0 Hd

5 41| 74g7 [Lovacn| Gdeg | S5 | Sy | XNea | ONBig |Tnten|onel IvIS| La0g WY | X A |uswisdxd

£ (1-47=8)

= 3 !.fm._ﬂa_m% teg®ighis

= D/s1yb1am

3 gk X_mm,,}mxi g

2

=

< 16€ DI

=

L

=

="




Nov. 10,2016 Sheet 37 of 145 US 2016/0326430 A1

Patent Application Publication

0os0feeo0] 06 o [ o [ o Joeyo[wesii] o Jesrei| o0 | 0 [0] 0 | 0
pocolveoofos o [ o Joleeso zs0r] o Jeozer|[ o o Jol 010
o0 feconfos ol o {ovozolwoett] o0 Jseseil o [ 0o fol 0 | 0
goe'0 [ 8eo0f o6 [ o [ o [ o foogoleoet] o Juseil ol ool 010
0oc0fze00] 06 | o J o [ o feogoleesit] o0 Jwoer] o [ ool 0o | 0
090 ] 9¢90} 05 | o [ 0 [ o jeozoleesit] o Jeevei| o | 0o o] 0 [ 0
8ce0 | 6e90] 05 | 0 [0 o [woeo (18] 0 Jwsei[ o [0 [0 0 | 0
BSE0 16290} 05 | 0 | 0 | 0 | S020 |96 LK O IS9EE| 0 | 0 |0 0 | O
gee0 | ecu0f o5 o [ o [ o joeocoleoer] o Jiseil o ool 0 [0
S0 16890 05 | 0 | 0 | 0 | 9020 [€t0et] 0 /8] 0 ] 0 0] 0 | 0
oseD fove0 ] 0s o [0 [0 [ 90c0 988 t] 0 [woe| 0 [ 0 [0 0 | O
9550 0v90 ] 05 | 0 [ 0 [ 0] 90c0 0661 0 [698] 0 | 0 |0 0 | 0
85¢0 16290} 05 | o [ 0 [ o |¥020 [/681E] o et 0ol o o]l 0 10
8580|6890} 05 | 0 | 0 | 0 | 5020 [ZBLL| O |S6%ei| 0 | 0 |0 0 | O
pee0 b0} 06 | 0 | 0 | 0 9020 [Se6El o [S89ti| 0 | 0 [0] 0 | 0
580 66901 06 | 0 | 0 | 0 | 5000 [0v6LE] © |We9€t| 0 | 0 |0 0 | 0
956’0 | 0P90 | 05 | 0 | 0 | 0 | 9020 |2l02k| 0 |¥0ZEi| 0 | 0 |0 0 | 0
65€°0 | 9€90 0 [0 {0 foozorozi] o Jeoder[ 0 [0 o) 0 [ 90
8560 | 8890 o [ oo foozolweert] o Jamesl o ool o 0
A310 | X310 cois|20sniNna | €0dng | NIV [sludein| Elg | EgleinCuz|ond)bocup] NEN
i~ oo
b6¢ 914




Nov. 10,2016 Sheet 38 of 145 US 2016/0326430 A1

Patent Application Publication

0 { 0 0 0 10800 O |8184p|80.7C R i 60 %C | 21291 41
0 4] 0 0 0 [E20] 0 | Le'lv (glie bt i 60 %0t AL
0 0 0 0 0 (820 0 | D08y {61272 bt i 60 %80 gHEEL AL
¢ g ¢ g 0 120 ¢ | 0508y |12LT b 60 %40 AVASE
¢ 0 ¢ 0 0 LE2°0 ) O | 608K | V22T b 60 %90 ZLILEL AL
¢ 0 ¢ 0 D |8EZ0| O |.ibE'EF {0096 R 80 %50 SL/e0L 4L
g 0 4 0 0 18620 O |E06'Ch|1ESS bb 80 %90 ZLa0t 4L
0 4] 0 0 0 {20 O | 8196872698 bb R %50 g1/66 41
0 0 0 0 0 {8620 O |c06°Cy|pEeS b 80 %90 AN
0 ] 0 0 0 g0l 0 | BLSBE (2898 Ry i L0 %50 Z1/88 41
0] 0 0 0 0 {ZHU0) 0 |6v9'1g|6SL2) Lt 80 %07 |21 280 Hd
0 0 0 0 0 {810 0 9541212472 Ry b 80 %G1 C1U IS0 H
0 g 0 0 O {PL0) 0 |2i16%C]8990 bt i 660 %et eL 080 He
0 0 0 0 0 {PHEO] O [ EWFREB00LY L GZ6'0 %L 1S 60 HA
0 0 0 0 0 L0 0 |eSEee vt 1 | G280 %t €1 00 Hd
0 0 { 0 O LD 0 | 848722196021 Lt i 680 %L 1ei /90 H4
0 0 g 0 0 9D} O |ZBEEC|v0LL bt i G/8°0 %2} C1 080 H4
¢ 0 0 0 0 {SHDL O |808'cC | pSEL b} 60 % L 0L /00 H4
¢ 0 0 0 0 {80 ] 0 0281210822 b 80 %2+ £1 990 B4
41| Yaan | Lovalin| Cqeg | Cais | B4y | aNed | Ontag | OnBegfones Ivis]usiue) WAy X f Jualliatxg
(1-xg=%)
nIAINCIveIS (R tenBig)is
B/sibiom I
3k Enisiyis™ beg
polsoding

Use 9l



Nov. 10,2016 Sheet 39 of 145 US 2016/0326430 A1

Patent Application Publication

200 ze00loor ] o [ oTolasryiovee] o Jsegse] o [ o {o] o T o
v96'0 | SE90 1 00K 0 | 0 | 0 {9960 |50Sez] 0 {v9%2) ¢ | o (o) 0 | 0O
es€019c90 oot 0 [ o Lo twizolersee] 0 fwelSel o [ o lof o | 0
GJE0 | 72901000 | 0 | 0 | 0 | 8/90 |05ce] 0 |6v/S] 0 | 6 (0] 0 | O
1180 2e90 001 | 0 | O | O | 2850 [26Sce] O |viiSz| 0 | 0 [0] 0 | 0O
GJE0 | v290 1 00L| 0 | O | 0 | 66¥0 |Ezzez] O |¥6¥92] O | O (0] 0 | O
1/e0 {8290 0ot o o [0 ises0loocee] o (89l o [ o {o] o | 0
9960 | 26901001 | 0 | 0 | 0 | 2160 [998%z] 0 Zzede] 0 | 0 0] 0 | ©
1950 {8890 {00t | 0 | o | 0 [8es0[00cec] 0 [8w9%| 0 [ o {o] o | 0
p9e’0 [Ge90 0oL ] 0 [ o ot aicofoeee] o Jseczel o [ o o) 0 | 0
Sve'0 | ¥5901 05 | 0 | 0 | 0 | ¢960 (0P bi] O [€S0€H| 0 | 0 0] 0 | O
ese’0 (S0} 05 | 0 [ 0 | 0 [ ovZ0 [60°LL] O [8LEL] 0 | 0 | O0f 0 | 0
220192901 05 [ 0 [ o [ 0[50 [9801i] 0 [ev9el| o | 0 0] 0 | 0
0/€0]6290) 05 | 0 [ o | o fasolesi] o [welerl o[ o lofl o | o
96e°0 | 7901 05 | 0 | 0 | 0 | 0650 |vG¥li| O [690€H| O | O 0] 0 | O
95e0 | 0v90 ] 05 | 0 | 0 | 0 [ 9850 [8/eti] 0 [€862ek| 0 | 0 0] 0 | 0
2960|9901 05 | 0 | 0 | 0 | 2850 |w0Eli| O [8682H| O | O (0] 0 | O
9960 [ €901 05 | 0 | 0 | 0 [ 650 (0] 0 [viBer| 0 | 0 (0] 0 | 0
1560|1790 05 | 0 | 0 | 0 | v6S0 | eS| 0 5kek] 0 | 6 0] 0 | ©
R310 | x310 J oL [eoisicoan|Nna) Eptng | NIV {audzn] PnEig [€0le|onCuz |0nD] Eocun| e
e B/SiuBloM

I6€ 9l




Nov. 10,2016 Sheet 40 of 145 US 2016/0326430 A1

Patent Application Publication

0]eeto] o 0 0 0 | 0 leeeeg]izeL]eoisso] 660 5580 %L
0 lozirol o 0 0 0|0 lesSyz et U160 G0t 5760 %2’}
oloeeto] o 0 0 0 | 0 leelze|eL] 16D 60 190 %}
BEANETEE 0 0 0 | 0 |9gce|sreL]60LL ] 60 % |
BEINE 0 0 0 | 0 jeoeez{vseL] 1 ] 60 %2 L
0 leetol o 0 0 IR L'l 660 %' |
0680 0 0 0 R ] 60 %7 |
o] O oo ] ¢ 0 0 | 0 [80BEC{¥SE'L] |} ] 60 %L et zob Hd
BETNIE 0 0 0 | 0 [206€Z {vSEL] Ll ] 60 %L el 10t Hd
0| 7900 | 8800 | O 0 0 | 0 [S06%C|pSEL] 1) ] 60 %1 Ter oo H4
0 ]8290| 960 | o 0 0 | 0 |iesez st 1 L 60 %L let 660 14
0l ¢ 0 i 0 |SHO] o [aoeee]vseL] i ] 60 %L el 960 Hd
0] ¢ 0 0 0 [SL0] 0 [806%€Z{pSE L] 10 | 60 %t et /60 H4
0] ¢C 0 0 0 [GL0] 0 B806CZTIVSEL] L b 60 %2l lel 960 H4
0] o 0 0 o o] o foarbeziuet] ] 60 %L el 560 Hd
0] o0 0 0 IR E ] 60 %L ey 980 Hd
0] ¢ 0 0 0 |4220| 0 |928'6r | /88L) L} | 660 %L 121/691 41
0] 0 0 0 0 1820 0 16670 |91L2] Lt ] 60 %60 |21/951 4L
0l 0 0 0 0 |6820] 0 [8209y{orty] 1 | 380 %90 |ziealdl
41| Yagy | Lovadn| Caeg | Cais | Eqy | xned | OnEig |CnEenonel i) WeluoD Wy X £ a8t
{|-xg=¢)
A INClydis(ebeatis)is
B/sbiam

10
nak NV teg
uolsodwon

[6¢ O




«
g 1960 | 2690] 05 ] 0 | 0 ] 0 | ¥660 |witer] © |905¢t] 0 ] 0 0] 0 | ©
S GOE0 1 €e90 1 0S | 0 | 0 | 0 | 9960 {eq0ek| © (08CLl| 0 | 0 |0] 0 | 0
S 2960|9890 05 | 0 | 0 | 0 | (90 |[1S0CL] o0 jesiek| 0 | 0 (o] 0 | ©
= 0980|6650} 0 | 0 | 0 | 0 | Z/GO J€I00F] ¢ |/0%E] 0 | 0 [0] 0 | ©
% 2960116901 0S | 0 | 0 | 0 | 850 (Zeghi] © (o182 0 | 0 o] 0 | 0
GoeD | ¥e90 | 05 | 0 | 0 | 0 | 1650 [/890t] o fweiet| 0 | 0 |O0] 0 | 0
g €90 1989005k 0 | 0 | 0 |Sesrfesyee| o Jwves| o | 0 [0 0 | 0
5 PO 7690 0S | 0 | 0 | O | 6/50 {06ctk| © |vibck| 0 | 0 0] 0 | 0
= 96019690 0S5 | 0 | 0 | 0 | 860 |Zecit] © |08ek| 0 | 0 |0] 0 | 0
g 29501 26901 05 | 0 | 0 | 0 | 850 |62ebt| 0 Jei8eb| 0 | 0 0] 0 | 0
= 65018690 o5 | 0 | 0 | o j9ssTofee0r| o Jisei| o [ o [ol o |0
° BSE0 168901 05 | 0 | 0 | 0 |6/S0j0scrr| o vi8et| o | o0 [ol 0 | o
= 960156901 0S| 0 | 0 | 0 | 6/50 08¢tk © |vi8¢k| 0 | 0 0] 0 | 0
S 190 {26901 05 1 0 | 0 | 0 | 650 062tt] o |v8e| 0 | 0 0] 0 | ©
X £96°0 1 Ge9°0 | 05 1B65L 0 | 0 | 0950 fz/80t] o Joovat| o | o [o| o | 0
z POED | ¥E9D | OSE| O | O | 0 | 96LF |160€s| € |bv8e] 0 | 0 |0 0 | O
_ BOCD [ 1€90 f00L | 0 | 0 | O |evik |eilce| G 1s6¢5¢| 0 | 0 |0 0 | O
S 0/£016290100L] 0 | 0 | 0 |0/80(/25¢z] 0 |66962] 0 | 0 | 0] 0 | 0
z IS0 | v290 001 0 | 0 | 0 | 0650 e682c| 0 99| 0 | 0 |0 0 | O
s A310° | %310 | 1oL [Cois|cpaniNnT | Eofng | NIV |aiudein| baEis |Egde[onEuz|0n]Eolup| NE
E .
gD o
=3
=
X6€ DI
="



Nov. 10,2016 Sheet 42 of 145 US 2016/0326430 A1

Patent Application Publication

REACEE 0 1 0 1 0 ] 0 |v08%z]icer ee0c0r]  oF 50 %1 ey pas L
0 11IeLo 0 0 0 0 0 1022CCiSLE L] 60LL o't G680 %e | oLreza iy
016210 0 0 0 0 D | 0¥62C | 9SEE 5071660 o't 60 %e | oL gZR il
REEE 0 |0 | 0 | b [9c9zz eszi| ¥ 60 180 %t Ner 128l
BEATIEE 0 | 0 | 0 | 0 |sovve|eeci| 601t T CYB %L ler oza1u
01260 0 0 0 0 IR VAT B 74N B M 0} 6630 % | e Blo
015€10 ¢ 0 0 0 0 18197221180} {S6°0G0} 60 180 %< | CL gLp iyl
0 {5210 0 0 0 0 0 |67 198¢t bl Pt G50 %' CL /19y
01 GEL0 0 0 0 0 0 |¥6922|G8C°L{G0° 1660 60 160 %L gl gigiyy
015210 0 0 0 0 0 [ Z1S¥Z | 888 L{50'166'0 P} Gyo' ¢ % L £1 cl1g 4l
016210 0 0 0 0 0 | 8/6ECINSE ] 160 o't 6D %C | CL vig 4l
01{zeko 0 0 0 0 D | 066VT | SLYLIG6 00 'L 660 %e + CLELR 4
0 1zz00] 0 0 | 0 | 0 | o |990Cz |oertcoigea] 11 660 %t ler 218 4
0 2el0] o 0 | 0 | 0 | 0 [Z62¢cz|Zier|s6060t] <60 G680 %1 ler 11941
01d2to 0 0 0 0 0 [ESEVC eI L] 60 Et 666G % 1 1 nLg 41
01{ecto 0 0 0 0 0 | p0isgiegh i) VB0 ('} 660 %} o1 609 4L
D {2eLo ¢ 0 0 0 0 |662€e|6LEL bl 660 GGa ¢ %4} £ 808 41
0 1SeLo 0 0 ) 0 0 |188°22 {6121 60LL 60 160 %L el Jogiyy
01520 0 0 0 0 0 |LIvpe |8 LIC60C0Y SOt G950 %L fo1 apg iy
Paary 12ovacn| Cqeg | Cqis | Eqy | xneg | Onig |SnEenlonel [viIS| waiion Wiy X i Justupatg

{1-xz=8)

nIhINCvaise benFishi
fi/sjubiapm 0,
NIk NSV ISE bey
uolisodwon

I6€ D4




=
(=]
v 29E0 18900 05 L o} 00| 450 j6po0L) 0 JOosKFERl 0 O [0 o 0
& 0960186901 05 | 0 | O | O |¥6G0 JEECOL) O OWwH] 0 | 0 JO0] O 0
= POS0 L P90 05 F 0 | 0 | 0 | 650 |08t o (68ter) o ] o [0l o 0
S 0950 [9€9'00 05 | O | 0 | O | 6090 |Se8tty o fe6vell o | 0 [0 O 0
£ 9680 {2v9 0 05 | 0} 0 | 0 {2950 | 52861 0 {c0lekl o | 0 [0 O 0
pOCO16E90 0 05 1 0 | 0 | O [ S6S0 {LbLZiy 0 [/98HEL o ] o [0 O 0
¥ BEEDLOVO0 ] 05 1 0O} 0 | O {8090 |SIZE 0 ferlwil o ] o0 [0 O 0
= pOE0 | ¥E90 1 0S| O | O | O | ¥OSO jIG60L] 0 |Seberl o | 0 J o O 0
or 2960198901 05 1 O | O | O | 0190 j4ev2L) 0 [6S8ZLL O | 0 [0} O 0
g pIS0 [ ¥290] 06 | G | O | O | G950 |9ISHE 0 (888l o | 0 J 0o O 0
= 1980 | /6901 08} 0 | O | 0 | 0850 {682, 0 J99SLLy 0 | 0 |0 O 0
° 8950198901 05 1 G | 0 {0 0S50 |BstOL] 0 [S8¢etl o {0 JOof o 0
= POS'0 168901 05 | O | 0 | O | 1SS0 {682t 0 J209LLL O | O JOof o 0
S 1980 | /€90 05 f O 0 | 0 |265C {Gee0Ll O ety 0 | 0 {0 O 0
: 2980 J€901 05 ) O f O L0 |6YG0 0656 O |vECH] 0] 0 JOl O 0
> 1980 | /€90 05 | O | 0 | 0| 2950 {Z62iL) O f8OOLLyL 0 | O (O] O 0
2900 [ €901 05 1 O} 0 L 0 [ €BSO 8IS O fevlerl O | 0 O O 0
s BRED [ OV 05 | 0§ 0 | 0| /090 {1090 0 [B2¥EL O ] 0 JO O 0
3 BGED [ OVOD ] 05 | O | O | O | £950 {/880L) O f6e60CE] O | 0 [0 O 0
.m A | XJ0 Lol feoisiCoaniNnT| Eglng | NIV [eidein) bnEis {€ace2nEuz|0n0fEglupn | NEIT
[~™
m UOREZiB10RIRYD 5
3 esnd B/sibiom
w
wee Hi4
£



Nov. 10,2016 Sheet 44 of 145 US 2016/0326430 A1

Patent Application Publication

0]8%i0] o© 0 | 0 | 0 | 0 |Ge8%c]6ver]s0ree0] 01 60 %L1 |6t £pg L
016210 0 C | 0 | 0 | 0 |Oveeg|9eer{coreen] o1 60 %21 |6 apg L
BEAY R 0 | 0 | 0 | 0 |v6vec|iect] It 0’1 650 %0T  [£F yg L
0122t0] o 0 | 0 | 0 | 0 [ocez|veet] i 0 60 %lC  |SF org il
01 2Zre ] o 0 { 0 | 0 | 0 {g09¢z|Eet] I 0l 60 %67 |EL 668 UL
01220 o 0 | 0 | o | 0 |w9tc|wer] I 01 60 %Zc  |er eegul
BEEXRE 0 | 0 | 0 | 0 {9L1Z]90Y] FI 0t 60 %2t |el /6941
0196€0] o0 0 | 0 | 0 | 0 |ESH0Z]HEES] VL0 0} 6590 %2t et 9884l
B 0 | 0 | 0 | 0 |280°99] 958 €501 S60] 60 19 %2t |SF 684l
019660 0 0 | 0 | 0 | 0 |66669]¥96E(S01G60] 01 G690 %ot |6l vegdl
olovol| o 0 | o | o | 0 |28099]9sgcis0rsen] 60 190 %% ek e€94l
0190 o0 0 | o | 0 | 0 |66669]v96EIS0°1G60] 01 G580 %t |eb 28B4l
olzral o 0 | 0 | 0 | 0 {0eee|eret] b 01 60 %07 |eb 1egul
olsrol o o | 0 | o | o |mreeiwe] b 01 60 %Lt |SF 06§ WL
0leerol o o | o | o | o |eegez]oset] VI 0 60 %7 |t 628l
B EAC R 0 | 0 | O | 0 |c06eg|vaer] It 01 60 %1 |61 828 WL
RN G | 0 | 0 | 0 |85 |6ict] 601t 60 190 %z 1 €L 72841
0150 o 0 | 0 | 0 | 0 |wWhye |veeriseocot] i Gr60 %et  |eb 92841
0 10| o 0 | 0 | 0 | 0 |eesezlreerisoresnl 0 5690 %2t |eF Gz8 L
7| Paar |Zovgln| Cqeg | Cais | Cqy | xneg | ONEig |CnEeglouel IS iusiuoD WY X \A_ ENTIEGE
(1-xg=2
n3i:InClyais(e egtis)is
B/siubiem o,
Ik Enisiyts™ ey
Honsodion
uge Hi4



Yo
«
=
m GE0 b0t os 1 0 1 0 |0 A0 ISl 0 JHECE) 0 1 0 [0 0 0
5 G980 16890t oS | 0 | O | 0 | 65008 ] 0 [e8tgh| o | 0 [0 O 0
S ape0fes90t oc [ o L 0 | o | tery osob] o fzeSer| o 1 0 [0 O 0
& greotis90 b oc f o L 0 | o |esz i) 0 lsezil o [0 j0 o 0
z aveotesoctoc o b o | o o6t ssobe] o lesezi] o [ o fol o 0
- PE012e90 05 ) 0 f 0 | 0 oSOt jocti] o0 fesezil o | o fol o 0
> coc'0 19890 0st] 0 0 |0 ]St jzages] 0 [ieves| o 1 0 o] 0 0
s P80 {76901 0SH] 0 1 0 | 0 | 98271 [ ¥ELeE] 0 J009%SE] O 1 0 [0 O 0
] 298019890 OSL] D | O | O |08 joLEEl 0 folseel ¢ f 0 [0 O 0
3 coe0 1GR90 oSt 0 F 0 | 0 |e8h bEes ]l 0 [Aue] 0 0 f0] 0 0
= BGEO | OVO0 L OSL] O | O | 0 | 0S8 JOLEZE] O foISee| 0 | 0 [0 O 0
° — - Jostt o} oo e bwsoe] 0 (a6 00 [0 0 0
= G0 fep90) oS | 0 0 0 60 bl 0 Jaueil o f 0 fol 0 0
S oce0tepe0 ) 05 1 0 L 0 | 0 | SHe0 el 0 |6RS2L) O L 0 [0 O 0
R seotgotos oo o [ hzro sl 0 (v 00 jol o0 0
> tacofesanlos L o} o0 8G0 ezl 0 foKgil 0 0 Lot O 0

0960188901 06 1 0 | O | 0 20001000 0 feeiwby 0 1 0 D] O 0
5 €980 162901 05 1 0 | O | 0 | €950 [/BE0L] O [ee0Ct] O | 0 [ D] O 0
5 CORD IGO0 06 L 0 L O | 0 | ¥BSO [wtiZLl 0 |908ZL] O [ 0 [0 O 0
= A0 | X310 | e0n | Sisfegen| NN | Epdng | NIV [euudein) YnEig |Epletidntuz |0nD] Sacup| NEM
£
=

UOHPZIIBIOBIEeUD .
.m ! _a_wgo ! B/siubiom
2
=
)
N 06¢€ Hl4
[=P]
=
[~™




Nov. 10,2016 Sheet 46 of 145 US 2016/0326430 A1

Patent Application Publication

01820 0 0 0 0 |iovoicilecicigty b o'l 60 %L vl z9giul
01 scto 0 0 0 0 0 1062721060 bd 0't ve'0 %0'¢ vl 19941
0162l0 0 0 0 0 0 ie¢e0vZiveen) bl 04 €60 %0C 1%l 09941
BEACIEE 0 0 0 | 0 |ve9€Z|650°L] b 0l 260 %0C |yl 538 41
01920 0 0 0 0 0 1GB9CT ivBLL L 01 60 %0'E A RN
0162l 0 0 0 0 0 1pZC2i8IE LY Lt 0’ 60 %Y oyl Jcgil
BEAGIEE 0 0 0 | 0 |68€€e et ki 01 60 %CE el 968Ul
019210 0 0 0 0 0 {EREEZ {veet Ll 0l 60 %S¢ yi 66 iy
019210 0 0 0 0 0 i0Sv'ezieze ) i o'l 60 % C bl poSg iy
I TN g 0 0 0 0 106272 {06.0 Lt 0't ¥6'0 %0'¢ ¥l 009 41
016210 0 0 0 0 0 1¢60v2 Va6 bl 01 £6'0 %0°¢ ¥l 258 41
0| 92tD 0 0 0 0 0 (¥68°C21650°LY it 0t 260 %0°E vl 168 41
01920 0 0 0 0 0 1GB9CZ i¥6LL LE 0t 160 %0'¢ vl 058 41
01620 0 0 0 0 0 {v0EG21e92 0l L 0t 860 %0C  1¢l 6vR 4L
BEAAE 0 0 0 | 0 |vievel650] 11 0’1 960 %07 el arg 4l
019210 0 0 0 0 0 {026vZ {860 Ll 01 f6'0 %0'C eL /b9 4L
010 o 0 0 R E AL 01 260 %07 1ol 9rg 4l
012210 0 0 0 0 0 1866°€Z{9EEL{S0°LGH0 0t 50 %¢ €1 GpRiul
0112210 0 0 0 0 0 LESECERETLIS0HGE0 01 60 %2 ¢ oL opyg L
71 Yy 1LoPgl] Cqeg | Cus | Eqy xNeg | nEig (EnCeafonel [viS|ueo) Iy ¥ A JueLuLatiq
(1-z=4)
NIRINCIVEIS (R bR ®is)is
b/s1ubiap, o
N3k ENISIIS™ Heg
uonIsodiLon
d6e o4




b6g 94

Yo

-

m

3 GOFg (#6901 05 | 0 1 0 1 0 1680 [agrit] o |Wwietl o 1 o Jol o 0
& 6760106001 06 1 0 | 0 1 0 |0Vt |we60l 0 |voveil 0 ] 0 ol o 0
= V0126901 05 | 0 | 0 1 0 0wt |2sh0r| 0 |9vzil 0 | 0 |01 0 0
m b€ (2590 06 | 0 | 0 | 0 | pivL |0860L] 0 |9Seb] 0 | 0 |0 O 0
2 PE0 65901 05 | 0 | 0 | 0 | Girh |80TE] 0 |0%etl 0 o o] o0 0
. 660100901 05 | 0 |0 10 |8t zEeor] o wiverl o o [0l 0 0
= OVED 165901 0S5 | 0 | 0 | 0 W/t |8960: © 6052k, 0 | 0 |01 0 0
s PE0 95901 05 | 0 | 0 | 0 | 0G0°F |¥860F] O |eesck] 0 | 0 |0 ¢ 0
S ere0]9690] 06 1 0 | 0 | 0 | SSHE (SOl 0 (8352l 0 | 0 |0 O 0
g GYE0 [ ¥6901 05 | 0 | O | O | Z0v |vg60+] 0 |voveil 0 | 0 | O] D 0
7 GYED 65901 0S5 | 0 | 0 | 0 | OibL |2s60t] © J98ver| ¢ | 0 1ol 0 0
° Ve (2690) 05 | 0 | 0 | 0 | vibF |0860L) © |8cSek] 0 | 0 |0} O 0
K PED 15901 05 | 0 | 0 | 0 et |00tk 0 Jo%etl o | o 10t 0 0
S 6950 [ €904 06 | 0 | 0 | 0 | /960 |9160L] o0 |sSvek] 0 | 0 |0} O 0
2 0060 [ 86901} 05 | 0 | 0 | O | 2v60 |1260L 0 |8Gzk, 0 | 0 |0} O 0
z GGED | vv901 0S | 0 | 0 | 0 | Zv60 |2207h] O |esser] o | o0 |0 O 0
; 9Gc 01 ev901 05 | 0 | O | 0 | ¢560 |¥v80FE| © Zv9erl 0 | 0 101 0 0
2 PE0 125901 06 | 0 | 0 | 0 | S8y |6e0bh] 0 |SWatl 0 | o [0 o0 0
g 120 | 6v901 06 | 0 | 0 1 0 |20t |v69ii| o0 |02 0 ] 0 |0l o 0
m £313 | x310 oL | Coig|Coaninnal Epdng | NI [sidein) g 18oceyiontuz [0n01 Entun] NE:
=

.m uQiezZlisioeieud

b Teondy Brsibiam

j="

o

-

£

-

[~™




Nov. 10,2016 Sheet 48 of 145 US 2016/0326430 A1

0| %20 0 0 0 0 g leoteeiciet) 1 1 60 %Y pi 8oy
0] 520 0 0 0 0 0 |CEZEC e L) 1t 0 60 %Y |yl 088 ML
0 | £8€0 0 0 0 0 0 [ B92°12 1980y {S0°1G6'0 0 60 %07 |yl 6.5
0 | 680 0 0 0 0 0 [€96°221664T) Lt o't £6'0 %07 |yt g5y
0] 880 0 0 0 0 0 |v9geLy0zel Ly o't 260 AN DT X ]
0 192101 0 0 | 0 | 0 | 0 |iev |ee60] 11 i €60 %57 |7 98 1
019210 0 0 0 0 0 120021 ¥90°L bl o't 760 %S¢ yLoesedl
I PAR 0 0 0 0 0 | L2L'vg 16901 bl 0L 760 %02 vl ve 4l
0122v0] 0 0 | 0 | 0 | 0 |vE9%z|eeet] 1 01 60 %7 vl e84
014210 0 0 0 0 0 |6LABTIErE L] 1oL o't 60 %0C |yl 284l
014210 0 0 0 0 0 [BLUECIEPE L] 1t o't 60 %0C |yl 1ig4lL
0| 421D 0 0 0 0 0 | BLIEZ|ErE b 0t 60 %07 Vi 0/8 4L
RIAR 0 0 0 0 0 |6LLEC|ere Ry gL 50 %0'C vl 698 41
01480 0 0 0 0 0 {261y |686° b o't 660 %0'¢ v 9941l
0| 880 0 0 0 0 0 | V98T ].00€ bl gt 260 %0°¢ bi /98y
0 | 2880 0 0 0 0 O [SEHA10800 ] 1L 04 60 %02 vl 995 ]
g {8210 0 0 0 0 0 | 206'€C | ¥SE} bl 04 60 %'t #1698 W
01520 0 0| 0 | 0 |2661| 975z |6590] b1 60 %2 ol 998 1L
0 %0 o 0 | 0 | 0 |80zr[cicezfze60] 1 60 %21 |yl £9g L
47| Y491 | Lobgln cig | Eqry | xneg | OnEis | Onenonel yiS| weiuog Y X } Justfsdx
(1-xg=%)
nak NGy CIg (B FenBighig
B/siubiaa 10
kNG IS ey
uonisodwon

Patent Application Publication

16€ DI




S6¢€ Il

v

«

S

S

m J8E0 129901 06 | 0 | { 0 | 2012 {18801 ¢ (S D 0 |0 0 0
m gECO 19901 06 | 0 | 0 | O | 961 |Gi80LL ¢ (O0SPELY D 0 10 0 0
= ESC0 L0 0GL| O | O | O | 787 | 161G ¢ {4829Ef 0 0 |0 0 0
M 95C°0 | €Y90 1 0GL ) O | O | O | 88T {/91CE] ¢ |WvEUEl D 0 10 0 0
= PSE0 | PP 01 0GL ) 0 ) 0 | O | 6S8T [T62eE] ¢ Weic| 0 0 |0 0 0
v JSE0LIRPI0 T 06 | 0 0 | O | 6Y60 |9G0LLY ¢ {GI92L) O 0 |0 0 0
. CESOL V0L 06 | 0} 0 | O | vBLUL |20 ¢ /892 O 0 |0 0 0
M 9560 | €901 0G| O | 0 | 0 | 2960 {#80°HE] O | Zv9CLL D 0 |0 0 0
T LGE'0 ] P90 05 | 0 | ( O | CerL {20y ¢ 1299211 D 0 10 0 0
m ESED{ V90 06 | O | 0 | 0 | 4SBO P C  {2HZL} D 0 |0 0 0
e CSEOLOY90Y 05 | 0 | 0 | O | 4S80 | vIWILL G jciZby D 0 |0 0 0
m ESE0 SPI0] 06 | 0} 0 | 0| L8560 |IpltL U AV AAN 0 |0 0 0
< BCE0ISYI0 ] 06 | 0 | { 0 | L5860 |IviLl g (Zilel} 0 0 |0 0 0
m. LSO ZYa0 106 0 | { 0 | €887 {8667C8] @ 159771 0 0 |0 0 0
2 PSEO | SY90 106G O | 0 | 0 | 658¢ j2s2ee| ¢ eS| 0 0 |0 0 0
z ESEOIGPO0 0G| O | 0 | 0 | 0482 [hevee] 0 [ZELBE} 0 |0 0 0
= EOC0 198901 06 | O | 0 | 0 | 880 {2ty ¢ 0iBEL} O 0 |0 0 0
m BICD {42901 061 0 | 0 | 0 |€950 {8260, © (69eEl| O 0 |0 0 0
2 LGS0 /8901 05 1 0 ) O | 0 |6950 9vCLLy O {E09ZH) 0 0 |0 0 0
m A0 | X310 (ol [ Coisiloegi NI | Epdng | NIV aludein] PNEiS [Epce|nBuz |0nD| Socum | NEN
g

b= LORE7{1810RIRLT .

.m i _Smwo . B/51ubiop

=

=

«

£

=

="



Nov. 10,2016 Sheet 50 of 145 US 2016/0326430 A1

01220 0 0 0 0 0 |8197L198/2) 14 o't £6°0 %SC b1 006 41
0124870 0 0 0 0 0 |819%¢/.198.¢2) L1 0t £6°0 %52 vl 66841
DiLET 0 0 0 0 0 |819%CL|68.2F 1L o't €60 %57 PL 86841
01620 0 0 0 0 0 |0B6'CZ|0260F 41 0t £6°0 %G¢ bl 26841
019210 0 0 0 0 0 |902ve|6z60) 14 o't £6'0 %57 Pl 96841
014210 0 0 0 0 0 1205V ove0) L) 0t £6°0 %e L L G68 41
019210 0 0 0 0 0 110992 | ¥¥60 Lt o't £6°0 %80 Fl #6841
R RZARY 0 0 0 0 0 /9892 |Fi60) L} 0t /60 %0°C bl 26841
01620 0 0 0 0 0 |/8G¥2 (€260} L} 0t 560 %0C bl 26841
019210 0 0 0 0 0 |GSYVT|8E60) 1 0t 60 %0C bl 16841
D162l 0 0 0 0 0 |0G§6°¢Z | /681 Ld o't 60 %00 b 068 41
014210 0 0 0 U0 AU LIRS A A VA B B 0t 60 %02 bl 68841
0 velo 0 0 0 0 0 1898€C(9i60}) L o'l £6°0 %y 7l 888 41
018210 0 0 0 0 0 {109 | ¥VIE0Y L) o't £6'0 %80 Pl /8841
D880 D 0 0 0 0 |6SG¢L|E6E2) 1L o't 760 %C  |yL 988Ul
01980 0 0 0 0 IR IR IV A 0t £6°0 %0t |yl GeR iUl
0480 0 0 0 0 0 1819720968021 L1 o'l £6°0 %GC  |vL v8g iUl
R RZARY 0 0 0 0 0 250762 90E ] 1 0t 60 %0'G |yl 881Ul
0ivele 0 0 0 & 0 [221ez|60eL b1 0L 60 %Ly yi 88 WL
411 agry ohalnt Caeg | Caus | Eay DNeg | ONEig [OnEenfonel IS ualue) W3y X \A JusLL80x]
(1-xg=¢)
34 INCIVCIS (B hegPis)is
B/siubiop 10
nIkENISIYS ey
uoisoduwon

Patent Application Publication

16€ DI




Nov. 10,2016 Sheet 51 of 145 US 2016/0326430 A1

Patent Application Publication

6ve0 10590505 o ] oo |eveejoroee] o Jge9ue]l o [ o Jo] ¢ 0
0G0 [ Y901 05L | O 0 | 0 ]¢Erse i0L0Ee 0 e Y 0 0 0 0
opeoi6s90tost | o [ o Lo ersetotoes] o Js99iel o | o fol 0 0
PPE0 %590 ] 06 | 0 | 0 | 0 | 88970 {00601 0 |Sver| 0 | 0 |0 @ 0
Geelevwotos [ o | o Jo ey jeoott] o Jesser| o 10 ol o 0
980118901 05 | O 01 0| ¥G0 [OovLLL 0 RAAN ) 0 g 0 0
980122901 05 | 0 0 | 0| ¥BED {EBLLY 0 092211 0 D 0 0 0
gee'o i ove0} 0S5 | 0 0 | 010860 {6280t 0 9GEZLL 0 0 0 0 0
850 P90 05 | 0 | 0 | 0 [6E60 [IPB0L] 0 (wevei| 0 | 0 [0 O 0
95e0 [ ev90 ] 05 | o | o | o | vwe0 feee0L| 0 |evSer| 0 | 0 | o] ¢ 0
p2E0 1250 06 | O {3AP0L O | 0000 |ISELL 0 9e82iy o 0 0 0 0
Gee 0 lvro0t os | o | o o lise0 fieott] o w9zt o | o [o] 0 0
160 | 20901 0S | O 0 | 0 |£98L |0GB0L 0 0geeLl o D 0 0 0
28012290 0c | o | o | o |vecofesttl] o J0%e] o ] o0 [0 ¢ 0
Gee0 1 Ev90 oSt O | 0 | 0 | 0BT fi0ee|l o [/vliel o | 0 [0 O 0
menfesootost ] ol oo reev fsseeel o [seviel o | o0 [0 0 0
ebeofovaotost | o [ o [ ofevsetioree] o [ce9uel o [ o [o] ¢ 0
PEE'0 | #9901 05 | O 0 | 0 ]5260C {1€8°01 0 8GeTLl 0 0 g 0 0
9ge0 {£990 ) 06 | 0 | 0 | o |6k (1980t| o |eetei] o | o Jo] o 0
A0 | 0 Lot <o CoaniNnd | Bplng | NIV |SuudeIn| YnEis {Eqe{dnbuz [0n) Eodum] eI
a%mwmw%% B/s1biom
n6e I




Nov. 10,2016 Sheet 52 of 145 US 2016/0326430 A1

G0y ¢ 0 0 0 0 0 [892°€ZovEL| Lt 01 60 %07 vl Jzomy
0 0 0 0 0 0 0 {082z iavetl bl 0t 60 %0 vl 9zomy
0 0 0 0 0 |/810] 0 |069%czizve L] L 0t 60 %0T iyl Gzo L
0 | G210 g g 0 g 0 |260%2|p26°0 bb 0L £R°0 %0°E AR A
g | LEL0 { 0 0 0 0 |80V¥geBE L) L 0t 60 %EC iyl ezowy
g 162101 © 0 0 0 0 |Zvelg|09e'L] i 60 8'0 %0T bl zz0 L
0 |62E0| © 0 0 | 0 | 0 [sszizloset| It 50 80 w07 Iy zon
g | G20 0 0 0 0 0 |260%e | ve6 0] Lt 0’ £6'0 %€ iyl 0zo WL
0 | 6210 0 0 0 0 0 {eieczieset) b 0L 60 %00 vl slomL
0 |8zl 0 G 0 0 0 {S6LIZ OGE L) L 60 80 %0T  {yi gLom
g 19210 0 0 0 0 0 |6FE2i0ee L] bt 0t 60 %S vl slony
g | 621D 0 0 0 0 0 | vri'vE6¥60 bd 0L €60 %0 v1 806 41
g | 6210 0 G 0 0 0 |89z l0860] L 0l €60 %L0 {vi 064l
g |80 ] 0 0 0 0 | pr0vL st EE 0t 950 %O'E vl 906 UL
g | G0 { £ { f 0 1 698°C, 1487 bE 0l ¥6'0 %o'e bl C06 I
g |9/£0 i & 4] 0 0 |1id2l1¢€142 bb 0L €60 %08 bl 06 L
g | 2880 g ¢ g 0 0 /G112 {080Y bt 0L £6'0 %0'C yL £06 1L
0 | 9/£%0 g 0 g 0 0 14272018402 [ 0l £8°0 %0 L 206 i
0 | 480 i 0 { 0 0 897119847 ReS 0L €60 %52 bl LOB UL
471 | Vit | 4ovadin| Sdeg | s | Ealy | xned | OnEis [2nBeqfoRl viIS | wemog Iy X £ Jaatkg
(1-xz =%t}
13 INCIyaS (e begBighis
f/s:biom 10
kSN heg
Honsoduinn

Patent Application Publication

AGE DI




MGE Dl

=

&

3 ceolsrootos T oo lofesenfearit] o Joerzil o JoJo] o o

o Goeo | ppo0 05 L 0 1 0 0 j6se0 0l o fewetl o ool o |0

= €560 Sro0l 05 1 0 | 0 | D jSse0 ettt o |89zl ol o ol o | 0

5 BYE0 {06901 05 1 0 | 0 [ D O {2600 0 |gsvzil 0] 0 0] 0 | 0

& eve'0 95901 05 | 0 ] 0 [0 ap{soritl go syl o o Jo ] 0 | o0

- 0660 [ av90} 05 | 0 | 0 | 0 | 898D [B2LLl 0 [B%ger] 0 Josoz]l o 0 | 0

3 25e0{ov90 05 | 0 1 0 [0 J 990 [sve il 0 [wesei] 0 | 0 Jearzl 0 | 0

3 6vE0 06901 06 | 0 | O [0 j oL 2s60l] 0 |9vell 0 ] 0 | 0| 0 | 0

@ €270 €60} 05 1 0 ] 0 [ 00000/ 092t o Jev8er] 0 | 0 | 0 |vevo] O

g gceo{ovo0} os [ 0 | 0 [0 feoc0foozit] 0 Josrerlozze] o | o | 0 |6510
7 0oc0[8e90} o5 [ o | O Lo forsolemte; o [wesell o o [ o] 0 |00
© £05°0 | £6501 05 | 0 [o690] 0 | /600 [evz'it] 0 [veseil 0 L o ol 0 ] 0

S 21702950} 05 | 0 | 0 o jevon|6Gtt] o Jovaet] 0 | o o] 0 | O

=) — | - josti oo o feeiv09ee] o (woeze] o o o] 0 | O

2 OvE'0 [ EG0010GL | 0 | 0 | D | ieey (el o |BR/El 0 | 0 | 0] 0 | O

z 9ve'0 [ €5901 05k 0 | 0 | 0 | ifcy |58l o [88wiEl 0 | 0 |0 | 0 | 0

_ 2560 [ 9v00 051 | 0 | 0 | 0 | 0/8Z |vereel o [/€18e| 0 | 0 | 0] 0 | 0

S Gye0 [ ¥590 105 o 1 0 [0 jigey [sseeel o [ssviel o [ o o] 0 | 0

S BYE0 | 0500105 0 | 0 | 0 | EvSE jol0BE] o [§99u€) 0 | 0 |0 ] 0 | O

= A310 | X319 {moL | Cois{Coeni N3] Bplng | NiY  (eluden) PaEis €pCe|OnEuz| OO |E0lup| NEM
[~ "

.m UOEZHBI0RIEYD

m " 1eando B/siybiam

>

=

g

&




Nov. 10,2016 Sheet 54 of 145 US 2016/0326430 A1

Patent Application Publication

0 1G] o 0 0 0 | o Tootwe[se60] 1071660 0t £6°0 %0C 1y cep il
REASI R 0 0 0 | 0 [esgeziesst] b 0t 60 %0C 1yl yE0 UL
0 Jsetol o 0 0 0 | o fosseeleso] bt 660 260 %0 |y ool
0 {6210 0 0 0 4] 0 |665%2 5260 f) 860 160 %0'¢ vl 780 Ul
0 |9.290 0 0 0 4] 0 | 882746447 1G00°1°S66'0 0t £6'0 %0'E yL o126 UL
0 19£70 0 0 0 0 0 |2287741642°21 20°186°0 0} £6°0 %0C 1y 026Ul
0 190 0 0 0 0 0 | 66274\ vL22)1 101660 0t £6'0 %0'E vl 616 UL
0 {60 0 0 0 0 0 (0222104072 160€0'L 0t €60 %0'E AR IGE
0 1470 0 0 0 0 0 |G6G2216682271 860 0l £6°0 %0'C AAGEN
0 19€0 0 0 0 0 0 14722181072 bl 0l £6'0 %08 v1 080 UL
0 ool o0 0 0 0 | 0 [uzajsuz] v 0% €60 %0C |yl 9L6 L
0 160 0 0 0 0 0 {6i122129421 LWOLL 0 €60 %0'¢ vL G16 UL
0 194€0 0 0 0 0 0 |7228241G122) 201860 0't €60 %C 1yl pi6l
0 19/€0 0 0 g ] 0 | 66224 Vi) L0180 0't €6'0 %06 yL €16 UL
0 121170 0 0 ¢ g 0 |2i8'81]198°¢C b} 0t £6'0 %007 ANALEI
0 {1210 0 0 0 0 0 |8/6'12 1680 bl 0t €60 %OO0L |yl 1164l
0 8210 D 0 g 0 0 |89 | VE6 0 i o't €6'0 %0'¢ bL 0L6 4L
0 8210 0 0 0 0 0 |6¥9'%2 19760 i o't £6'0 %90 | ¥l 60641
Wwioyp 0 0 0 0 0 0 |giL'ceieret 1 0t 60 %0°C pL 820 UL
47 | Pagn [dovadn Caeg | Cug | Sy Pxned | anEig [OnBeg| oiBliyIS U800 WaY X A Juaadx
(1xg=2)
mIfINCvEIS(E tenBig)ig
fi/swbiom 10
kNS VIS ey
gonisoduion
X6g Hl4




Nov. 10,2016 Sheet 55 of 145 US 2016/0326430 A1

Patent Application Publication

gve’0fzs90] os | o L o | O | HLPSO0TEE] 0 (6] 0 010 0 0
EPE0 199901 06 | 0 | O | O | vey'L [950°FL| 280’0 | 6BYTL] O 0| 0 0 0
250990l 05 | 0 L 0 | O | 90K [Ci60L] o jesveilernl O | O 0 0
6yeolavoo] oc | 0 L 0 | O | 2L fe9B0L] 0 {60S¢liosynl O | O 0 18070
Ope0 €990 0S| 0 | O | O | Z6Cy [veDES| 0 [9084E| O 0 | 0 ( 0
E0 12590 o6t 0 {0 | O | veEV [SESEE] 0 [19/98] ¢ 0 |0 ) 0
GYEC 1S90 1 0SE | 0 | O | O | €€y [¥BLEE| 0 (SeliEl 0 0 | 0 0 0
012590 oSt 01 0| 0 |/ ovsIe] 0 }2/5888] 0 0|0 0 0
SYE0 1 ES90 ] 0GH | 0 | O | O | 0%y {OVECE| O |8884€] O 0 !0 0 0
e 2890 0S| 0 ] 0 | O | 8Ty {G58TE| 0 [esviEl 0 0|0 0 0
8ve'0 {0590 0st| 0 L 0 | 0 | 1827 [SS8CE| 0 |8sviel 0 0|0 0 0
WE0{2S90 06 0 | 0 | O |22y [Liee] o jaoviel 0 0 |0 0 0
WE02S90 oSk 0 | 0 | O | vECY [8E58E| 0 19298} 0 0 |0 0 0
WE0 {2590 oSt 0L 0| 0 |EECY IVELEE] 0 {S2liel o 0 !0 0 0
LIED | /890 | 05 | 0 | O |e6L'of 6812 {96L0L] O [PESLL] O 010 0 0
yge0 {6290 06 | 0 | O |8giz] 99¢C | 88501 O | 0TH] O 0| 0 0 0
PSEO PO 0S | 0 L O | O | 9680 18901 0 [829%H 0 0| 0 0 0
eas’oyvigol os | 0} 0 | O | 6820 fS0CEL] 0 (648 O 0 | 0 0 0
2S80 /P90, 06 | 0 {1 O | O | 9GS0 {0SLLL| O [60L2L) O 0|0 { 0
A3 | %310 | 1900 | CaisiCosn| N0T| Epdng | NIV [suude) Pagis 1€a2endnEuy| OND {EoCupm| NEIT
e B/s1biam

A6E 9l




Z6¢€ 9

-

«

S - v

< 0 ]G0 0 0 ] 0 | 0 | 0 |G0vel]60/c]6606101] 0% €60 %0C 1yl Ov6 4L
S 0 |vED] 0 0 | o | o | o [0z s 0l £6°0 %0C  |p) 605 UL
S 0 |GED]| O 0 | 0 | 0 | 0 |80v2/|99/%2 o0 Tsont] o €60 %0C |yl 96l
= 0 |80 0 0 | 0 | 0 | 0 [vezl |vilzlcorrsean] o €60 %0C  1pl /65 UL
7 0 |9/£0] 0 0 | 0 | 0 | 0 [992% eilelees0%001] 0 £6°0 %0t vl 996
= 0 |960] 0 0 | 0 | 0 | 0 |vveel|eile|ee60%0Ll]  OF £60 %0C |yl 66l
i 0 | 60| 0 0 | 0 | o | 0 |9c5ei|eeizleqnse60| 0t £6°0 %0T |1 ves
= BEEEIE 0 | 0 | 0 | 0 [oveiZj0aZ] ET 0l 260 G0E |pl scp Ml
M 0 {680 0 0 0 0 0 [ 60CCL 0427101660 0t £6'0 %0C 1yl Zes il
o 0 |90 0 0 | 0 | 0 | 0 |066¢L|ZI0¢ 1015860 OF £60 G0C 1y es )
g 0 |860] 0 0 | 0 | 0 | 0 |8692/[68/7|5860:660] O 560 %0C  1pl 066 L
Z 0 | 80| 0 0 | 0 | 0 | 0 |69vel|080C|500716860 0 ¢80 %0C 1yl 676 ML
2 0 |8£0] 0 0 | 0 | 0 | 0 [Z/01/|esleisioiciot  oF S60 %0C Lyl 976l
Q 0 |¥E0] O 0 | 0 | 0 | 0 [ov0ed|vale] Gt 0 ¢60 %0C |y /25l
g 0 |90 0 0 | 0 | 0 | 0 |808%/|vilc| 06860 0+ $60 %0C |yt 978 Ml
z 0 | T 0 0 |0 | o | o [wwellellc|ees0sest| 01 €60 %0C |yl 578 ML
‘< 0 | 50| 0 0 | 0 | 0 | 0 [si5e/|eslT] 80l 0 €60 %0C |yl 026 4L
- 0 | 80| 0 0 | 0 | 0 | 0 [68/2/ 26/ |ee60G860] O €60 %0C 1yl €76 4L
2 0 | 2801 0 0 | 0 | 0 |0 [l (el 15860 0 €60 %0C |yl 726 41
S 30 | Vg | Lovadn| Cgeg | Cas | Eqv | xnea| OnBig [OnBenf ORRIIYIS |WRMOQ WIY| X i uswnedg
= {}-xZ=E)

= ) N3k OINENIS(E enBis)ig

S b/subiem, o,

5 Nk ENISIYRIS™ heg

2 uoisoduing

j=3

=%

«

E

=

[~™




BZ6¢ O

-

«

m

2 yED {85901 06k} 0 | 0] O |GEZy |9veE] 0 |L66UE] O 0 0 0 0
m BYEO LSO DfOSL ) 0 | 0 ) O | 91TV [2RIEE] 0 |806UE| O 0 0 0 0
S WEDEG90105LE O | 0| O |1eCy {ekeeE] O [18GIE O 0 0 0 0
& SEQ | VSO0 OGL Y 0 | 0 | O | €ECy J€9CEC) O [E¥B9E] O 0 0 0 0
z 9pC0 1 BS9DFOGLY O | 0 | O | M€Y {9892C) 0 [0/9/E] O 0 0 0 0
“ Gye0 | PS90 L OSL Y O | O | O | 622V {[WETE] O | /yE6E| O 0 0 0 0
2 YYD 1 GS00 1 0GL ) O | O 1 O | 9vZVv [689EE] 0 [62viE] O 0 0 0 0
S WE02690 oSk G | 0} 0 | 2iCy |820€E] O |989UE] O § 0 0 0
" PR 12590 05LY 6 | 0L O | /2Zp jesieel 0 [S92UE] O 0 0 0 0
g P01 2590106 6 | 0 f O | 88T |GECEE] 0O [€869E] O 0 0 0 0
7 P90 125900 06L) 0 | 0] O |95¢y [1652E) O [6CEiE] O 0 0 0 0
° P01 2S04 05t} 0 | 01 O |eWy {YOLEE] 0O [¥20iE] O 0 0 0 0
& SpE0 | EG90F06L} G | 0] O |eDZy |GLIEE] 0 [S8LUE] O 0 0 0 0
S E0 12590405k G | 0L O |8IZy|6EZEE] 0 [S9CUE] O @ 0 0 0
z WE0 125901 05LY C | O} O |ecgh {86LEE] O [OLLZE] O 0 0 0 0
z PEOTESYDFOSEY O | O | O | w2y {83428 0 |88EUE] O 0 0 0 0
- 0 E89010SHY O | O ) O | SkECW {69YCE} O [2i94E) O 0 it 0 {
8 WD 12980105kt 0] 0} 0O |19y {eBSEE]l O [/8LiE} O 0 0 0 0
S pED | CE900SLY O | O ] O | ivTV {626E8) O [S80/E| O 0 0 0 0
m A310 | x310 [ieoL {CoisiCoont N3l Epdng | NIV {enudein| InEig {EqCeiEntuz] OnD [E0lun]| NE
=

2 LONEBZHBIORIBYD

S " pandg B/s14019

=

=

«

m

=

="




Nov. 10,2016 Sheet 58 of 145 US 2016/0326430 A1

0 |60 0 0 0 0 0 f{elieltore) 0L 0l £6°0 %0 vl 670 WL
0 |60 0 0 0 0 0 [6LE2L) 90T 0L o't £60 %0'¢ 71 8y 1L
0 |60 0 0 0 0 0 61714842 0L 0t £6'0 %OE iyl JpD iyl
0 | Vg0 0 0 0 0 0 |0P0TLI99021 GLO'LL 0l €6'0 %0C iy apd L
0 |¢/€%0 0 0 0 0 0 |62 1i942) 104 01 £6°0 %0'C b1 Gh0 UL
0 {680 0 0 0 0 0 | 86L2L 0402 SOO'LL ol £6°0 %0 1yl v UL
0 |9/ 0 0 0 0 AR N b 0l £6°0 %0°C AR B
0 |60 G 0 0 0 0 16022L104421101:G660 0t £6'0 %0°C vl €56 4L
0 | ¥8E0 0 0 0 0 0 JSOFEZ| T 9 HG0L o'l €60 %0C iyl 2564l
0 {250 0 0 0 0 0 |G29/9|¥6G2 ) ZLLL o'l €60 %0C iyl LGBl
0 | 6580 0 0 0 0 0 |85169|259¢7 281 1990t 0l £6 0 %0'C 7l 05641
0 |Z980] 0 0 0 0 | 0 |90l esoreent at £6'0 %S0T vl Br6dl
0 [g€0) 0 0 0 0 0 186L¢s|00¢) SOOLL 0l £6°0 %0C  fyl gyelul
0 6480 0 0 0 0 0 [OSLCL| 8421510716660 o't £6'0 %0°C 7L 96 L
0 1880 ] o 0 0 0 | 0 |PSCCl|vI8C] 660560 0l 60 %'C iyl 9v5 1L
ER 0 0 0 | 0 |980CZ|99/Z[S660510°L  0OF €60 %0C vl SpBIYL
0 | /870 0 0 0 0 0 |85¥2L{08L¢] 166C o'l 60 %0 vl vhB UL
0 [wge] o 0 | 0 | 0 | 0 |[62671[65LC[S00VSI0TE] Ol 260 %O'E 1yl epplul
0 | #8580 0 0 0 0 0 1188¢€/ |68 SI01B0 0l £6'0 %0°C AAGEN
0 [a/s0] o© 0 | 0 | 0 | 0 |¥eeel|Gile]se6 010 0l £6'0 %€ 1¥l b6l
47 1 Vagr HLobgln| Cqeg | Caig | Eqy | aneg ] dnEig [EnBenl onelviS [ usiuo) way X It Justdyadxg
{1-xz=¢)
nAONEvaIsE eIl
B/siubiapy 10
n34 Enisiyhistheg
uosoduion

Patent Application Publication

4z6¢ Y




Nov. 10,2016 Sheet 59 of 145 US 2016/0326430 A1

0 1680 g { 0 0 0 161122128472 gt £6'0 %0¢ bl 6RO L
0 {60 0 0 0 0 0 641214902 o't €60 %OC iyl apo L
0 {6£0] 0 0 0 0 0 |61122148.7 o't £6'C %O |y Jp0
0 {vE0] 0O 0 0 0 | 0 |0p0'2L|P9LT 0 £60 %0°C |yl o0 L
0 {G€0] 0 0 0 0 0 {6L12L14927 o't €60 o't 1yl spo il
0 1620 0 0 0 0 0 {86127 |04LT gt £60 %0 vl vrowy
0 {9/€0] ¢ 0 0 0 0 {42720 1800¢ 0l €66 %C bl ¥S6 4L
0 {6/80] © 0 0 0 ¢ | 6022|0427 gt 260 %0E |yl 85640
0 | ¥eE0 0 0 0 G 0 1801 el 0t £6'0 %0'e bl 256 41
0 12ge0| o 0 0 | 0 | 0 |Se9se|rese 0t €60 GOE |yl 1564l
0 16580 0 0 0 0 0 {82169 {2597¢ 0t £6'0 %0°¢ pl0%6 41
0 {./9€0] 0 0 0 0 0 24900 | LT 0t £6'C %06 vyl 6hB 4L
0 fssol o 0 0 0 | 0 [8612/]0407 i) 60 %0'C  pL gpB L
0 G50 0 0 0 0 0 |0842L1484%¢ 0t £6'0 %OC ¥l Jv6 WL
0 {1i82C 0 0 0 0 ¢ | ¥SEEs|rIBe o't €60 %e vl 9ps i
0 |50 0 0 0 0 0 198029927 o't €60 UO'E Nyl SpBEL
0 {280 0 0 0 0 0 | 855¢.|08.¢ ot £6'¢ %0 bl ype L
0 1 v€0] O 0 0 0 | 0 |6261/]68.7 0t £6' %0'C |yl EpE L
0 jvecol 0 0 0 0 | 0 |89/ /287510760 i £6'0 %0°C vl zredl
0 }9£0 0 0 ] 0 0 | VEE'C/|G/22|G86° 0101 o't £6°0 S TR -]
71 Yygr Hobadn| Caee | S | Eqy Dxvea| nEig |oneal onel s |1u8iuon) N3y X A awiledxy
{1-xg=2)
R NI INCIv S (e teatishis
B/swbiap 10,
kNSt bey
uoisading

Patent Application Publication

326¢ I




-

«

=

m 0125901060, 0 01 0 |y |l 0 j9ovie]l 0| 00 0 0

58 901 esa0fosi |l o f o ] 0 [ezev [ebisel o 9vee] o | 0 | 0 | 0 0

S peoiesgofost )t o f 01 0 [zZzv [EleEl o (aoviel o | O | O | O 0

K preofiso0toctl o | ¢ 1o |eley (eeeeel o |sogiel o | o o] 0 0

z 90 TEeon oSt 0 f 0 ] 0 fczey [ELFEET o 9oviE] 0 | 0 | 0 | 0 0
BPEOTISO0 [0St 6 | 0 | 0 | Zeev [€962S) 0 [ipvis] 6 | O | 0 | O 0

v SPED I PSA0 06 0 | 0 ] 0 |16y [GS8TET 0 [88viEl 0 | 0 | 0 | 0 0

- OFE0 €590 05t} o | 0 | o | Zzev JOSLEEY o [S92E] 0 | O | O | O 0

i - = {0st| 0 1 6 | 0 |166¢C [9vBCEl o000 |18 0 | 0 | 0 | 0 0

° GPEC YS90 05L | 0 | 0 | 0 | 666 (88898 o [28G€S| 0 | 0 | 0 | O 0

m OpE0 125901 a5k | 0 | 6 | 0 |ev0v |Z/GGE o 98] o0 | 0 | 0 | 0 i

7 ape0tes90tost | 0 | o o |Z8Fy [9Crel o |cesiEl o | 0 | o | 0 0

° GPEO I YSOD 06 0 | 0 | O | Zgev [€86CEl ¢ (4vie] o | 0 | 0 | 0 0

K GPEO I P59 106t | 0 | ¢ | 0 | Sc¢y [0BSEEL o [Seciel 0 | 0 | 0 | 0 0

=) g teso0tost o | o o | wBey [FHOCET o fwptee] o | o |0 | 0 0

% Gpe0 1 es90fo0st | 0 | o 0 |0zzy [V09CET o Joseic] o | o [ 0 | 0 0

z Gve0 1600 ot 0 | o o Jewey [Z86CET g o0guel 0 L 0 [0 0 | 0
ope'oj e ost )l o | o 1 o0 | e JO9BCEL ¢ [l o ] 0 ] 0| O 0

£ BPE0 109901 0SH] 0 | ¢ | 0 | Geew JB80FE] o Temyvel o | 0 |1 0 | 0 | 0

= 90T Esa0 o5t o [ o ] 0 [GEcv [8%eesl o0 (6846 0 | 0 | 0 | O 0

.m A30 | x 30 {mer {Soig|Cpen! N3l Bocng | NIV [auudem| baEig |EnZeyienSuz] 000 | Eocup| nER

£

E g B/s1ubiom

g

j=3

= PZ6E Hid

m

&



Nov. 10,2016 Sheet 61 of 145 US 2016/0326430 A1

Patent Application Publication

% Sk %ell  |gee0|6990| %G1 ﬁmw%w%mm%m 697p ww_w%%
T N o P I

R e B NP e P TS
20y 9l




Patent Application Publication Nov. 10,2016 Sheet 62 of 145 US 2016/0326430 Al

FIG 40b
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FIG 41D

2.5E-03

- (omparative Example 2
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G 42b
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FIG 43b

2.5E-03

— Gomparative Example 4
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FIG 45b
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FIG 46b
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FIG 46¢
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FIG 46d
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FIG 47a
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FIG 48b
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FIG 48d
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FIG 48f
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FIG 49b
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FIG 49d
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FIG 50b
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FIG 50d
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FG 51g
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FIG 52¢
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FIG 59d
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FIG 60b
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FIG 61b
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FIG 62¢
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PHOSPHOR, METHOD FOR PRODUCING A
PHOSPHOR AND USE OF A PHOSPHOR

[0001] This patent application is a divisional of U.S.
patent application Ser. No. 15/094,702, filed on Apr. 8, 2016,
which is a continuation of PCT/EP2014/071544, filed Oct.
8, 2014, which claims priority to German patent application
102013220315.2, filed Oct. 8, 2013, to German patent
application 102013222144 .4, filed Oct. 30, 2013, to German
patent application 102014102853.8, filed Mar. 4, 2014, to
German patent application 102014105589.6, filed Apr. 17,
2014, to German patent application 102014107984.1, filed
Jun. 5, 2014, to German patent application 102014108759.3,
filed Jun. 23, 2014, and to German patent application
102014110058.1, filed Jul. 17, 2014, each of which is
incorporated herein by reference in its entirety.

TECHNICAL FIELD

[0002] A phosphor is specified. Additionally specified are
a process for producing such a phosphor and a use of such
a phosphor. A phosphor suitable for use in semiconductor
components such as LEDs or laser diodes is specified in EP
2 135 920 and EP 1 696 016.

SUMMARY

[0003] Embodiments of the invention provide a phosphor
which has comparatively narrow-band spectral emission in
the red spectral region.

[0004] Embodiments of the invention include an inorganic
substance which includes, in its composition, at least the
element D, the element Al, the element AX, the element SX
and the element NX (where D is one, two or more elements
from the group of Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er,
Tm, alkali metals (Li, Na, K, Rb, Cs) and Yb. Al is one, two
or more elements from the group of the divalent metals not
included in D, SX is one, two or more elements from the
group of the tetravalent metals, AX is one, two or more
elements from the group of the trivalent metals, and NX is
one, two or more elements from the group of O, N, S, C, Cl,
F) and has the same crystal structure as Sr(Sr,Ca,_,)
Si,Al,Ng.

[0005] The inventors have found that such a phosphor has
a whole series of advantages over conventional phosphors,
as described further down.

[0006] A phosphor having the same crystal structure as
Sr(Sr,Ca,_,)Si,Al,N; is defined hereinafter as a phosphor
which, as well as the P2, space group, can additionally also
be described in one of space groups 1 to 3 according to the
International Tables Crystallography A, i.e. in the following
space groups: P1, P2, PT, and wherein the length of the
chemical bonds between the elements Al—N and Si—N
calculated from the lattice constants and atomic coordinates
according to a Rietveld analysis is within a value of +15%
of the values described in FIG. 22.

[0007] In a further embodiment of the present invention,
the space group is monoclinic P2,.

[0008] In a further embodiment of the present invention,
the inorganic substance can be described by the following
general formula:

(D, AL)D.AL)SX AXNX,

Nov. 10, 2016

[0009] where a+b=1 and c+d=<1 and where the parameters
a, b, c, d, e, fand g fulfill the following conditions:
[0010] 0=a<0.5; 0=c=<0.5; O=<b=1; 0=d<l1; a+c>0; b+d=2;
0.1=e<8; 0.1=f<16; 0.8(f+4/3 e+2/3(b+d))=g; and g=1.2(f+
4/3 e+2/3(b+d)).

[0011] Preferably, the following conditions apply: O<a=<0.
1; 0=c=<0.1; Osb=sl; O=ds<l; a+c>0; b+d<2; 0.1<esS;
0.1=f<16; 0.8(f+4/3 e+2/3(b+d))=g; and g=1.2(f+4/3 e+2/3
(b+d)).

[0012] In a further embodiment, the phosphor has a gen-
eral empirical formula AI(Al M, )SX,AX,NXD. In this
formula, Al is at least one divalent metallic element, for
example Sr, M is another divalent metallic element, for
example Ca, SX contains at least one tetravalent element, for
example Si and/or C, AX contains at least one trivalent
element, for example Al and/or La, and NX contains at least
one element selected from the group of N, O, F, Cl.
[0013] In addition, the general elements Al, M, SX, AX
and NX in this empirical formula may be defined as already
described above, i.e. D as one, two or more elements from
the group of Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, alkali
metals (Li, Na, K, Rb, Cs), particularly Li, Tm and Yb, Al
as one, two or more elements from the group of the divalent
metals not included in D, SX as one, two or more elements
from the group of the tetravalent metals, e.g. Si, C, Ge, Hf,
Zr, Ti, AX as one, two or more elements from the group of
the trivalent metals, e.g. Al, La, Ga, In, B, and NX as one,
two or more elements from the group of O, N, S, C, CI, F.
[0014] The parameter value a may be between 0.6 and 1.0,
or between 0.8 and 1.0. In addition, it may be the case that
a<l.

[0015] The present invention further provides, in a further
embodiment, a phosphor of the general formula:

Sr(St,M;_)SibALN,X)s:D,A,B.EG,L

[0016] where the phosphors of the invention are co-doped
with the elements A, B, E, G and L. and these co-dopants can
occupy either positions in the host lattice or interstitial
lattice sites. The general element X represents elements such
as O or halogen, for example, which especially also serve to
balance charge carriers if occupied interstitial lattice sites
are present in the crystal lattice or voids are present at lattice
sites.

[0017] The metal M here is sclected from Ca, Ba, Mg
alone or in combination, A is selected from divalent metals
which are different than M and than the further dopant D
used, for example Cu, Zn or combinations thereof, B rep-
resents trivalent metals, especially transition or rare earth
metals, e.g. La or Pr, and E represents monovalent metals,
e.g. Li or other alkali metals such as Cs, Rb, K or Na. G
represents tetravalent elements, for example C or Ge, or Hf,
Zr, Ti. The element L. here represents trivalent elements, for
example B, Ga or In.

[0018] More particularly, this phosphor may have the
following general formula:

Sr(Sr,M,_)Si,AL(N,0)¢:D,A,B,E,G

[0019] Hereinafter, rather than the general formula
Sr(Sr, M, _,)Si,AL(N,0),:D,AB,E,G, the formulae
Sr(Sr,M,_,)Si,AL(N,0)s:D and Sr(Sr,M,_,)Si,Al,(N,O):
Eu, Sr(Sr,M,_,)Si,Al,(N)s:D and Sr(Sr,M ,_,)Si,AlL(N),:
Eu are used synonymously for reasons of simplicity.

[0020] The dopants may additionally occupy specific posi-
tions within the crystal lattice of the phosphors of the
invention, for example lattice sites or interstitial lattice sites,
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and may also replace elements present in the phosphors, so
as to result, in a further embodiment, in a phosphor of the
following general formula:

Sr( l—x—h)(sraMl ﬂ)(l —y—i)A(x+y)B(h+i)/2E(h+i)/2 Si(2—z)
GAL_ L NX)sD

[0021]
follows:

More particularly, the general formula may be as

St l—x—h)(sraMl ﬂ)(l ey A Gy Basn2Eann Si(2—z)
G,ALNgD

[0022] where the metal M and the elements A, B and E are
the elements just described above, and where O=x+y=0.4,
preferably O=x+y=0.3, further preferably 0.04=x+y=0.3,
x+y may especially be 0.2 or 0.04, and also O<h+i=<0.4,
preferably O<h+i<0.3, further preferably 0.04<h+i<0.3,
where it is also possible for no B to be present, such that x=0
and y=0. The parameters h+i may especially be 0.2 or 0.04,
where it is also possible for no B and E to be present, such
that h=0 and i=0. In this case, the divalent metals A and/or
a combination of equal molar proportions of the trivalent
and monovalent metals B and E may replace Sr and/or Ca.
The parameters x+y, h+i and z may be selected indepen-
dently of one another. In addition, it is also possible for each
of x and y and h and i independently to be O.

[0023] G represents tetravalent elements, for example C or
Ge, which replace Si, where the parameter z is as follows:
O=z=<1, or 0=z=<0.5, or 0.02<7=<0.3, where z may especially
be 0.02 or 0.4, or no tetravalent element may be present,
such that z=0. The parameter v for the element L. may
assume the following values: O=v=1, and also 0=v=0.5.

[0024] Replacement of Sr and M by A and/or replacement
of Sr and M by a combination of B and E can lead to a
change in the color locus in the CIE color space, to a change
in the dominant wavelength, in the reflection capacity, in the
luminous efficiency LER, in the thermal quenching charac-
teristics, in the stability to radiation, in the hydrolysis
sensitivity and/or in the FWHM of the phosphor of the
invention, and hence open up further ways of adapting the
phosphors of the invention for specific applications.

[0025] Replacement of Si by G can additionally lead to a
significant shift in the wavelength of emission of the phos-
phor and can thus bring about an improvement in the color
rendering index, particularly in the case of rendering of deep
red colors. Co-doping with carbon, for example, thus
increases the options for achieving particular color loci.

[0026] In addition, it is possible that the tetravalent ele-
ment G, e.g. C, also partly replaces the nitrogen atoms in the
phosphors of the invention, in which case G is present as
G*, so as to result in the following general structural
formula:

Sr(Sr, M _)S15G 3, AL (N X)s 4D or
Sr(Sr, M, _,)Si,G3,ALNg_4,:D.

[0027] In a further embodiment of the phosphor, it is
possible that each of x+y, h+i and/or z=0, in which case the
following general formula is the result:

St(Sr, M _,)Sin_,G,ALNX)gD or

SH(St,M,_)Si (s G.ALNgD
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[0028] when x+y=0 (x=0 and y=0) and additionally h+i=0
(h=0 and i=0),
[0029] or the general formula:

Sr(l—h)(sraMl—a)(1—i)B(h+i)/2E(h+i)/2Si2Al2(N>X)6:D or

Sr, (l—h)(sraMl—a)(1—i)B(h+i)/2E(h+i)/2Si2Al2N6:D

[0030] is the result when z=0 and x+y=0 (x=0 and y=0).
[0031] In addition, it is possible for exclusively divalent
elements A to replace Sr and M i.e. for no B or E or G to be
present, so as to result in the following general formulae:

St (1 (SIM )1 59 Ay S ALNX) gD or

S-St M o)1 5y Ay S AL N D

[0032] In addition, M in the above formulae may prefer-
ably be Ca.
[0033] A further embodiment of a phosphor of the inven-

tion has the following general formula:

S101-0(StaM 1)1 5B ersySha- easyAlorirasyNe:D o1

Sta1on(S1Mi_a)(1 5By Sty AlrayyNeDs

[0034] such that Sr and M, and Si are replaced by a
combination of the trivalent metals B and Al, where the
following applies here too: O=x+y=<0.4, preferably 0.04=x+
y=0.3; x+y may especially be 0.2.

[0035] All the above mentioned phosphors have strong
absorption in the blue spectral region and emit red secondary
radiation. In addition, these phosphors have the same crystal
structure as Sr(Sr,Ca,_,)Si,Al,N, and so crystallize in the
space groups P1, P2, PT, especially in the monoclinic P2,
space group.

[0036] A further embodiment of the present invention also
provides phosphors of the general formula already described
above:

Sr l—x—h)(sraM 1 ﬂz)( 1Ay Brny2Eainn Si(2—z)
G,ALNgD or

St (STaM 1 )1 5B easyS o ersyAlorgrasyNe D

[0037] where D is one, two or more elements from the
group of Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, alkali
metals, i.e. Li, Na, K, Rb, Cs, preferably Li and Yb. D is
preferably selected from Eu, Ce, Li, Mn and combinations
thereof. Preferably, the activator D is selected from at least
one element from Eu, Ce, Mn, especially Eu, Ce or Mn, or
a mixture of Eu, Ce, Li. By using the latter activators, it is
possible with particular efficiency to adjust the color locus of
the phosphor in the CIE color space, its dominant wave-
length Adom, the luminous efficiency LER, FWHM, and the
diffuse reflectance at 450-470 nm.

[0038] Another particular possibility is co-doping of Eu-
doped phosphors of the invention with alkali metals, i.e. Li,
Na, K, Rb, Cs, preferably Li. Co-doping with the alkali
metals may especially lead to a decrease in the spectral
half-height width FWHM, and result in improved charac-
teristics with regard to thermal quenching, and an improve-
ment in the luminous efficiency.

[0039] In a further embodiment of the present invention,
the activator D is a combination of Eu and one or more alkali
metals, preferably Li. This can lead to a further reduction in
the FWHM of the radiation emitted, an improvement in the
thermal quenching characteristics and the quantum effi-
ciency.
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[0040] A general formula of this phosphor having a com-
bination of Eu and Li can be described as follows:

St l—x—h)(sraMl ﬂ)(l ey A Gy Basn2Eann Si(2—z)
G,ALNgEu,Li or

110 M) 5 BorySia-easy Al sy Ne B L

[0041] Inthis case, it is possible that the lithium metal ions
occupy positions in the host lattice and/or are present at
intermediate lattice sites. Balancing of charge carriers is
possible by adjusting the Si: Al ratio and/or by partly replac-
ing N with O and/or halogens such as F. Also possible are
randomly distributed voids within the cation lattice sites. For
this reason, the following general formulae are also suitable
for description of phosphors of the invention having Fu and
Li as activators, without showing the additional elements A,
B, E and G for reasons of clarity, but these may fundamen-
tally be present:

LiSr(Sr,M;_,)Sip_nAle,,NeEu
Sr(Sr,M_,,LiSin_pAls,  NgEU
Li2j+2k+2lsrl—j(sra—le~a—l)Si2Al2N6:Eu
Li;Sry_x(St,M;_,)1_Sis,,Al_,Ng:Eu

Li[Sr(Sr,M;_,)];_Sis,;Al_NgEu

[0042] The following applies to the parameter j: 0<j=<0.2,
preferably 0=<j=<0.15, further preferably 0<j=<0.05.

[0043] In a further embodiment, the phosphor has a gen-
eral empirical formula Sr(Sr,M, _,)Si,ALLN¢:D. In this for-
mula, M is Ca and/or Ba. In addition, M may also be selected
from the group of Ca, Ba, Zn, Mg and/or Li, alone or in
combination. In these cases and the above-described general
formulae, the value of a may be 0.6 to 1.0, preferably 0.8 to
1.0 (excluding the boundary values). More particularly, a is
chosen at 0.7 to 0.99, further preferably at 0.85 to 0.99,
including the boundary values.

[0044] The activator D may, in a further embodiment of
the invention, be present in molar percentages between 0.1%
and 20 mol %, or 0.1% and 10%, or 1 mol %-10 mol %, or
0.5% to 5%, 2-5 mol %, or 0.8% to 3%. Here and herein-
after, percentage figures for the activator, especially Eu, are
understood as molar percentages based on the molar pro-
portions of the alkaline earth metals in the particular phos-
phor.

[0045] The activator D may preferably be selected from
the metals Eu, Ce, Mn and Li and combinations thereof. In
addition, the activator D may be Eu, Mn or Ce, and
combinations of Eu, Ce and Li.

[0046] With the rising concentration of europium dopant,
the dominant wavelength of the emission of the phosphors
of the invention moves to higher wavelengths from the
orange to the red color region (see FIG. 58a), with a rise in
the relative intensity of photoluminescence of 0.1 to about 4
mol % and then a drop again as the activator concentrations
of europium continue to rise (see FIG. 58b). Based on the
relative intensity of the photoluminescence, a concentration
range of 1-10 mol % Eu, or 2-5 mol %, is preferred.
Behavior substantially analogous to the relative intensity of
photoluminescence is also displayed by the relative photolu-
minescence intensity assessed by eye, which likewise
increases with rising activator concentrations of europium
and drops again from about 4 mol % to about 20 mol % (see
FIG. 58c¢). Based on the photoluminescence intensity
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assessed by eye, activator concentrations of 0.4-10 mol % of
Eu, or 1-5 mol % of europium, are preferred.

[0047] In at least one embodiment, the phosphor is set up
to emit red or orange light. Red or orange light means that
the phosphor emits radiation having a dominant wavelength
of at least 560 nm, preferably between 585 nm and 640 nm
inclusive, especially between 590 nm and 615 nm inclusive.
[0048] The dominant wavelength is especially that wave-
length which is found to be the point of intersection of the
spectral color line of the CIE standard chromaticity diagram
with a straight line, this straight line proceeding from the
white point in the CIE standard chromaticity diagram and
running through the actual color locus of the radiation. In
general, the dominant wavelength differs from a wavelength
of maximum intensity. More particularly, the dominant
wavelength in the red spectral region is at smaller wave-
lengths than the wavelength of maximum intensity.

[0049] In at least one embodiment, the phosphor has a
general empirical formula Sr(Sr,Ca,_,)Si,Al,N:D. In this
formula, D is at least one activating element. Frequently, D
is formed by element Eu and/or else Ce. Other or additional
activating elements or dopants may be selected from the
group of Mn, Ce, Pr, Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm,
Yb, and Lu, each alone or in combination. It is possible that
the phosphor includes further elements, for instance in the
form of impurities, in which case these impurities taken
together should preferably have a maximum proportion by
weight in the phosphor of not more than 0.1 permille or 100
ppm or 10 ppm, parts per million.

[0050] In at least one embodiment, the phosphor is set up
to emit red light and preferably to be excited by blue light.
[0051] Phosphors which can be excited in the ultraviolet
spectral range into the blue-green spectral range and which
emit red light are of great significance for the production of
white light-emitting diodes. Specifically in the case of
light-emitting diodes having low color temperatures, called
warm white light-emitting diodes, and/or in the case of
light-emitting diodes having a high color rendering index,
phosphors of this kind are required. Phosphors of this kind
are also required in a multitude of other applications, for
instance for display backlighting, what are called color-on-
demand applications or else for orange and red full conver-
sion light-emitting diodes. Use in combination with an
organic light-emitting diode, OLED for short, is likewise
possible. The phosphor described here is usable for such
applications, and likewise for laser applications such as the
LARP method.

[0052] In at least one embodiment, the phosphor in a
powder diffractogram on irradiation with monochromatic
Cu-K,,, radiation has a reflection at an angle 2 theta between
36.7° and 37.0°, according to the composition of the phos-
phor. The exact position of this reflection depends on the
general empirical formula of the phosphor. An intensity of
this reflection, especially based on a main reflection, is
preferably at least 0.3% or 0.5% and/or at most 10% or 8%
or 5% or 4%.

[0053] In at least one embodiment, the dominant wave-
length of the phosphor is at least 596 nm or 598 nm.
Alternatively or additionally, the dominant wavelength is at
most 610 nm, 606 nm or 604 nm. The wavelength of
maximum intensity is, for example, at least 605 nm or 610
nm and/or at most 630 nm or 625 nm.

[0054] In at least one embodiment, the phosphor has a
spectral half-height width at half the maximum height,
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FWHM or full-width at half maximum for short, of at least
70 nm or 75 nm or 78 nm. The maximum of this spectral
range is preferably 90 nm or 87 nm or 84 nm or 82 nm.
[0055] In at least one embodiment, the phosphor has an
absorption maximum in the blue spectral region, especially
a relative absorption maximum. The blue spectral region
especially refers to wavelengths of at least 400 nm and/or of
at most 480 nm. For example, the absorption maximum is at
at least 410 nm or 420 nm and/or at at most 450 nm or 440
nm.

[0056] The abovementioned values relating to the spectral
properties of the phosphor especially apply at room tem-
perature, i.e. at about 300 K.

[0057] Additionally specified is a process for producing
such a phosphor. Features of the phosphor are therefore also
disclosed for the process, and vice versa.

[0058] In at least one embodiment, the process has at least
the following steps, preferably in the sequence specified:
[0059] A) providing reactants in the solid state for Sr, Al,
Si and Eu and optionally for Ca,

[0060] B) mixing the reactants,

[0061] C) heating the reactants under an inert gas atmo-
sphere, especially nitrogen atmosphere, or under a forming
gas atmosphere, to at least 1500° C. and forming a calcined
cake, and

[0062] D) comminuting the calcined cake to give the
phosphor.
[0063] In at least one embodiment of the process, at least

step C) or else all steps are effected at about atmospheric
pressure. More particularly, the process in that case is not
effected under high pressure conditions. Preferably, the
atmospheric pressure and/or a total pressure is between 0.9
bar and 1.5 bar or 0.95 bar and 1.05 bar inclusive.

[0064] Reactants and sources used for strontium, alumi-
num and/or calcium may be the respective pure metals or
else metal alloys with the appropriate metals. Reactants used
may likewise be silicides, hydrides, nitrides, oxynitrides,
halides and/or oxides of these metals. In addition, it is
possible to use mixtures of these compounds.

[0065] Reactants or sources used for silicon for the pro-
duction of the phosphor may be a silicon-metal compound,
a silicon nitride, an alkaline earth metal silicide, silicon
diimide, or a mixture of these compounds. Preference is
given to using silicon nitrides and/or silicon metals.
[0066] Reactants or sources used for Eu may be metallic
europium, a europium alloy, a europium oxide, a europium
nitride, europium hydride or a europium halide. It is likewise
possible to use mixtures of these compounds. Preference is
given to using europium oxide as reactant for europium.
[0067] Reactants used for the further tetravalent elements
G, e.g. C, the trivalent elements B, e.g. La, the monovalent
elements E, e.g. Li, and the divalent elements A other than
D and M, e.g. Cu or Zn, may, for example, be the corre-
sponding elements, silicides, hydrides, nitrides, oxynitrides,
carbonates, hydroxides, halides and/or oxides of these ele-
ments and compounds derived therefrom, for example
hydrates. For example, it is possible to use Mn,O;, CuO,
Zn;N,, La,0;, Li,B,0, and graphite.

[0068] In at least one embodiment, a melting agent and/or
a flux is used for the improvement of crystallinity and/or to
promote crystal growth. For this purpose, preferably chlo-
rides, fluorides, halides and/or boron compounds of the
alkaline earth metals used are employed. Combinations of
two or more melting agents or fluxes may also be used.
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Melting agents and/or fluxes used are especially, for
example, at least one of the following substances: LiF, LiCl,
NaF, NaCl, SrCl,, SrF,, CaCl,, CaF,, BaCl,, BaF,, NH,Cl,
NH,F, KF, KCl, MgF,, MgCl,, AlF,, H;BO,, B,0,,
Li,B,0,, NaBO,, Na,B,0,, LiBF,. Also suitable are
NH,HF,, NaBF,, KBF,, EuF, and compounds derived
therefrom, for example hydrates.

[0069] In atleast one embodiment, the starting substances,
especially for Sr, Ca, Al and/or Si and also Eu, and option-
ally also for the further tetravalent elements G, e.g. C, the
trivalent elements B, e.g. La, the monovalent elements E,
e.g. Li, and the divalent elements A other than D and M, e.g.
Cu or Zn, are weighed out according to the general empirical
formula of the phosphor. It is possible that the alkaline earth
metal components Sr, Ca are also weighed out with an
excess, in order to compensate for any evaporation losses
that occur during the synthesis. In addition, it is also possible
to employ Ba as alkaline earth metal component.

[0070] In at least one embodiment, step D) is followed by
a step E). In step E), the phosphor is calcined further, which
can also be referred to as tempering. The calcination is
especially effected at a temperature of at least 1500° C. and
preferably under a nitrogen atmosphere or forming gas
atmosphere. Forming gas refers to a mixture of N, and H,.
The temperature of at least 1500° C. in steps C) and/or E) is
preferably employed for at least four hours or six hours. For
example, in each of steps C) and E), a temperature of 1650°
C.£50° C. is employed.

[0071] In an alternative embodiment of a process of the
invention for preparation of such a phosphor, rather than step
E), it is also possible to repeat steps C) and D).

[0072] In at least one embodiment, the reactants are mixed
in a ball mill or in a tumbling mixer. In the mixing operation,
it may be advantageous to choose the conditions such that a
large amount of energy is introduced into the mixture, which
results in grinding of the reactants. The resultant increase in
homogeneity and reactivity of the mixture can have a
positive influence on the properties of the resulting phos-
phor.

[0073] By controlled alteration of the bulk density or by
modification of the agglomeration of the reactant mixture, it
is possible to reduce the formation of secondary phases. In
addition, a particle size distribution, a particle morphology
and/or a yield of the resulting phosphor can be affected.
Techniques of particular suitability for the purpose are
screening and pelletizing operations, including use of suit-
able additives.

[0074] In atleast one embodiment, a tempering is effected,
especially in a crucible made from tungsten, molybdenum or
boron nitride. The tempering is preferably effected in a
gas-tight oven in a nitrogen atmosphere or in a nitrogen/
hydrogen atmosphere. The atmosphere may be flowing or
stationary. It is additionally possible for carbon in finely
divided form to be present in the oven space. Also possible
are multiple tempering steps of the phosphor, in order to
improve or to control the crystallinity or particle size dis-
tribution. Further advantages may be a lower defect density,
associated with improved optical properties of the phosphor
and/or a higher stability of the phosphor. Between the heat
treatments, the phosphor may be treated in a wide variety of
different ways, or it is possible to add substances such as
melting agents to the phosphor.

[0075] For grinding of the phosphor, it is possible, for
instance, to use a mill, a fluidized bed mill or a ball mill. In
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the grinding operation, it is preferable to ensure that the
proportion of splintered grains produced is kept to a mini-
mum, since these can worsen the optical properties of the
phosphor.

[0076] The phosphor can additionally be washed. For this
purpose, the phosphor can be washed in water or in aqueous
acids such as hydrochloric acid, nitric acid, hydrofluoric
acid, sulfuric acid, organic acids or a mixture of these. The
phosphor may alternatively or additionally be washed in an
alkali such as sodium hydroxide solution, potassium hydrox-
ide solution, an aqueous ammonia solution or mixtures
thereof. Alternatively or additionally, washing in organic
solvents such as acetone, propanol and/or phenol is possible.
The washing preferably follows after the grinding.

[0077] In at least one embodiment, for instance, the tem-
pering, further calcining, grinding, sieving and/or washing
result in removal of secondary phases, glass phases or other
contamination and hence an improvement in the optical
properties of the phosphor. It is also possible by this treat-
ment to selectively remove or dissolve small phosphor
particles and to influence the particle size distribution for the
application. In addition, such a treatment can alter a surface
of'the phosphor particles in a controlled manner, for example
the removal of particular constituents from the particle
surface. This treatment can, also in conjunction with a
downstream treatment, lead to improved stability of the
phosphor. More particularly, the application of a protective
layer is possible, as is basically known per se.

[0078] Additionally specified is the use of such a phos-
phor. Features relating to use are therefore also disclosed for
the process and the phosphor, and vice versa.

[0079] In atleast one embodiment, the phosphor is used in
a light-emitting diode as radiation source as the first phos-
phor in a lighting device. The light-emitting diode comprises
at least one semiconductor chip that emits in the blue and/or
UV spectral region in operation. The phosphor is arranged
downstream of the semiconductor chip along a beam path.
[0080] The blue and/or UV light produced by the semi-
conductor chip is partly or fully absorbed by the phosphor
and converted to radiation of greater wavelength, especially
to red (e.g. D=Fu) or orange (e.g. D=Ce) light. It is possible
that at least one further second phosphor which has an
emission different than the first phosphor and is especially
suitable for generation of green and/or yellow light is
present, especially also phosphors having the same structure
as the first phosphor. In addition, the light-emitting diode
preferably emits mixed radiation including blue light from
the semiconductor chip and converted radiation from the
phosphor, and also green and/or yellow light from the further
phosphor. The primary radiation used may also be UV
radiation rather than blue light.

[0081] As well as the first phosphor and optionally the
second phosphor, it is also possible for further non-luminous
particles, for example scattering particles and diffusers, to be
present in the beam path of the radiation source.

[0082] Inthe remarks which follow, the composition of the
novel phosphor of the invention having the empirical for-
mula Sr(Sr,Ca;_,)Si,AlLN Eu is described. This corre-
sponds to the nominal composition of the samples according
to the composition weighed out. However, the Si:Al ratio
actually present may also differ from 2:2, which can be
expressed by a parameter d. A possible value of d is, for
example, between 0 and 0.1, including the boundary values.
No distinction of Si and Al by x-ray methods is possible. It
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is likewise possible that the finished phosphor contains
other, further elements which are introduced, for example,
via impurities or fluxes in the starting mixture or during the
synthesis, especially (but not exclusively) boron and/or
carbon and/or oxygen and/or halogens, for example fluorine
or chlorine. By virtue of possible evaporations of individual
components, there may also be statistical underoccupation
of individual positions. This effect too can be detected only
with difficulty, if at all, by x-ray analysis.

[0083] Therefore, in all embodiments, an empirical for-
mula of the Sr,_(Sr,Ca,_,),_,(51,C),, (ALB), (N,O,FCI,
C)s:Eu type is accordingly a possible description of the
phosphor actually present.

[0084] For reasons of clarity, hereinafter, however, all
embodiments will refer simply to “Sr(Sr,Ca,;_,)Si,Al,N:
Eu”; in that case, the particular empirical formula specified
corresponds to the composition weighed out.

[0085] In various embodiment a phosphor includes an
inorganic substance which includes, in its composition, at
least the element D, the element Al, the element AX, the
element SX and the element NX (where D is one, two or
more elements from the group of Mn, Ce, Pr, Nd, Sm, Eu,
Tb, Dy, Ho, Er, Tm, alkali metals (Li, Na, K, Rb, Cs) and Yb,
Al is one, two or more elements from the group of the
divalent metals not included in D, SX is one, two or more
elements from the group of the tetravalent metals, AX is one,
two or more elements from the group of the trivalent metals,
and NX is one, two or more elements from the group of O,
N, S, C, Cl, F) and has the same crystal structure as
Sr(Sr,Ca,_,)Si,Al,Ng.

[0086] Embodiments provide the phosphor according to
the preceding embodiment, wherein the inorganic substance
is described by the following general formula: (D,Al,)
(D AL)SX AXNX,_, where a+bs1 and c+d=1 and where the
parameters a, b, ¢, d, e, f and g fulfill the following
conditions: 0=a<0.5; 0=c<0.5; Osb=l; O=ds<l; a+c>0;
b+d<2; 0.1=e<8; 0.1=f=<16; 0.8(f+4/3 e+2/3(b+d))=g; and
g=<1.2(f+4/3 e+2/3 (b+d)), where a and ¢ can be as follows:
0=a=0.1 and 0=c=0.1.

[0087] Invarious embodiments a phosphor has the general
formula: Sr(Sr,M,_,)Si,AlL,(N,X)s:D,A,B,E.G,L, where M
is selected from Ca, Ba, Mg alone or in combination, A is
selected from divalent metals different than M and D,
B=trivalent metals, E=monovalent metals, G=tetravalent
elements and L=trivalent elements.

[0088] Embodiments provide the phosphor according to
any of the preceding embodiments, having the general
formula Al(Al,M,_)SX,AX,NX:D.

[0089] Embodiments provide the phosphor according to

the preceding embodiments, wherein the parameter a is
between 0.6 and 1.0, or between 0.8 and 1.0.

[0090] Embodiments provide the phosphor according to
any of the preceding embodiments, having the general
formula: Sr (1—x—h)(SraMl—a)(l—y—i)A(x+y)B (b+i)/2E(h+i)/2Si(2—z)
G,ALNg:D with M selected from Ca, Ba, Mg alone or in
combination, A selected from divalent metals different than
M, for example Cu, Zn or combinations thereof, B=trivalent
metals, e.g. La, and E=monovalent metals, e.g. Li, where
0=x+y=0.4, preferably 0.04<x+y=<0.3 and O<h+i<0.4, pref-
erably 0.04=<h+i=<0.3.

[0091] Embodiments provide the phosphor according to
any of the preceding embodiments, the phosphor having the
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general formula: Sr;_(St,M,_ ) _yBsySia_ ey Al
»(N,X)g:D, with B=trivalent metals, e.g. La, and: O=x+y=0.
4, preferably 0.04=x+y=<0.3.

[0092] Embodiments of the phosphor according to any of
the preceding embodiments, the phosphor having the gen-
eral formula: Sr(l_x_h)(SraMl_a)(1_y_l.)A(x+y)B(hﬂ.)/zE({m)/zSi
2-0CGALNX)s:D or St o(STM a0 BraySia ey
Al (N, X)s:D with M selected from Ca, Ba, Mg alone or
in combination, A selected from divalent metals other than
M, for example Cu, Zn or combinations thereof, B=trivalent
metals, e.g. La, and E=monovalent metals, e.g. Li, where
D=one, two or more elements from the group of Mn, Ce, Pr,
Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, alkali metals and Yb,
preferably selected from Eu, Ce, Li, Mn and combinations
thereof.

[0093] Embodiments provide the phosphor according to
the preceding embodiments, where D=Fu and one or more
alkali metals, preferably Li.

[0094] Embodiments provide the phosphor according to
any of the preceding embodiments, the phosphor having the
general formula Sr(Sr,M;_,)Si,ALLNg:D where M is
selected from the group of Ca, Ba, Zn, Mg.

[0095] Embodiments provide the phosphor according to
any of the preceding embodiments, the phosphor having the
formula: Sr(Sr,Ca,;_,)Si,Al,N;D where D is at least one
activating element selected from the group of Mn, Ce, Pr,
Nd, Sm, Eu, Gd, Tb, Dy, Ho, Er, Tm, Yb, and Lu, each alone
or in combinations thereof.

[0096] Embodiments provide the phosphor according to
any of the preceding embodiments, wherein the concentra-
tion of the activating element is between 0.1 mol % and 20
mol %, preferably between 0.1% and 10 mol %, or 1 mol %
to 10 mol %, based on the concentration of the alkaline earth
metals.

[0097] Various embodiments provide a process for pro-
ducing a phosphor according to any of the preceding
embodiments, wherein the process includes the steps of A)
providing reactants in the solid state for Sr, Al, Si and Eu,
and optionally for Ca, and optionally reactants for the
elements A, B, E, L. and G, B) mixing the reactants, C)
heating the reactants under an inert gas atmosphere, prefer-
ably nitrogen atmosphere, or under a forming gas atmo-
sphere, to at least 1500° C. and forming a calcined cake, and
D) comminuting the calcined cake to give the phosphor.

[0098] Embodiments provide the process according to the
preceding embodiment, in which the reactant used for Sr, Al
and/or Ca is a pure metal, a metal alloy, a silicide, a nitride,
hydride, an oxynitride, an oxide, a halide or a mixture
thereof, wherein the reactant used for Si is a silicon metal,
a silicon nitride, an alkaline earth metal silicide, a silicon
diimide or a mixture thereof, and wherein the reactant used
for Eu is at least one of the following substances: europium
metal, europium oxide, europium nitride, europium hydride,
europium halide.

[0099] Embodiments provide the process according to
previous embodiments in which at least one of the following
substances is added as melting agent and/or as flux in step
C): LiF, LiCl, NaF, NaCl, SrCl,, SrF,, CaCl,, CaF,, BaCl,,
BaF,, NH,Cl, NH,F, KF, KCl, MgF,, MgCl,, AlF;, H;BO;,
B,0,, Li,B,0,,NaBO,, Na,B,O,, LiBF,,, NH_ HF,, NaBF,,,
KBF,, and EuF;.

[0100] Embodiments provide the process according to any
of the previous embodiments, in which, in a step E) that
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follows step D), calcination of the phosphor is effected at a
temperature of at least 1500° C. under forming gas atmo-
sphere.

[0101] Embodiments provide the process according to any
of the previous embodiments, in which the temperature of at
least 1500° C. is maintained for at least 2 h in step C) and/or
in step E).

[0102] Embodiments provide the process according to any
of'the previous embodiments, in which the reactants used are
Ca;N,, Sr;N,, AIN, Si;N, and Eu,0;, and optionally
Mn,0,;, CuO, Zn;N,, La,0;, Li,B,0, and graphite, wherein
the reactants are weighed out such that the following atomic
ratio is present: Sr:Ca:Al:Si:Eu=(1+a):(1-a):2:2:y, where y
is the proportion of divalent lattice sites which is replaced by
Eu, wherein step B) is conducted in an oxygen-free and
water-free manner in a nitrogen atmosphere, wherein the
flux added is AlF;, Li,B,0, and/or LiBF,, wherein step C)
is conducted at a temperature of 1650° C.£50° C. under an
N,/H, atmosphere for at least 3 h, and wherein at least step
C) is conducted at a pressure between 0.9 bar and 1.5 bar
inclusive.

[0103] Embodiments provide using the phosphor accord-
ing to any of the previous embodiments in a light-emitting
diode, wherein the light-emitting diode includes at least one
semiconductor chip that emits blue light in operation, with
the luminophone arranged downstream of the semiconduc-
tor chip along a beam path.

[0104] In various embodiments a phosphor of the general
empirical formula Sr(Sr,M,_,)Si,ALNgD where M is
selected from the group of Ca, Ba, Zn, Mg and/or Li is
provided

[0105] Embodiments provide the phosphor according to
the preceding embodiment, wherein D is selected from Mn,
Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm and Yb, preferably
D=Ce and Eu.

[0106] In various embodiments a lighting device com-
prises a radiation source that emits primary radiation in the
wavelength range between 300 nm and 570 nm, a first
phosphor according to any of the preceding embodiments
which is disposed in the beam path of the primary radiation
source and converts at least a portion of the primary radia-
tion to secondary radiation within an orange to red wave-
length range from 570 nm to 800 nm, preferably 580 nm to
700 nm, further preferably 590 nm to 650 nm.

[0107] Embodiments provide the lighting device accord-
ing to the preceding embodiment, additionally including a
second phosphor which is disposed in the beam path of the
primary radiation source and has a different emission than
the first phosphor.

[0108] Embodiments provide the lighting device accord-
ing to the preceding embodiments, additionally including a
second phosphor which is disposed in the beam path of the
secondary radiation and absorbs and converts at least a
portion of the secondary radiation.

[0109] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the
second phosphor includes the elements M, A, D, E, and X,
where M is one or more elements selected from the group
consisting of: Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm,
and Yb, A is one or more elements selected from the group
consisting of divalent metal elements other than M, D is one
or more elements selected from the group consisting of
tetravalent metal elements, E is one or more elements
selected from the group consisting of trivalent metal ele-
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ments, X is one or more elements selected from the group
consisting of: O, N, and F, and which has the same crystal
structure as CaAlISiNj;.

[0110] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the
second phosphor has the general structural formula (Gd,Lu,
Tb,Y);(Al,Ga,D)5(0,X),,:RE with X=halide, N or divalent
element, D=tri- or tetravalent element and RE=rare earth
metals as activator, especially cerium with an optional
co-dopant.

[0111] Embodiments provide the lighting device accord-
ing to the preceding embodiments, suitable for flash appli-
cations, having a second phosphor of the general formula
(Gd,Lu,Tbh,Y),(Al,Ga,D);(0,X),,,:RE with X=halide or
divalent element, D=tri- or tetravalent element and RE=rare
earth metals as activator, especially cerium with an optional
co-dopant, wherein the second phosphor is disposed in the
beam path of the primary radiation source.

[0112] Embodiments provide the lighting device accord-
ing to the preceding embodiments, suitable for flash appli-
cations, wherein the second phosphor has the general for-
mula Lu;(Al,_ Ga,);0,,:Ceor (Lu,Y);(Al,_,Ga,)s(0),,:Ce
with a cerium content of 0.5-5 mol %, preferably 0.5-2 mol
%, based in each case on the rare earth metals, and a gallium
content x between 0 and 0.5, preferably between 0.15 and
0.3.

[0113] Embodiments provide the lighting device accord-
ing to the preceding embodiments, suitable for flash appli-
cations, wherein the second phosphor has the general for-
mula (Gd,Y);(Al,_,Ga,)s0,,:Ce or (Th,Y);(Al,_,Ga,)s(0)
12:Ce with a cerium content of 1.5-5 mol %, preferably 2.5-5
mol %, and a gallium content x of 0 to 0.5, preferably x of
0to 0.1.

[0114] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, suitable for flash
applications, wherein a second radiation source is addition-
ally present, with phosphors disposed in the beam path
thereof that convert the primary radiation thereof to a
secondary radiation, and wherein mixing of the secondary
radiation from the first and second radiation sources results
in an overall emission of radiation from the lighting device.
[0115] Embodiments provide the lighting device accord-
ing to the preceding embodiments, suitable for flash appli-
cations, wherein the color range of the converted radiation
from the second radiation source is different than the color
range of the converted radiation from the first radiation
source.

[0116] Embodiments provide the lighting device accord-
ing to the preceding embodiment, suitable for flash appli-
cations, wherein the first and second radiation sources can be
operated with different currents and a color range of the
overall emission radiation from the lighting device can be
established via different currents for the first and second
radiation sources.

[0117] Embodiments provide the lighting device accord-
ing to either of the preceding embodiments, suitable for flash
applications, wherein an optical element, especially a lens,
arranged downstream of the phosphors of the first and
second radiation sources mixes the secondary radiation from
the first and second radiation sources to produce the overall
emission of radiation.

[0118] Embodiments provide a lighting device for produc-
tion of a white light having a CRI=80 according to the
preceding embodiments, wherein the first phosphor has the
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general formula Sr(Sr,Ca, _,)Si,Al,N¢:D where 0.7<a, pref-
erably 0.8<a, further preferably 0.84=a, and the second
phosphor present is a garnet of the general formula (Gd,Lu,
Y;Tbh);(Al,Ga);(0O), ,:RE with RE=rare earth metal, prefer-
ably Ce.

[0119] Embodiments provide the lighting device for pro-
duction of a white light having a CRI=80 according to the
preceding embodiment, wherein the second phosphor has
the general formula Y;(Al,_ Ga, )s(O),,:Ce where the pro-
portion of Ga is 0.2=x=0.6, preferably 0.3=x<0.5, further
preferably 0.35=x<0.45.

[0120] Embodiments provide the lighting device for pro-
duction of a white light having a CRIz90 according to
previous embodiments, wherein the radiation source emits a
primary radiation in the wavelength range between 430 nm
and 470 nm, preferably 440 and 460 nm, the second phos-
phor present is a garnet of the general formula (Gd,Lu,Y,
Tb);(ALGa)5(0),5:RE, preferably (Lu,Y);(Al,Ga)s(0),,:
RE, with RE=rare earth metal, preferably Ce.

[0121] Embodiments provide the lighting device for pro-
duction of a white light having a CRIz90 according to the
preceding embodiment, wherein the metal M in the first
phosphor is Sr and Ca and the parameter a is as follows:
0.7<a, preferably 0.8<a, further preferably 0.84=<a, and
where the proportion of the activator D is 21.5%, preferably
23.5%, further preferably =4.5%.

[0122] Embodiments provide the lighting device accord-
ing to previous embodiments, wherein the second phosphor
is selected from at least one phosphor from the group of the
following phosphors: a beta-SiAION of the general formula
Si;_,AlLLO N, __:Eu with 0=z=4, nano-semiconductor mate-
rials as quantum dots, nitridoorthosilicates of the general
composition AE, RE SiO, N :Eu with AE=Sr, Ca, Ba,
Mg, RE=rare earth metals, or of the general composition
AE, RESi; O, , N Eu

[0123] Embodiments provide the lighting device accord-
ing to previous embodiments, suitable for backlighting
applications, wherein the first phosphor has the general
formula Sr(Sr,Ca,_,)Si,ALLNg:D where 0.7<a, preferably
0.8=<a, further preferably 0.84<a, and the proportion of the
activator D is >=2 mol %, preferably >=3 mol %, further
preferably >=4 mol %, and the second phosphor has the
general formula Y,(Al,_ Ga,);0,,:Ce with 0.2<=x<=0.6,
preferably 0.3<=x<=0.5, further preferably 0.3<=x<=0.45,
or Lus(Al,_,Ga,)O,,:Ce with 0<=x<=0.6, preferably
0<=x<=0.4, further preferably 0<=x<=0.25, with a cerium
content of 0.5-5 mol %, preferably 0.5-3 mol %, further
preferably 0.5-2.5 mol %, based in each case on the rare
earth metals.

[0124] Embodiments provide the lighting device accord-
ing to previous embodiments, suitable for backlighting
applications, wherein the first phosphor has the general
formula Sr(Sr,Ca,_,)Si,AlLNg:D where 0.7=a, preferably
0.8=<a, further preferably 0.84<a, and the proportion of the
activator D is >=4 mol %, preferably >=8 mol %, further
preferably >=10 mol %, and wherein the second phosphor
includes a beta-SiAlON Sis_ AL, O,N;_:RE, where 0<x<=4,
O<y<=4, 0<z<1 and RE contains one or more elements
selected from rare earth metals, preferably at least Eu and/or
Yb.

[0125] Embodiments provide the lighting device accord-
ing to previous embodiments, suitable for backlighting
applications, wherein the first phosphor has the general
formula Sr(Sr,Ca,_,)Si,ALLNg:D where 0.7<a, preferably
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0.8=<a, further preferably 0.84<a, and the proportion of the
activator D is =4 mol %, preferably =8 mol %, further
preferably =10 mol %, and the second phosphor has a
general formula AE, I SiO, N :RE and/or AE, L Si,_

—x X 4—x" "X 2—x X'

+04_,_», N RE and/or AE,Si0,:RE, where AE contains one
or more elements selected from Mg, Ca, Sr, Ba and RE
contains one or more elements selected from rare earth
metals, preferably at least Eu, and L contains one or more
elements selected from rare earth metals other than RE, with
0<x<0.1, preferably 0.003=x<=0.02, and O<y=0.1, prefer-

ably 0.002<y=0.02.

[0126] Embodiments provide the lighting device accord-
ing to the preceding embodiments, suitable for backlighting
applications, wherein the second phosphor, as AE, contains
at least Sr and Ba, and the ratio of Sr and Ba is as follows:
0.5=Ba:Sr=<2, preferably 0.75<Ba:Sr=1.25.

[0127] Embodiments provide the lighting device accord-
ing to preceding embodiments, suitable for backlighting
applications, wherein the first phosphor has the general
formula Sr(Sr,Ca,_,)Si,ALLNg:D where 0.7<a, preferably
0.8=<a, further preferably 0.84<a, and the proportion of the
activator D is =4 mol %, preferably =8 mol %, further
preferably =10 mol %, and wherein the second phosphor
contains quantum dots in the form of nanocrystalline mate-
rials including a group II-VI compound and/or a group 11I-V
compound and/or a group IV-VI compound and/or metal
nanocrystals, which, on excitation with primary radiation,
emit secondary radiation in the green to yellow spectral
region with a peak wavelength of 500-560 nm, preferably
510-550 nm, further preferably 520-540 nm.

[0128] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the first
phosphor is embedded in a first matrix material.

[0129] Embodiments provide the lighting device accord-
ing to the preceding embodiments, wherein the first matrix
material is selected from a group of materials consisting of:
glass, silicone, epoxy resin, polysilazane, polymethacrylate
and polycarbonate, and combinations thereof.

[0130] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the first
and/or second phosphor is in the form of particles and has a
median particle size of 5 to 30 um.

[0131] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the first
and/or second phosphor is in the form of a ceramic converter
element.

[0132] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the
second phosphor is embedded in a second matrix material.

[0133] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the first
phosphor and the second phosphor have been mixed with
one another.

[0134] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the first
phosphor and/or the second phosphor are spaced apart from
the radiation source.

[0135] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein the
radiation source comprises an LED, an OLED or a laser.

[0136] Embodiments provide the lighting device accord-
ing to any of the preceding embodiments, wherein a filter or

Nov. 10, 2016

filter particles that absorb(s) the primary radiation and/or
partly absorb(s) the secondary radiation is/are additionally
present.

[0137] Embodiments provide a phosphor for emission of
red light, having the general empirical formula Sr,Ca,_
xAlSiN;:Eu, where 0.8<x=<1, wherein between 0.1% and 5%
inclusive of the Sr, Ca and/or Sr/Ca lattice sites have been
replaced by Eu, and wherein, in the x-ray structure analysis,
the phosphor in orthorhombic description exhibits a reflec-
tion (R) having the Miller indices 1 2 1.

[0138] Embodiments provide the phosphor according to
the preceding embodiment, where 0.85=x<0.95, and
wherein between 0.35% and 2.2% inclusive of the Sr lattice
sites have been replaced by Fu.

[0139] Embodiments provide the phosphor according to
either of the preceding embodiments, which exhibits, in a
powder diffractogram on monochromatic irradiation with
Cu-K,,, radiation, the reflection (R) having the Miller indices
121 at 20 between 36.7° and 37.0°.

[0140] Embodiments provide the phosphor according to
the preceding embodiment, in which the reflection (R),
based on a main reflection, exhibits an intensity between
0.3% and 8% inclusive.

[0141] Embodiments provide the phosphor according to
any of the preceding embodiments, which has a dominant
wavelength between 596 nm and 606 nm inclusive, wherein
a breadth of a radiation spectrum emitted by the phosphor at
half the maximum height is between 75 nm and 87 nm
inclusive, and wherein the phosphor has a relative absorp-
tion maximum in the wavelength range between 410 nm and
450 nm inclusive and can be induced to emit radiation with
blue light.

[0142] Embodiments provide the process for producing a
phosphor according to any of the preceding embodiments,
having the steps of: A) providing reactants in the solid state
for Sr, Al, Si and Eu and optionally for Ca, B) mixing the
reactants, C) heating the reactants under a nitrogen atmo-
sphere or under a forming gas atmosphere to at least 1500°
C. and forming a calcined cake, and D) comminuting the
calcined cake to give the phosphor.

[0143] Embodiments provide the process according to the
preceding embodiment, in which the reactant used for Sr, Al
and/or Ca is a pure metal, a metal alloy, a silicide, a nitride,
an oxynitride, an oxide, a halide or a mixture thereof,
wherein the reactant used for Si is a silicon metal, a silicon
nitride, an alkaline earth metal silicide, a silicon diimide or
a mixture thereof, and wherein the reactant used for Eu is at
least one of the following substances: europium metal,
europium oxide, europium nitride, a europium halide.
[0144] Embodiments provide the process according to any
of the previous embodiments, in which at least one of the
following substances is added as melting agent and/or as
flux in step C): LiF, LiCl, NaF, NaCl, SrCl,, SrF,, CaCl,,
CaF,, BaCl,, BaF,, NH,Cl, NH,F, KF, KCl, MgF,, MgCl,,
AlF,, H;BO,, B,O,, Li,B,0.,, NaBO,, Na,B,0., LiBF,.
[0145] Embodiments provide the process according to any
of the previous embodiments, in which, in a step E) that
follows step D), calcination of the phosphor is effected at a
temperature of at least 1500° C. under forming gas atmo-
sphere.

[0146] Embodiments provide the process according to any
of the previous embodiments, in which the temperature of at
least 1500° C. is maintained for at least 2 h in step C) and/or
in step E).
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[0147] Embodiments provide the process according to any
of'the previous embodiments, in which the reactants used are
Ca;N,, Sr;N,, AIN, SizN, and Eu,O;, wherein the reactants
are weighed out such that the following atomic ratio is
present: Ca:Sr:Al:Si:Eu=(1-x):x:1:3:y, where y is the pro-
portion of Sr lattice sites which is replaced by Eu, wherein
step B) is conducted in an oxygen-free and water-free
manner in a nitrogen atmosphere, wherein the flux added is
AlF;, Li,B,0, and/or LiBF,, wherein step C) is conducted
at a temperature of 1650° C.£50° C. under an N,/H,
atmosphere for at least 3 h, and wherein at least step C) is
conducted at a pressure between 0.9 bar and 1.5 bar inclu-
sive.

[0148] Embodiments provide the use of a phosphor
according to any of the previous embodiments in a light-
emitting diode, wherein the light-emitting diode includes at
least one semiconductor chip that emits blue light in opera-
tion, with the phosphor arranged downstream of the semi-
conductor chip along a beam path.

[0149] One general aspect includes a lighting device
including: a primary radiation source configured to emit
primary radiation in a wavelength range between 300 nm
and 570 nm and a first phosphor disposed in a beam path of
the primary radiation source, the first phosphor configured to
convert at least a portion of the primary radiation to a
secondary radiation within an orange to red wavelength
range from 570 nm to 800 nm. The first phosphor includes
an inorganic substance which includes, in its composition, at
least an element D, an element Al, an element AX, an
element SX and an element NX, wherein the element D is
one or more elements selected from the group consisting of
Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, alkali metals
and Yb, wherein the element Al is one or more elements
selected from divalent metals not included in D, wherein the
element SX is one or more elements selected from tetrava-
lent metals, wherein the element AX is one or more elements
selected from trivalent metals, wherein the element NX is
one or more elements selected from the group consisting of
O, N, S, C, Cl and F, and wherein the inorganic substance
has the same crystal structure as Sr(Sr,Ca, _,)Si,Al,N, and
crystallizes in space groups P1, P2, PT or P2,.

[0150] Implementations may include one or more of the
following features. The first phosphor has the formula
Al(ALM,_)SX,AX ,NX:D, wherein M is a divalent metal-
lic element different from those of element Al, and wherein
a parameter a is between 0.6 and 1.0.

[0151] Implementations may further include a second
phosphor which is disposed in the beam path of the primary
radiation source and has a different emission than the first
phosphor.

[0152] Implementations may include that the second phos-
phor includes the elements M, A, D, E, and X, wherein the
element M is one or more elements selected from the group
consisting of Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm,
and Yb, wherein the element A is one or more elements
selected from divalent metal elements other than those of the
element M, wherein the element D is one or more elements
selected from tetravalent metal elements, wherein the ele-
ment E is one or more elements selected from trivalent metal
elements, wherein the element X is one or more elements
selected from the group consisting of O, N, and F, and
wherein the second phosphor has the same crystal structure
as CaAlSiN;.
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[0153] Implementations may include that the second phos-
phor has the formula: (Gd,Lu,Tbh,Y);(Al,Ga,D)5(0,X),,:RE
or (Gd,Lu,Th,Y);(Al,Ga)s(0),,:RE, wherein element X is
selected from a halide, N or a divalent element, wherein
element D is selected from a trivalent element or a tetrava-
lent element, and wherein RE is selected from rare earth
metals as activators.

[0154] Implementations may include that the second phos-
phor has the formula: (Gd,Lu,Tb,Y);(Al,Ga,D);(0,X),,:RE,
wherein element X is selected from a halide or a divalent
element, wherein element D is selected from a trivalent
element or a tetravalent element, wherein RE is selected
from rare earth metals as activators, wherein the second
phosphor is disposed in the beam path of the primary
radiation source, and wherein the lighting device is config-
ured to provide a flash.

[0155] Implementations may include that the second phos-
phor has the formula: the second phosphor has the formula:
Luy(Al,_ Ga,)s;0,,:Ce  or (Lu,Y);(Al,_,Ga )s(0),,:Ce,
wherein a cerium content is of 0.5-5 mol % based on the rare
earth metals, and wherein a gallium content x is between 0
and 0.5.

[0156] Implementations may include that the second phos-
phor has the formula: (Gd,Y);(Al,_,Ga,)sO,,:Ce or (Th,Y)
5(Al;_,Ga,)5(0),,:Ce, wherein a cerium content is of 1.5-5
mol %, wherein a gallium content x is of 0 to 0.5, and
wherein the lighting device is configured to provide a flash.
[0157] Implementations may further include a secondary
radiation source with phosphors disposed in the beam path
thereof that convert the primary radiation thereof to a
secondary radiation, wherein mixing of the secondary radia-
tion of the primary and secondary radiation sources results
in an overall emission of radiation from the lighting device,
and wherein the lighting device is configured to provide a
flash.

[0158] Implementations may include that a color range of
the converted radiation from the second radiation source is
different than a color range of the converted radiation from
the first radiation source.

[0159] Implementations may include that the first and
second radiation sources can be operated with different
currents and a color range of the overall emission radiation
from the lighting device can be established via different
currents for the first and second radiation sources.

[0160] Implementations may include that an optical ele-
ment arranged downstream of the phosphors of the first and
second radiation sources mixes the secondary radiation from
the first and second radiation sources to produce the overall
emission of radiation.

[0161] Implementations may include that the first phos-
phor has the formula: Sr(Sr,Ca,_,)Si,Al,N4:D, wherein a
parameter a is 0.7=a, wherein the second phosphor is a
garnet of the formula: ((Gd,Lu,Y;Tb);(Al,Ga)s(0),,:RE,
wherein RE is selected from a rare earth metal, and wherein
the lighting device is configured to produce a white light
having a CRI=80.

[0162] Implementations may include that the second phos-
phor has the formula: Y;(Al,_,Ga,)5(0),,:Ce, and wherein
a proportion of Ga is 0.2=x=0.6.

[0163] Implementations may include that the primary
radiation source emits the primary radiation in the wave-
length range between 430 nm and 470 nm, wherein the
second phosphor is a garnet of the formula: (Gd,Lu,Y,Tb),
(AL,Ga)5(0),,:RE or (Lu,Y);(ALGa)s(0), ,:RE, wherein RE
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is selected from a rare earth metal, and wherein the lighting
device is configured to produce a white light having a
CRI=90.

[0164] Implementations may include that the element M in
the first phosphor is Sr and Ca and a parameter a is as
follows: 0.7-a, and wherein a proportion of an activator D
is =1.5%.

[0165] Implementations may include that the second phos-
phor is selected from at least one phosphor from the fol-
lowing phosphors: a beta-SiAION of the formula: Sig_
zAlLO, N, :Eu with 0<z=4, nano-semiconductor materials
as quantum dots, nitridoorthosilicates of a composition
AE,_RE SiO,  N.:Eu, wherein AE is selected from the
group consisting of Sr, Ca, Ba and Mg, wherein RE is
selected from rare earth metals, or of the composition
AE, RESi,_ 0O, . N :Eu

[0166] Implementations may include that the first phos-
phor has the formula: Sr(Sr,Ca,_,)Si,Al,Ng:D, wherein a is
0.7<a, wherein a proportion of an activator D is =22 mol %,
wherein the second phosphor has the formula: Y;(Al,_,Ga,)
50,5,:Ce with 0.2=x=<0.6 or Lu,(Al, Ga )O,,:Ce with
0=x<0.6, wherein a cerium content is of 0.5-5 mol % based
on rare earth metals, and wherein the lighting device is
configured to provide backlighting.

[0167] Implementations may include that the first phos-
phor has the formula: Sr(Sr,Ca,_,)Si,Al,N:D, wherein a is
0.7<a, wherein a proportion of an activator D is =4 mol %,
wherein the second phosphor includes a beta-SiAION Si,_
xALON;_ RE,, wherein 0<x=4, O<y=4, 0<z<l, wherein
RE contains one or more elements from rare earth metals,
and wherein the lighting device is configured to provide
backlighting.

[0168] Implementations may include that the first phos-
phor has the formula: Sr(Sr,Ca,_,)Si,Al,Ng:D, wherein a is
0.7<a, wherein a proportion of an activator D is =4 mol %,
wherein the second phosphor has the formula: AE, L. -

2—x"x
Si0, ,N:RE and/or AE, .I.Si, O N,:RE and/or

4—x—2 x*
AE,SiO,:RE, wherein AE contains one or more elements
selected from the group consisting of Mg, Ca, Sr and Ba,
wherein RE contains one or more elements selected from
rare earth metals, wherein L contains one or more elements
selected from rare earth metals other than RE, with 0<x<0.1,
and wherein the lighting device is configured to provide
backlighting.

[0169] Implementations may include that the second phos-
phor, as AE, contains at least Sr and Ba, and a ratio of Sr and
Ba is as follows: 0.5=Ba:Sr=2.

[0170] Implementations may include that the first phos-
phor has the formula: Sr(Sr,Ca,_,)Si,Al,Ng:D, wherein a is
0.7<a, wherein a proportion of an activator D is =4 mol %,
wherein the second phosphor contains quantum dots in the
form of nanocrystalline materials including a group II-VI
compound and/or a group III-V compound and/or a group
IV-VI compound and/or metal nanocrystals, which, on exci-
tation with primary radiation, emit secondary radiation in a
green to a yellow spectral region with a peak wavelength of
500-560 nm, and wherein the lighting device is configured
to provide backlighting.

[0171] Implementations may further include a third phos-
phor, wherein the first phosphor has the formula: Sr(Sr,M, _
2)Si, AL Ng:D, wherein M is selected from the group con-
sisting of Ca, Ba, Zn and Mg, wherein the second phosphor
is a yellow/green-emitting garnet phosphor of the formula:
(Y,Lu,Gd, Th),(Al,Ga);O,,:Ce having a peak wavelength of

Nov. 10, 2016

500-570 nm, and wherein the third phosphor is an orange/
red-emitting phosphor of the formula: Sr(Sr,M,_,)
Si,Al,Ng:D, wherein M is selected from the group consist-
ing of Ca, Ba, Zn and Mg, or wherein the third phosphor is
an orange/red-emitting phosphor of the formula: M,(S1,Al)
s(N,O)q:Eu, with M selected from the group consisting of
Ca, Sr and Ba.
[0172] Implementations may further include a third phos-
phor, wherein the first phosphor has the formula: Sr(Sr,M, _
2)Si,ALNg:D, wherein M is selected from the group con-
sisting of Ca, Ba, Zn and Mg, wherein the second phosphor
is a yellow/green-emitting garnet phosphor of the formula:
(Y,Lu,Gd, Th),(Al,Ga)s0, ,:Ce having a peak wavelength of
500-570 nm, and wherein the third phosphor is a yellow-
emitting garnet phosphor of the formula: (Y,Lu,Gd,Tb);(Al,
Ga);0,,:Ce having a peak emission wavelength of 500 to
600 nm.
[0173] Implementations may further include a third phos-
phor, wherein the first phosphor has the formula: Sr(Sr,M, _
2)Si,ALNg:D, wherein M is selected from the group con-
sisting of Ca, Ba, Zn and Mg, wherein D is selected from Eu
and the first phosphor has a peak wavelength between
605-620 nm and a half-height width FWHM=80 nm,
wherein the second phosphor is a yellow/green-emitting
garnet phosphor of the formula: (Y,Lu,Gd);(Al,Ga)s0O,,:Ce
having a peak wavelength between 540-565 nm and a
half-height width FWHM=100 nm, and wherein the third
phosphor a yellow/orange-emitting phosphor having a peak
wavelength of 580-590 nm and a half-height width
FWHM=80 nm.
[0174] Implementations may further include a second
phosphor disposed in a beam path of the secondary radia-
tion, wherein the second phosphor is configured to absorb
and convert at least a portion of the secondary radiation.
[0175] Implementations may include that the primary
radiation source comprises an LED, an OLED or a laser.
[0176] Another general aspect includes a lighting device
including: a primary radiation source configured to emit
primary radiation in a wavelength range between 300 nm
and 570 nm and a first phosphor disposed in a beam path of
the primary radiation source, the first phosphor configured to
convert at least a portion of the primary radiation to a
secondary radiation within an orange to red wavelength
range from 570 nm to 800 nm. The first phosphor has the
formula: Sr(Sr,M,_,)Si,AL(N,X)s:D,A,B,E,G,[., wherein
element M is selected from Ca, Ba, Mg alone or in combi-
nation, wherein element D is one or more elements selected
from the group consisting of Mn, Ce, Pr, Nd, Sm, Eu, Tb,
Dy, Ho, Er, Tm, alkali metals, and Yb, wherein element A is
selected from divalent metals different than those of the
elements M and D, wherein element B is selected from
trivalent metals, wherein element E is selected from mon-
ovalent metals, wherein element G is selected from tetrava-
lent elements, wherein element L is selected from trivalent
elements, wherein element X is selected from O or halogen,
wherein a parameter a is between 0.6 and 1.0, and wherein
the first phosphor crystallizes in space groups P1, P2, PT or
i
[0177] Yet another general aspect includes a lighting
device including: a primary radiation source configured to
emit primary radiation in a wavelength range between 300
nm and 570 nm and a first phosphor disposed in a beam path
of the primary radiation source, the first phosphor config-
ured to convert at least a portion of the primary radiation to
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a secondary radiation within an orange to red wavelength
range from 570 nm to 800 nm. The first phosphor has the
formula: Sr(Sr,M,_,)Si,AlLN¢:D, wherein element M is
selected from Ca, Ba, Zn, Mg and/or Li, wherein element D
is selected from the group consisting of Mn, Ce, Pr, Nd, Sm,
Eu, Tb, Dy, Ho, Er, Tm and Yb, wherein a parameter a is
between 0.6 and 1.0, and wherein the first phosphor crys-
tallizes in space groups P1, P2, P! or P2,.

[0178] A further general aspect includes a light-emitting
diode including at least one semiconductor chip configured
to emit blue light, a phosphor arranged downstream of the
semiconductor chip along a beam path wherein the phosphor
is capable for emission of red light and has the formula:
SrxCal-xAlSiN3:Eu, wherein x is 0.8<x=<l, wherein
between 0.1% and 5% inclusive of the Sr, Ca and/or Sr/Ca
lattice sites have been replaced by Eu, and wherein, if an
x-ray structure analysis were to be performed, the phosphor
in orthorhombic description exhibits a reflection (R) having
the Miller indices 1 2 1.

BRIEF DESCRIPTION OF THE DRAWINGS

[0179] A phosphor described here is elucidated in detail
hereinafter by embodiments with reference to drawings.
Identical reference numerals indicate identical elements in
the individual figures. However, the drawings are not to
scale; instead, individual elements may be shown in exces-
sively large size for better understanding.

[0180] FIG. 1 shows a relationship between x and FWHM;
[0181] FIG. 2 shows the ratio between a dominant wave-
length and the FWHM for various phosphors;

[0182] FIG. 3 shows a comparison of spectral data for
phosphors or phosphor mixtures;

[0183] FIG. 4 shows LED efficiencies for various phos-
phors or phosphor mixtures;

[0184] FIG. 5 shows a further comparison of spectral data
for phosphors or phosphor mixtures;

[0185] FIG. 6 shows LED efficiencies for various phos-
phors or phosphor mixtures;

[0186] FIG. 7 shows another comparison of spectral data
for phosphors or phosphor mixtures;

[0187] FIG. 8 shows a red phosphors subjected to a
hydrolysis test with respect to air humidity;

[0188] FIGS. 9a and 96 show an examination of moisture
stability of phosphors according to embodiments;

[0189] FIGS. 10a and 105 show SEM images for various
phosphors;

[0190] FIGS. 11a and 115 show SEM images for further
phosphors;

[0191] FIG. 12 shows thermal quenching characteristics of
two red phosphors in comparison to one another;

[0192] FIG. 13 shows the relative external quantum effi-
ciency QE for a previously known phosphor composed of
1113-calsin system;

[0193] FIG. 14 shows another relative external quantum
efficiency QE for a previously known phosphor;

[0194] FIG. 15 shows yet another relative external quan-
tum efficiency QE for a previously known phosphor;
[0195] FIG. 16 shows the relative emission intensity I as
a function of doping Eu;

[0196] FIG. 17 shows the influence of the degree of
doping with Eu on the emission wavelength;

[0197] FIG. 18 shows the crystallographic relationship
between various light-emitting nitrides;
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[0198] FIG. 19 shows an overview of some structural data
known from the literature for nitrides of similar composi-
tion;

[0199] FIGS. 204-20c show a Sr(Sr,Ca, _,)Si,AL,Ng
structure according to embodiments;

[0200] FIG. 21 shows experimental results and underlying
parameters;
[0201] FIG. 22 shows interatomic distances in the struc-

ture Sr(Sr,Ca,;_,)Si,Al,Ng;

[0202] FIG. 23 shows crystallographic data and positional
parameters for the compound Sr(Sr,Ca,_,)Si,Al,Ng;
[0203] FIGS. 24a-24c¢ illustrate the structure of the phos-
phor type Sr(Sr,Ca,_,)Si,Al,Ng;

[0204] FIGS. 25-34 show crystallographic evaluations;
[0205] FIGS. 354 and 3556 show emission spectra and
reflectance spectra of phosphors according to embodiments
compared to known phosphors;

[0206] FIGS. 36a and 365 show emission spectra and
reflectance spectra of phosphors according to further
embodiments compared to known phosphors;

[0207] FIG. 37 shows a semiconductor component which
serves as light source (LED) for white light;

[0208] FIG. 38 shows a lighting unit comprising phos-
phors according to the present invention;

[0209] FIGS. 394-39zd show starting weights m in g for
various reactants for production of conventional and inven-
tive phosphors;

[0210] FIGS. 40a and 405 show a table with different
parameters for a phosphor according to embodiments and a
comparative phosphor and an intensity/wavelength diagram;
[0211] FIGS. 41a and 415 show a further table with
different parameters for a phosphor according to embodi-
ments and a comparative phosphor and a further intensity/
wavelength diagram;

[0212] FIGS. 42a and 426 show another table with dif-
ferent parameters for a phosphor according to embodiments
and a comparative phosphor and another intensity/wave-
length diagram;

[0213] FIGS. 43a and 436 show yet another table with
different parameters for a phosphor according to embodi-
ments and a comparative phosphor and yet another intensity/
wavelength diagram;

[0214] FIGS. 44a and 44b show one more table with
different parameters for a phosphor according to embodi-
ments and a comparative phosphor and one more another
intensity/wavelength diagram;

[0215] FIGS. 45a and 455 show a final table with different
parameters for a phosphor according to embodiments and a
comparative phosphor and a final intensity/wavelength dia-
gram;

[0216] FIG. 45¢ shows phosphors according to embodi-
ments of the invention having increased europium content;
[0217] FIG. 454 shows emission spectra of phosphors
according to embodiments of the invention;

[0218] FIGS. 46a-46¢ show various embodiments of light-
ing devices of the invention that are suitable for streetlight-
ing applications and the optical properties thereof;

[0219] FIGS. 47a-47i show further various embodiments
of lighting devices of the invention that are suitable for street
lighting applications and the optical properties thereof;
[0220] FIGS. 48a-48j show embodiments of lighting
devices of the invention for backlighting applications and
the optical properties thereof;
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[0221] FIGS. 494-49g show experimental data for various
comparative and inventive examples of lighting devices for
flash applications;

[0222] FIGS. 50a-50¢ show further experimental data for
various comparative and inventive examples of lighting
devices for flash applications;

[0223] FIGS. 51a-51/ show experimental data for lighting
devices according to various comparative and inventive
examples for warm white general-purpose lighting applica-
tions with high CRI;

[0224] FIGS. 52a-52/ show further experimental data for
lighting devices according to various comparative and
inventive examples for warm white general-purpose lighting
applications with high CRI;

[0225] FIGS. 534-53d show additional experimental data
for lighting devices according to various comparative and
inventive examples for warm white general-purpose lighting
applications with high CRI;

[0226] FIGS. 54-57 show the light yield and the compo-
sition of the phosphors for various LEDs in LARP applica-
tions according to comparative examples and inventive
examples and the corresponding emission spectra thereof;
[0227] FIGS. 58a-58¢ show the effects of different Eu
dopant concentrations on the dominant wavelength, the
relative intensity of photoluminescence and the relative
photoluminescence intensity assessed by eye;

[0228] FIGS. 594-59g show the composition of phosphors
of the invention which have been co-doped with Cu, Zn, La
and Li, and their spectra and x-ray diffractograms;

[0229] FIGS. 60a and 605 show the nominal composition
and the spectra of phosphors of the invention which have
been co-doped with carbon;

[0230] FIGS. 61a-61d show the nominal composition and
the spectra of phosphors of the invention which have been
doped with various activators, including europium, cerium,
lithium and manganese;

[0231] FIGS. 62a-62¢ show various properties of phos-
phors of the invention and the x-ray diffractograms thereof,
these having been co-doped not only with europium but also
with lithium;

[0232] FIGS. 63-67 show various embodiments of lighting
devices comprising the phosphors of the invention in cross
section;

[0233] FIGS. 68a and 684 show further embodiments of
lighting devices comprising the phosphors of the invention
in cross section;

[0234] FIGS. 69-73b show various other embodiments of
lighting devices comprising the phosphors of the invention
in cross section;

[0235] FIGS. 74a-74c¢ shows starting weights for modifi-
cations of phosphors according to embodiments and the
color locus that they emit;

[0236] FIGS. 75-79 show schematic diagrams of proper-
ties of phosphors on excitation with blue light according to
embodiments;

[0237] FIG. 80 shows LED efficiencies for various phos-
phors or phosphor mixtures according to embodiments;
[0238] FIG. 81 shows LED efficiencies for various phos-
phors or phosphor mixtures according to embodiments;
[0239] FIG. 82 shows a table with conversion efficiencies
and color rendering indices for various warm white light-
producing LEDs;
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[0240] FIGS. 83-87 show schematic diagrams of proper-
ties of phosphors on excitation with blue light according to
further embodiments;

[0241] FIGS. 88-90 show data based on x-ray structure
analysis of phosphors according to embodiments;

[0242] FIG. 91 shows a schematic diagram of a structure
of a phosphor according to embodiments; and

[0243] FIG. 92 shows a further schematic diagram of a
structure of a modification of a phosphor according to
embodiments.

[0244] A phosphor described here is elucidated in detail
hereinafter by embodiments with reference to the drawing.
Identical reference numerals indicate identical elements in
the individual figures. However, the drawings are not to
scale; instead, individual elements may be shown in exces-
sively large size for better understanding.

DETAILED DESCRIPTION OF ILLUSTRATIVE
EMBODIMENTS

[0245] One embodiment of a phosphor described here can
be produced as follows: reactants used for the synthesis of
the phosphor of the general empirical formula Sr(Sr,Ca,_,)
Si,Al,Ng:Eu are the binary nitrides of the constituent ele-
ments, i.e. Ca;N,, Sr;N,, AIN and Si;N,. Since these are
highly oxidation-sensitive and hydrolysis-sensitive sub-
stances, what is called a glovebox is employed, under an N,
atmosphere with O,<1 ppm and H,O<1 ppm. In addition,
doping with Eu®* is accomplished using Fu,O,. The reac-
tants are weighed out such that the following atomic ratio is
effectively present, in a simplifying representation: Sr:Ca:
Si:Al:Eu=(1+a):(1-a):2:2:y, where y corresponds to the
degree of doping, i.e. the proportion of divalent lattice sites
which are substituted by Eu. In addition, various fluxes are
added; see the above explanation. A reactant mixture is
scaled up, for example, to a total starting weight of 50-100
g with retention of the atomic ratios described above. It is
also possible to use other total starting weights.

[0246] The reactant mixture is introduced, for example,
into a PET mixing vessel together with ZrO, balls and mixed
on a roller table in a glovebox for 6 h. Subsequently, the balls
are removed from the mixture and the powder is transferred
into a closed molybdenum crucible. This crucible is placed
into an outer tungsten crucible, a semicircular open tungsten
tube, and transferred into a tube furnace. There is a flow of
3 /min of forming gas with 92.5% N, and 7.5% H, through
the tubular furnace during the run time. In the tubular
furnace, the mixture is heated at a rate of 250 K/h to 1650°
C., kept at this temperature for 4 h and then cooled down at
250 K/h to 50° C. The calcined cake formed is taken out
after the furnace has cooled, comminuted with a mortar mill
and sieved through a sieve having a mesh size of 31 pm. The
sieve fraction <31 pm is the phosphor used.

[0247] The sieving may optionally be followed by a
further calcining, tempering and/or washing operation and/
or a coating operation.

[0248] Illustrative starting weights m in g and resulting
color loci CIE x, CIE vy, also referred to as chromaticity
coordinates, of the emission spectrum of the particular
phosphor in the CIE standard chromaticity diagram on
excitation with blue light at 460 nm and on complete
absorption of the blue light are listed in tabular form in
FIGS. 394-39zd. Starting weights with x<0.8 refer here to
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conventional phosphors, whereas starting weights with
x>0.8 (corresponding to a>0.6) indicate phosphors of the
invention.

[0249] FIG. 1 shows the relationship between x and
FWHM.
[0250] FIG. 1 shows a dependence of a spectral half-

height width FWHM of the emission on the Sr content for
embodiments of the novel phosphor Sr(Sr,Ca,_,)Si,Al,Ng:
Eu of the invention (open symbols) compared to known
phosphors composed of the Sr,Ca,  AlISiN;:Fu system
(solid symbols). The Sr content corresponds to the parameter
a for Sr(Sr,Ca,_,)Si,Al,N:Eu or x for Sr,Ca, _,AlSiN;:Eu,
where a=2x-1. The parameter a is indicated by alpha in the
figure.

[0251] For the phosphor according to the prior art, a very
small change in the FWHM with rising x is observed (dotted
line). The novel phosphor of the invention, in contrast, at an
Sr content of a>0.6, which would correspond in formal
terms to an x>0.8 in the case of the known phosphor,
exhibits a very significant change in the half-height width
FWHM with rising a. Moreover, the half-height width of the
novel phosphor is significantly lower than in the case of the
phosphor according to the prior art. The parameter a can
therefore readily be chosen between 0.6 and 1.0, or between
0.8 and 1.0; boundary values are preferably excluded. Very
good properties are exhibited especially by phosphors hav-
ing a value of a between 0.64 and 0.96, or between 0.82 and
0.98, including the boundary values. Particular preference is
given to a range for a between 0.68 and 0.92, or between
0.84 and 0.96, including the boundary values.

[0252] In the case of use of constituents other than Sr, Ca,
the value of a may also be much lower.

[0253] FIG. 2 shows the ratio between ldom (dominant
wavelength) and the FWHM for various phosphors.

[0254] What is shown here is a dependence of a spectral
half-height width FWHM of the emission on the Sr content
for embodiments of the novel phosphor Sr(Sr,Ca, ,)
Si,Al,Ng:Eu of the invention (open symbols) compared to
known phosphors composed of the Sr,Ca,_, AlSiN;:Eu sys-
tem (solid symbols). The Sr content corresponds to the
parameter a for Sr(Sr,Ca,_,)Si,Al,Ng:Eu or x for Sr,.Ca,_
xAlSiN;:Eu, where a=2x-1. In addition, a dominant wave-
length 1dom of the spectrum emitted by the phosphor and the
Eu content are specified.

[0255] Surprisingly, a phosphor Sr(Sr,Ca,_,)Si,ALLN:Eu
of the invention with a=0.8 (which would correspond to
x=0.9), with a comparable dominant wavelength ldom,
shows a much smaller half-height width FWHM compared
to conventional phosphors of the Sr,Ca,_, AlSiN;:Eu type.
The much smaller half-height width FWHM is virtually
independent of the Eu content of the sample used.

[0256] FIG. 3 gives a comparison of spectral data.
[0257] Phosphors of the novel type feature a small half-
height width FWHM of the emission compared to the
previously known phosphor (within the range of 79 to 81
compared to 86 to 88 for the prior art) and a very high
luminous efficiency LER (110 to 111% compared to 100 to
101% for the prior art) combined with simultaneously high
internal quantum efficiency QI and external quantum effi-
ciency QE (about 113% compared to 100% to 110% for the
prior art); see the table in FIG. 3. In addition, a relative
brightness B is specified (about 125 to 126% compared to
about 100 to 111% for the prior art). To calculate the external
quantum efficiency QE, the mean re-emission within the
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range from 450 nm to 470 nm was employed; measurement
was effected in pressed powder tablets at an excitation
wavelength of 460 nm. Also specified are the x and y
components of the color locus.

[0258] FIG. 4 compares the LED efficiency of various
systems. The relative conversion efficiencies of various
warm white light-emitting diodes, LEDs for short, are
shown. In each case, a mixture of two phosphors that emit
green and red light was used, with the green light-emitting
phosphor G remaining the same (such phosphors, especially
garnets doped with Ce, are known per se) and the red-
emitting phosphor R being varied. Stated on the abscissa
axis for four different phosphors is the type of red-emitting
phosphor R. The ordinate axis gives the relative efficiency E.
The phosphors were excited with a blue-emitting semicon-
ductor chip having a dominant wavelength of 446 nm.
[0259] All the phosphor mixtures were adjusted such that,
in the CIE standard chromaticity diagram, a color locus
close to Planck with a correlated color temperature CCT of
about 2700 K is attained. The color rendering index CRI of
all the LEDs measured is 80x1. All the red phosphors R used
show a comparable dominant wavelength of about 600.5
nm=1 nm.

[0260] Further details of the phosphor mixtures as shown
in FIG. 4 can be found in the table in FIG. 5. Additionally
stated are the relative efficiency E (rel. eff.), a phosphor
concentration ¢ (phosphor concentration) and a ratio V of the
green phosphor G and the red phosphor R (ratio green/red).
[0261] FIG. 6 shows a comparison of conversion effi-
ciency and color rendering index for various warm white
light-producing LEDs. In each case, a mixture of two
phosphors was used, with the green phosphor G being kept
constant and the red phosphor R being varied, analogously
to the table in FIG. 5. All the phosphor mixtures were
adjusted such that a color locus close to Planck having a
correlated color temperature CCT of about 2700 K is
achieved. The relative conversion efficiency E (left-hand
ordinate), the relative size of which is illustrated by the
columns in FIG. 6, of a warm white light-producing LED
with the novel phosphor having a total of 90% Sr at the
alkaline earth metal site (shown on the right) shows a much
higher efficiency (about 6% compared to a 258-nitride) and
simultaneously improved color rendering CRI (right-hand
ordinate, the color rendering index is symbolized as black
rhombuses) compared to LEDs having a previously known
red phosphor with only 80% Sr (1113-calsin type) or an even
lower Sr content (258-nitridosilicate type) at the alkaline
earth metal site.

[0262] Further data relating to the LED measurements
from FIG. 6 can be found in the table in FIG. 7, analogously
to the table in FIG. 5. The efficiency E (rel. eff.) of a warm
white light-producing LED with correlated color tempera-
ture CCT of about 2700 K having a novel red phosphor
having a total Sr content of 90% at the alkaline earth metal
site (together with a green garnet phosphor) is distinctly
higher here too, and an elevated color rendering index CRI
is also achievable.

[0263] Red phosphors composed of the novel material
system were subjected to a hydrolysis test in order to assess
aging stability of the phosphor with respect to air humidity;
see FIG. 8. Specifically, red phosphors composed of the
Sr,Ca, _ AlSiN;:Fu material system and one embodiment of
the novel Sr(Sr,Ca,_,)Si,Al,N:Eu phosphor of the inven-
tion were subjected to a hydrolysis test, in order to assess the
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aging stability of the phosphor with respect to air humidity.
For this purpose, the phosphor powders were stored at 130°
C. and 100% rel. air humidity for 40 h. The relative
absorption A of the phosphors in the blue spectral region
(450-470 nm) as ordinate was measured both before and
after this treatment. A measure of the stability of a phosphor
to hydrolysis, i.e. the decomposition of the phosphor in the
presence of water, is considered to be the decrease in the
absorption capacity in the blue spectral region. With increas-
ing Sr content, according to FIG. 8, for phosphors composed
of the known SrxCal-xAlSiN3:FEu system, a significant
increase in hydrolysis sensitivity is observed (solid rhom-
buses). Surprisingly, however, the novel (Sr(Sr,Ca;_,)
Si,AlLNg:Eu) phosphor with a=0.8 (corresponding in a
formal sense to 90% Sr in a representation as x=0.9) is more
hydrolysis-stable (hollow rhombus) than a previously
known Sr,Ca,_,AlSiN;:Eu phosphor having an Sr content
of 80% (x=0.8).

[0264] In FIG. 9, the moisture stability of the novel
phosphor is examined.

[0265] To improve the stability of the novel phosphor of
the invention to hydrolysis, specimens of the phosphor were
coated with an inert material (SiO2) after the synthesis.
[0266] Untreated and subsequently coated samples were
subjected to a hydrolysis test, in order to assess the aging
stability of the phosphor to air humidity. For this purpose,
the phosphor powders were stored at 130° C. and 100% rel.
air humidity for 48-56 h. The quantum efficiency and the
absorption of the phosphors in the blue spectral region
(450-470 nm) were measured both before and after this
treatment. A measure of the stability of a phosphor with
respect to hydrolysis (decomposition of the phosphor in the
presence of water) is considered to be the change in the
relative conversion efficiency (calculated from the quantum
efficiency and absorption in the spectral range of 450-470
nm) before and after the degradation test. The coating
distinctly improves the stability.

[0267] FIGS. 10a and 1056 show SEM images of various
phosphors.
[0268] The figures show SEM images of the uncoated

phosphor before and after the degradation process in differ-
ent magnifications. What are shown are embodiments of the
novel phosphor having the composition Sr(Sr,;Ca, ,)
Si,Al,Ng:1.2% Eu .

[0269] Formation of cracks in the individual phosphor
grains is apparent in the SEM images of the sample after the
degradation test.

[0270] FIGS. 11a and 115 show SEM images of various
phosphors.

[0271] The figures show SEM images of the coated phos-
phor before and after the degradation process in different
magnifications.

[0272] What are shown are embodiments of the novel
phosphor having the composition Sr(Sr, ;Ca, ,)Si,Al,Ng:1.
2% Eu.

[0273] No formation of cracks in the phosphor grains is
apparent in the SEM images of the sample after the degra-
dation test.

[0274] FIG. 12 shows thermal quenching characteristics of
two red phosphors in comparison to one another. Both
phosphors have a comparable emission color, with a domi-
nant wavelength of approximately 600 nm. Surprisingly, the
novel phosphor Sr(Sr,Ca,_,)Si,Al,N4:Eu of the invention
with a=0.8 (solid squares), in spite of a higher Eu content
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(0.8%), has a smaller decrease in emission intensity I
(ordinate) with rising temperature compared to the reference
phosphor composed of the known Sr,Ca,_, AlSiN;:Eu sys-
tem; in that case, the Eu content is 0.6% (hollow rhom-
buses).

[0275] FIG. 13 shows the relative external quantum effi-
ciency QE for a previously known phosphor composed of
the 1113-calsin system. The data are taken from EP 2 135
920.

[0276] What is reported therein about these phosphors
composed of the CaAlSiN;:Eu system (referred to herein-
after as calsin) is that the conversion efficiency stagnates
with rising activator content (>0.8% Eu).

[0277] Similar behavior is also known for SCASN. The
described phosphor composed of the (Sr,Ca)AlISiN;:Eu sys-
tem with Sr content 80% shows strong dependence of the
relative emission intensity of the luminescence signal on the
activator content. This behavior is described, for example, in
H. Watanabe et al., J. Electrochem. Soc., 2008, 155 (3),
F31-F36. The behavior is shown in FIG. 14.

[0278] In contrast to pure calsin (cf. FIG. 13), the pho-
toluminescence intensity actually collapses from a value of
about 0.8% Eu or more for SCASN and only attains 60% of
the maximum value.

[0279] Similar behavior is also described in U.S. Pat. No.
8,274,215.
[0280] Inthe case of an Eu content of at least 1% (x=0.01),

the luminescence signal decreases or virtually stagnates (Sr
content: 80%). FIG. 15 shows the figure derived therefrom.
The inventors of U.S. Pat. No. 8,274,215 note in this regard
that, with rising Eu content (up to the value of x=0.01), the
intensity of the photoluminescence increases, then it remains
the same or decreases.

[0281] FIG. 16 shows, in contrast, the relative emission
intensity | as a function of the doping of Fu as activator,
which replaces the alkaline earth metal content, for a novel
phosphor. The Eu content is given here in %. Surprisingly,
the novel phosphor (shown in the abscissa) shows behavior
distinctly different from the prior art. With rising Eu content,
the emission intensity I increases noticeably even in the case
of an Eu content well above 1%, and in fact in an approxi-
mately linear manner. This property offers various technical
advantages for the application. These include a relatively
low phosphor requirement and the possibility of attaining
color loci with relatively large x, understood as the first CIE
component, and also high dominant wavelength lambdadom
(1dom). With rising activator content Eu (shown as param-
eter y in %), the luminescence signal moves to greater
wavelengths in an approximately linear manner. This allows,
for example, the color rendering index CRI of a warm white
light-emitting LED to be increased; see also the other
corresponding LED examples in the present application.
[0282] FIG. 17 shows the influence of the degree of
doping with Eu on the emission wavelength, shown as
lambdadom (in nm). With rising activator content y for the
novel phosphor, the luminescence signal moves to greater
wavelengths in an approximately linear manner. This allows,
for example, the color rendering index CRI of a warm white
light-emitting LED to be increased; see also the other
corresponding LED examples in the present application.
[0283] In order to determine the structure of the novel
phosphor of the invention, crystals of the novel phosphor
were chosen under a light microscope and prepared for a
diffractometry study. The measurement was effected on a
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Bruker D8 Venture with rotating anode and CCD detector. A
summary of the results (important goodness factors and the
underlying refined parameters) can be found in the table in
FIG. 21.

[0284] The diffraction patterns collected were examined in
great detail for their quenching conditions. A basic pattern
discernible is a structure derived from AIN (wurtzite struc-
ture type) which can be described in the P2, space group.

[0285] The solution and refinement of the data set were
effected with the JANA2006 software package (Petricek, V.,
Dusek, M. & Palatinus, L. (2006). Jana2006. The crystal-
lographic computing system. Institute of Physics, Prague,
Czech Republic.).

[0286] The refinement proceeds very efficiently with the
following restrictions: since Si and Al are indistinguishable
by x-ray methods, all Si and Al positions were refined with
the population of Si:Al=1:1 as weighed out and a single
thermal displacement factor for Si and Al

[0287] In addition, all nitrogen atoms together and all
alkaline earth metal atoms together were each described by
one thermal displacement factor. All further parameters (e.g.
the atomic position parameters) were freely refined.

[0288] Results of these single-crystal studies are discussed
in detail hereinafter.

[0289] FIG. 18 shows the crystallographic relationship
between various light-emitting nitrides and AIN.

[0290] A whole series of known nitrides used as phosphors
can be derived from AIN with wurtzite structure. Because of
this fundamental structural relationship, the diffractograms
(particularly x-ray powder diffractograms) of these com-
pounds also often appear to be similar at first glance.
However, differences are found in clearly pronounced
details. The structures can differ significantly, as shown in
FIG. 18 by way of example for the derivation of the unit
cells for various compounds.

[0291] FIGS. 20a to 20c¢ show, for the novel Sr(Sr,Ca,_
2)Si, AL N, structure (the doping is unimportant for this
fundamental consideration), why it clearly has to be
described in the P2, space group and cannot be described in
either of the two other space groups listed above.

[0292] According to FIG. 20, the single-crystal diffraction
data are examined in reciprocal space for the novel phosphor
Sr(Sr,Ca,_,)Si,ALLN. FIG. 20a is a representation of the
novel phosphor in reciprocal space viewed in the [hOl]
direction.

[0293] The pseudohexagonal base structure is clearly
apparent.
[0294] FIG. 205 is a representation of the novel phosphor

in reciprocal space viewed in the [0kl] direction. The circled
reflections are examples of reflections which cannot exist in
the Pna2l space group. The occurrence thereof rules out
description in this Pna21 space group because of the quench-
ing conditions of various crystallographic space groups. The
novel phosphor thus cannot have the same structure as, for
example, MgSiN,, or MnSiN,.

[0295] Finally, FIG. 20c¢ shows a representation of the
novel phosphor in reciprocal space viewed in the [h1l]
direction.

[0296] The circled reflections are examples of reflections
which cannot exist in the Cmc21 space group. The clearly
apparent occurrence thereof rules out description in the
Cmc21 space group. The novel phosphor thus cannot have
the same structure as, for example, (Ca,Sr)AISiN;, LiSi,N;,
NaSi,N;.
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[0297] FIG. 19 shows an overview of some structural data
known from the literature for nitrides of similar composition
(Cmc2, space group, NaSiO; structure type).

[0298] The single-crystal diffractometry solution of the
novel structure Sr(Sr,Ca;_,)Si,Al,Ny is shown in detail in
FIG. 21. This gives the lattice parameters, the unit cell, the
radiation source used for the analysis, the reflections, the
measured section of reciprocal space and further data.

[0299] FIG. 22 gives the interatomic distances in the novel
structure Sr(Sr,Ca,_,)Si,Al,N; in detail. In a direct com-
parison with nitrides of similar composition, for example
SrAlISiN; (ICSD 419410), CaAlSiN; (ICSD 161796) or
(Sr,Ca)AlISIN; (ICSD 163203) (cf. table in FIG. 19 for
further examples), it should be noted that there is a some-
what larger and a somewhat smaller environment around the
alkaline earth metal atoms Sr and Ca. In SrAlSiNj,
CaAlSiN; and (Sr,Ca)AlSiNj;, for the alkaline earth metal
atoms, there is only a pentacoordinated position with a mean
Sr-N distance of 267 pm. In the novel structure Sr(Sr,Ca,_
a)S1,ALL N, of the invention, Srl forms a hexacoordinated
environment with a mean Sr1-N distance of 272 pm; Sr2/
Ca2 forms a pentacoordination with a mean Sr2/Ca2-N
distance of 264 pm.

[0300] FIG. 23 compares the crystallographic data and
positional parameters (according to single crystallography)
for a novel compound Sr(Sr,Ca,_,)Si,Al,N¢ with the cor-
responding data for the previously known SrAlISiN;:Eu (on
the right). There is a distinct difference between the crystal
systems and space groups.

[0301] FIG. 24a-24c illustrate the structure of the novel
phosphor type Sr(Sr,Ca; ,)Si,AlLLN.. FIG. 24a shows a
view of the layers of Sr(Sr,Ca,_,)Si,Al,N,. The layers are
derived from AIN. Compared to AIN, individual tetrahedra
are absent and are replaced by an alkaline earth metal ion.
The tetrahedra are distinctly distorted compared to AIN.
However, all bond lengths and angles are similar to other
nitridosilicates. FIG. 2056 shows the phosphor Sr(Sr,Ca;_,)
Si,Al, N of the invention from the [010] direction. The 3D
network of the (Si/Al)N, tetrahedra is clearly apparent.
Running in the a-c plane are layers that are linked in the b
direction (not shown) to form a network. Intercalated
between these, layer by layer in each case, are the pure Sr
position (shown as white circles) and the position having a
mixed Sr/Ca population (shown as black circles).

[0302] FIG. 24¢ shows, for comparison, the structure,
known from the literature, of (Sr, 5.5Cag 5;;)AISIN; (ICSD
163203) from the [010] direction. Here, all the Sr/Ca posi-
tions (black) have mixed populations. There are no pure Sr
positions.

[0303] This ordering into a position having a mixed Sr/Ca
population and a position fully populated by Sr alone in the
novel phosphor Sr(Sr,Ca,_,)Si,Al,N:Eu of the invention is
advantageous, for example over the structure of SCASN (cf.
FIG. 24c¢), where only a position having a mixed population
is available for the activator atoms (doping), which leads to
broadening of the emission, this of course being based on the
interaction between the activator and the surrounding host
lattice, and to stronger quenching properties. The Sr(Sr,Ca, _
4)S1,Al,N:Eu structure of the invention, by contrast, offers
the activator, preferably Eu here, an ordered Sr position,
without disorder and without the associated disadvantages.
The improved properties of luminescence can be explained
plausibly by this structure. The Eu, according to this model
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concept, populates predominantly the pure Sr plane only,
and the mixed plane to a lesser degree.

[0304] Proceeding from FIG. 245, it is also possible to
represent a phosphor having the lower symmetry according
to space groups 1 to 3 of the International Tables Cryst. A,
i.e. space groups P1, PT, P2, in that, for example, the mixed
layer has been split up into planes having different popula-
tion (in part) by means of pure Sr alongside a mixed
population.

[0305] In FIG. 25 and FIG. 26 there is a crystallographic
evaluation. FIG. 25 shows a Rietveld refinement of the x-ray
powder diffractogram of specimen TF162b(G/12, an embodi-
ment of the novel phosphor of the invention having the
weighed-out composition Sr(Sr, ,Ca, ,)Si,AlL N :Eu. The
diffractogram can be very well described with the structure
model found by the single-crystal x-ray structure analysis
for Sr(Sr,Ca,_,)Si,N,Ng (Rprofil 7%, Rbragg 6%).

[0306] FIG. 26 shows an enlarged section of the Rietveld
refinement of the x-ray powder diffractogram of TF162bG/
12. The reflection marked with an arrow is an example of a
reflection of Sr(Sr, (Ca, ,)Si,Al,N:Eu which can occur in
the P2, space group and other lower-symmetry space groups
such as the P1 space group. The occurrence of this reflection
definitively rules out description of the novel phosphor in
the higher-symmetry Cmc21 and Pna21 space groups of the
other AlN-related nitridosilicatic phosphors.

[0307] FIG. 27/28 and FIGS. 29/30 and 31/32 and FIG.
33/34 show, by way of example, further Rietveld refine-
ments of the x-ray powder diffractogram of other embodi-
ments, as shown in each diagram, each with a characteristic
section.

[0308] FIGS. 35a and 355 show the absorption and emis-
sion characteristics of a phosphor of the invention compared
to known phosphors.

[0309] FIG. 35a shows emission spectra and FIG. 355
reflectance spectra of an embodiment of the novel phosphor
Sr(Sr,Ca,_,)Si,Al,Ns:Eu with a=0.8 and 0.8% Eu com-
pared to known phosphors composed of the Sr,Ca,_
xAlSiN;:Eu system with comparable dominant wavelength
ldom (1dom=600 nm). The wavelength 1 is plotted against
the intensity I and the reflectance R. The emission spectra
show an unexpectedly narrow spectral emission of the novel
phosphor Sr(Sr,Ca,_,)Si,AlLN.:Eu with a=0.8. At the same
time, the novel phosphor Sr(Sr,Ca,;_,)Si,ALLN Eu with
a=0.8 features a strong absorption; see FIG. 354. The
absorption is found to be approximately 1-R.

[0310] FIGS. 36a and 365 show the absorption and emis-
sion characteristics of a further phosphor of the invention
compared to known phosphors.

[0311] FIG. 36a shows emission spectra and FIG. 365
reflectance spectra of an embodiment of the novel phosphor
Sr(Sr,Ca,_,)Si,Al,Ns:Eu with a=0.8 and 1.2% Eu com-
pared to known phosphors composed of the Sr,Ca,_
xAlSiN;:Eu system with comparable dominant wavelength
ldom (1dom=602-603 nm). The wavelength 1 is plotted
against the intensity I and the reflectance R. The emission
spectra show an unexpectedly narrow spectral emission of
the novel phosphor Sr(Sr,Ca, _,)Si,Al,N:Eu with a=0.8. At
the same time, the novel phosphor Sr(Sr,Ca,__,)Si,Al,NgEu
with a=0.8 features a strong absorption; see FIG. 365. The
absorption is found to be approximately 1-R.

[0312] The novel phosphor described here offers the fol-
lowing advantages in particular: lower half-height width of
emission, associated with higher luminous efficiency at the
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same dominant wavelength, the possibility of achieving
higher activator concentrations of Eu at >0.8% with simul-
taneously high quantum efficiency and conversion effi-
ciency, associated with a smaller phosphor demand in LED
applications and simplified processibility, improved aging
stability with respect to moisture compared to conventional
(Sr,Ca)AlSiN;:Eu having low Sr content, and improvement
of thermal stability.

[0313] FIG. 37 shows a semiconductor component which
serves as a light source (LED) for white light.

[0314] For use in a white LED together with a GalnN chip,
for example, a construction similar to that described in U.S.
Pat. No. 5,998,925 is used. The structure of such a light
source for white light is shown explicitly in FIG. 37. The
light source, which is the radiation source for the primary
radiation, is a semiconductor component which can emit
primary radiation in the UV and/or blue wavelength range.
For example, the radiation source used may be a semicon-
ductor component (chip 1) of the InGaN type with a peak
emission wavelength of 460 nm having a first and second
electrical connection 2, 3, embedded into an opaque base
housing 8 in the region of a recess 9. One of the connections
3 is connected to the chip 1 via a bonding wire 14. The recess
has a wall 17 which serves as reflector for the blue primary
radiation from the chip 1. The recess 9 is filled with a potting
compound 5 comprising, as main constituents, a potting
compound and phosphor pigments 6 (less than 50% by
weight). Further small proportions are accounted for, for
example, by methyl ether and Aerosil inter alia. The phos-
phor pigments are a mixture of various phosphor mixtures
described here, which also contain phosphors of the inven-
tion, for example LuAG:Ce pigments and pigments of the
novel phosphor.

[0315] Generally, in the case of an LED chip that emits
UV radiation as radiation source, it is possible to use a
phosphor mixture composed of at least three different phos-
phors (blue-emitting phosphor, for example BaMgAl, ,0,,:
Eu®* or (Ba,Sr,Ca)(PO,),Cl:Eu**, together with a green/
yellow-emitting phosphor, for example one of the garnet
phosphors described here, and an orange/red-emitting phos-
phor, for example one of the invention), and, in the case of
a blue light-emitting LED chip as radiation source, to use a
phosphor mixture composed of at least two different phos-
phors (a green/yellow phosphor, for example one of the
garnet phosphors described here, and an orange/red-emitting
phosphor, for example one of the invention).

[0316] FIG. 38 shows a section from an area light 20 as
lighting unit. It consists of a common carrier 21, onto which
has been bonded a cuboidal outer housing 22. The upper side
thereof has been provided with a common cover 23. The
cuboidal housing has recesses in which individual semicon-
ductor components 24 are accommodated. They are UV
light-emitting diodes and/or light-emitting diodes that emit
blue light as primary radiation with a peak emission of 380
nm. The conversion to white light is effected by means of
conversion layers that are directly within the casting resin of
the individual LEDs, similarly to the manner described in
FIG. 37, or layers 25 applied to all the surfaces accessible to
the UV radiation (these are especially ceramic surfaces or
plates). These include the inner surfaces of the side walls of
the housing, the cover and the base section. The conversion
layers 25 comprise, in the case of UV light-emitting LEDs,
three phosphors which emit in the red-orange, yellow-green
and blue spectral regions with utilization of phosphors of the
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invention. When the LEDs as radiation sources emit blue
radiation as primary radiation, as already described above, it
is also possible for only two different phosphors that emit in
the green-yellow or orange-red to be present in the phosphor
mixtures.

[0317] In a number of further embodiments of the present
invention, conventional blue light-emitting InGaN LEDs
were provided with a conventional silicone potting material
with different amounts of various phosphors of the invention
or conventional phosphors as comparative examples embed-
ded therein. In this case, phosphors of the invention in
particular are to be used partly together with other phosphors
for color conversion of blue primary light to the red or
yellow or yellow-orange wavelength range. These phos-
phors may also be used, inter alia, for full conversion of the
primary light from the primary radiation source to the red or
yellow or yellow-orange wavelength range.

[0318] Alternatively, the primary radiation source used,
rather than an LED such as an InGaN LED, may also be an
organic light-emitting device (OLED) comprising a layer
stack of organic semiconductive layers disposed between an
anode and a cathode. In this case, at least one of the
electrodes has to be transparent to the radiation produced by
the OLED, in which case the phosphors of the invention can
be disposed in the beam path of the radiation above the
transparent electrode.

[0319] Embodiments for full conversion of red: the table
in FIG. 40a shows the dominant wavelength of the blue-
emitting LED (A ../ p1e 22r))> the chemical formulae of the
inventive and conventional phosphors used, and the concen-
trations thereof in the potting material (percent by weight
based on the overall potting material), the x and y color
coordinates of the secondary radiation converted in the CIE
color space and the resulting luminous flux ®@,,,, .., and the
radiant power @,y Of the potted LEDs, in each case
relative to the @, ,ouing value for the unpotted LEDs
(figures relative to the comparative example in each case).
All further tables likewise include this parameter and in
some cases further parameters, for example mixing ratios in
the case of mixing of two different phosphors in the potting
material of an LED.

[0320] It can be inferred unambiguously from this table in
FIG. 40a that, with a very similar color locus in the
red-orange region (x and y CIE color coordinates), the
phosphor of the invention according to inventive example 1
compared to the conventional phosphor according to com-
parative example 1 has a higher luminous flux and also a
higher radiant power. This can also be inferred from the
corresponding emission spectrum of FIG. 405, in which it is
clearly apparent that inventive example 1 has a higher light
intensity compared to the LED of comparative example 1.
[0321] In the table in FIG. 41a, again, the luminous flux
and the radiant power of a blue-emitting LED having a
conventional CaAlSiN; phosphor (comparative example 2,
phosphor effected according to EP patent application EP 1
696 016 Al) are compared with an LED with one embodi-
ment of a phosphor of the invention incorporated into the
silicone potting material thereof (inventive example 2).
Because of the good stability of the phosphors of the
invention, they can also be used with a higher proportion of
activator dopants (in the present case 5%) compared to
CaAlSiNj; phosphors, where a corresponding color locus can
be achieved only with very low Eu dopings (in the present
case 0.4%). It can again be inferred from the table in FIG.
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41a that, with comparable color loci of the two LEDs in the
red color space, the LED having the phosphor of the
invention has a higher luminous flux and a higher radiant
power. This can likewise be inferred from the emission
spectrum of FIG. 415, in which the emission spectra of
comparative example 2 and of inventive example 2 are
compared.

[0322] The second phosphors described in EP patent
application EP 1 696 016 Al are especially phosphors
including the elements M, A, D, E, and X, where M is one
or more elements selected from the group consisting of: Mn,
Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm, and Yb, A is one
or more elements selected from the group consisting of
divalent metal elements other than M, D is one or more
elements selected from the group consisting of tetravalent
metal elements, E is one or more elements selected from the
group consisting of trivalent metal elements, X is one or
more elements selected from the group consisting of: O, N,
and F, and where the phosphors have the same crystal
structure as CaAlISiNj;.

[0323] In addition, second phosphors used may also be
phosphors of the general formula (M, _ Eu) (ALQ)(Si,Y)N,
where M=Ca, Sr, alone or in combination or in combination
with other divalent and/or monovalent elements, for
example Li, Q=trivalent cation other than AI**, Y=other
tetravalent cations other than Si**, N®~ may be partly
replaced by O*~, F~, CI-, Br, C*.

[0324] In the table in FIG. 42a, comparative example 3
and inventive example 3 are compared. In inventive
example 3 again, a conventional CaAlSiN; phosphor CaAlSi
(N,0);:Eu (0.4%) is used as the first phosphor, with addi-
tional incorporation of a further embodiment of a phosphor
of'the invention in the potting material as a second phosphor.
In the present case, the CaAlSiN; phosphor is capable of
absorbing the short-wave components of the secondary
radiation converted by the phosphor of the invention and
converting it to red light with longer wavelengths compared
to the starting light. This approach has the advantage that, in
contrast to wavelength-specific filters, the radiation is not
just absorbed but also emitted again because of the conver-
sion in the phosphor, which leads to an increased radiant
power of the LED. It can again be inferred from the table
that, with a similar color locus in the CIE color space, both
the luminous flux and the radiant power of inventive
example 3 have greatly increased compared to comparative
example 3. This can likewise be inferred from the emission
spectrum of FIG. 425.

[0325] Analogously to inventive example 3 in inventive
example 4 as well, which is compared with a comparative
example 4 in the table in FIG. 434, a conventional CaAlSiN,
phosphor is used, which absorbs the short-wave components
of the light converted by the phosphor of the invention and
emits them again as red light of a higher wavelength. This
table too, and the corresponding emission spectrum in FIG.
43b, show that, given similar color loci, the LED comprising
the phosphor of the invention has a higher luminous flux and
a higher radiant power compared to the LED comprising the
conventional phosphors.

[0326] Two inventive examples 5 and 6 are compared in
the table in FIG. 44a to a comparative example 5. In all
LEDs, the blue primary radiation is converted to an orange
secondary radiation, with exclusive use of conventional
phosphors in comparative example 5 and of different
embodiments of phosphors of the invention with a cerium-
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activated yttrium aluminum garnet phosphor in each of
inventive examples 5 and 6. It can likewise be inferred from
this table, just as from the corresponding emission spectrum
of FIG. 445, that the LEDs having the combination of
phosphors including phosphors of the invention have a
higher luminous flux and a higher radiant power than LEDs
comprising conventional phosphors.

[0327] Further lighting devices of the invention are to be
described hereinafter, where different amounts of phosphors
of the invention having high europium concentrations are
present as dopant in the potting material of the radiation
source that emits the primary radiation, for example a blue
LED. Lighting devices of this kind can also be used, for
example, for full conversion of the primary radiation from
the radiation source to a secondary radiation, for example in
a red or yellow or yellow-orange wavelength range. More
particularly, it is possible for lighting devices of the inven-
tion, in particular embodiments of the present invention, to
have, as a radiation source that emits primary light, a blue
LED having a dominant wavelength of 300-500 nm, pref-
erably 400-500 nm, further preferably 420-470 nm, and a
phosphor of the invention having the general formula
Sr(Sr, M, _,)Si,Al,N:D where M is selected from the group
of Ca, Ba, Zn, Mg, preferably Ca, and D is preferably Eu,
and where the europium concentrations may be =6 mol %,
further preferably =8 mol %. The radiation emitted by these
radiation sources may have a half-height width FWHM of
<90 nm, preferably <85 nm, and a dominant wavelength of
=607 nm, preferably =609 nm.

[0328] The table in FIG. 45a shows various embodiments
of lighting devices of the invention in which different
concentrations of phosphors of the invention have been
incorporated in the potting material of a conventional blue
InGaN LED with a standard silicone potting material. In
spite of the high europium concentrations, FIG. 456 shows
that the half-height widths of the radiation emitted increase
to a lesser degree with increasing europium concentrations
in the case of phosphors of the invention having the general
formula Sr(Sr,M,__)Si,AlLN:Eu than in the case of con-
ventional phosphors of the formulae CaAlSiN;:Eu and
Sr,SisNg:Eu. FIG. 45¢ likewise shows that, in the case of
phosphors of the invention having an increasing europium
content, surprisingly, the quantum efficiency decreases less
significantly compared to conventional phosphors. FIG. 454
shows the emission spectra of the three inventive examples
1 to 3, it being clearly apparent that, apart from a very small
proportion of the primary radiation, the entire radiation
emitted by the lighting device is attributable to converted
secondary radiation having a low half-height width FWHM.
These properties of phosphors of the invention allow the
provision of lighting devices which emit deep red light for
the purposes of full conversion of the primary radiation.

[0329] The phosphors of the invention may be used with
a multitude of different garnet phosphors as second phos-
phors. These may especially have the general structural
formula:

(Gd,Lu, Tb,Y)3(Al,Ga,D)s(0,X) »:RE

[0330] with X=halide, N or divalent element, D=tri- or
tetravalent element and RE=rare earth metals as activator,
especially cerium with an optional co-dopant, for example
lanthanoids, e.g. Pr, Sm, Nd.
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[0331] The garnets may additionally also have the follow-
ing general formula:

(GA.Lu,Tb,Y)5(ALGa)5(0) »:RE

[0332] with RE=rare earth metals as activator, especially
cerium with an optional co-dopant, for example lanthanoids,
e.g. Pr, Sm, Nd.

[0333]

[0334] In a further embodiment of the present invention, it
is possible to provide lighting devices of the invention which
can especially also be used for general lighting applications,
for example streetlighting, with a CRI=70 and high color
temperatures (~5000 K).

[0335] More particularly, these lighting devices may have,
as radiation source, a blue LED having a dominant wave-
length of 300-500 nm, preferably 400-500 nm, further
preferably 420-470 nm, with at least one phosphor of the
invention having the general formula Sr(Sr,M,_,)
Si,AlLN¢:D where M is selected from the group of Ca, Ba,
Zn, Mg, with D=FEu, present in the beam path of the radiation
source as first phosphor and at least one yellow/green-
emitting garnet phosphor of the general formula (Y,Lu,Gd)
5(Al,Ga);0, ,:Ce present as second phosphor.

[0336] The first phosphor used here may be a phosphor of
the invention having the general formula Sr(Sr,M,_,)
Si,AlLNg:D where M is selected from the group of Ca, Ba,
Zn, Mg, preferably Ca, and D is preferably Eu, with a=0.8,
preferably a=0.82, further preferably a=0.85, and a euro-
pium content of 0.1-5 mol %, preferably 0.1-3 mol %,
further preferably 0.1 to 2 mol %. The phosphor of the
invention has a peak emission wavelength of about 600-640
nm, preferably 605-625 nm, and a half-height width FWHM
of <85 nm, preferably <80 nm, further preferably <78 nm.
Such a phosphor of the invention together with the garnet
phosphor as second phosphor can give a lighting device in
which a wide range of correlated color temperature CCT
within the range of at least 6500-4000 K, preferably 6500-
3000 K, is possible, where the CRI is at least 70.

[0337] In this case, the garnet phosphor as second phos-
phor may especially have the general formula Lu;(Al,Ga)
50,,:Ce 7 (Y,Lu);(Al,Ga);0,,:Ce, in which case the maxi-
mum excitability is preferably between 440-455 nm, further
preferably between 454-450 nm. The yellow/green-emitting
garnet phosphor is selected such that it has a high conversion
efficiency and high thermal stability. A preferred yellow/
green-emitting phosphor is a (Y,Lu);(Al,Ga)s0, ,:Ce having
a cerium content of 0.5-5 mol %, preferably 1-3 mol %, and
a'Y content of 0-50 mol %, preferably 0-30 mol %, so as to
result in a phosphor of the general formula (Lu,_,Y,);(Al,
Ga)s0,,:Ce with x=0 to 0.5, preferably x=0 to 0.3. Other
variants of the garnet phosphor are also possible, having
similar spectral characteristics, especially variants with
(Y,Lu);(AL,Ga)s0,,:Ce where at least some of the Al has
been exchanged for Ga.

[0338] In a further embodiment, a garnet phosphor of the
following general formula Y;(Al,Ga);O,,:Ce is used, hav-
ing a maximum excitability in the range of 440-455 nm,
preferably 445-450 nm. The preferred yellow/green-emit-
ting phosphor is selected such that it has a high conversion
efficiency and high thermal stability. The preferred yellow/
green-emitting phosphor is a phosphor of the general for-
mula Y;(Al,Ga);0,,:Ce having a cerium content of 1.5-5
mol %, preferably 2-5 mol %, and a gallium content of 0-50
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mol %, preferably 0-30 mol %. Within this system, however,
other element combinations are also possible, which result
in similar spectral properties.

[0339] Hereinafter the optical properties of two compara-
tive examples 1 and 2 where a garnet phosphor has been
combined with a conventional 2-5-8 phosphor in the stan-
dard silicone potting material of a conventional InGaN LED
having the dominant wavelength of 444.5 or 444.6 nm at 350
mA are to be compared with three embodiments of the
present invention. The area of each of the LED chips is 1
mm?.

[0340] The compositions of the various phosphors and the
respective concentrations of the phosphors in the standard
potting material and the relative proportions of the two
phosphors are given in FIG. 46a.

[0341] It can be inferred from the table in FIG. 465 that,
given similar color coordinates, the LEDs of inventive
examples 1-4 comprising the phosphors of the invention, at
a driver current of 350 mA, have a higher or similar
conversion efficiency as the ratio of the luminous flux @, of
an LED having potting material filled with the phosphor
mixtures and the radiant power @, of an LED having a clear
potting material without phosphors @, e poringyPecetear
pomng)) compared to the LEDs comprising the conventional
phosphor mixture, but the CRI is potting)) higher. The color
point correction was conducted by taking a theoretical
model of comparative example 2 and extrapolating the LED
efficiency of the comparative example for the color points of
the other inventive examples. The conversion efficiencies
were each stated as the relative conversion efficiencies in
relation to inventive example 1.

[0342] FIG. 46¢ shows the same measurement data as
FIG. 464, but at a driver current of 1000 mA. In that figure
too, the inventive examples again have a higher CRI.
[0343] In summary, it can be stated that neither of com-
parative examples 1 and 2 attains the necessary CRI of 70 at
3000 K for streetlighting applications. For this reason,
comparative examples 1 and 2 can be used either only in
lighting devices having a correlated color temperature CCT
between 6500-4000 K and not within a range of 6500-3000
K, or an additional, third phosphor has to be used to improve
the color temperature, but this complicates the manufactur-
ing process for the lighting devices. Thus, lighting devices
of the invention, because of the phosphor of the invention,
can have a sufficient CRI>70 within a broad color tempera-
ture range of 6500-3000 K for streetlighting applications. In
contrast to conventional phosphor mixtures, no additional,
third phosphor is needed for the achievement of a broad
color temperature range.

[0344] FIGS. 46d and 46e¢ show the normalized LED
spectra of inventive examples 1 and 2 and of the corre-
sponding comparative examples 1 and 2 at a driver current
of 350 mA (FIG. 46d) and the normalized LED spectra of
inventive examples 3 and 4 and of comparative examples 1
and 2 at a driver current of 350 mA (FIG. 46¢).

[0345] In further embodiments of the present invention,
the efficiency of the lighting devices, for example for
streetlighting, at a particular color temperature CCT and a
particular CRI, can be improved by adding a further, third
phosphor to the phosphor mixtures. More particularly, a
lighting device in this embodiment of the present invention
may have a radiation source having a blue light-emitting
LED having a dominant wavelength between 440-455 nm,
and also a red-emitting phosphor of the invention having a
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peak wavelength between 605-620 nm, preferably 605-616
nm, and a half-height width FWHM=80 nm, preferably <78
nm, as the first phosphor, a green/yellow-emitting phosphor
having a peak wavelength between 540-565 nm, preferably
546-556 nm, and a half-height width FWHM=100 nm,
preferably =105 nm, as the second phosphor, and a yellow/
orange-emitting phosphor having a peak wavelength of
580-590 nm, preferably 582-588 nm, and a half-height width
FWHM=80 nm, preferably <78 nm, as the third phosphor.

[0346] The first phosphor used may especially be a red-
emitting phosphor of the general formula Sr(Sr,M,_,)
Si,AlLNg:D where M is selected from the group of Ca, Ba,
Zn, Mg, preferably Ca, having a peak emission between
605-620 nm, preferably 605-616 nm, and a half-height width
FWHM below or equal to 80 nm, preferably below or equal
to 78 nm. It may especially be the case here that the value
a=0.8, preferably a=0.84, and the europium content is
between 0.1-5 mol %, preferably 0.1-3 mol %, further
preferably between 0.1-2 mol %. These red-emitting phos-
phors feature a high thermal stability and a high conversion
efficiency under operating conditions typical for streetlight-
ing.

[0347] More particularly, the green/yellow-emitting phos-
phor as the second phosphor may be a garnet phosphor of the
general formula (Y,Lu,Gd,Tb);(Al,Ga);O,,:Ce which is
matched to the emission wavelengths of the blue LED and
the two other phosphors. More particularly, the phosphor
may be a green-emitting garnet phosphor of the general
formula (Y,Lu);(Al,Ga);O,,:Ce, especially a yellow/green-
emitting phosphor of the general formula (Y,Lu);(Al,Ga)
50,,:Ce having a cerium content of 1-5 mol %, preferably
2-4 mol %, and an yttrium content of 0-50 mol %, preferably
0-30 mol %, further preferably 0-20 mol %, and a gallium
content of 0-50 mol %, preferably 0-30 mol %, further
preferably 0-15 mol %, and so the result is a garnet phosphor
of the following general formula: (Lu,_.Y,);(Al,_,Ga)
50,,:Ce with x=0 to 0.5, preferably x=0 to 0.3, further
preferably x=0 to 0.15 and y=0 to 0.5, preferably y=0t0 0.2,
further preferably y=0 to 0.15. Other element combinations
within the general formula (Y,Lu,Gd,Tb);(Al,Ga);O,,:RE
with RE=rare earth metal, e.g. Ce, are likewise possible.
[0348] The third phosphor used may especially be a phos-
phor of the general formula (Ca,Sr,Ba),(Si,Al)s(N,0)4:Eu
which, together with the primary light source, for example
a blue LED, and the green/yellow-emitting phosphor and the
red-emitting phosphor of the invention, achieves a CRI=65,
preferably =70, over a wide range of correlated color tem-
perature CCT (at least of 6500-4000 K, further preferably of
6500-3000 K). In order to achieve the above-described
spectral properties for the yellow/red- or yellow/orange-
emitting phosphor as the third phosphor, this has a europium
content of 0.1-5 mol %, preferably of 0.1-3 mol %, further
preferably of 0.1-2 mol %, and a barium content of 50-100
mol %, preferably 70-100 mol %, further preferably 80-100
mol %, and a calcium content of 0-20 mol %, preferably
0-10 mol %, where the proportion of strontium is chosen
such that the alkaline earth metals barium, strontium and
calcium together with the europium dopant add up to 100%.
[0349] There follows a description of one embodiment of
a lighting device of the invention having three different first
to third phosphors in relation to a comparative example.
Comparative example 1 is a lighting device having a blue
LED chip (dominant wavelength 445 nm) having a chip area
of 1 mm?, in which 14% by weight of a phosphor mixture
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composed of two different phosphors is present in the
standard silicone potting material of the LED, where the
ratio of the green to the red phosphor is 4.7:1.

[0350] The green-emitting phosphor here is a phosphor of
the formula (Lug g5Y, 5)5A10,,:Ce (3 mol %), and the
red-emitting phosphor a phosphor of the formula (Sr, sBa,
5),315Ng:Eu (1 mol %), the LED being operated at a driver
current of 350 mA. In inventive example 1, present in the
standard silicone potting material of a blue LED having a
dominant wavelength of 445 nm at a driver current of 350
mA is 14% by weight of a phosphor mixture comprising the
following three first to third phosphors: Sr(Sr, gcCag 14)
Si,Al,Ng:Eu (0.8 mol %) as the first phosphor, (Lug, g5sY,
15);A10,,:Ce (3 mol %) as the second phosphor and
(Sr, |Bag 5),S1sNg:Eu (1 mol %) as the third phosphor,
where the ratio of first phosphor:second phosphor:third
phosphor is 0.67:5.3:0.33. The area of the LED chip is again
1 mm®.

[0351] FIG. 47a shows, in tabular form, a list of the CIE
color coordinates and of the CRI and the conversion effi-
ciency as the ratio of the luminous flux @  of an LED having
a potting material filled with the phosphor mixtures and the
radiant power @, of an LED having a clear potting material
without phOSphOrS q)(v(ﬁlled potﬁng/q)e(clear pott'[ng)) and the
luminous efficiency for comparative example 1 and inven-
tive example 1 of the present invention at a driver current of
350 mA and a dominant wavelength of 444.6 nm. It is
apparent that both the luminous efficiency and the conver-
sion efficiency in the inventive example are higher than in
the comparative example.

[0352] FIG. 47b shows further results for inventive
example 1 and for comparative example 1 at a driver current
of 350 mA at different temperatures of 25° C. and 85° C.
Here too, it is apparent that the luminous efficiency is higher
in inventive example 1 than in comparative example 1.
[0353] FIG. 47¢ shows the emission spectra of compara-
tive example 1 and of inventive example 1 at 25° C. at a
color temperature of 4000 K and a driver current of 350 mA.
The two examples have roughly comparable emission spec-
tra.

[0354] FIG. 47d shows the spectral efficiency (LER,
Im/W,,) of inventive example 1 compared to comparative
example 1 as a function of the dominant wavelength of the
LED chip at a color temperature of 4000 K based on ray
tracing simulations. It is clearly apparent that, in the case of
the phosphor mixture of the invention, composed of three
phosphors, the spectral efficiency is greater than in the
comparative example. The data shown in the FIGS. 47¢ to
47i that follow are also based on ray tracing simulations,
with selection of color loci on the Planckian locus with the
CCT specified for the simulations.

[0355] FIG. 47¢ shows that the range for the CRI with the
phosphor mixture of the invention, comprising three phos-
phors, can be adjusted over a very wide range between 53
and 76 over a range of the correlated color temperature CCT
of 3000-6500 K (see areas shaded gray). The dominant
wavelength of the LED chip is 448 nm and the dashed and
dotted lines in this figure show the CRI for two comparative
examples. Inventive example 1 comprises a mixture of three
different phosphors of the following composition: (Lu, ¢sY,
15)3AL,0,,:Ce (3 mol %), (Sr, ;Bag 5),SisNg:Eu (1 mol %)
and Sr(Sr, 5Ca, ;4)S1,Al,Ng:Eu (0.8 mol %), whereas com-
parative example 1 contains the two following phosphors:
(Lug §Y5)5AL0,,:Ce (4.5 mol %) and (Cag 5551 475sBag
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5),S15sNg:Eu (2.5 mol %), and comparative example 2 com-
prises the following phosphors: (Lu, g5Y, 15)3A150,,:Ce (3
mol %) and (Sr, sBa, 5),SisNg:Eu (1 mol %).

[0356] FIGS. 47fto 47i show the luminous efficiency LER
for this inventive example 1 and comparative examples 1
and 2 as a function of the proportion of the red phosphor of
the invention for inventive example 1 at various CCTs (FIG.
47f: 3000 K on Planck; FIG. 47g: 4000 K on Planck; FIG.
47h: 5000 K on Planck and FIG. 47i: 6500 K on Planck). For
comparative examples 1 and 2 which contain only two
phosphors, the luminous efficiency LER and the proportion
of the red phosphor are already determined by the desired
color point/CCT. Therefore, the values on the x axis relate
only to inventive example 1, and the values shown there give
the proportion of the red phosphor in relation to the orange
phosphor in the phosphor mixture of the invention contain-
ing the three phosphors. The mixture of the red and green
phosphors is then mixed with the green-yellow phosphor, in
order to achieve the desired color locus (LER at CRI 70
marked with an arrow for embodiments). It can additionally
be inferred from these figures that, at a CRI of 70, the
phosphor mixture of the invention has an LER higher than
in the case of conventional phosphor mixtures. Particularly
in the case of high correlated color temperatures CCT, the
proportion of the red phosphor in the mixture can be
gradually reduced and, correspondingly, the proportion of
the orange-emitting phosphor increased, since a high pro-
portion of red-emitting phosphor is required particularly at
low CCT. Zero or only small proportions of deep red
emission in the LED spectrum generally have a positive
effect on the LED efficiency.

[0357] Embodiments of backlighting applications: a fur-
ther embodiment of the present invention is directed to
phosphor mixtures for backlighting applications. For back-
lighting applications, a broad color space has to be achieved
with narrow-band red- and green-emitting phosphors, the
phosphor mixture determining the optical properties of the
LED, such as brightness, efficiency and robustness.

[0358] Forthe sRGB/Rec709 color space, lighting devices
which can be used as backlighting devices for LCDs, for
example, are especially those having, as primary radiation
source, a blue LED having a dominant emission wavelength
of 430-470 nm, preferably 440-460 nm, further preferably
445-455 nm, and also containing a green/yellow-emitting
garnet phosphor of the general formula (Lu,Y,Gd,Tb);(Al,
Ga)s0,,:Ce and also a red-emitting phosphor, especially an
inventive phosphor of the general formula Sr(Sr,M,_,)
Si,AlLN¢:D where M is selected from the group of Ca, Ba,
Zn, Mg, preferably Ca, and D is preferably Eu. It is
optionally also possible for further converters or phosphors
or non-converting materials such as diffusers to be present in
the phosphor mixture.

[0359] The garnet phosphor may especially have the gen-
eral composition (Lu,Y);(Al,Ga);O,,:Ce and may also take
the form of yttrium aluminum gallium garnet having a
gallium content of 20 mol %=x=<60 mol %, further prefer-
ably 30 mol %=x=<50 mol %, further preferably 30 mol
%=x=<45 mol %, so as to result in the general formula:
Y;(Al,_,Ga,)s0,,:Ce with 0.2=<x<0.6, further preferably
0.3=x<0.5, further preferably 0.3=x=<0.45. In addition, the
garnet phosphor may also take the form of lutetium alumi-
num gallium garnet having the following general formula:
Luy(Al,_Ga,);0,,:Ce with 0=x<0.6, further preferably
0=x<0.4, further preferably 0=x=<0.25, with a cerium content
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of 0.5-5 mol %, preferably 0.5-3 mol %, further preferably
0.5-2.5 mol %, based in each case on the rare earth metals.

[0360] The red-emitting phosphor of the invention may
have an activator content of =2 mol %, preferably an
activator content of =3 mol %, further preferably a content
of =4 mol %, where the divalent metals, which are prefer-
ably strontium and calcium, have a calcium content of <15
mol %, preferably =10 mol %, further preferably <8 mol %,
s0 as to result in the following general formula: Sr(Sr,Ca,_
2)Si,Al,Ng:Eu with a=0.7, preferably a=0.8, further prefer-
ably a=0.84.

[0361] Both the abovementioned garnet phosphors may be
used, the use of the yttrium aluminum gallium garnet rather
than the lutetium aluminum gallium garnet bringing the
advantage that the yttrium garnet has a lower specific
density, such that less phosphor is required for the phosphor
mixtures and, at the same time, a lower percentage of rare
earth metals has to be used for the production of the
phosphors, and so they can be produced less expensively.

[0362] For backlighting applications having elevated
demands on the color space (for example Adobe RGB,
NTSC or DCI-P3), phosphor mixtures having very narrow-
band-emitting green-yellow phosphors are required. Prefer-
ably, lighting devices of this kind have, as radiation source,
a blue LED having a dominant wavelength between 430-470
nm, preferably 440-460 nm, further preferably 445-455 nm.

[0363] The green/yellow-emitting phosphors used may be
nitridoorthosilicates which have the general composition
AE,_ RE SiO, N, :Eu with AE=Sr, Ca, Ba, Mg, RE=rare

earth metals and/or AB, ,RE.Si, O, ., N,:Fu, and AE
and RE as defined in the previous example, and which are
more particularly described in the patent application WO
2011/160944. 1t is likewise possible to use orthosilicates of
the general formula AE,SiO,:Eu with AE=Ca, Ba, Mg, Sr.
Both the nitridoorthosilicates and orthosilicates having the
abovementioned empirical formulae preferably include a
combination of at least two alkaline earth metals, further
preferably a combination of strontium and barium having
the ratio of 0.5=Ba:Sr=<2, further preferably 0.75<Ba:Sr<1.
25. The nitridoorthosilicates may also be described by the
general formula AE, I.SiO, N :RE where AE contains
one or more elements selected from Mg, Ca, Sr, Ba and RE
contains one or more elements selected from rare earth
metals, preferably at least Eu, and L contains one or more
elements selected from rare earth metals other than RE, with
0<x=0.1, preferably 0.003=<x<0.02. A further general com-
position is AE, I.,Si, O, . , N,:RE where AE contains
one or more elements selected from Mg, Ca, Sr, Ba and RE
contains one or more elements selected from rare earth
metals, preferably at least Eu, and L contains one or more
elements selected from rare earth metals other than RE, with
0<x=0.1, preferably 0.003<x<0.02, and 0<y=0.1, preferably
0.002<y=<0.02.

[0364] It is also possible to use yellow/green-emitting
beta-SiAIONs of the general formula Sis_ ,ALON;_:Bu
with 0<z=4. The beta-SiAlONs may also have the general
formula Sig ALO,N; RE, where O0<x=4, O<y=4, 0<z<1
and RE is one or more elements selected from rare earth
metals, preferably at least Eu and/or Yb.

[0365] It is also possible to use yellow- to green-emitting
nano-semiconductor materials, called “quantum dots”, con-
taining at least one compound selected from: a group 1I-VI
compound, a group IV-VI compound or metal nanocrystals.
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[0366] Inventive red-emitting phosphors may especially
phosphors of the following general formula: Sr(Sr,Ca,_,)
Si,ALNgD having an activator content of =4 mol %,
preferably =8 mol %, further preferably =10 mol %, further
preferably =15 mol %, where the divalent metals are pref-
erably strontium and calcium with a calcium content of <15
mol %, preferably =10 mol %, further preferably <8 mol %,
so as to result in the general formula Sr(Sr,Ca,_,)
Si,ALLN¢:D with a 20.7, preferably a =0.8, further prefer-
ably a =0.84.

[0367] There follows a discussion of some embodiments
of lighting devices discussed here in comparison with con-
ventional lighting devices. The phosphors of inventive
examples 1 and 2 shown in FIGS. 484 to 484 were used in
lighting devices having LEDs and are labeled with embodi-
ment LED1 or embodiment LED2 in the figures which
follow. The comparative examples were also labeled corre-
spondingly. FIG. 484 shows, in tabular form, spectral data of
a comparative example 1, in which a conventional phosphor
of the formula CaAlSiN;:Eu (0.4% Eu) has been incorpo-
rated in the standard silicone potting material of a blue-
emitting LED. In contrast, in inventive examples 1 to 3,
phosphors of the invention having different proportions of
europium as activator were incorporated into the potting
material. In the inventive examples, a smaller half-height
width FWHM of the radiation emitted relative to compara-
tive example 1 was observed, and inventive examples 1 and
2 simultaneously show a higher external quantum efficiency
than the comparative example. The further FIGS. 4856 and
48¢ show the emission spectra of the comparative example
and the three inventive examples 1 to 3. These emission
spectra of the inventive examples show a reduced half-
height width with simultaneously deep red emission.
[0368] FIG. 484 shows the diffuse reflection of the com-
parative example and the three inventive examples as a
function of wavelength. All the inventive examples com-
prising the phosphor of the invention exhibit a very low
reflection in the UV to green region of the spectrum, which
means a high absorption. At the same time, the reflection is
very high at wavelengths >650 nm, and so a high conversion
efficiency can be achieved.

[0369] White light-emitting LED lighting devices were
constructed with the aid of various combinations of embodi-
ments of the present invention and comparative examples. A
white point having the CIE coordinates CIE-x=0.285 and
CIE-y=0.275 was chosen here. The resulting LED emission
spectra were analyzed and compared, and the coverage of
the color space was determined by employing a standard set
of LCD filter absorption curves and determining the result-
ing filtered color points for the blue, green and red channels.
It can be inferred from FIG. 48e that, in contrast to a
comparative example 1, an inventive example 1 exhibits an
elevated conversion efficiency and an increase in the lumi-
nous efficiency LER by 4%, with similar overlap with the
sRGB color space in both lighting devices. FIG. 48f shows
the LED spectra of comparative example 1 and of inventive
example 1 from the previous table in FIG. 48e. FIG. 48¢g
gives a comparison of the coverage of the sSRGB color space
for comparative example 1 and inventive example 1.
[0370] FIG. 48/ gives, in tabular form, the composition of
a comparative example 2 and of inventive examples 2 and 3
for backlighting devices for an extremely large color space,
for example DCI-P3. A white point with CIE-x=0.275 and
CIE-y=0.250 was chosen. The resulting LED emission spec-
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tra were again analyzed and compared analogously to the
examples already described above in FIG. 48e, but this time
for the DCI-P3 color space. The overlap with this color
space is comparable or higher in the case of the inventive
examples. FIGS. 48i and 48; show the LED emission spectra
of inventive examples 2 and 3 in comparison to comparative
example 2 and the coverage of the DCI-P3 color space for
these examples.

[0371] Second phosphors used may also be other phos-
phors, for example from the group of the SiONs, SiAlONSs,
silicates and quantum dots.

[0372] Embodiments of flash applications: the phosphors
of the invention, especially the phosphors of the general
structural formula Sr(Sr,Ca;_,)Si,Al,(N,0)4, can also be
used for flash applications together with the garnets acti-
vated by means of an activator, especially the above-de-
scribed cerium-activated garnets. For this purpose, the radia-
tion source used, which emits a primary radiation, is a
blue-emitting LED, for example an InGaN LED, having a
dominant wavelength of 300-500 nm, preferably 400-500
nm, further preferably 420-470 nm. A particularly suitable
spectrum for a flash application, for example in mobile
phone cameras, has an intensity, based on the maximum of
the spectrum in the cyan color range (about 450-500 nm), of
at least 12.5%. The intensity of the spectrum in the wave-
length range of >650 nm may at the same time be compara-
tively small, since typical sensors of cameras have a high
sensitivity in this range and this spectral region is frequently
filtered out by special IR filters in order to avoid disruptive
influences of radiation from this radiation range on the
sensor and the image quality.

[0373] For flash applications, it is possible here to use
lighting devices having only one radiation source wherein
the blue-emitting and/or UV radiation-emitting LED chip
contains a phosphor mixture comprising at least one of the
phosphors of the invention, for example together with a
yellow/green-emitting garnet phosphor, in the beam path
thereof. LED devices for flash applications may additionally
at least also have two different LED modules, in which case
one module emits a comparatively cold white light (corre-
lated color temperature CCT between 4000-6000 K) and the
further module a comparatively warm white light (correlated
color temperature CCT between about 1500-3000 K). By
controlled feeding of current to the two LED modules, even
better variability of lighting situations of the environment in
the subject of the photo is possible, for example in artificial
light or in daylight.

[0374] For a cold white color locus, the first phosphor used
may be an inventive orange/red-emitting phosphor of the
general formula:

Sr(Sr,Ca,_,)SiAL(N,0)s:Eu

[0375] with a=0.8, preferably a=0.82. The europium con-
tent is between 0.1-20 mol %, or between 1-10 mol %,
further between 0.1-5 mol %, preferably between 0.1-3 mol
%, further preferably between 0.1-2 mol %, based on the
alkaline earth metals.

[0376] The emission peak of the phosphors of the inven-
tion may be between 600-640 nm, preferably between
605-625 nm, and the spectral half-height width at half the
maximum height (FWHM) should be <85 nm, preferably
<80 nm, additionally preferably <78 nm. The emission
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intensity at wavelengths greater than 650 nm should be very
low, since typical sensors of cameras have a high sensitivity
in this range.

[0377] Second phosphors used for a cold white application
may then be the above-described garnets of the general
formula:

(Gd,Lu,Tb,Y)3(ALGa)s(0) 1»:RE

[0378] with RE=rare earth metals, especially Ce.

[0379] The garnets are especially blue/green- to yellow-
emitting phosphors of the formulae Lu,;(Al,Ga)5(0),,:Ce
and (Lu,Y);(Al,Ga)5(0), ,:Ce, which have particularly good
excitability at a wavelength in the range of 425-455 nm,
preferably 430-450 nm. Particular preference is given to a
blue/green-emitting phosphor having very good stability and
conversion efficiency at high temperatures and high radia-
tion intensities which are typical for flash applications,
having the formula Lu;(Al,_,Ga,)s(0),,:Ce with a cerium
content of 0.5-5 mol %, preferably 0.5-2 mol %, based in
each case on the rare earth metals, and a gallium content x
of' 0to 0.5, preferably 0.15 to 0.3. Other garnets having other
element combinations are likewise possible, especially vari-
ants in which some or all of the lutetium has been replaced
by yttrium in the formula of the garnet Lu,(Al,Ga);(0O),,:
Ce. These combinations of a first and a second phosphor,
compared to conventional combinations of phosphors where
the above-described garnet phosphor has been mixed with
another red-emitting phosphor from the class of the 2-5-8
phosphors of the general formula (Ca,Sr,Ba),(Si,Al)s;(N,O)
s:Eu with optional co-dopants, for example lanthanoids such
as Mn, Nd, Dy, Sm, Tm and alkali metals such as Li, Na, K,
have better stability in relation to the color point and higher
LED efficiencies at elevated currents. Hereinafter, phos-
phors of the general formula (Ca,Sr,Ba),(Si,Al)5(N,0)4:Eu
having optional co-dopants are referred to as “2-5-8 phos-
phors”. In addition, phosphor mixtures of the invention
exhibit reduced intensity of emission at wavelengths >650
nm, but the intensity, based on the maximum of the spectrum
in the cyan color region, of at least 12.5% is satisfied as an
important condition for flash applications.

[0380] For warm white flash applications, it is preferable
to use a yellow-emitting garnet phosphor (Gd,Lu,Tb,Y);(Al,
Ga);(0),,:RE, preferably of the formula (Gd,Y);(Al,Ga)s
(0),5:Ce or (Th,Y);(Al,Ga)s(0),,:Ce, having maximum
excitation in the range of 435-470 nm, preferably 440-465
nm. The preferred yellow-emitting phosphor has a very high
stability and conversion efficiency at high temperatures and
high radiation intensities (high currents) which are typical of
flash applications. A particularly preferred yellow/green-
emitting phosphor is Y,(Al; _ Ga,);(0),,:Ce with a cerium
content of 1.5-5 mol %, preferably 2.5-5 mol %, and a
gallium content x of O to 0.5, preferably x of 0 to 0.1. Other
element combinations within the (Gd,Lu,Tbh,Y);(Al,Ga)s(O)
12:Ce system having similar spectral characteristics are
likewise possible.

[0381] LED lighting devices suitable for flash applications
may, independently of lighting devices having just one LED,
for example, at least also have two or three blue-emitting
LED chips as primary radiation-emitting radiation sources,
with the phosphors and phosphor mixtures already men-
tioned above having been incorporated in the beam path
thereof. The CIE color gamut of the converted light of the
LED lighting device is preferably on the line of a blackbody
emitter (Planck) in the range from 6500 K to 2700 K with
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a deviation of 3 steps of a MacAdam ellipse, more prefer-
ably in the range from 5000 K to 3000 K.

[0382] In the case of an LED lighting device having two
LED chips as radiation sources, in a further embodiment, the
radiation from the first LED chips, after conversion, has a
CIE color locus within a range enclosed by the following
CIE color coordinates (Cx/Cy): (0.21; 0.247), (0.26; 0.24),
(0.24; 0.32), (0.28; 0.31). The second LED chip as the
second radiation source, after conversion, has a CIE color
locus which is enclosed by the following CIE coordinates:
(0.45; 0.41), (0.46; 0.39), (0.58; 0.39), and (0.58; 0.42). In
such an LED lighting device, the individual radiation
sources can be operated with different driver currents,
advantageously with mixing of the converted light emitted
in an optical element, such as a common lens, to give an
overall emission radiation.

[0383] In the case of an LED lighting device which is
suitable for flash applications and has three LED chips as
radiation sources, in a further embodiment, the first two
LED chips have the CIE color loci already described above
and the third radiation source, the third LED module, after
conversion, has a CIE color locus which is enclosed by the
following coordinates: (0.40; 0.44), (0.39; 0.51), (0.45;
0.52), and (0.47; 0.46). In this embodiment too, the con-
verted light emitted is mixed by a downstream optical
element in the beam path, such as a lens.

[0384] The phosphor particles preferably have a median
particle size ds, of 5-30 um, more preferably 7-17 pm. The
particle size distribution can be determined, for example, via
laser diffraction by means of the Fraunhofer approximation
which is known to those skilled in the art.

[0385] Some inventive examples of LED lighting devices
suitable for flash applications are to be elucidated in detail
hereinafter. In a comparative example 1, an inventive
example 1 and a comparative example 2 and an inventive
example 2, different phosphor mixtures according to the
prior art and phosphor mixtures comprising phosphors of the
invention are incorporated in each case into a standard
silicone potting material of a blue-emitting InGaN-LED chip
as radiation source. The illumination area of each of the LED
chips is 1 mm?.

[0386] In comparative example 1, 11.5 percent by weight
of phosphor based on the silicone potting material is incor-
porated, using L.uyAl,Ga0O,,:Ce having a cerium content of
1.5 mol % based on the rare earth metals as green-emitting
phosphor. The red-emitting phosphor used is a conventional
2-5-8 phosphor SrBaSi;Ng:Eu having an Eu content of 1.5
mol % based on the alkaline earth metals. The dominant
wavelength of the LED chip at 350 mA is 447 nm and the
ratio of the green/red phosphors is 5.7:1. As inventive
example 1, the same green-emitting phosphor as used in
comparative example 1 is used, and the red phosphor used
is an inventive phosphor Sr(Sr, ¢,Ca, ;,)Si,Al,N:Eu hav-
ing an Eu content of 0.4 mol %, based on the rare earth
metals. The ratio of the green/red phosphors is 3.9:1. The
dominant wavelength of the LED chip at 350 mA is again
447 nm.

[0387] The table in FIG. 49a shows the respective x and
y CIE color coordinates of comparative example 1 and of
inventive example 1 at different currents (average of 4
LEDs), with comparative example 1 set at the percentage of
100% for the corresponding currents. It can be inferred from
this table, but in particular also from FIGS. 495 and 49c,
that, with increasing current, the phosphor mixtures com-
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prising the phosphors of the invention are more stable than
the conventional phosphor mixtures, the conventional phos-
phor mixtures losing some of their relative red emission
intensity compared to the green-yellow emission intensity,
whereas the phosphor mixtures of the invention remain
virtually stable. It can additionally be inferred from the table
that the LED comprising the phosphor of the invention has
a higher conversion efficiency as the ratio of the luminous
flux @, of an LED having a potting material filled with the
phosphor mixtures and the radiant power ®, of an LED
having a clear potting material without phosphors ®(,s77.0
201612 D o 100r poring)) cOmpared to the LED comprising the
conventional phosphor mixture. The luminous efficiency
LER is defined as:

780 nim
f De( rited poring) M)V (M)dA
LER = 380mm
T @ stec posing M)A

[0388] LED spectra of comparative example 1 and of
inventive example 1 at currents of 40 and 1000 mA are
shown in FIGS. 4956 and 49c. It is clearly apparent here that
the conventional phosphor mixture, with increasing current,
loses emission in the red wavelength range (FIG. 495),
whereas there is only a very slight decrease in the case of the
phosphor mixture of the invention (FIG. 49c¢).

[0389] The effect observed can be attributed to the differ-
ent red-emitting phosphors in the conventional and inventive
phosphor mixtures. In the case of the 2-5-8 phosphors used
in the conventional phosphor mixture, a decrease in the
conversion efficiency with increasing current is observed,
which is manifested in a decrease in the red emission in
relation to the yellow/green emission in the LED spectrum
in conventional phosphor mixtures with increasing current.
In the case of phosphor mixtures comprising the phosphor of
the invention, a distinctly reduced decrease by comparison
in the conversion efficiency of the red phosphor with
increasing current is observed. The relative decrease in the
conversion efficiency with increasing current for a phosphor
of the invention, such as for a conventional 2-5-8 phosphor,
is shown in FIG. 494.

[0390] FIG. 49¢ shows a comparison of the LED spectra
normalized to the maximum emission intensity for inventive
example 1 and for comparative example 1. Inventive
example 1 shows a reduced emission intensity within a
wavelength range of >650 nm and simultaneously has a
relative emission intensity of >12.5% in the cyan region.
[0391] FIG. 49f shows the normalized emission intensity
of a typical phosphor, by way of example a 2-5-8 phosphor,
and of a phosphor of the invention. What is clearly apparent
here is the reduced emission intensity of the phosphor of the
invention in the wavelength range of >650 nm, which is
attributable to the reduced FWHM.

[0392] The shift in the color point of the LEDs of com-
parative example 1 and of inventive example 1 with increas-
ing current is shown in FIG. 49g. There is a much smaller
shift here in the color point of the LED of inventive example
1 compared to the LED of comparative example 1 because
of the higher emission intensity of the phosphor of the
invention.

[0393] In a further comparison of an inventive example 2
compared with a conventional comparative example 2, a
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phosphor mixture having an amber color point is used.
Comparative example 2 comprises a cerium-activated garnet
phosphor (Y, .057/Ceg g43)5A10,, together with a conven-
tional 2-5-8 phosphor (Ca, ,Sr, ,Ba, 5),SisNg:Eu having an
Eu content of 3.25 mol % based on the alkaline earth metals
used. The concentration of the phosphors is 41% by weight
based on the silicone potting material and the dominant
wavelength of the blue LED chip at a current of 350 mA is
444.7 nm. The ratio of the yellow/red phosphors is 5.9:1 (%
by weight ratios). In inventive example 2, the same garnet
phosphor as in comparative example 2 is used, but in that
case an Sr(Sr,, 5sCag, ;4)S1,Al,Ng:Eu phosphor of the inven-
tion having an Eu content of 2 mol % based on the rare earth
metals is used in a yellow/red ratio of 5:1. The dominant
wavelength of the blue-emitting LED chip at a current of
350 mA is 444.5 nm, with use 0f 39% by weight of phosphor
mixture in relation to the silicone potting material.

[0394] It can be inferred from the table in FIG. 50a that the
LED comprising the phosphor of the invention again has a
higher conversion efficiency @, 1.0 poringyPeicrear poring
compared to the LED comprising the conventional phosphor
mixture at the respective currents. These values are reported
in relation to comparative example 2 that has been normal-
ized to 100% for the respective current (average of 4 LEDs).
[0395] In the most recent generation of mobile commu-
nications devices, it is possible to use “true-tone flashes”
which, as well as a cold white light-emitting LED, also have
a second LED which emits either warm white light or yellow
light (“amber”). This second LED is used in situations where
the ambient light has a lower color temperature than daylight
(cold white), in order to produce a flash which approximates
as closely as possible to the color temperature of the ambient
light. In order to produce light of various color temperatures,
the cold white light and the light of the yellow-emitting LED
have to be mixed with one another in various ratios. This can
be achieved, for example, by operating the two LEDs with
different currents. When the flash has a similar color tem-
perature to the ambient light, the colors in the image have a
more natural appearance.

[0396] Similarly to inventive example 1, the inventive
phosphor mixtures of inventive example 2 are also more
stable with increasing current than the conventional phos-
phor mixtures, which lose a considerable proportion of their
red emission compared to the yellow emission components,
particularly at relatively high currents.

[0397] FIGS. 5056 and 50c¢ show the LED spectra of
comparative example 2 (FIG. 5056) and of inventive example
2 (FIG. 50c¢) at currents of 40 and 1000 mA. A comparison
of the two LED spectra shows that, in the case of the
conventional phosphor mixture of comparative example 2, a
considerable proportion of the red-emitting spectrum is lost
with rising currents compared to phosphor mixtures of the
invention.

[0398] FIG. 504 shows the stability of the color point with
increasing currents for comparative example 2 and inventive
example 2. Because of the smaller decrease in emission in
the red region in inventive example 2 in relation to com-
parative example 2, the change in the color point of the LED
of inventive example 2 is much less marked than in the case
of the LED of comparative example 2.

[0399] The normalized LED spectra for inventive example
2 and comparative example 2 are shown in FIG. 50d. The
phosphor mixture of the invention, compared to the con-
ventional phosphor mixture, shows a significant reduction in
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emission intensity in the wavelength range of >650 nm. This
is attributable particularly to the reduced FWHM of the
phosphor of the invention compared to the conventional
2-5-8 phosphor.

[0400] In summary, it can be stated that it is therefore
possible to achieve an equal light yield with lower operating
currents in the case of phosphor mixtures of the invention
compared to conventional phosphor mixtures. Since the
current consumption in mobile applications, for example
mobile phones, is a crucial criterion for operating life, a low
consumption is very important. In addition, brighter LEDs
are possible with the phosphor mixtures of the invention,
which extends the range of color points, especially for
“true-tone flashes”. Should a higher light yield not be
desirable, it is possible to use LED chips with weaker
emission of radiation compared to conventional LED chips,
for example for yellow-emitting LEDs (“amber”), which
reduces rejects during LED chip production and hence also
enables the utilization of LED chips that are otherwise too
dark.

[0401] Embodiments of warm white light with CRI1=80: in
a further embodiment of the present invention, phosphors of
the invention are used for production of warm white light,
for example for general lighting applications. Warm white
light-emitting lighting devices comprising phosphors of the
invention can especially achieve a “color rendering index”
(CRI) of =80, preferably =82.

[0402] Radiation sources of particularly good usability for
lighting devices for production of warm white light may be
blue-emitting LEDs, for example InGaN-LEDs, which emit
light having a dominant emission wavelength of 430-470
nm, preferably 440-460 nm, further preferably of 445-455
nm, as primary radiation. First phosphors used for conver-
sion of the primary radiation may be inventive phosphors of
the general formula Sr(Sr,Ca,_,)Si,Al,N;:D where 0.7<a,
preferably 0.8=<a, further preferably 0.84=a, where a<l and
where the proportion of activator D, preferably europium,
based on the molar proportion of the alkaline earth metals,
is =1 mol %, preferably =2 mol %, further preferably =3 mol
%.

[0403] Second phosphors used may, for example, be a
green/yellow-emitting garnet of the general formula (Gd,
Lu,Y,Tbh),(Al,Ga);(0),,:RE with RE=rare earth metal, pref-
erably Ce. The garnet preferably has the general formula
Y;(Al,_,Ga,)5(0),,:Ce where the proportion of Ga is

0.2=x=<0.6, preferably 0.3=x<0.5, further preferably
0.35=x=<0.45.
[0404] One advantage of using a garnet phosphor of the

formula Y;(Al,_,Ga,)s(0O),,:Ce rather than a garnet phos-
phor of the formula Lu;(Al,_,Ga,)s(0),,:Ce is that the first
garnet phosphor Y;(Al,_,Ga,)s(0),,:Ce has a lower density
of about 4.5-5 g/cm>, while the second phosphor Lu,(Al,_
xGa,)5(0),,:Ce has a density of about 6.7-7 g/em®, and
therefore a smaller mass of phosphor is consumed for a
given application. In addition, therefore, the cheaper and
more widely available Y,O; can be used rather than Lu,O,
as starting material for the production of the phosphor, such
that the procurement cost for the garnet phosphor is reduced.
[0405] The use of a first phosphor of the invention exhibits
higher absorptions compared to phosphor mixtures contain-
ing conventional 2-5-8 phosphors or CaAlSiN; phosphors.
Surprisingly, the absorption in the case of phosphors of the
invention, given the same activator content, is considerably
higher than in the case of conventional 2-5-8 phosphors.
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This enables a drastic reduction in the amount of red-
emitting phosphor compared to conventional solutions and a
very high conversion efficiency. At the same time, the
excellent optical properties of the red-emitting phosphors of
the invention enable a very high light yield and high
conversion efficiency with high CRI.

[0406] Some embodiments of lighting devices of the
invention for general lighting applications having a high
CRI are to be described in detail hereinafter.

[0407] FIG. 51a shows a tabular compilation of compara-
tive examples 1 and 2 and of inventive examples 1 and 2. In
all examples, a blue-emitting InGaN-LED having a domi-
nant wavelength of 446 nm is used, wherein the standard
silicone potting material incorporates phosphor mixtures in
which garnet phosphors have been mixed either with con-
ventional red-emitting phosphors or with red-emitting phos-
phors of the invention in the silicone potting material.
[0408] In comparative example 1, a cerium-activated
yttrium aluminum gallium garnet (abbreviated to YAGaG in
the figures which follow) with a conventional (Sr, ,Ca, 5)
AlSiN; phosphor (abbreviated to SCASN in the figures
which follow) is incorporated as phosphor mixture in a
concentration of 15% by weight relative to the total mass of
the silicone potting material of the blue LED, where the ratio
of green to red phosphor is 2.0 (% by weight ratio). The
absolute concentration of green phosphor is 10% by weight
and that of red phosphor 5% by weight. In addition, the
correlated color temperature CCT, the CRI, the R9 value for
red hues and the relative conversion efficiency relative to
comparative example 2 are reported.

[0409] Comparative example 2 contains a mixture of a
Iutetium aluminum garnet (abbreviated to LuAGaG in the
figures which follow) and a conventional 2-5-8 phosphor
(abbreviated to 258 in the figures which follow). In contrast,
inventive examples 1 and 2 contain either an yttrium alu-
minum garnet or a lutetium aluminum garnet together with
different phosphors of the invention (abbreviated to 226 in
the figures which follow).

[0410] It can be inferred from the tabular listing in FIG.
51a that all comparative and inventive examples have a
correlated color temperature CCT in the range of 2700 K+15
K with a high CRI=80 and a high R9 of 10+1. Inventive
examples 1 and 2 show an elevated conversion efficiency in
relation to comparative examples 1 and 2, but smaller
amounts of red-emitting phosphors are required than in the
comparative examples. Particular preference is given to
inventive example 1, since least red-emitting phosphor is
used therein and, in addition, an yttrium aluminum gallium
garnet is also used, which avoids the above-described high
costs of the lutetium aluminum garnet.

[0411] FIG. 516 shows an amount in %, based on com-
parative example 1, of red-emitting phosphor which has to
be expended for the inventive and comparative examples. It
is clearly apparent here that, for inventive examples 1 and 2
of the present invention, much less red-emitting phosphor
has to be used than for the comparative examples.

[0412] The phosphors of the invention exhibit a very low
spectral half-height width at half the maximum height
FWHM compared to the conventional red-emitting phos-
phors, as apparent from FIG. 51c.

[0413] FIG. 51d shows the emission spectra of the green-
emitting garnet phosphors of the present comparative and
inventive examples. It is apparent here that the yttrium
aluminum garnet exhibits an emission intensity in the blue/
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green region of the visible spectrum (470-520 nm) which is
comparable to or better than with other green-emitting
garnet phosphors. For this reason, it is possible with this
garnet phosphor, in a particularly inexpensive manner
(avoidance of lutetium), to implement warm white-emitting
lighting devices having a high CRI.

[0414] The thermal quenching of various green/yellow-
emitting garnet phosphors and a green-emitting orthosilicate
phosphor from room temperature to 125° C. in relation to the
absolute brightness at 25° C. is shown in FIG. 51e. It can be
inferred from this diagram that the preferred phosphor of the
(Lu,Y),(Al,Ga)s(0O), ,:Ce>* type, in contrast to orthosilicate
phosphors, exhibits only very low thermal quenching at
relatively high temperatures.

[0415] The adverse effects of the thermal quenching of the
various red-emitting phosphors used in the comparative and
inventive examples on the absolute brightness are shown in
FIG. 51f. In this figure, the phosphors of the invention show
comparable thermal quenching to the best 2-5-8-phosphors,
while another 2-5-8 phosphor Ca,SisNg:Eu** (2%) exhibits
appreciable quenching.

[0416] FIGS. 51g and 51% show the LED spectra of the
LEDs of inventive examples 1 and 2. In these spectra, the
peaks of the unconverted blue primary radiation from the
LED at wavelengths between 410 and 460 nm, and the
green-red components of the secondary radiation converted
are clearly apparent. The additive color mixing of these
primary and secondary radiation components produces
warm white light with a high CRI.

[0417] In a further embodiment of the present invention, a
lighting device for production of a white light having a
CRI=90 is provided, wherein the radiation source emits a
primary radiation in the wavelength range between 430 nm
and 470 nm, preferably 440 and 460 nm, further preferably
445 nm and 455 nm, and the second phosphor present is a
garnet of the general formula (Gd,Lu,Y, Tb);(Al,Ga)5(0),,:
RE, preferably (Lu,Y);(Al,Ga)s(0),,:RE with RE=rare
earth metal, preferably Ce.

[0418] In this lighting device for production of a white
light having a CR1=90, in the first phosphor, which may have
one of the general formulae already described above, espe-
cially Sr(Sr,M,_,)Si,Al,Ng:D, the metal M is Sr and Ca,
where the parameter a is as follows: 0.7<a, preferably 0.8<a,
further preferably 0.84<a, where the proportion of the acti-
vator D is 21.5%, preferably =3.5%, further preferably
24.5% mol %.

[0419] Some embodiments of phosphor mixtures of the
invention having a high CRI=90 are to be presented here-
inafter.

[0420] FIG. 52a shows, in tabular overview, a compara-
tive example 1 and inventive examples 1 to 4, which, as well
as a cerium-activated yellow/green-emitting garnet phos-
phor, also contain phosphors of the invention. The primary
radiation source used was an InGaN-LED chip having the
dominant wavelengths specified, with the phosphor mixtures
disposed in the beam path thereof (phosphor mixtures pres-
ent in the standard silicone potting material). The measure-
ments were conducted at a correlated color temperature
(CCT) of 2700 K+30 K. It is apparent here that inventive
examples 1 to 4 have an elevated conversion efficiency
compared to the conventional comparative example. At the
same time, less red phosphor has to be used in the phosphor
mixtures of the invention.
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[0421] With reference to the preceding FIG. 52q, FIG. 525
shows a comparison of the measurement data for compara-
tive example 1 as opposed to inventive example 1 at
correlated color temperatures of 2700 K and 4000 K. It is
again apparent that the conversion efficiency of the inventive
example is higher than the conversion efficiency of the
comparative example.

[0422] FIG. 52¢ shows, in the left half, a graph of the
reflectivity as a function of the wavelength for a conven-
tional phosphor (Sr,Ca)AlSiN;: 0.4% FEu, and for the two
phosphors of the invention Sr(Sr, ¢,Ca, ; 5)Si,ALLNy: 4.7%
Eu (labeled as Sr(Sr,Ca)Si,AlLN4:Eu (8% Ca, 4.7% Eu) in
the diagram) and Sr(Sr, sCa, 5,)Si,Al,Ng: 3.7% Eu (labeled
as Sr(Sr,Ca)Si,AlLNg:Eu (10% Ca, 3.7% Eu) in the dia-
gram). What is noticeable here is the higher absorption of the
phosphors of the invention in the wavelength range between
300-600 nm because of the elevated content of europium. At
the same time, the phosphors of the invention exhibit an
elevated conversion efficiency. The right-hand image in FIG.
52¢ shows the high consumption of red phosphor in com-
parative example 1 (left-hand bar) as compared with inven-
tive example 1 (right-hand bar) at correlated color tempera-
tures of 4000 and 2700 K, and it becomes particularly clear
here that, in the case of phosphor mixtures of the invention
containing the novel phosphor, significantly less phosphor
has to be used.

[0423] A graph comparison of the temperature-dependent
changes in the LED color locus of two embodiments of the
present invention compared to comparative example 1 from
room temperature to 85° C. is shown in FIG. 52d. It is
apparent here that the shift in the LED color locus as a
function of temperature is much more marked in compara-
tive example 1 than in inventive examples 3 and 4 of the
present invention.

[0424] FIG. 52¢ shows a comparison of the emission
spectra of two red-emitting phosphors of the invention
compared to a conventional phosphor of the formula (Sr,
Ca)AlISiN;: 0.4% Eu. The phosphors of the invention, by
contrast with the conventional phosphor, show lower half-
height widths FWHM, which result in a high color rendering
index (CRI) and in an increased efficiency.

[0425] The emission spectra of various green-emitting
garnet phosphors at an excitation wavelength of 460 nm,
which are used in phosphor mixtures of the invention for
warm white light applications, are shown in FIG. 52f The
emission intensity of these garnet phosphors in the blue/
green region of the visible spectrum (470-520 nm) is either
comparable to or even better compared to other green-
emitting garnet phosphors. This allows a good color render-
ing index (high CRI).

[0426] FIGS. 52g and 52/ show spectra of blue-emitting
LEDs with phosphor mixtures according to inventive
example 1 having been introduced into potting material
thereof at correlated color temperatures of 2700 K (FIG.
52g) and at 4000 K (FIG. 52/). In both spectra, the signals
of the secondary radiation of the phosphors of the invention
in the red and green region and also the emission of the
unconverted primary radiation of the LED in the blue region
are clearly apparent.

[0427] Further embodiments of the present invention are
directed to phosphor mixtures or lighting devices in which
at least three phosphors are disposed in the beam path of the
radiation source, for example of a blue LED. In order to
adjust either the CRI or the LED efficiency for a given color
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locus, it is possible to use phosphor mixtures having more
than two phosphors. Especially in the case of use of three
phosphors, for example of a green-emitting phosphor, a
yellow-emitting phosphor and a red-emitting phosphor,
there are several ways of obtaining an LED having a
particular color point. However, one problem in the prior art
is that many conventional orange/red-emitting phosphors
have a broad-band emission and a considerable portion of
the red light is emitted within a range to which the human
eye is relatively insensitive.

[0428] What are proposed, therefore, are phosphor mix-
tures including at least one phosphor of the invention. Such
lighting devices of the invention therefore have, as radiation
source for the primary radiation, a blue LED having a
dominant wavelength of 300-500 nm, preferably 400-500
nm, further preferably 420-470 nm. The phosphor mixture
contains at least one red-emitting phosphor of the invention
as the first phosphor having the general formula Sr(Sr, M, _
a)S1,ALLN D where M is selected from the group of Ca, Ba,
Zn, Mg, preferably Ca, a yellow/green-emitting garnet phos-
phor of the general formula (Y,Lu,Gd, Tb);(Al,Ga);0,,:Ce
having a peak wavelength of 500-570 nm, preferably of
510-560 nm, further preferably of 520-550 nm, as the
second phosphor, and, as the third phosphor, either an
orange/red-emitting inventive phosphor of the general for-
mula Sr(Sr,M,_,)Si,AlLN:D where M is selected from the
group of Ca, Ba, Zn, Mg, preferably Ca, or an orange/red-
emitting 2-5-8 phosphor of the general formula M,(Si,Al)5
(N,0)q:Eu with M=Ca, Sr, Ba or a yellow-emitting garnet
phosphor of the general formula (Y,L.u,Gd,Tb);(Al,Ga)sO,:
Ce having a peak emission wavelength of 580-650 nm,
preferably of 590-640 nm, further preferably of 600-625 nm
for the phosphor of the invention or the 2-5-8 phosphor, and
of 500 to 600 nm, preferably 525 to 575 nm, further
preferably of 535 to 565 nm, for the garnet phosphor.

[0429] The red-emitting phosphor of the invention as the
first phosphor is preferably selected such that it gives, in
combination with the blue LED and the garnet phosphor and
the yellow/red phosphor, a CRI of =75, preferably =80,
further preferably =85 and more preferably =90 for a wide
range of correlated color temperature CCT of at least 4000
to 2700 K, further preferably of 5000 to 2700 K, additionally
preferably of 6500 to 2400 K. This is best achieved by using
a phosphor of the invention having a half-height width
FWHM of <85 nm, preferably <82 nm, further preferably
<80 nm, having the general formula Sr(Sr,Ca,_,)Si,Al,Ng:
Eu with a=0.8 and a europium content of 0.1 to 10 mol %,
preferably 2-5 mol %. The preferred phosphors of the
invention have a high thermal stability and a high conver-
sion efficiency under typical operating conditions for warm
white lighting devices.

[0430] The green/yellow-emitting garnet phosphor used as
the second phosphor may, for example, have the general
formula Lu;(Al,Ga);0,,:Ce, and it is selected so as to result
in a high conversion efficiency and thermal stability. This
can be done, for example, by selecting a garnet phosphor of
the general formula Lu,(Al,Ga);O,,:Ce having a cerium
content of 1-5 mol %, preferably 1-3 mol %, and a gallium
content of 0-50 mol %, preferably 0-30 mol %, so as to result
in the general formula Lu,(Al, _ Ga, )0, ,:Ce with 0=x=<0.5,
preferably 0=x=<0.3. Other element combinations within the
general system of the garnet phosphors are likewise pos-
sible, especially variants in which at least some of the
lutetium is replaced by yttrium in the general formula.
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[0431] The third phosphor used may preferably be a
phosphor which, in combination with the blue LED and the
garnet phosphor, and also the red-emitting phosphor of the
invention, gives a CRI of 275, preferably =80, further
preferably =85 and most preferably =90 over a wide CCT
range, for example of 4000-2700 K, further preferably of
5000-2700 K, most preferably of 6500-2400 K. For
example, the third phosphor used may be a nitridosilicate
phosphor of the general formula (Ca,Sr,Ba),(Si,Al);(N,O)
s:Eu, where the peak wavelength is 580-650 nm, preferably
590-640 nm, further preferably 600-625 nm, with a euro-
pium content of 0.1 to 10 mol %, preferably of 0.1 to 5 mol
%, additionally preferably of 0.5-3 mol %, and a barium
content of 30-100 mol %, preferably of 40-75 mol %, further
preferably of 45-55 mol %, and a calcium content of 0-20
mol %, preferably 0-10 mol %, additionally preferably 0-5
mol %, where the strontium content is selected such that it
adds up to 100 together with the alkaline earth metals and
the europium.

[0432] Alternatively, the third phosphor used may also be
an inventive phosphor of the general formula Sr(Sr,Ca;_,)
Si,Al,Ng:Eu having a half-height width FWHM of <85 nm,
preferably <80 nm, additionally preferably <78 nm, where
the peak wavelength is 580-650 nm, preferably 590-640 nm,
further preferably 600-625 nm. In order to achieve these
spectral properties, an inventive phosphor of the general
formula Sr(Sr,Ca,_,)Si,AlLNg:Eu with a=0.8, preferably
a=0.82, further preferably a=0.85, with a europium content
0f'0.1 to 5 mol %, preferably 0.1 to 3 mol %, most preferably
0.1 to 2 mol %, is used.

[0433] The third phosphor used may additionally be a
yellow-emitting garnet phosphor (Lu,Gd,Tb,Y);(Al,Ga)
50O,,:Ce having a peak emission wavelength of 500-600 nm,
preferably 525-575 nm, further preferably of 535-565 nm.
This can especially be accomplished by a garnet phosphor of
the general formula Y;(Al,Ga);0,,:Ce having a high con-
version efficiency and thermal stability. This can be accom-
plished, for example, by using a garnet phosphor of the
general formula having a cerium content of 1 to 6 mol %,
preferably 1 to 4 mol %, and a gallium content of 0-50 mol
%, preferably 0-25 mol %, so as to result in the general
formula Y,(Al,_ Ga,);0,,:Ce with 0 23 x=0.5, preferably
0=x=<0.25, and other element combinations are additionally
also possible within this system, for example at least partial
replacement of yttrium by lutetium.

[0434] Particular technical advantages of such lighting
devices of the invention according to inventive examples 1
and 2 compared to comparative examples 1 and 2 are to be
elucidated hereinafter.

[0435] FIG. 53a shows the composition and the concen-
trations of the phosphor mixtures and particular ratios of the
first to third phosphors in lighting devices having a standard
InGaN LED with a chip area of 1 mm?. FIG. 535 shows the
respective CIE color coordinates and the CRI and the
corresponding conversion efficiencies, these having been
expressed in relation to comparative example 1 which has
been set to 100%. It is again clearly apparent here that
inventive examples 1 and 2 have higher LED efficiencies
than the conventional comparative examples.

[0436] FIG. 53¢ shows a comparison of the LED spectra
of comparative examples 1 and 2 and of inventive examples
1 and 2 together with the eye sensitivity curve for daytime
vision of the human eye. It is apparent here that a high
proportion of the rise in the LED efficiency is connected to

Nov. 10, 2016

the rise in the luminous efficiency which arises from the use
of phosphors of the invention. More particularly, the emis-
sion intensity is reduced in a spectral region in which the
human eye has barely any sensitivity to light by use of the
phosphors of the invention. FIG. 53d shows the relative
LED brightness for the comparative and inventive examples
as a function of temperature. The lighting devices of the
invention have a lower loss of brightness at high tempera-
tures compared to the brightness at 23° C. than the com-
parative examples.

[0437] Embodiments of LARP applications: in a further
embodiment of the present invention, the radiation source
used which emits the primary light may also be a laser, for
example a laser diode. In this case, it is advantageous when
the first phosphor of the invention is spaced apart from the
laser radiation source (LARP; “laser activated remote phos-
phor”). LARP applications of this kind are known, for
example, from PCT patent applications WO 2012/076296
A2, WO 2011/098164 Al and WO 2013/110495 A2, and the
further patent applications DE 10 2012 209 172 A1, DE 10
2010 062 465 A1, DE 10 2011 002 961 A1 and DE 10 2012
201 790 A1, which are hereby fully incorporated by refer-
ence. With lighting devices of this kind, for example pro-
jectors, it is possible to achieve significantly higher lumi-
nances than with conventional radiation sources.

[0438] Inthe embodiments which follow, a blue LED laser
diode having a radiation density of 8.9 W/mm?® and a peak
wavelength of 446 nm is used, the beam of which is directed
onto either conventional or inventive phosphor grains pres-
ent at the base of an Ulbricht sphere having a reflective inner
surface. The converted light reflected is subsequently col-
lected and analyzed. Such a test setup simulates the condi-
tions in an LARP lighting device.

[0439] In the table in FIG. 54, in a comparative example
6, a conventional phosphor is irradiated with the laser light,
while, in inventive example 7, an embodiment of a phosphor
of the invention is irradiated with laser light. It is clearly
apparent that, given similar dominant wavelengths of 601
nm and 597 nm of the converted light, the luminous effi-
ciency in the case of the phosphor of the invention is 42%
higher than in the case of the conventional phosphor. The
corresponding emission spectrum is shown in FIG. 55, the
dotted line corresponding to comparative example 6 and the
solid line to inventive example 7.

[0440] In the table in FIG. 56 and the corresponding
emission spectrum in FIG. 57 too, a conventional phosphor
and the same phosphor of the invention were irradiated with
laser light in a comparative example 7 and an inventive
example 8, as in the table in FIG. 54. In these experiments
100, again, an elevated luminous efficiency is found with the
phosphor of the invention compared to the conventional
phosphor (increase by 13%).

[0441] More particularly, in all flash applications and also
in other conversion applications of the phosphors of the
invention, for example general lighting applications, and
provided that the applications are not full-conversion appli-
cations, it is also possible for proportions of unconverted
primary radiation from the radiation source to be present,
even if this is not mentioned explicitly. Mixing of this
unconverted primary radiation with the converted secondary
radiation results in an overall emission of the lighting
device. As already described further up, for example, it is
possible to achieve warm white light-emitting lighting appli-
cations with phosphors of the invention by converting the
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blue primary radiation from InGaN LEDs by means of the
phosphors of the invention to a red component, and by
means of green/yellow-emitting phosphors to a green-yel-
low component, in which case additive color mixing of the
blue primary radiation and the two converted secondary
radiations gives warm white light as the overall emission of
the lighting device.

[0442] Embodiments with different Eu dopant concentra-
tions: FIGS. 584 to 58¢ show the dominant wavelengths, the
relative intensities of photoluminescence, and the relative
photoluminescence intensities assessed by eye of various
embodiments of an inventive phosphor of the formula
Sr(Sr, g6Cag 1 4)S1, Al Ng:Eu as a function of rising activator
concentrations of europium. With rising concentration of
europium dopant, the dominant wavelength of the emission
of the phosphors of the invention moves to higher wave-
lengths, from the orange to the red color range (see FIG.
58a), with a rise in the relative intensity of photolumines-
cence of 0.1 to about 4 mol % and then a drop again as the
activator concentrations of europium increase further (see
FIG. 58b). Based on the relative intensity of photolumines-
cence, a concentration range of 1-10 mol % of Eu, or 2-5 mol
%, is preferred. Substantially analogous behavior to the
relative intensity of the photoluminescence is also displayed
by the relative luminescent photoluminescence intensity
assessed by eye sensitivity, which likewise increases with
rising activator concentrations of europium and drops again
from about 4 mol % to about 20 mol % (see FI1G. 58¢). This
takes account of the sensitivity of the human eye for daytime
vision. Based on the luminescent photoluminescence inten-
sity, activator concentrations of 0.4-10 mol % of Eu, or 1-5
mol % of europium, are preferred.

[0443] Embodiments with further co-dopants or dopants
other than Eu: Further embodiments of phosphors of the
invention having the general formula Sr,__,,(Sr,M,;_ ) _
3Dy By 2By 2512 G-ALNg:D and St (St M, _
@)1-pBra Sz asnAlr )N D are to be described in
detail hereinafter.

[0444] FIG. 594 shows the nominal composition of five
different embodiments of a phosphor of the invention, the
first phosphor having Cu co-doping and the second phosphor
having Zn co-doping, and with replacement of the alkaline
earth metals Sr and Ca by a mixture of La and Li in the third
and fourth phosphors. In the last phosphor, La and Al replace
the alkaline earth metals Sr and Ca, and also Si. The table
reports the spectral properties of the various phosphors,
especially the color locus in the CIE color space, the average
reflectance between 450 and 470 nm (R(450-470)), the
luminous efficiency LE (LE=LER/683 [Im/W] where
LER=luminous efficacy), the dominant wavelength Adom
and the spectral width at half the maximum height FWHM.
Itis clearly apparent how the co-doping with different metals
affects the luminous efficiency and also all other spectral
properties of these phosphors. FIGS. 596 to 59f which
follow show the emission spectra of these phosphors of the
invention.

[0445] FIG. 59¢ shows a collation of the x-ray diffracto-
grams of the above-described co-doped phosphors of the
invention. An arrow in each case marks the characteristic
x-ray reflection which is one of the factors responsible for
the assignment of the crystal structure of these co-doped
phosphors of the invention too into the monoclinic P2, space

group.
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[0446] FIG. 60a shows, in tabular overview, various
embodiments of phosphors of the invention in which no
carbon is present and, in the two other cases, different
amounts of carbon are present for co-doping. The phosphors
each have the same activator concentration of 3 mol % of Eu
based on the alkaline earth metals. Analogously to FIG. 59a,
the spectral properties of the various phosphors are listed
here again too, “centroid WL referring to the centroid
wavelength of the emission spectrum, which is a weighted
average of the frequencies present in the emission spectrum.
The table shows that co-doping with carbon causes a red
shift in the emission spectrum of the phosphors, which can
be used, for example, to improve the color rendering index
of lighting devices of the invention. FIG. 605 which follows
shows the emission spectra of the various phosphors in the
table in FIG. 60a. What is clearly apparent here is the red
shift on account of the co-doping with carbon.

[0447] The table in FIG. 61a shows various embodiments
of phosphors of the invention with different activators. In the
first phosphor in the table, a mixture of Eu, Ce and Li is
used, while either manganese Mn or cerium Ce serves as
activator in the case of the other phosphors. It is clearly
apparent that the different activators result in different color
loci of the phosphors in the CIE color space and that the
luminous efficiency also depends greatly on the nature of the
activators. Large differences can also be observed in the
dominant wavelength and in FWHM. FIGS. 6154 to 614
which follow show the emission spectra of these phosphors
with different activators.

[0448] FIGS. 62a to 62¢ show various properties of phos-
phors of the invention having only europium as activator
compared to phosphors having a mixture of lithium and
europium as activators.

[0449] FIG. 62a shows a graph with the breadth at the half
maximum FWHM for a conventional phosphor of the for-
mula Sr,Ca,_ AlSiN;:Eu compared to two different phos-
phors of the invention Sr(Sr,Ca,_,)Si,Al, N :FEu and
Sr(Sr,Ca,_,)Si,Al, N :Eu,Li for various values of x and a
for Sr (a=2x-1). It is clearly apparent that the conventional
phosphor has a greater half-height width, while both phos-
phors of the invention have smaller half-height widths, it
being possible to reduce the half-height width further espe-
cially by the co-doping with Li.

[0450] The thermal quenching of two phosphors of the
invention is shown in FIG. 6254, with the integral emission
intensity plotted against the temperature. Co-doping with
lithium here reduces thermal quenching compared to a
phosphor of the invention having only europium as the sole
activator.

[0451] FIG. 62¢ shows the comparison of the emission
spectra of two phosphors of the invention, with one phos-
phor having been doped only with europium and the second
phosphor with a mixture of europium and lithium. Both
phosphors exhibit a dominant wavelength of about 604.5
nm, but the half-height width of the emission of the phos-
phor of the invention is reduced once again with the Eu,Li
activator mixture.

[0452] An overview of the most important spectral prop-
erties, especially the color locus in the CIE color space, the
luminous efficiency LER, the dominant wavelength Adom
and the half-height width of the emission FWHM is given in
tabular form in FIG. 62d for various phosphors of the
invention. As already described above, it becomes clear that
the half-height width of the emission of a phosphor of the
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invention that has been doped with europium and lithium is
lower than that of a phosphor of the invention that has been
doped with europium only. In addition, the elevated quan-
tum efficiency of the phosphor co-doped with europium and
lithium is also apparent compared to the other phosphor of
the invention.

[0453] The =x-ray diffractograms of the phosphors
Sr(Sr,Ca,_,)Si,AlLNg:Eu (bottom) and Sr(Sr,Ca,_,)
Si,ALLNg:Eu,Li (top) are shown in FIG. 62e. An arrow
highlights the characteristic x-ray diffraction reflection of
the novel crystal structure of the Sr(Sr,Ca,_ ,)Si,Al,Ng
phosphor family. Both phosphors of the invention thus have
the same monoclinic crystal structure in the P2, space group.
[0454] FIGS. 63 to 735 show various illustrative embodi-
ments of lighting devices 30 comprising the phosphor of the
invention in cross section. The lighting devices may, for
example, be white light-emitting, especially warm and/or
cold white-emitting lighting devices, or red-emitting or
red/orange-emitting lighting devices. These may especially
be used in the automotive sector, for example as indicators
or brake lights. Other possible uses are in traffic signals, in
RGB applications or for “color on demand” applications, for
general lighting applications, for example streetlighting or
room lighting, and flash applications. These lighting devices
can each be implemented with and without a reflector dish,
and multi-chip arrangements are also possible, for example
for flash applications where two or more primary radiation
sources are combined in one lighting device. The primary
radiation sources used may, for example, be LEDs, laser
diodes or else OLEDs.

[0455] FIG. 63 shows a radiation source 35, for example
an LED in the form of an InGaN LED disposed in a reflector
dish 65 which can reflect the radiation from the radiation
source 35. Disposed above this radiation source is a first
matrix material 50 with a phosphor of the invention embed-
ded therein as first phosphor 40. This phosphor is capable of
absorbing the primary radiation emitted by the radiation
source 35, for example blue light in the wavelength range
from 300 nm to 570 nm, preferably 300 nm to 500 nm, and
emitting secondary radiation in the orange/red wavelength
range within a wavelength range from 570 nm to 800 nm,
preferably 580 nm to 700 nm, further preferably 590 nm to
650 nm. The secondary radiation can also be emitted within
a wavelength range from 580 nm to 630 nm, or 590 nm to
620 nm. Phosphors of the invention can therefore be used
alone for full conversion or partial conversion of primary
light to red secondary radiation, and it is also possible to use
phosphors of the invention in combination with other phos-
phors, as described above, for production of white light, for
example.

[0456] The first matrix material may comprise a multitude
of materials that are transparent both to the primary radiation
and to the secondary radiation that has arisen through
conversion. More particularly, the first matrix material may
be selected from a group of materials consisting of: glass,
silicone, epoxy resin, polysilazane, polymethacrylate and
polycarbonate, and combinations thereof. The polymeth-
acrylate used may especially be polymethylmethacrylate
(PMMA). In addition, the phosphor may also be in the form
of a ceramic converter element.

[0457] FIG. 64 shows a further embodiment of a lighting
device in which the first phosphor 40 of the invention is
disposed directly above the radiation source 35 in a separate
layer. This layer may be, for example, a ceramic, a phosphor-
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in-glass or a silicone converter element with the first phos-
phor embedded therein. This embodiment too assures effi-
cient conversion of the primary radiation to secondary
radiation.

[0458] The lighting device in FIG. 65 is what is called a
“remote phosphor” configuration in which the layer com-
prising the first matrix material 50 containing the first
phosphor 40 of the invention is spaced apart from the
radiation source 35 by an intervening space 60. In the case
of such an arrangement, it is especially also possible to
ensure that the conversion of the primary radiation to
secondary radiation is not impaired by the heat emitted by
the radiation source.

[0459] However, another alternative option is an embodi-
ment according to FIG. 66 in which a volume potting
material has been produced above the radiation source 35,
wherein the first matrix material 35 contains a mixture of the
first and second phosphor particles 40 and 45.

[0460] In addition, it is possible that the first phosphor 40
of the invention is disposed directly upon the radiation
source 35, for example in the form of a silicone, phosphor-
in-glass converter element, or ceramic converter element
(see FIG. 67). The first phosphor 40 is again embedded here
in a first matrix material 50 or is in the form of a ceramic
converter element. The second phosphor 45 is embedded in
a potting material which surrounds the radiation source and
comprises a second matrix material 55. An arrangement of
this kind may be advantageous especially when the second
phosphor absorbs wavelength ranges of the secondary radia-
tion produced by the first phosphor and emits them again as
light having a longer wavelength. The second matrix mate-
rial here may again comprise the same materials and com-
binations thereof as the first matrix material. Conversely, the
first phosphor may also be disposed in the surrounding
potting material and the second phosphor directly upon the
radiation source as converter element.

[0461] FIGS. 68a and 685 show alternative embodiments
in which either the first or second phosphor is arranged
downstream with respect to the respective other phosphor in
the beam path of the primary radiation from the radiation
source 35. Arrangements of this kind, and also the arrange-
ment according to FIG. 67, are advantageous when the
downstream phosphor is to reabsorb or convert the primary
radiation produced by conversion in the upstream phosphor,
or are advantageous when the upstream phosphor would
absorb portions of the radiation from the downstream phos-
phor in the beam path of the radiation source in the case of
the reverse arrangement, but this is undesirable.

[0462] FIGS. 69 and 70 depict various embodiments of
lighting devices comprising the first phosphor 40 of the
invention, in which the first matrix material 50 is disposed
above the radiation source 35 either as a potting material or
as a platelet. This arrangement is separated from an inter-
ference filter or filter glass 70 by means of an intervening
space 60. The filter glass, which may take the form of a glass
plate, filter glass particles in a potting material or a filtering,
radiation-absorbing second phosphor, may serve, for
example, to absorb particular wavelength ranges of the light
converted or unconverted components of the primary radia-
tion, such that lighting devices of this kind can be used for
substantially complete conversion of primary radiation to
secondary radiation. In relation to combinations of a first
phosphor with filter particles which may also include a
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second phosphor, reference is hereby made completely to
German patent application DE 10 2014 105 588.8 filed on
Apr. 17, 2014.

[0463] FIGS. 71 and 72 show further embodiments of
lighting devices comprising the phosphor of the invention,
in which the layers containing the phosphors are spaced
apart from one another by an intervening space 60. In each
of the individual devices in these two Figures, it is also
possible for the first phosphors 40 and the second phosphors
45 to be interchanged.

[0464] FIG. 73a and FIG. 735 each show, in cross section,
a possible embodiment of a lighting device 30 suitable for
flash applications. In this case, two radiation sources 35 are
arranged as LED chips in a reflector dish 65 (FIG. 73a) or
are present in two separate reflector dishes 65 (FIG. 735).
Phosphor particles 40 and 45 are disposed upon both LED
chips, the LED chips having different phosphor mixtures/
phosphors disposed in their beam paths. In this way, it is
possible, for example, for two LEDs or LED modules to be
present within the lighting device, which emit light of
different color temperature and/or color (for example cold
white and warm white or amber). A lens 75 disposed
downstream of the phosphors/phosphor mixtures in the
beam path serves to mix the radiation emitted by the two
LEDs or LED modules, such that an overall emission of the
lighting device that results from the mixing of the radiation
from the two LEDs or LED modules is perceived by an
outside observer. By operating the two LEDs or LED
modules with different driver currents, it is thus possible to
individually adjust the overall emission emitted by the
lighting device in terms of the color and/or color tempera-
ture thereof.

[0465] There follows a description of embodiments of
phosphors of the invention by an alternative characterization
compared to the above disclosure, but one which is consis-
tent with the above disclosure.

[0466] A phosphor is specified. Additionally specified are
a process for producing such a phosphor and a use of such
a phosphor.

[0467] One problem to be addressed is that of specifying
a phosphor which has comparatively narrow-band spectral
emission in the red spectral region.

[0468] This problem is solved inter alia by a phosphor, by
aprocess and by a use having the features of the independent
claims. Preferred developments are the subject of the depen-
dent claims.

[0469] In at least one embodiment, the phosphor is set up
to emit red light. Red light means that the phosphor emits
radiation having a dominant wavelength between 585 nm
and 640 nm inclusive, especially between 590 nm and 615
nm inclusive.

[0470] The dominant wavelength is especially that wave-
length which is found to be the point of intersection of the
spectral color line of the CIE standard chromaticity diagram
with a straight line, this straight line proceeding from the
white point in the CIE standard chromaticity diagram and
running through the actual color locus of the radiation. In
general, the dominant wavelength differs from a wavelength
of maximum intensity. More particularly, the dominant
wavelength in the red spectral region is at smaller wave-
lengths than the wavelength of maximum intensity.

[0471] In at least one embodiment, the phosphor has the
general empirical formula Sr,Ca, _ AISiN;:Eu. It is possible
that the phosphor includes further elements, for instance in
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the form of impurities, in which case these impurities taken
together preferably have a maximum proportion by weight
in the phosphor of not more than 0.1 permille or 10 ppm,
parts per million.

[0472] In at least one embodiment of the phosphor, x>0.8
or x=0.82 or x=0.85 or x=0.89. Alternatively or additionally,
x=1 or x<1 or x=<0.98 or x=<0.95 or x=<0.92.

[0473] Inatleast one embodiment, the proportion of the Sr
lattice sites which have been replaced by Eu is at least 0.01%
or 0.1% or 0.35% or 0.5%. Alternatively or additionally, this
proportion is at most 10% or 5% or 3% or 2.2% or 1.8%.

[0474] In at least one embodiment, the phosphor, in an
x-ray structure analysis, has a reflection having the Miller
indices 1 2 1 when an orthorhombic description is used as
the basis of the crystallographic cell. This statement includes
descriptions of equivalent symmetry such as

[0475] In at least one embodiment, the phosphor is set up
to emit red light and preferably to be excited by blue light
and has the general empirical formula Sr,Ca;_ AISiN;:Eu
with 0.8<x=<1. A proportion of the Sr lattice sites between
0.1% and 5% inclusive has been replaced by europium. In an
x-ray structure analysis, the phosphor in orthorhombic
description has a reflection having the Miller indices 1 2 1.

[0476] Phosphors which can be excited in the ultraviolet
spectral range up to the blue/green spectral range and which
emit red light are of great significance for the production of
white light-emitting diodes. Specifically in the case of
light-emitting diodes having low color temperatures, called
warm white light-emitting diodes, and/or in the case of
light-emitting diodes having a high color rendering index,
phosphors of this kind are required. Phosphors of this kind
are also required in a multitude of other applications, for
instance for display backlighting, what are called color-on-
demand applications or else for orange and red full conver-
sion light-emitting diodes. Use in combination with an
organic light-emitting diode, OLED for short, is likewise
possible. The phosphor described here is usable for such
applications.

[0477] In at least one embodiment, the phosphor in a
powder diffractogram on irradiation with monochromatic
Cu-K,, radiation has a reflection at an angle 20 between
36.7° and 37.0°, according to the composition of the phos-
phor. The exact position of this reflection depends on the
parameter X in the general empirical formula of the phos-
phor. An intensity of this reflection, especially based on a
main reflection, is preferably at least 0.3% or 0.5% and/or at
most 10% or 8% or 5% or 4%.

[0478] In at least one embodiment, the dominant wave-
length of the phosphor is at least 596 nm or 598 nm.
Alternatively or additionally, the dominant wavelength is at
most 606 nm or 604 nm. The wavelength of maximum
intensity is, for example, at least 605 nm or 610 nm and/or
at most 630 nm or 625 nm.

[0479] In at least one embodiment, the phosphor has a
spectral half-height width at half the maximum height,
FWHM or full-width at half maximum for short, of at least
70 nm or 75 nm or 78 nm. The maximum of this spectral
range is preferably 90 nm or 87 nm or 84 nm or 82 nm.

[0480] In at least one embodiment, the phosphor has an
absorption maximum in the blue spectral region, especially
a relative absorption maximum. The blue spectral region
especially refers to wavelengths of at least 400 nm and/or of
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at most 480 nm. For example, the absorption maximum is at
at least 410 nm or 420 nm and/or at at most 450 nm or 440
nm.

[0481] The abovementioned values relating to the spectral
properties of the phosphor especially apply at room tem-
perature, i.e. at about 300 K.

[0482] Additionally specified is a process for producing
such a phosphor. Features of the phosphor are therefore also
disclosed for the process, and vice versa.

[0483] In at least one embodiment, the process has at least
the following steps, preferably in the sequence specified: A)
providing reactants in the solid state for Sr, Al, Si and Eu and
optionally for Ca, B) mixing the reactants, C) heating the
reactants under a forming gas atmosphere to at least 1500°
C. and forming a calcined cake, and D) comminuting the
calcined cake to give the phosphor.

[0484] In at least one embodiment of the process, at least
step C) or else all steps are effected at atmospheric pressure.
More particularly, the process in that case is not effected
under high pressure conditions. Preferably, the atmospheric
pressure and/or a total pressure is between 0.9 bar and 1.5
bar or 0.95 bar and 1.05 bar inclusive.

[0485] Reactants and sources used for strontium, alumi-
num and/or calcium may be the respective pure metals or
else metal alloys with the appropriate metals. Reactants used
may likewise be silicides, nitrides, oxynitrides, halides and/
or oxides of these metals. In addition, it is possible to use
mixtures of these compounds.

[0486] Reactants or sources used for silicon for the pro-
duction of the phosphor may be a silicon-metal compound,
a silicon nitride, an alkaline earth metal silicide, silicon
diimide, or a mixture of these compounds. Preference is
given to using silicon nitrides and/or silicon metals.

[0487] Reactants or sources used for Eu may be metallic
europium, a europium alloy, a europium oxide, a europium
nitride or a europium halide. It is likewise possible to use
mixtures of these compounds. Preference is given to using
europium oxide as reactant for europium.

[0488] In at least one embodiment, a melting agent and/or
a flux is used for the improvement of crystallinity and/or to
promote crystal growth. For this purpose, preferably chlo-
rides, fluorides, halides and/or boron compounds of the
alkaline earth metals used are employed. Combinations of
two or more melting agents or fluxes may also be used.
Melting agents and/or fluxes used are especially at least one
of the following substances: LiF, LiCl, NaF, NaCl, SrCl,,
SrF,, CaCl,, CaF,, BaCl,, BaF,, NH,Cl, NH,F, KF, KCl,
MgF,, MgCl,, AlF,, H;BO,;, B,O;, Li,B,O,, NaBO,,
Na,B,O,, LiBF,.

[0489] In at least one embodiment, the starting substances,
especially for Sr, Ca, Al and/or Si and also Eu, are weighed
out according to the general empirical formula of the phos-
phor. It is possible that the alkaline earth metal components
are also weighed out with an excess, in order to compensate
for any evaporation losses that occur during the synthesis.

[0490] In at least one embodiment, step D) is followed by
a step E). In step E), the phosphor is calcined further, which
can also be referred to as heat treatment. The calcination is
especially effected at a temperature of at least 1500° C. and
preferably under a nitrogen atmosphere or forming gas
atmosphere. Forming gas refers to a mixture of N, and H,.
The temperature of at least 1500° C. in steps C) and/or E) is
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preferably employed for at least four hours or six hours. For
example, in each of steps C) and E), a temperature of 1650°
C.£50° C. is employed.

[0491] In at least one embodiment, the reactants are mixed
in a ball mill or in a tumbling mixer. In the mixing operation,
it may be advantageous to choose the conditions such that a
large amount of energy is introduced into the mixture, which
results in grinding of the reactants. The resultant increase in
homogeneity and reactivity of the mixture can have a
positive influence on the properties of the resulting phos-
phor.

[0492] By controlled alteration of the bulk density or by
modification of the agglomeration of the reactant mixture, it
is possible to reduce the formation of secondary phases. In
addition, a particle size distribution, a particle morphology
and/or a yield of the resulting phosphor can be affected.
Techniques of particular suitability for the purpose are
sieving and pelletizing operations, including use of suitable
additives.

[0493] In atleast one embodiment, a tempering is effected,
especially in a crucible made from tungsten, molybdenum or
boron nitride. The tempering is preferably effected in a
gas-tight oven in a nitrogen atmosphere or in a nitrogen/
hydrogen atmosphere. The atmosphere may be flowing or
stationary. It is additionally possible for carbon in finely
divided form to be present in the oven space. Also possible
are multiple tempering steps of the phosphor, in order to
improve the crystallinity or particle size distribution. Further
advantages may be a lower defect density, associated with
improved optical properties of the phosphor and/or a higher
stability of the phosphor. Between the tempering steps, the
phosphor may be treated in a wide variety of different ways,
or it is possible to add substances such as melting agents to
the phosphor.

[0494] For grinding of the phosphor, it is possible, for
instance, to use a mortar mill, a fluidized bed mill or a ball
mill. In the grinding operation, it is to be ensured that the
proportion of splintered grains produced is kept to a mini-
mum, since these can worsen the optical properties of the
phosphor.

[0495] The phosphor can additionally be washed. For this
purpose, the phosphor can be washed in water or in aqueous
acids such as hydrochloric acid, nitric acid, hydrofluoric
acid, sulfuric acid, organic acids or a mixture of these. The
phosphor may alternatively or additionally be washed in an
alkali such as sodium hydroxide solution, potassium hydrox-
ide solution, an aqueous ammonia solution or mixtures
thereof. Alternatively or additionally, washing in organic
solvents such as acetone, propanol and/or phenol is possible.
The washing preferably follows after the grinding.

[0496] In at least one embodiment, for instance, the tem-
pering, further calcining, grinding, sieving and/or washing
result in removal of secondary phases, glass phases or other
contamination and hence an improvement in the optical
properties of the phosphor. It is also possible by this treat-
ment to selectively remove or dissolve small phosphor
particles and to optimize the particle size distribution for the
application. In addition, such a treatment can alter a surface
of'the phosphor particles in a controlled manner, for example
the removal of particular constituents from the particle
surface. This treatment can, also in conjunction with a
downstream treatment, lead to improved stability of the
phosphor.



US 2016/0326430 Al

[0497] Additionally specified is the use of such a phos-
phor. Features relating to use are therefore also disclosed for
the process and the phosphor, and vice versa.

[0498] In atleast one embodiment, the phosphor is used in
a light-emitting diode. The light-emitting diode comprises at
least one semiconductor chip that emits in the blue spectral
region in operation. The phosphor is arranged downstream
of the semiconductor chip along a beam path.

[0499] The blue light produced by the semiconductor chip
is partly or fully absorbed by the phosphor and converted to
red light. It is possible that further phosphors are present,
especially for generation of green and/or yellow light. In
addition, the light-emitting diode preferably emits mixed
radiation including blue light from the semiconductor chip
and converted radiation from the phosphor, and also green
and/or yellow light from the further phosphor.

[0500] One embodiment of a phosphor described here can
be prepared as follows: reactants used for the synthesis of
the phosphor of the general empirical formula Sr,Ca,_
xAlSiN;:Eu are the binary nitrides of the constituent ele-
ments, i.e. Ca;N,, Sr;N,, AIN and Si;N,. Since these are
highly oxidation-sensitive and hydrolysis-sensitive sub-
stances, what is called a glovebox is employed, under an N,
atmosphere with 0,<1 ppm and H,O<1 ppm. In addition,
doping with Eu** is accomplished using Fu,O,. The reac-
tants are weighted out such that the following atomic ratio
is present:

[0501] Ca:Sr:Al:Si:Eu=(1-x):x:1:1:y, where y corre-
sponds to the degree of doping, i.e. the proportion of Sr
lattice sites which are substituted by Eu. In addition, various
fluxes are added; see the table in FIGS. 74a-74c¢. A reactant
mixture is scaled up to a total starting weight of 50-100 g
with retention of the atomic ratios described above; see the
table in FIGS. 74a-74c likewise.

[0502] The reactant mixture is introduced into a PET
mixing vessel together with ZrO, balls and mixed on a roller
table in a glovebox for 6 h. Subsequently, the balls are
removed from the mixture and the powder is transferred into
a closed molybdenum crucible. This crucible is placed into
an outer tungsten crucible, a semicircular open tungsten
tube, and transferred into a tube furnace. There is a flow of
3 L/min of forming gas with 92.5% N, and 7.5% H, through
the tubular furnace during the run time. In the tubular
furnace, the mixture is heated at a rate of 250 K/h to 1650°
C., kept at this temperature for 4 h and then cooled down at
250 K/h to 50° C. The calcined cake formed is taken out
after the furnace has cooled, comminuted with a mortar mill
and sieved through a sieve having a mesh size of 31 um. The
sieve fraction <31 pm is the phosphor used.

[0503] The sieving may optionally be followed by a
further calcining, tempering and/or washing operation.
[0504] Illustrative starting weights m in g and resulting
color loci CIE x, CIE vy, also referred to as chromaticity
coordinates, of the emission spectrum of the particular
phosphor in the CIE standard chromaticity diagram on
excitation with blue light at 460 nm and on complete
absorption of the blue light are also listed in the table in
FIGS. 74a-74c. For each of the embodiments in the table,
0.8=x=1.

[0505] FIGS. 75 to 78 show the properties of radiation
emitted by the phosphor.

[0506] FIG. 75 shows emission spectra and FIG. 76 reflec-
tance spectra of Sr,Ca,_ AlSiN;:Eu phosphors. The wave-
length X is plotted against the intensity I and the reflectivity
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R. The emission spectra show an unexpectedly narrow
spectral emission of the phosphor with x=0.9. At the same
time, the phosphor with x=0.9 features a strong absorption;
see FIG. 3. The absorption is found to be approximately
1-R.

[0507] FIG. 77 shows a dependence of a spectral half-
height width FWHM of the emission on the Sr content, i.e.
the parameter x in Sr,Ca,_,AlSiN;:Eu. Up to an Sr content
of 80%, i.e. x=0.8, a very small change in the half-height
width FWHM with rising x is observed. Surprisingly, from
an Sr content of >80% onward, an abrupt decrease in the
half-height width FWHM is suddenly observed.

[0508] FIG. 78, analogously to FIG. 77, shows the spectral
half-height width FWHM as a function of the parameter x.
Also stated are a dominant wavelength ldom of the spectrum
emitted by the phosphor and the Eu content. Surprisingly, a
phosphor having 90% Sr, with a comparable dominant
wavelength ldom, has a much smaller half-height width
FWHM compared to conventional phosphors having only a
relatively low Sr content. The abrupt decrease in the half-
height width FWHM is virtually independent of the Eu
content used in the sample.

[0509] The phosphor with x=0.8 thus features a small
half-height width FWHM of the emission and a very high
luminous efficiency LER with simultaneously high internal
quantum efficiency QI and external quantum efficiency QE;
see the table in FIG. 79. In addition, a relative brightness B
is stated. To calculate the external quantum efficiency QE,
the mean reflectance within the range from 450 nm to 470
nm was employed; measurement was effected in pressed
powder tablets at an excitation wavelength of 460 nm.
[0510] FIG. 80 shows a comparison of conversion effi-
ciencies of various warm white light-emitting diodes, LEDs
for short. A mixture of two phosphors was used in each case,
with the green light-emitting phosphor G remaining the
same and the red-emitting phosphor R being varied. Stated
on the abscissa axis is the type of red-emitting phosphor R.
The ordinate axis states the relative efficiency E. The phos-
phors were excited with a blue-emitting semiconductor chip
having a dominant wavelength of 446 nm.

[0511] All phosphor mixtures were adjusted so as to
achieve, in the CIE standard chromaticity diagram, a color
locus close to Planck with a correlated color temperature
CCT of about 2700 K. The color rendering index CRI of all
LEDs measured is 80+1. All red phosphors R used show a
comparable dominant wavelength of about 600.5 nm+1 nm.
[0512] Further details of the phosphor mixtures as shown
in FIG. 80 can also be found in the table in FIG. 81.
Additionally stated are the relative efficiency E, a phosphor
concentration ¢ and a ratio V of the green phosphor G and
the red phosphor R.

[0513] FIG. 82 shows a comparison of conversion effi-
ciency and color rendering index for various warm white
light-producing LEDs. A mixture of two phosphors was used
in each case, with the green phosphor G being kept constant
and the red phosphor R being varied, analogously to the
table in FIG. 81. All phosphor mixtures were adjusted so as
to achieve a color locus close to Planck with a correlated
color temperature CCT of about 2700 K. The efficiency E,
illustrated by the bar, of a warm white light-producing LED
comprising the novel phosphor with 90% Sr shows a much
higher efficiency and simultaneously an improved color
rendering index CRI, symbolized as rhombuses, compared
to LEDs comprising a red phosphor with only 80% Sr.
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[0514] Further data relating to the LED measurements
from FIG. 82 can be found in the table in FIG. 83, analo-
gously to the table in FIG. 81. The efficiency E of a warm
white light-producing LED at correlated color temperature
CCT of about 2700 K comprising a novel red phosphor with
90% Sr is distinctly higher here as well and, moreover, an
elevated color rendering index CRI is achievable.

[0515] Red phosphors composed of the Sr,Ca,  AlSiNj;:
Eu material system were subjected to a hydrolysis test, in
order to assess an aging stability of the phosphor with
respect to air humidity; see FIG. 84. For this purpose, the
corresponding phosphor powders were stored at 130° C. and
100% relative air humidity for 40 h. The absorption A of the
phosphors in the blue spectral region between 450 nm and
470 nm was measured both before and after this treatment.
A measure of the stability of a phosphor with respect to
hydrolysis, i.e. the decomposition of the phosphor in the
presence of water, is considered to be the decrease in the
absorption capacity in the blue spectral region. With increas-
ing Sr content, a significant increase in hydrolysis sensitivity
is at first observed. Surprisingly, however, the novel phos-
phor with 90% Sr is more hydrolysis-stable than a phosphor
with only 80% Sr content.

[0516] FIG. 85 shows thermal quenching characteristics of
two red phosphors compared to one another. The two
phosphors have a comparable emission color with a domi-
nant wavelength of around 600 nm. Surprisingly, the novel
phosphor having high Sr content, in spite of a higher Eu
content, has a smaller decrease in emission intensity 1 with
rising temperature compared to the reference phosphor.
[0517] FIG. 86 illustrates the relative emission intensity |
as a function of the content of Eu as activator. The Eu
content is reported in percent.

[0518] With regard to phosphors composed of the
CaAlSiN,:Eu system, the literature reports that, with rising
activator content, especially >0.8% FEu, a conversion effi-
ciency stagnates; see table 1 in EP 2 135 920 Al.

[0519] Surprisingly, the novel phosphor with a high Sr
content shows different behavior. With rising Eu content, the
emission intensity I, even in the case of an Eu content >1%,
continues to increase in an approximately linear manner.
This property offers various technical advantages for appli-
cation, especially lower phosphor demand and the possibil-
ity of achieving color loci with greater CIE x.

[0520] FIG. 87 shows a dependence of the dominant
wavelength 1dom of the emission on the activator content y
for the novel phosphor Sr,Ca,_,AlSiN;:Eu with X=0.9.
With rising activator content, the luminescence signal moves
toward higher wavelengths in an approximately linear man-
ner. This allows, for example, the color rendering index CRI
of'a warm white light-emitting LED to be increased; see also
the LED embodiments according to FIGS. 80 to 82.
[0521] FIG. 88 shows an x-ray powder diffractogram of
the phosphor Sr, ;Ca, ,AlSiN;:Eu, which has been pro-
duced by means of the synthesis described here. Surpris-
ingly, the phosphor produced from Sr nitride, Ca nitride,
AIN;, Si;N, and Eu,0; under atmospheric pressure consists
of a pure phase by x-ray crystallography. No reflections of
secondary phases such as AIN or (Sr,Ca),SisNg are
observed.

[0522] FIG. 89 shows x-ray powder diffractograms of
phosphors Ca,;_ Sr AlSiN;:Eu with various values of x,
which have been prepared by means of the synthesis
described here. From a substitution level of x>0.8 upward,
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the occurrence of an additional reflection R at 20 of 36.7° to
37.0° is observed. This reflection cannot be explained by the
structure model of known (Sr,Ca)AlSiN;. Nor was it pos-
sible to assign the reflection R to any compounds from
databases.

[0523] Inorthorhombic description, this reflection R origi-
nates from the 1 2 1 lattice plane. The exact position of this
reflection depends on the substitution level x. If it were a
reflection R from any unidentified extraneous phase, this
shift would not be expected.

[0524] In order to describe the structure of the novel
phosphor described here, the following steps were con-
ducted in order. A summary of the results, important R
values and the fundamental refined parameters can be found
in the table in FIG. 90.

[0525] 1) A Rietveld refinement was conducted with the
known phases Sr,, 5oFu, o; AlSiN; from ICSD 98-041-9410,
AIN from ICSD 98-060-8626 and SrF, from ICSD 98-004-
1402. The crystal structure data of Sr, ooEu, o, AISiN; were
fitted as Cag | Sr, goFu, o, AISING.

[0526] 2) All reflections were fitted by means of a profile
parameter fit, with equal FWHM for all reflections. Any
reflections which were assigned to extraneous phases, for
instance SrF, and AIN, were eliminated from the search. The
other reflections were used for a lattice parameter search.
This lattice parameter search found that almost all reflec-
tions can be described with the original cell, but without
quenching conditions. For this reason, in the next step, a
Rietveld refinement was conducted with the original struc-
ture, but transferred to the P1 space group.

[0527] 3) A trial refinement of the experimental data was
conducted on the basis of the structure model for Sr,Ca,_
*xAlSiN, known from the literature, except that it had been
transferred to the lower-symmetry P1 space group; see also
the preceding step 2. This refinement likewise converged,
but does not explain the reflection R observed.

[0528] 4) In order to explain the additional reflections
observed, a new structure model different than the known
CaAlSiN; structure was set up. The new structure model of
the phosphor described here is distinctly different than the
CaAlSiNj; structure already known. In the crystallographic
sense, this is a superstructure variant. This structure can be
derived formally from that of CaAlSiN; by a reduction in
symmetry. In the structure model thus derived for the novel
phosphor, there is a good explanation and description of the
at least one reflection R additionally observed.

[0529] This structure model of the novel phosphor differs
from the structure model from the above-elucidated step 3).
In step 3), the known structure model of CaAlSiN; was
merely described in an alternative, lower-symmetry space
group. Only through the actual introduction of a new struc-
ture model different than CaAlSiNj is a good description of
the experimentally observed reflections possible, especially
of the new reflection R.

[0530] For this purpose, it is necessary in particular to split
up the position having a mixed Sr/Ca population, which has
a mixed population in the original Cmc2, space group and
describes four alkaline earth metal atoms simultaneously for
reasons of symmetry, into four individual positions. In the
model of the conventional phosphor, all four positions have
mixed populations of Sr and Ca. In the model of the novel
phosphor, three of the positions are populated only by Sr,
and just one of the positions has mixed population both with
Sr and with Ca.
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[0531] The new reflection R shown is thus a superstructure
reflection which can be described in P1, but not in Cmc2,,
since it infringes the quenching conditions for this space
group.

[0532] The refinement of the powder x-ray data observed,
based on the known structure model in space group Cmc2,,
leads to the goodness factors in the first column in FIG. 17,
corresponding to the above step 1. An alternative description
of the same known structure model in the lower-symmetry
P1 space group leads to comparable goodness factors,
reported in the third column in FIG. 90, corresponding to the
above step 3. Only with the aid of the description with the
novel structure model different than CaAlSiN; are a com-
plete description of all the reflections observed and hence
significantly improved goodness factors achieved, corre-
sponding to the above step 4.

[0533] FIG. 91 shows a schematic perspective view of the
structure model of the novel phosphor with x=0.8. The
positions shown in a dark color are populated only by Sr.
The position shown in white color has a mixed Ca/Sr
population.

[0534] In comparison, the perspective diagram according
to FIG. 92 illustrates the structure of the CaAlSiN; phosphor
with small x in the Cmc2, space group. Shown in a dark
color are the four positions having a mixed Ca/Sr popula-
tion.

[0535] The novel phosphor described here offers the fol-
lowing particular advantages: lower half-height width of
emission, associated with higher luminous efficiency at the
same dominant wavelength, the possibility of achieving
higher activator concentrations of Eu at >0.8% with simul-
taneously high quantum efficiency and conversion effi-
ciency, associated with a lower phosphor requirement in
LED applications and simplified processibility, improved
aging stability with respect to moisture compared to con-
ventional (Sr,Ca)AlSiN,:Eu having a low Sr content, and
improvement in the thermal stability.

[0536] The invention described here is not restricted by
the description with reference to the embodiments. Instead,
the invention encompasses every new feature and every
combination of features, which especially includes every
combination of features in the claims, even if this feature or
this combination itself is not explicitly specified in the
claims or embodiments.

What is claimed is:

1. A lighting device comprising:

a primary radiation source configured to emit primary
radiation in the wavelength range between 300 nm and
570 nm; and

a first phosphor disposed in a beam path of the primary
radiation source, the first phosphor configured to con-
vert at least a portion of the primary radiation to a
secondary radiation within an orange to red wavelength
range from 570 nm to 800 nm, wherein the first
phosphor includes an inorganic substance which
includes, in its composition, at least an element D, an
element Al, an element AX, an element SX and an
element NX,

wherein the element D is one or more elements selected
from the group consisting of Mn, Ce, Pr, Nd, Sm, Fu,
Tb, Dy, Ho, Er, Tm, alkali metals and Yb,

wherein the element Al is one or more elements selected
from divalent metals not included in D,
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wherein the element SX is one or more elements selected
from tetravalent metals,

wherein the element AX is one or more elements selected
from trivalent metals,

wherein the element NX is one or more elements selected
from the group consisting of O, N, S, C, Cl and F, and

wherein the inorganic substance has the same crystal
structure as Sr(Sr,Ca,_,)Si,AlL N, and crystallizes in
space groups P1, P2, PT or P2,.

2. The lighting device according to claim 1, wherein the

first phosphor has the formula:

Al(ALM, )SX,AX,NXD,

wherein M is divalent metallic element different from
those of element Al, and

wherein a parameter a is between 0.6 and 1.0.

3. A lighting device comprising:

a primary radiation source configured to emit primary
radiation in the wavelength range between 300 nm and
570 nm; and

a first phosphor disposed in a beam path of the primary
radiation source, the first phosphor configured to con-
vert at least a portion of the primary radiation to a
secondary radiation within an orange to red wavelength
range from 570 nm to 800 nm,

wherein the first phosphor has the formula:

Sr(St,M;_)SibALN,X)s:D,A,B.EG,L

wherein element M is selected from Ca, Ba, Mg alone or
in combination,

wherein element D is one or more elements selected from
the group consisting of Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy,
Ho, Er, Tm, alkali metals, and Yb,

wherein element A is selected from divalent metals dif-
ferent than those of the elements M and D,

wherein element B is selected from trivalent metals,

wherein element E is selected from monovalent metals,

wherein element G is selected from tetravalent elements,

wherein element L is selected from trivalent elements,

wherein element X is selected from O or halogen,

wherein a parameter a is between 0.6 and 1.0, and

wherein the first phosphor crystallizes in space groups P1,
P2, P! or P2,.

4. A lighting device comprising:

a primary radiation source configured to emit primary
radiation in the wavelength range between 300 nm and
570 nm; and

a first phosphor disposed in a beam path of the primary
radiation source, the first phosphor configured to con-
vert at least a portion of the primary radiation to a
secondary radiation within an orange to red wavelength
range from 570 nm to 800 nm,

wherein the first phosphor has the formula:

Sr(Sr,M_,)SiLALNg:D,

wherein element M is selected from Ca, Ba, Zn, Mg
and/or Li,

wherein element D is selected from the group consisting
of Mn, Ce, Pr, Nd, Sm, Eu, Tb, Dy, Ho, Er, Tm and Yb,

wherein a parameter a is between 0.6 and 1.0, and

wherein the first phosphor crystallizes in space groups P1,
P2, P! or P2,.

5. The lighting device according to claim 1, further

comprising a second phosphor which is disposed in the
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beam path of the primary radiation source and has a different
emission than the first phosphor.
6. The lighting device according to claim 1, further
comprising a second phosphor disposed in a beam path of
the secondary radiation and wherein the second phosphor is
configured to absorb and convert at least a portion of the
secondary radiation.
7. The lighting device according to claim 5, wherein the
second phosphor includes the elements M, A, D, E, and X,
wherein the element M is one or more elements selected
from the group consisting of Mn, Ce, Pr, Nd, Sm, Fu,
Tb, Dy, Ho, Er, Tm, and Yb,

wherein the element A is one or more elements selected
from divalent metal elements other than those of ele-
ment M,

wherein the element D is one or more elements selected

from tetravalent metal elements,

wherein the element E is one or more elements selected

from trivalent metal elements,

wherein the element X is one or more elements selected

from the group consisting of O, N, and F, and
wherein the second phosphor has the same crystal struc-
ture as CaAlISiNj.

8. The lighting device according to claim 5, wherein the
second phosphor has the formula:

(Gd,Lu, Tb,Y)3(Al,Ga,D)s(0,X) »:RE
or

(Gd,Lu, Tb,Y)3(ALGa)s(0) 15:RE,

wherein element X is selected from a halide, N or a
divalent element,

wherein element D is selected from a trivalent element or
a tetravalent element, and

wherein RE is selected from rare earth metals as activa-
tors.

9. The lighting device according to claim 5, wherein the

second phosphor has the formula:

(Gd,Lu, Tb,Y)5(Al,Ga,D)s(0,X),»:RE
wherein element X is selected from a halide or a divalent
element,
wherein element D is selected from a trivalent element or
a tetravalent element,

wherein RE is selected from rare earth metals as activa-
tors,

wherein the second phosphor is disposed in the beam path
of the primary radiation source, and

wherein the lighting device is configured to provide a
flash.

10. The lighting device according to claim 9, wherein the
second phosphor has the formula:

Luz(Al;_Ga,)s0,5:Ce or (Lu,Y)3(Al;_.Ga,)s(0),:
Ce,

wherein a cerium content is of 0.5-5 mol % based on the
rare earth metals, and
wherein a gallium content X is between 0 and 0.5.
11. The lighting device according to claim 5, wherein the
second phosphor has the formula:

(Gd,Y)3(Al;_Ga,)50,5:Ce or (Tb,Y),(Al;_,Ga,)5(0)
12:Ce,
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wherein a a cerium content is of 1.5-5 mol %,

wherein a gallium content x is of 0 to 0.5, and

wherein the lightning device comprises a flash.

12. The lighting device according to claim 8, further
comprising a secondary radiation source with phosphors
disposed in the beam path thereof that convert the primary
radiation thereof to a secondary radiation, wherein mixing of
the secondary radiation of the first and second radiation
sources results in an overall emission of radiation from the
lighting device, and wherein the lighting device comprises a
flash.

13. The lighting device according to claim 12, wherein a
color range of the converted radiation from the second
radiation source is different than a color range of the
converted radiation from the first radiation source.

14. The lighting device according to claim 13, wherein the
first and second radiation sources can be operated with
different currents and a color range of the overall emission
radiation from the lighting device can be established via
different currents for the first and second radiation sources.

15. The lighting device according to claim 13, wherein an
optical element arranged downstream of the phosphors of
the first and second radiation sources mixes the secondary
radiation from the first and second radiation sources to
produce the overall emission of radiation.

16. The lighting device according to claim 5, wherein the
first phosphor has the formula:

Sr(Sr,Ca,_,)Si,AlLNgD,

wherein the parameter a is 0.7<a,
wherein the second phosphor is a garnet of the formula:

((Gd,Lu,Y;Tb)3(ALGa)5(0),,RE,

wherein RE is selected from a rare earth metal, and

wherein the lighting device is configured to produce a
white light having a CRI=80.

17. The lighting device according to claim 16, wherein the
second phosphor has the formula:
Y3(Al_,Ga,)s5(0);2:Ce, and

wherein a proportion of Ga is 0.2=x=0.6.

18. The lighting device according to claim 5, wherein the
primary radiation source emits the primary radiation in the
wavelength range between 430 nm and 470 nm,

wherein the second phosphor is a garnet of the formula:

(GA,Lu,Y.Tb)(ALGa)s(O) 1, RE
or

(Lu,Y)3(ALGa)s(O),»:RE,

wherein RE is selected from a rare earth metal, and

wherein the lighting device is configured to produce a

white light having a CRI=90.

19. The lighting device according to claim 18, wherein the
element M in the first phosphor is Sr and Ca and the
parameter a is as follows: 0.7=a, and wherein a proportion
of an activator D is =1.5%.

20. The lighting device according to claim 5, wherein the
second phosphor is selected from at least one phosphor from
the following phosphors:

a beta-SiAION of the formula: Sig_ AL O.N;__:Eu with

O<z=4,
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nano-semiconductor materials as quantum dots,

nitridoorthosilicates of a general composition AE, .RE -
SiO,_ N.:Eu,

wherein AE is selected from the group consisting of Sr,
Ca, Ba and Mg,

wherein RE is selected from rare earth metals,

or of the general composition AE, ,RE,Si, O, , , N,
Eu

21. The lighting device according to claim 5, wherein the

first phosphor has the formula:

Sr(Sr,Ca,_,)Si,AlLNgD,

wherein a is 0.7<a,

wherein a proportion of the activator D is >=2 mol %,

wherein the second phosphor has the formula:
Y;(Al_,Ga,)s0,,:Ce with 0.2<=x<=0.6 or Luy(Al,_

xGa,)O,:Ce with 0<=x<=0.6

wherein a cerium content is of 0.5-5 mol % based on the
rare earth metals, and

wherein the lighting device is configured to provide
backlighting.

22. The lighting device according to claim 5, wherein the

first phosphor has the formula:

Sr(Sr,Ca,_,)Si,AlLNgD,

wherein a is 0.7<a,

wherein a proportion of the activator D is >=4 mol %,

wherein the second phosphor includes a beta-SiAION
Sis_ALONg_RE_,

wherein 0<x<=4, O<y<=4, 0<z<l,

wherein RE contains one or more elements from rare
earth metals, and

wherein the lighting device is configured to provide
backlighting.

23. The lighting device according to claim 5, wherein the

first phosphor has the formula:

Sr(Sr,Ca,_,)Si,AlLNgD,

wherein a is 0.7<a,

wherein a proportion of the activator D is =4 mol %,

wherein the second phosphor has the formula:

AE, L,Si0, ,N,RE and/or AE, ,L,Si, ,O,
23N, :RE and/or AE,SiO,:RE,

wherein AE contains one or more elements selected from

the group consisting of Mg, Ca, Sr and Ba,

wherein RE contains one or more elements selected from

rare earth metals,

wherein L contains one or more elements selected from

rare earth metals other than RE, with 0<x<0.1, and
wherein the lighting device is configured to provide
backlighting.

24. The lighting device according to claim 23, wherein the
second phosphor, as AE, contains at least Sr and Ba, and the
ratio of Sr and Ba is as follows: 0.5<Ba:Sr=<2.

25. The lighting device according to claim 5, wherein the
first phosphor has the formula:

Sr(Sr,Ca,_,)Si,AlLNgD,

wherein a is 0.7<a,

wherein a proportion of the activator D is =4 mol %,

wherein the second phosphor contains quantum dots in
the form of nanocrystalline materials including a group
1I-VI compound and/or a group I11-V compound and/or
a group IV-VI compound and/or metal nanocrystals,
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which, on excitation with primary radiation, emit sec-
ondary radiation in the green to yellow spectral region
with a peak wavelength of 500-560 nm, and

wherein the lighting device is configured to provide

backlighting.

26. The lighting device according to claim 1, wherein the
primary radiation source comprises an LED, an OLED or a
laser.

27. The lighting device according to claim 5, further
comprising a third phosphor,

wherein the first phosphor has the formula:

Sr(Sr,M_,)SiLALNg:D,

wherein M is selected from the group consisting of Ca,
Ba, Zn and Mg,

wherein the second phosphor is a yellow/green-emitting
garnet phosphor of the formula:

(Y,Lu,Gd, Tb);(Al,Ga)s0,,:Ce having a peak wavelength
of 500-570 nm, and wherein the third phosphor is an
orange/red-emitting phosphor of the formula:
Sr(Sr,M,_,)Si,ALLN:D

wherein M is selected from the group consisting of Ca,
Ba, Zn and Mg,

or

wherein the third phosphor is an orange/red-emitting
phosphor of the formula:

M,(Si,AD)5(N,0)s:En,

with M selected from the group consisting of Ca, Sr and
Ba.

28. The lighting device according to claim 5, further

comprising a third phosphor,

wherein the first phosphor has the formula: Sr(Sr,M,_,)
Si,AlLNg:D,

wherein M is selected from the group consisting of Ca,
Ba, Zn and Mg,

wherein the second phosphor is a yellow/green-emitting
garnet phosphor of the formula: (Y,Lu,Gd,Tb);(Al,Ga)
50;,:Ce having a peak wavelength of 500-570 nm, and

wherein the third phosphor is a yellow-emitting garnet
phosphor of the formula: (Y,Lu,Gd,Tb);(Al,Ga);O,,:
Ce having a peak emission wavelength of 500 to 600
nm.

29. The lighting device according to claim 5, further

comprising a third phosphor,

wherein the first phosphor has the formula: Sr(Sr,M,_,)
Si,ALLN:D,

wherein M is selected from the group consisting of Ca,
Ba, Zn and Mg,

wherein D is selected from Eu and the first phosphor has
a peak wavelength between 605-620 nm and a half-
height width FWHM=80 nm,

wherein the second phosphor is a yellow/green-emitting
garnet phosphor of the formula: (Y,Lu,Gd);(Al,Ga)
5s0,,:Ce having a peak wavelength between 540-565
nm and a half-height width FWHMz=100 nm, and

wherein the third phosphor a yellow/orange-emitting
phosphor having a peak wavelength of 580-590 nm and
a half-height width FWHM=80 nm.

30. A light-emitting diode comprising:

at least one semiconductor chip configured to emit blue
light;

a phosphor arranged downstream of the semiconductor
chip along a beam path wherein the phosphor is capable
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for emission of red light and has the general empirical
formula: SrxCal-xAlISiN3:Eu

wherein x is 0.8<xx1,

wherein between 0.1% and 5% inclusive of the Sr, Ca
and/or Sr/Ca lattice sites have been replaced by Eu, and

wherein, if an x-ray structure analysis were to be per-
formed, the phosphor in orthorhombic description
exhibits a reflection (R) having the Miller indices 12 1.
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