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Abstract: White light emitting diode (WLED) is considered as a fourth-generation green light source and presents some applications
in lighting fields due to its advantages of long service life, high luminous efficiency, and free environmental pollution. The exisiting
main commercialization use of WLED is a blue chip combined with YAG:Ce** phosphor. However, the luminescence performance of
the WLED gradually declines with the increase of temperature due to a poor thermal conductivity of the resin encapsulating the
phosphor, thus becoming difficult to apply to high-power lighting. It is necessary to obtain the superior phosphor materials with high
quality and stability. In recent years, directionally solidified ALOs/YAG:Ce*" eutectic phosphor composite is considered as a novel
bulk phosphor material for a high-power WLED lighting, which is expected to substitute conventional phosphors, due to its excellent
luminous properties, high temperature strength and thermal stability, low power consumption as well as superior quantum efficiency.
This review summarized the main preparation technologies of Al,Oy/YAG:Ce®" eutectic phosphor composite. Meanwhile, the
microstructure, luminescence mechanism, and influential factors of the ALOy/YAG:Ce® eutectic phosphor composite were analyzed.
In addition, the future development direction was also discussed.
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directional solidification

2015 4, Yoshimura 2B 7K B T

ALOYYAG:Ce™ I i 9 B &b, JEtbi 7R
Mo H{HF Ir HHB 4K ALOyYAG:Ce¥ H M8 e



249 5 4 1 T

9% LED H5E [kl ALOy/YAG:Ce® 3t i 38 6 5 & M i o ik Jé < 711 -

AV GRS . BEE, 2 PSSR
(112071 88 5 A d AR AE ¥ il KA Mo HE S ik
TP e, B4 ALO/YAG:Ce™ L 7 e
4 Wi % [ALO5:Y,05:Ce0,=81.10:18.53:0.37% (/K
SEOL BRI N 557 nm,  RIEREERN
61.00£1.00 Im/W . Bridgman & H Fi il 45 K AR FIL b
B APEE I 2T, (HIR R (<373 K/em)P A
25 RCR AR GREF 13 %<100 mm/h),  BEFIZH SV R (3L
pn[FJEE 10~20 pum), I3 ROA iy BL A 5 T-0a 4 e W 55
R, BRI N R R e R
2.2 Czochralski ;%(CZ %)

$¢ $1 V) (Czochralski, CZ %) /& M [E Bl % %K
Czochralski T~ 1918 448 H (1) S A §il 25 732, il 2

PR e JRBLUR R JRAARE T3 0 T AL, 4 B %
by oy NN B Ui P L BUR NI S0k SR SR SR -l N
PRI, Sevihay e, RS R R OE IR
EnALE S Su Mt 0A Y d T N | Ry ST B
SERCER, IZITEIIL RS RS SN IS i AR 1 2
KIERE, LA TR AR b0 g AN S 3 b e e
fil, AR T SRR R R R N, SR T
AR IR TR, ERERE I e R e Bl AR A A
oy i AR Pz, B3I IRS & 51, BRAE
ERTZRIE, FBEK. R, TR
P A KA AE B AR IR S I BEAT 2 IR it AR B
$NNEW/SE & 53110 AN BN VD 16 N & ST L
ATRRENG RN 5 N

Losd coll with AN

Y
4

(b) Schematic diagram
of crystal growth

r

L

(c) Crystal growth process

B2 fhnidk A KoR o+
Fig. 2 Schematic diagram of the Czochralski method™®

2013 4F, Sai Z5PLL001)F T T ALOS 5,
YEKF S, ek T 2S5, IPBERKM
P AR AT IR KALBE, &SR T FaE I LA
ALOyYAG:Ce™ 3t ¢ ot 5 & M & [AL,O3:Y,0s:
Ce0,=81.50:(18.32~17.95):(0.18%~0.55%)]. i iLkF
el ST LAY AR AR DI 1 ST B = RIS AT & o = e
PRI LR &Lk RE, AR, BRI L)) 7
B ENRER
2.3 Horizontal Directional Solidification ;Z(HDS ;%)

K ' ) 7% (Horizontal Directional

Solidification, HDS %)/ Hi 3 [EF4~ %K Bridgman
751925 4EINEPT . L ERRE (<473 K/em)P 5 VB
DREE S, P R B AR . TR
B JEURHRON AT B B G/ FE R v, S 22 5 | R
(1~100 mm/h), {5 335 2215 T8 i 38 Aofs 2 AN TR0 £
WX, et gh i RS 2P i 3 por.
TR 5 R R ST R Bl R R R, 2R
KR PR IRS), b pRELA D BedUe ik S
WA, RO, B TE, B
WARARERGMEE, HH & SRl R, 2



.« 712 . CRERR Eh27 40D

J Chin Ceram Soc, 2021, 49(4): 708-722

2021 4F

FERAN R o A T I AR S G R A R RO R A T
K, BRI H T8 F A 8 NdYAG.
Yb:YAG. Ce:YAG SFHOG i AR A E AL i 2 5 B
BRI o

Molybdenum wine Eypeval

| Corundum cruclble
-{ | Silloon bath

Tungatan | 1
e 45
Vacuum pupm I

| 1

Substrater

—y, Nericenid galiee drsmmion

g:‘Sum

(b) Schematic diagram
of HDS and samples

3 KPS R[] s i e )

Fig. 3 Horizontal directionally method™** "}

(¢) SEM photograph

ST 25 OISR FH K P 2 1o B8k [T B AR 1 2 o 4% T

ALOYYAG:Ce™ 2L i 98 ' 5 & W B A BHALO5:Y,05:

CeO, I EE/R 7 BN 81.50:18.32:0.18%), 1E 470 nm
RGO T, R H 0K R 550 nm A2 A7 1B
M. 2017 4F, Lin 250K I ALOs/YAG:Ce®
SRR SRR U IR KE R TR
B B S A Y R AE A R B, TN AR R

(a) Equipment photos of OFZ

JER S ALOS/YAG:Ce’ S it ¢ e A B /8. LED
St HL T TERE, RGN L 112.80 Im/W, B
BATFALG R WLED (~80.00 Im/W). ItAk, Zeid
KA, ALO/YAG:Ce™ I i 98t 5 45 Hi ' 1
RABH(103.30 Im/W ) BRZ AL BE ) 526 5 P &
(90.90 Im/W)H 5 T 13% 3B K 5 (1 273 K AL O3/
YAG:Ce’ Lt A M % (ALOs:Y,05:CeO, /K
43%0% 81.50:18.45:0.05%) 4o 1A %] 1946 MPa,
AT ALOYYAG G EE(~1 200 MPa)fie 5
T 62%* 7. Mk, AT eku e AP EN AYER
JGVERE,  IHY BRI 9O 52 W R ) ek ] 4R e A
PENNZTONEE LS

2.4 Optical Floating Zone ;%(OFZ ;%)

M 20 tHAE 50 AEAGED , D62 X 7(Optical Floating
Zone, OFZ %) Je N H FREF S A K, Hilil &k
FRE 4 Fron. B R 5K S A3k o0 A
PUE-IEBIBUE Eméi&b%xﬂﬂ%ﬁﬁn*ﬂﬁ»ﬁzmi
RJG A IR A8 N, e E B N gs
pd FE . OFZ VAL AUR TG H I Ty, A&
KR WK RS, T2 N T R
A AR KR R T B e AR B LIS, R Sl ) T
Fos A 55 440 5 I B 4 A 4 R A RS, (B
DX R 1 2% 5 52 A0 FEIR B S, 1T R W A
o A, ORI RERR B 2 70 df AR A K FR e e
BRIy, FERAARTTRL, R PR T
(NEER YN

FHEMREP v,0; M1 ALO; WK IL
(AL,O3:Y,05 [MEEJREE N 81.50:18.50%) L, 7
1200 ‘Ckésh 10 h J5153]4) ¢ 8 mm=x100 mm (1] £
i P B, ARG DL 2 R R AR T ALOy/

Elliptical mirror

Seed rod

Lower shaft

(b) Equipment schematic of OFZ

Bl 4 S X R ™)

Fig. 4 Schematic diagram of the optical floating zone technique

[49]



249 5 4 1 T

9% LED H5E [kl ALOy/YAG:Ce® 3t i 38 6 5 & M i o ik Jé « 713 ¢

YAG:Ce’ Sk i e A M EAE . B, XK
T CeOy B4R (0.12% (BE/RED) . 0.23%-
0.35%) 11 ALOs/YAG:Ce® 78 e 2 & g P, 1 4%
210 6.5mm, KELN35mm. 20144, B IEH
a5 DUl SRR o 7 W T AR R R R A
(Y0.99.Ce.01Gd,)AlsO1,-ALO; L i %9 65 4 i %
LR e B AT T HIE ST BT ZSE it
JERE S NI C BN ALOS/YAG J i 4K
BRSO B BRI e R, S T
G/ <0 1) N e SRR BB o T v B S el
PRACFI AR R 1 e AT 5 B IR N IR 5E
2.5 Micro Pulling Down ;% (u-PD %)

1994 4, HAZE#E Yoon FIHHL T Hiik(Micro
Pulling Down, u-PD ¥5)%H ¥ i b REEAT T 0F5R,

LTI

e

Quartz tube

RF coil

Alumina tube

Ir crucible

Ir after-heater

Die

Grown crystal
Window for camera

Seed

(a) Device schematic diagram of x-PD

B 5 il R B e 4% SR B ) %05 R U
9 25 P11 R B, RSB S TIA 10° K/em. 31
JEHB VAT HE 2 TEAR B FLIF[ 6 (0.3~5.0) mm], LI H
PR AR AT, MRS G A A B &
FIINFLIE BT i, DA A6 1) R hh AT
L T NTE T et = = d G FA BN IS U
il R R b AR P T . LFZM IE
(IR 2 1) R A A S 10° mm/h; 2) iR
FEI TR AT LAE 6 428 68 /N LI TR AT e v
R DL A AE ] 53R 3) AEls S SR S
FHTRT . PADCH B DA R AR KA o, (T30 5
HO SRR . (R R AR T AR K
LU R HIARL, AL S = B SR, A LA
BRI HA SR S5 R A

0.75 mm/min
0.50 mm/min
0.25 mm/min
0.10 mm/mi

£
£
g
E
s
S

Growth direction «——p-

(b) Samples prepared by x-PD

5 MR RndoRE E
Fig.5 Schematic diagram of the u-PD directional solidification method™

2017 4§, Simura 25 I8N fridk sl th il 4 7
454 5 mm ] AlLOy/YAG:Ce™ 3t fh 98 e 5 & W e o
Y CeO, BIRIKIE N 0.10% (BE/R M H), KRN
3mm/min N, JLE PO E SRR RN IL R K A0
PEfig, HAEmE P ARHIBEGARE . KT
ALOy/YAG i B 5 B e mi ) 3V o sl 41 2
SEVE, ALOy/YAG:Ce™ I3 5 A4 M e AT S i
— R I T ORI R I ) 7O G . AL,
JE ) Bk [ T S5 DA RO G L B K FE (R AR X
TR TO M B RO PERE 2 RS, 2Pk
JEITT 1] o
2.6 Laser Floating Zone Melting ;%(LFZM ;%)

I 20 T4 60 R4, Gasson %5 TR
REWOG AR A 0 R S [r) ok 1] ) 8 S A B R 1Y) T
1 o B J5 1271480 I J A O G X J45 925 (Laser

Floating Zone Melting, LFZM 7%), ¥R a1&l 6
B B0 0 % 7 W R LA A R T AL
(=107 W/em?®) o' s ot W 28 00 s A 1A T Dl
1, FFAKFER RSN B 5 B R 5K ) A ) R
5, TERRE S IX, SEELE R b ) e A K
AR . OGN R A B BRI SR Tk
] 7 LT 95 7 1 S S B E (~10° K/em) P, e e
[t 3 % (2 000 mm/h), AT BRAF AGOR T SRR R
PRSI EEEI 2L, HOCFRHR, ORI T
15 YRR o

S it 72 AR 00 SO HIMOE B TR S BRI R
T Zou k= oomtE e AR S IL B AR B A e R
1005077 e L E AN E N i R AV YN od
REMIE T, I 5 6 B e A A vt 45 R A
DL K Th Ee PRk ) B F B A R AR B AR R SCHE .



. 714 - CRERR Eh27 40D

J Chin Ceram Soc, 2021, 49(4): 708-722

2021 4

«—Plane reflecting mirror (Cu)

Beam splitter

~.

i.

B

Concave

(a) Equipment photos

Precursor—L

ZnSe window

14 l«— Vacuum
chamber

Precursor

\ Melting zone
I (| e 3 I et
i T1 Solidified
ETE ETE rod
- 4 Ny
Liquid metal

(e) Photos of ALOy/'YAG:Ce**
K 6 WOt RTR X AR i P00

Fig. 6 Schematic diagram of the laser floating zone melting method?® **

6d Jr7 A O ETE X S AR T 228
(K] ALOY/YAG:Ce™ SL i 7 e A e, WFFT oM
4Kl 6e)iT 13, Ce’fE YAG #5454, ALO;
e FHIF YAG:Ce® 9 WM = 4 g ge i &5 A K
B A5G 7, AL A, 5 bk
R G AL R T 9 S U R 5 2 T I 25 (R B
AREFRL $ET BT KT R WLED 15
RO, (- FHERERTh 2 (1% LED (7R .
3 EERNEEHE N R ANIE

7E ALOy/YAG:Ce’ I o e R &b, #it
LR R TASWER 1 fon, Hf, Ce JRTH
[Xe]4f5d6s, Ce* BT A [Xeldf™. Ce® MM
I CF, AE AR HUERR AR R a2k 2 iR
S5, 43BN 2Fy CREFHG: S=1/3, L=3, J=1/2)F *Fs)
(T S=112, L=3, J=5/2), 1 Ce’ 5d RN
I N 2Dy

Weber 28, 78 YAG W57 sk, af

SAES TR TP T, U59R52EM 2 4 ar
RIRESL, 1M Sd BN T S5s F Sp BBz 4b. T
M af BRI B 5d WORASIN, AEsR SR AR AR
BRI S AT RS, W T P, 1S 5d BUE
ReT AR o AR T 5d AR T AR dn iR, — K
SAILHAEE, Prli AR I 20, 3 54
B 4f (AR ERE 2 A RO

£1 Ce BT Ce RymBTFAES
Electronic configuration of cerium atoms and
cerium ions™!

Electron K L M N o P

Table 1

layer 1s 25 2p 3s 3p 3d 4s 4p 4d 4f 5s 5p 5d 6s 6p
Ce 2 2 6 2 6 10 2 6 10 2 2 6 0 2 0
ce” 2 2 6 2 6 10 2 6 10 1 2 60

HT 5d HFAb T3 Bl MR SR A, 2 5
B IR LR, B A AR 5d, BEH K
2~5 T, MArAAETT L 1.5%10% em 1%, 5447 BT
il e T I o A R R A 1YY, A AR e



249 5 4 1 T

9% LED H5E [kl ALOy/YAG:Ce® 3t i 38 6 5 & M i o ik Jé .« 715 -

TR A A s, A S AN (e LED A1
VT e,

Bl 7 i e gon s K

Fig. 7 Energy levels of Cerium ions®?

4 HEINEEMER IR E R
EES

Bk IL i 9 e B A W& I R AR R T
WLED 75 K Ih 4 fig I A AT B FH A 5, (H3L 0
RF PRI O B ] 2 2 5 T JLAR S T 58 ek AN TR 1)
TR AR RO OB AR DL ek e b
AR, BB T IRHEAE D WLED FIR G BE.
i, WIETUE B G IL S R A B R RO T BE Y
M) PR 26 R T 7 K& Ak
41 HBRAESWERELHLR

SE 1)L ALOs/YAG:Ce™ L/ 98 6 5 S b & 1)
BT A LUt IC U S0 A1 (1) ALO; A (R A 1X 45K)
MBI G0 Ce 1 YAG AR 16X )41 1 1,
PR LL LTk 45:55, 403& 2 TR . SE R
FHNSE R B2, TGRS 38 Y (19 B A
EAAAR T B 58 . AA e, R &a R
(1 34 2 A B0 U)o T 1 2, RN B B T
(Chinese script) 4544, 2 070 R 3E S 21 21
MK HORBR, LA AR, IR 4L
/N, H R SOOI S R 2 2R (L3R 2 P
P A P A 11t ] 2 2 R ) o T T 7 i ok
REAE ST Bt ] 3 i 2 3 2 TR B R M T2
A TESHAGIE, HE A2 S Ar e LI
TURABLEF R bG, Fe ™ TR W AR RO RE .
XFF N A BRI, B IAEAE 2 A< BEBE
R PRI G AR AR I R A, BRSO RS
B RO PERET 0L, R, R R T,
SCHLBE RO AL R 504k, S e b, Rk
r G M R IR R N 5T B S 1 B

SE IR ] 7 R4 1) ALOS/YAG:Ce® 3 i 98

oz, CTHUE Y, R EAT DY RIS AL,
7 460 nm /e A DGO T, TR 535~560 nm
P aRt, Brillfs ik e8RS 60.00~113.00 Im/W
2. BeAh, ALOs#E NS —HTIN YAG:Ce® et
e, HA LR LA RO : 1) A
HPAR(32~35 Wem KRR A 2R v, RERE I
F T aE R EOeES: 2) ALOs M(1.78)5 YAG
(1L8S)AHXF T] WL HL AT AH I (4T 3 %, A A St 1 Ak
(SRR IME s 3) FAR T th T Ce™ BT m
YAG SIS 4) 51T Ce¥ 7 YAG M IRB 2%,
— B PR T RO N(Ce ) A B, 8 e i T
R O B 2 I B /N R R B R K

AL A I RN T A O R
B FRE IR R EE N R Har g
SPS $245 5 #l AL Oy/YAG:Ce® ¢ Y W g i %
37.7% HAHDICH G AL G I Kb sh 412, &
HRESA, H ALO; Al YAG:Ce™ WiAH LUl T
{H5E [ e[ ALOs/YAG:Ce® 3t i ¢ 5 534 W B ot
G RE) Ay S A U TR BB 2 200, AR EE A S 20
ALO; fil YAG:Ce™ &AM A HiEE A4k, )
WA HY, S AHIS R B, ARSI b Jeid G
SR AR S AH o AH AR AR S A7 A5 T 8080k ok
0 DRSS S AR AN Fit DA T 356 I+ 3 S 1 A ok e
IRAFAET2OARI R, TN H 1 58 ' b B 1) il 5
A5 PR PR K A R e R T i T R (32~
35 Wem 'K ALO; 6 PAHRELE — & F 1 2% 1
RS R, R RIS . AL,
TR R BT, i = ok T2 KU b2
Pem e, Wl 8 B R A T RE I It
ko [RIHE, L AH AR SIS AE T RO bk, 1
T BRI OO IR RE, AEURSEARE B T A
BHOE 7 RCR . (5 H AT A A AL TAT AR =
IS, A R BN BEAT R F3OR R L, AN
HOk, TR RME

K 9 JyxB& SR HDS WEAEAN R 4% | %
PLBGE KRGl R 9a. RIEECRE 9b LUK
EIREE 9c k. 111 9a~E] 9b T, AxH|id
0 10 mm/h (&1 9 G0 f4) BT AERARE (1 Gl B LAY
RACHRI Lm0 20 mm/b 2R A
Bl o I A2 T B e ) A R R O S A B I
HIE AL ZR A, DR A 50 22 (AR ST, 238 e
S TS AU EILE, BRSO . R K S
TR 1 I B DA S RO SR AR W S 4 s 2 DR AR K
REFRI bR T 96 A B e Y BRI R AR ) LR A A



. 716 - (REMR R 224D J Chin Ceram Soc, 2021, 49(4): 708-722 2021 4F
40
N
30
x
2
g
/ 2 20
YAG:Ce —> & 11/
10t [al /
ALO; —> 7
Jv.
300 400 500 600 700 800
Wavelength/nm
(a) Diagram of light pass through the specimen (b) In-line transmittance of produced ceramics
B8 ALOy/YAG:Ce™ J it S ARPE EE ) i B A3 R Pl S <07
Fig. 8 Diagram of light pass through the ALO3/YAG:Ce*" composite ceramic and the in-line transmittance®”
2 ARHABEKFGEREATL SR LR
Table 2 Comparison of microstructure and luminous performance of different eutectic growth method
Preparation Crystal Microstructure E;n;iill(; rrllgth/nm L:frggilg;jy (Im W) References
VB 557 61.00 [37-38]
CzZ 535 73.12 [26]
HDS 544 112.80 [19, 46]
OFZ 540 84.15 [50]
/
(2)
(W]
u-PD 550 [64]

o @ e
- T
50 % 20 (0018 0 e 150 2

A, 9D AR DA B R4 R HL A0S R
P v PG BRI, P 1 AR AR
Wk 9c Pis, WOIREOM L AR AR R
RIAR TR0 A B BOa A it
R ESC S H i O 3 4 A A 38 2 5 Jo v 1) 20016 1 47

Hl B, JOtH L B R RE R P AR LGRS, AT
RS T RSO R A R RO AR, (HIX
AR AR S LR FE ROCRGR D AR, A W]
R TR B 1) (P R AR A S B v
HESE G H B2 1 G B



49 B 4 W X 4. (D6 LED HISE 1Bk ALOL/YAG:Ce® 3L 98 6 B G W i ot it Jg < 717 -
1200 = Asgrown, v=20 mm/h, 4=0.4 mm T H TR IGH L Ce™ 1 5d #edk, 4F 5 5d 2 1Al
1100 F —o As-grown, v_—20 mm/h, d=0.8 mm e N . e
Looo L T Amncaled: v=20 mvt: 908 i HL T RO T LA I B B AT S8 KT . 1 E=h/A

—— Annealed, v=10 mm/h, =0.8 mm (h %%@% ﬂ%?&&)ﬂ%ﬂ . ﬁé%ﬁd\ ?&&E%
g 900 L : b T . h ’ ’
Z 800} MR RSB A 208 . Wang 450 Ce™ Al e’
el VN . e N FAAN
2 700 SLEBIRIEN YAG POCRRG RBL, Ce® M Cr'”
§GW- 2 )i I g B AL 6 S B 690 nm AL R bt 45 E
3 500} FEik, 5 ER ALOy/YAG:Ce® 3t 98 it 5 4 W
ol AT LU I B2 AN 1 e B T AT LG T,
200 s , , SEM R B R 2
Lo 6,50 023 25 FITiR, ALOyYYAG:Ce™ 198 e 5 & W%
Mole fraction of Ce/Y/% . e N (SR
DI 0% . Mg TORIR. s ivase
(a) Luminous flux P LR AR S 1 ORI B B Th & A
120 )t LED. &3 (3T R (ALO; AR N« IEH A1
ool BT PR R 4 RO RER s PE PRI 32
o0 o ASCErown: V=30 mm: 4-0.5 tin SRR AL BT JH I S5 HR R HERE 1 5
—— Annealed, vV=20"mm/h, ¢=0.4 mm N = . s
80 | - A mealed Ay S0 g WA B AN 2R, AT RN . e it

Luminous efficacy/(Im-W")

70 ¢
60 r
50
40 +
30
20 - . .
1.00 0.50 0.25
Mole fraction of Ce/Y/%
(b) Luminous efficacy
90
80
70
60
& 50
40 -
—=— As-grown, v=20 mm/h, ¢=0.4 mm
30 —o— As-grown, v=20 mm/h, ¢=0.8 mm
—4— Annealed, v=20 mm/h, d=0.4 mm
20 F —v— Annealed, v=20 mm/h, d=0.8 mm
—— Annealed, v=10 mm/h, =0.8 mm
1 0 1 1 1
1.00 0.50 0.25
Mole fraction of Ce/Y/%

(c) Color rendering index (Ra)
K9 HDS il # ALOYYAG:Ce® I i 5 M 5 45 Wi %e 1) %l
P g0
Fig. 9  Optical properties of AlLOy/YAG:Ce®" eutectic
composite ceramic prepared by HDS!?

HErw HELR 2 Morkdirea s — &
PR BT Ce MRS REANRME, —
BB IS LB PR 2 N REF L. LI
SRR La™*s G AR Y, RBLEAREER La®
M G YAG §ksAZ K, 2540555 /N, AT B

PR REERE T 2R A B 414R, S TR
B R R TR P T RB R Th R, mk
BT, =Ry AP
42 CERIBIURE

RIEHIy Ce™ [R5 A4k I BB AR 2
PEBE. LBAREBARE, RIETOA L2 FE
RIS BN B AR, SRS
Ce™" (A2 0.103 nm) & #e Y* (CE4%4 0.089 nm) 4%
IR, KRB CP T RELIEAL IS YAG
HIIAE, BRAR KGRI . BUAN, S IR B i s
T RE S KN . WS KLU IR
Fiff) Ce 5 2%k B T BCH AR L I b 9 AH B2 Je) B
SN, BN T AR AL, e T IOKREE
38 VR R r Ly 1 R S (R T A 1 5k b B R R 4B
PERY, JEAEFE TR L, 2RI R R
KRB WA 9 i, BidE Ce M IRIKIY 4
%, el s RICHCERM T TR A W B m .
I LL Ce™ 45 2R W B 5 i 45 4615 LED (15t
PR R

W 102~ 10b s, KRS,
Bt Ce™ B4R IE I % , OGS  RWT H %
LA BRI T Y IX i) O X B
43 HBRRAEEWMERNHEEE

B4 LED I, RAFE A IR H#%voE LED
(R e o i DU ORI R SR . I 1la FTULE
PO, R, PR RE S, WOLHE
MR, MNP RRIERO Ce¥ D, #
SRR, et T EOX s AR,



« 718 - CRERR Eh27 40D

J Chin Ceram Soc, 2021, 49(4): 708-722

2021 4F

1.0} A - =12%
1 <e e 1.4%
" -==-1.6%
» 08 | \ --------- 1.8%
e
E 06 \
2 | i
5 1
T 04t
£
o
Z
0.2
0.0 E/ I 1 ~ 5.,»’ M
400 500 600 700

Wavelength/nm

(a) Luminous spectrum of different doping contents

0.8 U
40

0.7 50

0.6 Tt 50
ool
0.5 ‘

80
-

0.4 o

1.6% y 600

1.8% 10
0.3 49) * 4% 630

0.2

0.1

0.0
00 01 02 03 04 05 06 07 08
X

(b) Color coordinates of different doping contents

10 AN Ce 324X WL A6 5 (0 ALz
Fig. 10 Luminescence and color coordinates of different
[50]

doping contents
FEBR AR R AE T, S dmin T 306X, ikl 11b
Fik. fERE4E ALOYYAG:Ce™ 9 A g, 9%
e R, RO, el R RUR YRR
B, W 12a~E 120§l ghah, B 12¢
FW, JEERERE NS kN RGA K ) f, H S AR e
—ERE G, HAREIEHIN ALO; AH S RIS I
o, K AT DUE R T ALOs A5 B2 e &
58 R e O v A R A O 3513 IS 1 LED (RO £ H
P BB A Bl I 5 9O 54 B R R R I Ok R R AR
oo %52 I ALOYYAG:Ce™ 3t i it 5 A
R, BTG A R R, RIeR S L
Vi LN =R N O = B e el T A B /I 3 - P i D S
Fr~ i WS I A s T RO . kA,

S ] 5 [ ER AR I 5t 20 6 53 4 W T T 1) 46 FD 28 2k
EUMERFRNZ B 2 00, ML a e
REMICHER R 2 —

L5 R I Jo8 5 ¢ o't 3 B B L 98 A RHAH
EL, 2 R ALOYYAG:Ce® I3 it H A E A
AR T8 LR RS AT . BRPELF, OWAR
W, O HBAHBEEE S, AR, &S
RAF. m#ACFRAE T, $m 72O R
RICHERE, R T KSR R T B8R
R, g LATR, E R ALOYYAG:Ce'
SO E A M % (~112.80 Im/W) LA & T 45T
Al WLED(~80.00 I/ W) ) & YRR R 57 1) ke s
PR A & —F T K Th 2R O IR I R AR L8 ) 11
WLED.

121
1.0F
0.8
=y
£ 06}
5
0.4}
021
0.0 : : —
400 500 600 700 800
Wavelength/nm
(a) Luminous spectrum with different thickness
0.8
0.7
0.6 \
)(l. mm
03 0.8
EN
0417 ’% 0.5 mm
4 mm
0.3 1 .3 TITIIT
0.2
0.1
0.0 |
00 0.1 02 03 04 05 06 07 0.8
%
(b) Color coordinates with different thickness
Bl 1L AN JEE R o BV 1 R I e 1 5 8 AR A )
Fig. 11  Luminescence and CIE chromaticity diagram of

different thickness™®®



9% LED H5E [kl ALOy/YAG:Ce® 3t i 38 6 5 & M i o ik Jé < 719 -

55 49 B:5 4 ] TS
1 500
iD= 0.40 mm
= Q= 0.20 mm
E 900 - 0.15 mm
=
1]
3
Ag 600 -
g
3
A
300 -
p _
0 -
1 1 1 1 1
0 5 10 15 20 25
Blue laser power density/(W-mm=2)
(a) Luminous flux
200

—_—

wn

(=]
T

Luminous efficacy/(Im-W")
S
IS
T

«D=0.40 mm
50l =@=0.30 mm
=@=0.20 mm
0.15 mm
0 i 1 1 1
0 5 10 15 20 25

Blue laser power density/(W-mm)

(b) Luminous efficacy

_E’]ﬂnn--

250 'C
N\

200

O 1751 0\

B

=

£ 9

E 150 \0

Q

= \0{(3
125 €]

1 1 1 1 1 1
0.20 0.25 0.30 0.35 0.40 0.45
Thickness/mm

(c) Temperature

Bl 12 AR S B Y R A D' 155 0T e R 2 (60% (5T
7340 ALO;)!
Fig. 12 Luminescence and temperature diagram of different
thickness (60% (mass fraction) Al,O;)!'®!

5 ZipfuEg

1990 42 LK, JFE I 7 b gt i35 10 REFA R
(RIJ7 T A JE s 46 3 S I 5 DUAR I W el —F ot

LED. J#ibxf e T2MARIRER S5, 75w
i 2B R AR 56 YRR AT, ALOs/YAG:Ce® S iy
YIS A B DAL S 1) v A e P . il i 5 LA
KRG 1 B s D Ze WLED (B A i)
M . R ALOYYAG:Ce® L B A%
M TGtk i i e A 2 B2 m, JF
e T N RNE L AR AT — 26 ) 0 AR g

1) PLACFI RS 5 586 50 4 W e PRt [ 2 21
i A2 SR B ) S A 1T 5 440 o 78 5 ) [ i R
AL A AR A A0, Tk ] 20 2 B )
TS B A SUES . B S 3t i A
AP, UL BRI R SR S, &
PRV TRCRI MR O E 2, R, 2
— 30 B AN ) B 1] 45 A0 98 6 52 G B B I AR KA
DAKURPIRAS , SO 4120, AR 2 A R
IS5 RIS B, IR R RS A
T 40 R G BRI WA A LB, DA BRI S
P S e 0B 3 i O A B B TR AR S %

2) MDA v, TE AT s ke fg
LR AR AP EAR R HATH R A W&k
RETEROCHRRE S, MART B AR
Mo AT . e, SR PR R R
BRI Ce® AT L0 I RGP 35 2
W, SEELROCRCRE M BB mA g &, T
YR EL R mEM . m R TR ARCE
(=80%) M BAR(=8S) TR, i BRI 9
A EAE N RKIZE . =ik RESY A& WLED )iz M.
(1) B DR 35

3) BURAES PR & B B TR .
K2 WO C IR BAE WLED W rf s
fitt. Hurmig L3RS i G Bos i (LD)
RUR SR e dl sy, EREZOCE AR
B R SRS R OL T, K B E e A [
ALOY/YAG:Ce™ F i 9 6 2 A Wi e 1t TREAL BT,
S B R R B ) B A, A BT
BT ETT R ) TAE .

5% ik

[1] NAKAMURA S, MUKAI T, SENCH M. High-brightness
InGaN/AlGaN double-heterostructure blue-light-emitting diodes[J].
Appl Phys Lett, 1994, 64(13): 1687—1689.

[2] NAKAMURA S. The roles of structural imperfections in InGaN-based
blue light-emitting diodes and laser diodes[J]. Science, 1998,
281(5379): 956-961.

[3] MUKAI T, MORITA D, NAKAMURA S. High-power UV
InGaN/AlGaN double-heterostructure LEDs[J]. J Cryst Growth, 1998,



720 - CREMR £R 2741

J Chin Ceram Soc, 2021, 49(4): 708-722

2021 4

(4]

(3]

(el

(7]

(8]

(9]

[10]

(1]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

[19]

[20]

189/190: 778-781.

DONG Y J, ZHOU G Q, XU J, et al. Color center and charge state
change in Ce:YAG
techniques[J]. J Cryst Growth, 2006, 286(20): 476—480.

SHIMIZU Y, SAKANO K, NOGUCHI Y, et al. Light emitting device

crystals grown by temperature gradient

having a nitride compound semiconductor and a phosphor containing a
garnet fluorescent material[P]. US, US6069440A, 2000.

GAO W G, HU Y S, ZHUANG W D, et al. A novel method for the
synthesis of YAG:Ce phosphor[J]. J Rare Earth, 2009, 27(6): 886—890.
#e4. 1196 LED H RE, Ce:YAG(RE=Pr, Sm, Eu, Gd)¥i 544}
Ml Kot A P BEEE[D]. M N K3, 2011.

HUA Wei. Preparation and characteristics of newly developed rare
erath RE (RE=Pr, Sm, Eu, Gd) co-doped Ce: YAG single crystal
phosphors for white-LED[D]. Wenzhou: Wenzhou University, 2011.
W, JP8. B8 A6 LED FEVA RO IS BE R[], ML A5
&, 2015, 12(381): 12-14.

SHEN Leijun, QIAO Jun. Rare Earth Inform (in Chinese), 2015,
12(381): 12-14.

LAPINA, VICTORIYA A, PERSHUKEVICH, et al. Phosphors and
fluorescent converters in light sources with blue LED crystals[J]. Light
Eng, 2018, 26(1): 105-112.

LI K, PRICE C, GONG Y K, et al. High power yellow green light
source based on laser diode pumped YAG:Ce transparent ceramic[C] //
2017 IEEE High Power Diode Lasers and Systems Conference,
Coventry, 2017:29-30.

LI S X, ZHU Q Q, TANG D M, et al. ALL,O;-YAG:Ce composite
phosphor ceramic: a thermally robust and efficient color converter for
solid state laser lighting[J]. ] Mater Chem C, 2016, 4: 8648—8654.
SONG Y H, KWON S B, JUNG M K, et al. Fabrication design for a
high-quality laser diode-based ceramic converter for a laser headlamp
application[J]. Ceram Int, 2018, 44(1): 1182-1186.

SAKATA S. Light converting parts made from a melt growth
composite[R]. Phosphor Research Society, in: Proceedings of the 314th
Meeting Technical Digest, 2006: 1-7.

SAKATA S, SOLID A. Light conversion member for white LEDs
using eutectic[J]. Ceram Jpn, 2012, 47(3): 139-144.

PUTE . RO AL S RT M), b BRAE AR, 2011:
10-34.

WANG J C, TANG X Y, ZHENG P, et al. Self-thermal management
YAG:Ce-AlLO; color converters enabling high-brightness laser-driven
solid state lighting in a transmissive configuration[J]. J Mater Chem C,
2019, 7: 3901-3908.

SAKATA S, WAKU Y. Ceramic composite material for optical
conversion and use thereof[P]. Europe, EP2497758A2, 2012.
ISHIKAWA T, SAKATA S, MITANI A. Durable, ultra-luminous
structure for incandescent, high-power white-LED[J]. Appl Ceram Tec,
2006, 3(2): 144-149.

LIU Y, ZHANG M F, NIE Y, et al. Growth of YAG:Ce**-AL,O5 cutectic
ceramic by HDS method and its application for white LEDs[J]. J Eur
Ceram Soc, 2017, 37(15): 4931-4937.

IR, TR, XK, SE. WOCXHEE M ALOs/Y3ALO01(YAG)
AN RS K RBITED]. SRR 5 T, 2007, 15(6): 741-745.
SU Haijun, ZHANG Jun, LIU Lin, et al. Mater Sci Technol (in

[21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

311

[32]

[33]

[34]

[33]

[36]

[37]

Chinese), 2007, 15(6): 741-745.

SR, KA, XUBK, & EREE ALOYYAG L ARG
AL GUBRA BARINAL S A K D). £2)m 5530, 2008, 44(4): 457-462.
SU Haijun, ZHANG Jun, LIU Lin, et al. Acta Metall Sin (in Chinese),
2008, 44(4): 457-462.

WAKU Y, NAKAGAWA N, WAKAMOTO T, et al. High-temperature
stability of a unidirectionally solidified

J Mater Sci, 1998, 33(5):

strength and thermal
ALO;/YAG eutectic composite[J].
1217-1225.

LLORCA J, ORERA V M. Directionally solidified eutectic ceramic
oxides[J]. Prog Mater Sci, 2006, 51(6): 711-809.

SAKATA S, MITANI A, SHIMIZU K, et al. Crystallographic
orientation analysis and high temperature strength of melt growth
composite[J]. J Eur Ceram Soc, 2005, 25(8): 1441-1445.

WAKU Y, NAKAGAWA N, WAKAMOTO T, et al. A ductile ceramic
eutectic composite with high strength at 1873K[J]. Nature, 1997, 389:
49-52.

SAIQL, ZHAO Z W, XIA C T, et al. Ce-doped Al,O3-YAG eutectic
and its application for white LEDs[J]. Opt Mater, 2013, 35(12):
2155-2159.

SCHIMID F, VIECHNICKI D. Seeding and growth of large ceramic
eutectic ingots[R]. Conference on In Situ Composites, 1973: 119-125.
M, SR, BERE, 5. Cr' B ALOy-YAG JLMINAEK Kt
IEYERERTST [7]. A LA iRZAaR, 2013, 42(4): 563-566.

SAI Qinglin, XTA Changtai, DI Juqing, et al. J Synth Cryst (in
Chinese), 2013, 42(4): 563-566.

LEE JH, YOSHIKAWA A, FUKUDA T. Growth of MgAl,04/MgO
eutectic  crystals by
characterization[J]. J Eur Ceram Soc, 2005, 25(8): 1351-1354.

FERE. o 8 WO B DX S A B R 0 M e I A 4 5 1k BB [D).
V522 POk ok2E, 2019.

REN Qun. Microstructures and properties of Al,O;-based eutectic

the micro-pulling-down method and its

ceramics prepared by Laser Floating Zone Melting with high
temperature gradient[D]. Xi’an: Northwestern Polytechnical University,
2019.

SAYIR A. Directional solidification of eutectic ceramics|[M]. Oxford
University: Oxford University Press, 1999: 1-7.

MATSON L E, HECHT N. Microstructural stability and mechanical
properties of directionally solidified ALO3/YAG[J]. J Eur Ceram Soc,
1999, 19(13/14): 2487-2501.

VIECHNICHI D, SCHMID F. Eutectic solidification in the system
AlLO3/Y3Al5015[J]. ] Mater Sci, 1969, 4(1): 84-88.

PARLIER M, VALLE R., PERRIERE L,

et al. Potential of

directionally solidified eutectic ceramic
applications[J]. The Onera Journal of Aerospace Lab, 2011(3): 1-13.

AVETISSOV I C, SUKHANOVA E A, KHOMYAKOV AV, et al.

for high temperature

Simulation and crystal growth of CdTe by axial vibration control
technique in Bridgman configuration[J]. J Cryst Growth, 2011, 318(1):
528-532.

HEY, LI Y X, ZHANG H W, et al. Influence of withdrawing speed on
the porous structures of Gasar ingots fabricated by Bridgman
method[J]. J Mater Process Tech, 2017, 245: 106-114.

YOSHIMURA M, SAKATA S, IBA H, et al. Vertical Bridgman growth



549 5 4 1)

T T

10t LED HIGE [ B ALOyYAG:Ce® I dt 9t 44 B BT Uit it .

721 -

(38

[39

[40]

[41

[42

[43

[44]

[45

[46

[47

[48

[49]

[50]

[51]

of ALO3/YAG:Ce melt growth composite[J]. J Cryst Growth, 2015,
416: 100-105.

YOSHIMURA M, SAKATA S, YAMADA S, et al. The growth of
ALO3/YAG:Ce melt growth composite by the vertical Bridgman
technique using an a-axis Al,O; seed[J]. J Cryst Growth, 2015, 427:
16-20.

e B AR A AR RE S P RS ) S T ] AL A R G ) 2
I REE Tl K%, 2018,

NIE Ying. Growth and mechanical properties of alumina-based eutectic

BT 5T [D].

I RV

ceramics by directional solidification merhod [D]. Harbin: Harbin
Institute of Technology, 2018.

SARUKURA N, NAWATA T, ISHIBASHI H, et al. Handbook of
Crystal Growth[M]. 2015: 131-168.

SUMATHI R R, ABROSIMOV N, GRADWOHL K P, et al. Growth of
heavily-doped  germanium crystals  for mid-infrared
applications[J]. J Cryst Growth, 2020, 535: 125490.

ZHENG Z C, SETO T, KIM S H, et al. A first-principle model of

single

300 mm Czochralski single-crystal Si production process for predicting
crystal radius and crystal growth rate[J]. J Cryst Growth, 2018, 492:
105-113.

OLIETE P B, PEA J I, LARREA A, et al.
nanofibrillar AL,O3;-YAG-YSZ eutectics[J]. Adv Mater, 2007, 19(17):
2313-2318.

ZHANG Y Y, CUI K K, FU T, et al. Synthesis WSi, coating on W

Ultra-high-strength

substrate by HDS method with various deposition times[J]. Appl Surf
Sci, 2020, 511: 145551.

LIU Y, WANG T, NIE Y, et al. Microstructures, optical properties and
application in WLEDs of large size YAG:Ce*"-Al,0; eutectic grown by
HDS method[J]. J Alloys Compd, 2019, 782: 348-354.

HKIE. 16 LED il YAG:Ce™ -Al 05 Fe TR 5 i 5EfE A=
K5 HEREDIFTD]. MRV MR TR, 2015.

ZHANG Jin. Research on growth and performance of YAG:Ce3+—A1203
eutectic fluorescent material in WLED by HDS method[D]. Harbin:
Harbin Institute of Technology, 2015.

LIU Y, ZHANG M F, NIE Y, et al. Microstructures and mechanical
of ALOyYAG:Ce™ ce**
concentrations grown by HDS method[J]. J Alloys Compd, 2020, 816:
152515.

Wz, B, IR, 5. U RIE AR BOR B A R
PR ThEER KL 2007, 38(A10): 4036-4039.

WU Anhua, SHEN Hui, XU Jiayue, et al. J Funct Mater (in Chinese),
2007, 38(A10): 4036-4039.

Tl ALOY YAG AL Kl . LS HEREDTFI[D]. TLK:
[ B2 e < BT LT, 2016.

WANG Xu. Preparation, microstructure and properties of directionally

properties eutectic with  different

solidified A1,O3/YAG eutectic single crystal[D]. Shenyang: Institute of
Metal Research, 2016.

SAT Q L, XIA C T. Tunable colorimetric performance of
ALOs-YAG:Ce™ eutectic crystal by Ce®" concentration[J]. J Lumin,
2017, 186: 68-71.

BED, W, BRI, 5. (YoseCeoo1Gd)ALsO-ALO; FEihIH A
KFIPEBEITFT[I]. A AR, 2014, 43(6): 1356-1360.

LV Zhengyong, SHI Ying, YING Lugqiao, et al. J Synth Cryst (in

[52]

[53]

[54]

[53]

[56]

[57]

[58]

[59]

[60]

[61]

[62]

[63]

[64]

[65]

[66

Chinese), 2014, 43(6): 1356-1360.

YOON D H, YONENAGA I, FUKUDA T, et al. Crystal growth of
dislocation-free LiNbO; single crystals by micro pulling down
method[J]. J Cryst Growth, 1994, 142(3/4): 339-343.

BENAMARA O, CHERIF M, DUFFAR T, et al. Microstructure and
crystallography of Al,03/Y3Al50,,/ZrO; ternary eutectic oxide grown
by the micropulling down technique[J]. J Cryst Growth, 2015, 429: 27-34.
SIMURA R, TANIUCHI T, SUGIYAMA K, et al. Textural and optical
properties of Ce-doped YAG/AL,O3 melt growth composite grown by
Micro-Pulling-Down method[J]. High Temp Mat Pr-isr, 2017.
GASSON D.B, COCKAYNE B. Oxide crystal growth using gas
lasers[J]. J Mater Sci, 1970, 5(2): 100—104.

SONG K, ZHANG J, LIU L. An ALO;j/Y3Als01, eutectic
nanocomposite rapidly solidified by a new method: Liquid-metal
quenching[J]. Scripta Mater, 2014, 92: 39-42.

SU H J, LIU Y, REN Q, et al. Distribution control and formation
mechanism  of gas inclusions in directionally solidified
Al O3-Er;Als01,-ZrO; ternary eutectic ceramic by laser floating zone
melting[J]. J Mater Sci Technol, 2021, 66: 21-27.

Bolulee, WiE, 5KE, & FRUIAMEEER RUErE. Hlg T
Z LR R Eﬁmﬁiﬁm. RER EE449R, 2018, 46(9): 1263-1272.
FAN Guangrao, SU Haijun, ZHANG Jun, et al. J Chin Ceram Soc,
2018, 46(9): 1263-1272.

T4 RERHMIEIE 26 FDE LED B YAG:Ce*'/R(R=Pr**,Cr*" 78t
B BTFI[D]. AR BRI KA 2K % B Y BRI ST,
2011.
WANG Lei. Study on energy transfer modified YAG:Ce®/R
(R=Pr**,Cr’") phosphors for use in high color rendering white
LEDs[D]. Changchun: Changchun Institute of Optics, Fine Mechanics
and Physics, 2011.
KM, A

Rl A, 2014,
JACOBS R R, KRUPKE W F, WEBER M J. Measurement of

L S H A BN RO R R MY, ARG

excited-state-absorption loss for Ce** in Y3Als0), and implications for

tunable 5d—4f rare-earth lasers[J]. Appl Phys Lett, 1978, 33(5):
410412.

FRHOK, TR YL EHDGEOH B S A M]. Jbat: A2z Dkl
JRAL, 2005.

KEWE. 196 LED i YAG:Ce %
2006.

SONG Chunxiao. Development of YAG:Ce phosphor for white
LEDI[D]. Xiamen: Xiamen University, 2006.

EPELBAUM B M, YOSHIKAWA A, SHIMAMURA K, et al.

JCHRIBTHID]. BT TR

Microstructure of AlLO3/Y3AlsOy, eutectic fibers grown by p-PD
method[J]. J Cryst Growth, 1999, 198/199(Part 1): 471-475.

KIM Y, KIM S, IPBAL F, et al. Effect of transmittance on
luminescence properties of phosphor-in-glass for LED packaging[J].
Opt Express, 2015, 23(3): 43-50.

HHEE. FO6 LED FZOUM B Sl & EEREDTFLD]. A5 A8
BT R, 2006.

HAO Haitao. Research on synthesis and luminescence performance of
white-light LED-used fluorescent materials[D]. Taiyuan: Taiyuan

University of Technology, 2006.



. 722 - CTERR ER 2540 J Chin Ceram Soc, 2021, 49(4): 708-722 2021 4E

[67] LIU Z H, LI S X, HUANG Y H, et al. Composite ceramic with high [69] KONG L, GAN S C, HONG G Y, et al. Relationship between crystal
saturation input powder in solid-state laser lighting: Microstructure, structure and luminescence properties of (Yo.o6.Ln,Ce4)3A15012
properties, and luminous emittances[J]. Ceram Int, 2018, 44(16): (Ln=Gd, La, Lu) phosphors[J]. J Rare Earth, 2007, 25(6): 692—696.
20232-20238. [70] WANG W D, TANG J K, HUS S T, et al. Energy transfer and enriched

[68] BAHTFE, VLIEfE. KIEFIE R H % LED H YAG:Ce 56 P & it emission spectrum in Cr and Ce co-doped Y3Als0p, yellow
L HPERE[T]. HERR #h %31, 2018, 46(7): 987-993. phosphors[J]. Chem Phys Lett, 2008, 457(1/3): 103-105.

ZHAO Qiancheng, JIANG Guojian. J Chin Ceram Soc, 2018, 46(7): [71] RONDA C R. Luminescence: from theory to applications[R]. America:

987-993. John Wiley and Sons, 2007.



