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Abstract: As compared with single crystals, transparent ceramics have advantages of simple processing and cost-effectiveness, as
the phosphors of next generation solid state lighting. Also, transparent ceramics are superior to glass-based phosphors, due to their
stronger mechanical properties, higher heat dissipation capacity, higher conversion efficiency and more available color
adjustments. Currently, cerium-doped yttrium aluminum garnets have been the most widely studied as the solid state phosphors,
although there are other types of materials, such as oxides (such as spinel) and fluorites (such as CaF,). This paper is aimed to
offer a brief introduction on transparent ceramics in the applications of solid-state lighting. Starting from the factors that have
strong influence on the luminescence performance of transparent ceramics, the effects of ion doping and second phase on the
current solid state phosphors will be overviewed, while the development trend of transparent ceramic phosphors is also
prospected. It is strongly believed that, with appropriate modifications, transparent ceramics should be promising candidates as
solid state phosphors for next generation lighting and display technologies.

Key words: transparent ceramics; LED; solid state phosphors; LD; color rendering index; correlated color temperature; luminous

efficacy; thermal management

Wi HE: 20200911, BITHHEE: 2020-10-09, Received date: 2020—09—11. Revised date: 2020—10—09.
EEWH: LA E SRR H (20192ACB80007, 20192ACB- Correspondent author: KONG Lingbing (1963-), Male, Ph.D.,
80004, 20201BBES1011); TRYIFEAR K251 o =5 A A W B RN BY Professor.

BRI H (2019010801002); IRIIFEAR K 2-JA shiff 5t 4:9%(2018).  E-mail: konglingbing@sztu.edu.cn

FEBRREAN: fLA1E01963-), 5, 1, 24z,



- 22

2021 £ 2 A

e

0 3l

BfiE B IR AR B, 5 EA RS 2 T 0K
PR E, BHET, &G4 (Light Emitting Diode,
LED)E A CL &AM, T — 10K EZERpt—
P24 (Laser Diode, LD). #— 3 LED & i
s FOF R 4B 2 2 BB A I A (Ce:Y;3AL0,,
Ce:YAG)ZI M BFREM Ly, Hrf, Ce:YAG %4t
By o BE PR EA S Rk R U (A MU B Ak
R AR 22, VR — B 0.1 W/m'K
0.4 W/m-KP1, PRSI N S AR K A
W, R REY RAE R, W5
BRCR 2 RF M, B T A it [R NpARO®
SEUCE R E R, KBRS T HAE KT
ROEseEESEHB N, Rk, B B
WA B s . B el B - P s PV S b R R R T
WY, WA Eu i BaGdFs Ik 5 b s Jt 4
M LED BOTEAE & WOCUOe AR sk,
Y 35 8 B 3 - B B 1) A R D2 M BRI AN 8 B
U S H i T AT R A IR, XELLER
ILABOR R, BN R R KBRS T
M S94h, BEESIELTRAY S T RE R S T RN
RIS P M 1D B} LED (S 4541,
HFEAL KNG SRR . B SRS A B L
KEF BRI F AR, SEOCRIGCER
o MHEZ T, B LM R R EA R0 S
PERER &R, T EH SRR S . AR R
WA, PR, BT3RS, Mol 2T
— {1 25 R A B A AR

175 W B % bR A AR Y AR A AL RS
LR AT B A FE ALOs . MgO. Y,05, YAG
&, Hb, B2 A A s g R B R
) FRCR K W TAE By, 158 7T Z i
x5 2008 4F, DL Ce:YAG 7 BH B AR5t
A A0 & S (WLED) [ i, R 2T
Ce*' 1) 4f — 5d, Fl 4f — 5d, BT, 7E 340 nm F1
440 nm-470 nm BT BN W AT, T 5d; —4f
() BRI 2 B HE S AR A 8 (0 8 B, G A AN
4G TE R T . W LI AR A g g o)
fI45 AIN, ZnS. ZnSe. MgF, fil CaF, %%, 5%k
YriE BB AR E RS AR a5 B B 1 RUR A R
PEAE TR PR . RIS m L, MifilE T LR
SRARXTES R o 538, # 1 4824% Sialon B9 % (B SizNy
- ALO; K[ % )2 w1 LLHIVE 6], H
Sialon P %e i B BEAK . 2 JGRCRAR, I LAFH R (R4

BH DI

BT LRSS, EWIR RS S T AR
SRR Z R Fob, R Bl & 07 ik e
AR . APl . I IR-BEIRE . RS
Gk KERIEAE ;s PR RS T I AR IR RS |
I Ibed | HASBRAS | KAESF B TIR(SPS)BE4S |
OB A A SO B WM e 0 PR R
ZER TR HO AR RE R B R AL, Hoh,
Z B (R T S IR B2 X 375 W] Bl e A R ROk
RE 19 B2 1 f5e o0 WA

1 AheFmRE %

HORHME A 1993 AL T InGaN HEiE (A %
Jt, MR T LED #iéiit. #tHl Ce:YAG
S5t i #0721, B WLED %k
i, WLED HAHE. 3G, RBUN, Bk
R P03 A A R R T O 2SOk
JEPH, (XAl WLED 7EARHLI A 23R8 mak
B, UL B RI, FRHSCR T RE, DA A
PIBRAS G i . X —[m)8nT D LD Pk
il

WOCTr v R AF . RIS, "] IR KRR
JE EpNGS AR, W/ NEAR ) LD BOmSEN .
FZs |, BONEZRE, LD fihI%Rk, &
SPsE ey, AT LURIAE R I B, anok AR 2w
BT Audi AL VR4RULE I T HOEKAT, BBk
JERR T 10 £, #EdiE, 4 GaN £& LD 23 el
HERY GaAs JE LD AYHDCHALCR(~70%)0), KOt
FOR A T REIAE] 200 Im/W AP B LD Bk
oot aE, Watkiei 2, PR IEES iR
mHAOEPERE, W Balei ZDDR A 455 nm A
LD #4% 1 CRI 2 80 ML, #eAh, o1 LD s
R EDEIIRER, PENRERE, SREEO0
R BB, LML DOtk -RE M E G4
NI AR R N LS A TR i RS
HIHEHERE BAT, B AE LD [8 25 IR I 458 2032
A o

FOCYERERT LA & A S 80 LARAE, 45
{6,388 (Color Rendering Index, CRI), KEHCE.
6,4k B (Chromaticity Coordinate, CIE), A2 (4R
(Correlated Color Temperature, CCT) ., ‘TR,
CRI EH#iOLEX YA A BB RIS —1Z
B, HAUEAE 0-100 Z[A], Hhig FoRUE, KGR
CRI 4 100, JFlL, CRI{H#K, 7E0] WG Gk



£42% E1H il F %:. SHEREEESRATHNAER -23-

Iy AR RIS i KBRS, AR R
FTRIZENET (K CRI 5 (> 90), 1HHGEEAb 3 F A4
fiX, eI REIRTR 9% . A E 25T,
IR RE R G T BT AE Y 20%09), S ar
DA S HR0R B R D RR IR IS AE I CO, HE
i, XX RIRE S SR B EEMEH . &
JERCE G NIRA &, AHR AT W% 1) 3 K 1 FlL e
380 nm-780 nm Z [H], HiHr, XF 555 nm &k
AU Yao 2 APTHIE 9 LD AE] T 223 Im/W
(56305 Liu 25 AP LED %060k
REN T 387.5 Im/W, X HETHGE iR, CIE
FH PR b e v & e, BRI EXS B ) CIE
EME—, FOERIS CIE (033, 0.33)P71, i
CCT AR HMAMBEHEZ 5, AR CCT M#H G
HFEARRESA. B, ReERmd, EhEda
RZMEERNEE, CCT ERM, H 2700
K-3200 KU1 fifi A Sh ik ABEIRAR S 5 Wi 7E 55
il i 2 I 5600 K I H DG

2 BUMERFEG YR E

P DR IR =R, — S ANUV)K
LR, BTIRAS BT CRI 5, H
ThA T WSO Beim AR B B AL, S EUA
ARERAFEBOR, SRR 28 A2
B 5 EISEMEE A, AR, K
TR« AR, (H PR 5 — I 2 CRI I

B, & SR NAS, HOGEILEE
& T HANTT UGB, CRI B, AR Z bR =5
AR S FE CCT AFaE Fhl B 4
RAHORA
21 BEETFWMEMKE

HAT, FES &R 20 A1
£, HhREREZAE Ce: YAG BWME ., 546,
WA DI IS R G T AR A (MgALO,) . HEi A
(CaF,). AL%2(Y-05)F0 Sialon FHEE1 . ZEGH L
FB s+ EEA C . Gd¥'. Mn*, T,
Dy3+\ Pr. Cu”™%%, BB TR B2
S0 A PR B R OETERE, BB AR AT RO
PERER EEIRE,
2.1.1 A5 B

AR5 B RSO B EEAEE Ce:YAG
MHALE FBRNARA, £ 152 T IS
A P e ) &5 IR RS 8L, AT LU TE Ce 8
ZRIFERE I, HEZHHRE TEBAT Gd Bk
H4K CRI FIeks8 CIE; i FH 2 1 b S il 45 ik
e [EVHH S 5 & BLAS Be 1k (VS) , X Bl i e il
H ARG RAWDEGE B CIE BEiEiL
(0.33,0.33), CRIFHmHAk; w1520 U T 1)
HRBZL, HAETM RS SRS EC 0 SBM:,
2T R TR AN 156 BH 25 115 44 Fh SRR 3 X g o 75
HA B 2 B2 . Hu 25 N VSR AR B v vk bl 45 T
A Ce BRI Ce:YAG EWIM%, HIE
T AR Ce® B vk R e OB R

® 1 ERBERAEMARERE

Tab. 1 Performances of transparent ceramics

Ceramics Doping ion Preparation CCT /K CIE /(x, y) CRI
Ce:YAG™! ce* Solid state reaction / (0.3356, 0.3785) 61.6
Ce:YAG™! ce*t Coprecipitation 4144 / /
Ce: YAGH Cce* Tape casting (VS) / (0.3378, 0.3851) /

Ce, Cu:YAGE” ce*, cu®* Solid state reaction 5050 (0.3335, 0.3412) /
Ce, Mn, Si:YAGH” Ce**, Mn?", Si** Solid state reaction 3152 (0.4740, 0.5070) /
Ce ,Cr, Pr:YAG!Y ce*t, o', prt Solid state reaction (VS) / (0.3500, 0.4000) 78.0

Ce:(Y, Gd)AG™® ce*t, Gd* Solid state reaction (VS) 3714 / 67.2
Ce:(Y, GA)AGH! ce*, Gd** Solid state reaction (VS) / (0.3286, 0.3388) /
Ce:(Y, Gd)AGPY ce*t, Gd* Solid state reaction / (0.3566, 0.3562) /
Dy:YAGD! Dy** Coprecipitation / (0.3300, 0.3500) /
Dy:YAGPY Dy** Solid state reaction (VS) 4137 (0.3647, 0.3299) /
(Ce:GGAG)P? Ce*", Gd*, Ga** Solid state reaction 3053 / 78.9
Ce:LuAGP? ce*t Tape casting (VS) 4789 (0.3755, 0.5483) 55.8
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Fig. 3 (a) Far field emission modes of the white LED devices assembled with Ce:(Y, Gd)AG transparent ceramics.
(b) Temperature field distribution of the LED devices packaged with ceramics (24 at.% Gd*") sintered at 1770 °C
after irradiation for 60 s °%
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& e Li 2 UC i Y AR s 0 vk 45 T
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Fyat e nT 4G 2 e vk i DG Y 2T i
PUET 2HI45 T 0.2 at.%-5.0 at. %) Pr' 484 CaF,
%5 B 76 496 nm(#5 28 5)F 656 nm(ZL ) FH

PN RG2S LT Pr B T PPy — Hy I
Py — *Fy BRIT o Lu 25146 T Bu:Y ) gLag 05 5
B %, H 466 nm [OEIEFEMET, &%) 613 nm
LT, Sun 2B 4 T (PryYoolag 1),0;5 (X = 0.5
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TE 246 nm UV FA ik N IEE A ST, 78 470 nm i
Jt(GalnN F)HUAk A B2 & 3t
22 EBE

TF 53 UE BH P 3% D5 B X6 & s R . CIE FiI
CCTY %O SUAEZ WA oM . Liu 2507 5% 1 [ AR B
T CeYAG BWIFY, I CRUR RN,
J B i AR JELREE (0.2 mm, 0.3 mm, 0.5 mm, 0.8
mm, 1.5 mm), A] DREE & GER A PG 38 2 g
FOG: JREEN 0.2 mm IRES B8 ARG JREE
KT T 0.8 mm FE S IR FG, X S5EH
LED (#55#)49(0.32, 0.33)CIE A5 2500, 1 2
B o 540, PL GRS 7R TE 460 nm BT & S5 A
5o B VSR RGN 8/, THIFE 535 nm BT
55 JIE A S A o S R A i O RE R AT
T, FEHE OGS 12 min /5, B9 LED A3
TR 5 165 °C, 0.5 mm JERE G M E 2 K
150 °C, 1fij 1.5 mm JEAF 5 2 i B AR 135 °C,
U PR A R JEE B P S BBCRARCR Ay, (R R KR
JE S B i aE I, B, TR B 5
1S LED sk fe .

*®2 FARAEEH#RANE LR
Tab. 2 Color coordinates of the samples with
different thicknesses ")

Thickness /mm Color coordinate /(X, y)

0.2 (0.29, 0.31)
0.3 (0.29, 0.34)
0.5 (0.35, 0.38)
0.8 (0.36, 0.43)
1.5 (0.39, 0.49)
# (0.32,0.33)

1o B 358 UH 1 7 S A T A E 628 35 i o K A R
B, IR B Z G E T, B AR ot
AR ORCREY ) Lin 2658004 T = REm Y 2
at.% Ce:GGAG % & , WF5T W= FESh 7E 460 nm
AL FWHM 298 90 nm, H &k bR
BT SUR 5, #8858 U A T Ce:GGAG
75 B B st . MR 0.4 mm 34 E]
1.0 mm I}, CCT M 2882 K [%% 2794 K, Hir,
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0.8 mm J5£575 B P & () i B 2098 Im, & ERCR
K 387.5 Im/W, X2 H FTHRIE 1) 5 = (o
23 1R

T 375 BH PR B 2 AT RE P 5 1S —AH T LA
T, R ROERCR A ERE . a0
ALO;-YAG:Ce & A AH:i% I B e il 78 K T3/ RilfE
D5 A TR RS RT S, Li 2R A R A
(0.1 mm)7E 45 W S YR AHOCIRE T, AT
5200 K [ CCT 12000 Im fy5¢iE . Zhao 2%
i PR IE I T m IR ALOs-YAG:Ce & 5 R
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BT CeYAG KA (0.1 W/m-K-0.4 W/m-K)Fl
Ce:YAG F%:(9.6 W/m-K)!'; fdi IR Th 1141
LED & H (1 mm x 1 mm)E )5, 4T 639 Im
(4 e Y i, T VAR KT RS (4 700 1m 1,
XCHE T AL WLED (/AL

Tang % BY% Ce:YAG B MG HEI AT
a-ALOs fH, Hrf, ALO; W EAEHN 2 pym-3 pm,
Ce:YAG Ak ik R5F 5 um-15 pm, #1158 & FEE /R
Foh 0.65 1 AL O3 / YAG i85 B P % AE 452.6 nm )
WEOGER T I CCT 2N 5585 K 41K 5(a) s, ALOs
SR i 2 B A B B P ARG T e, AT
HOmMEESE M ILE s WKL Sy LLE
ALO;-Ce:YAG B 5 11 25 a6 1R 4548 Ty [l A ek
A, NI TR, XU YAG Sk
AL O3 FIUREL I /N 43 AT 565 B X B S 26 S b 119
TRCRF R KB, AlLOs-Ce:YAG 3 W P % it
SRT LA S OGHRIUROR , (H 2l AR B 25 T B TR AH
RO s O N=I=F T & K A AT p AN P52
Tang 55 X JMA MgO A Sk )ROT RS & GO0
ZER85 ) XRD &4 oA WS F 37 7 MgAl Oy FIsT
77 YAG HUEREI ; SEM 7 MgALO4-Ce: YAG &
BRI ST Ce:YAG MR K, X 2EHT
Y,0; il MgO 5 ALO; INZE G4, H MgO
SHEBEEAESYS ALO; A sk R T K
MgALO,; MgALO4-Ce:YAG it K & R e T
ALO;3-Ce:YAG P . Tang %NATE Ce, Pr:YAG
B TIMA ALO; 1E M5 ZARATHE 4 N I
SRR, B ALO; RGN, KICRCRIH T
B, fREZERJE CRI JFEA TH, XEMHGIA
ALOs VENEE —AIARLIEM YAG A Pt Al Ce®*
BT o ALO5-Ce, Pr:YAG 175 BH P 2 X I i R AR
AR WLED 26K A8

B 5 (a) Ce’ X5 AR UL FREE HAE A FN(b) EEBRA Ce:
YAG BEHEFEH ALO; FAIH Ce:YAG BEHHY S L,
R M oc =33 ° B
Fig. 5 (a) Absorption and conversion of blue light of Ce*”,
(b) Light travelling behaviors in Ce:YAG and Al,O3
containing Ce:YAG (&c = 33 °) [

Shen Z:VRI ] SPS HARTEAE] 4 h (ki
S T MR A LE] MgALO,s-Ce:YAG 1% B
THMES ., 5 CeYAG K&, MgALO,
Ce:YAG i3 W Fi % YAG FIl MgALO4 #5257 )5,
WA AACERA, A EIL AR AR Y P B HLAA T
(3 GBI A, IF BB T A 7= A
RSB T & S €2 T 3

11T CaFy B 05 (007 P B VR v 0 3
SR Gu B L WO Ce: YAG BRI A T
ARG CaF, BE SR, HIEILTE 700 °CHY
MR be s iR Fhl G T ESMBHE g, TR
KIAE 465 nm AT, HA PR H AL
Ce™ BT 5d, —4f LG, WE(EA T 552 nm 4k,
X RBPLE R Ce™ B 1 A Bl ) PR 55 B AT ik 2E |, CaF,
A X Ce:YAG W) EIEAT A= HEsgm . 1ok,
M 15 CaF,-YAG:Ce i B B & 19 N = FR0R N
83.2%, Lt Ce:YAG ¥y A BN & F30°%(99.5%) A I
TR, XATHET Ce:YAG HYVEREW/N, %k
FEMRE Maxwell Garnett A5 7510550 1 42 45 Flg
IR 9.46 W/m-K, XA RLEAR T 5 i
M RICEER, Hoh, MR EIEHIG PL SR JEKE
FIWUEME, XFEHW CaFy-YAG:Ce 7GR G EA
e B IR E T
24 FHREFLEE

75 W Pl 8 v 0 R A FLBR 23 R 9 & 6 PL Y
B G, 2L SR I, R
RENHCE, 1 /D ALK 5 2O A SHE i
Wb, A A IE L BRR A RE A RO N S 1 Wl
R AN, FLBRECE >, OF BB 0 ECAE R
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AL LB B R SRR A IR E A OG, L
AT LA3E o 4 ] o 45 ik B Ok O 45 3% W B K 1) ROt
PEAEP,

Wagner Z:P27E 1300 °CHa45 #1145 T Ce: YAG 5
A B e, 3R 75 BH P 5 7E 530 nm(4R 85 (056 ) AL 1035
HHGEE T 82%, FLBRRHA 0.008%. Liu %5
¥ Ce:YAG AEBRFEEZS FF 1650 °C. 1700 °CHI
1750 °CHe%t 5 hifil & T Ce:YAG &M, L
WE R BN, BERGRE WIS, BTN
FLBRFEAR, HAE 600 nm LbpydEidFishn, 4
1650 °CHI 1750 °CHE4EkE & Ay & S5 B /N T
1700 °CHELEHIRES, VLRAAAE IS S C U O
FE S A G BOh I It §EC R Wk, PR L
o, FEESSLBIE A, MBS, kb
XPEHIM M, B 6 BAE MR IEE S ME, #F
HFIFE] A 1800 55 1650 °C. 1700 °C. 1750 °CHe4k
FE i 197 A5 W6 5350 S 144.6 °C . 137.1 °CHlI
126.8 °C, J=H= X i B4 114 Jir PRS2 5 B B L BRI AIG
T BB B A . 8 B R AN ) AR AR LB
FHEL CIE W kA2 b, HPTE 1750 °Che4h
F14) 325 B ) 5 ' B T [ B 11
25 BALRST

TE37 WP B e RR R, ok RSPt ok
R MPLTE K VLA EE 0, Wen 2D
24.75 W % OGBS A AN [F] R R (6 pm, 9
um 1 36 um)i1Y Ce:YAG EWIF %, 455K, &
FR BRI SRR ST BB TR oG
FLA B SRR ST 114385 B B s ASASO0) ' o L 3%
I, I HA S A R ERCR (R ST N 6 pm 3
KZE 36 pm, KICHCEEMN 213.02 Im/W 3|
309.81 Im/W), X & TAEU/NMY MR R S 2 E L
) R A (R ARG RE), SRR R, (A5 M A b ak
i o JE) [ ORI . SR IR 9 T HE AN [F]
b RT 254, PL i B R E AR . 76 460

nm WA T, BEERETE, &I
%, E AR SE R 6 pm 9 um F1 36 pm AYRE S,
RETIREE IR T 21%. 19%H1 15%, K4k
175 B B 8 IR MR AR/, 3 3R BH R b e 375 B Pl e 30
AT AT R PO

2.6 FEMARE

75 WY e Y85 119 2 TEHELRS B2 (Ra) 23 % PL PR REFRST
TR B, Wagner Z5P°75% ) SPS B2
25144 T FH Ra MHUKFEENFOKD (B0 nm-1570
nm)[¥) Ce:YAG B . HEf—MAAEE SiC
AR AT (PRI EE & 120 320, 600, 1200,
2500, 4000, 3SR RN 4 A DX 3k A0 0 45
BUE A AL S D4R A OB A, 7= AR B G FR T
FLHCEND, 4455 T 1570 nm ., 840 nm., 530 nm,
260 nm. 122 nm. 30 nm Z& 1) Ra, o X FE L
AT %3] Ra BB BRI, XFh 70 v] LIS
HE Ra X8 R P OB IS 0 . PL 45 SR A
K7 fizs, ATRITEZEME S, Ra 3N PL Y
SREE R AVEANR, PL 4 [RIESE AN W, X3
T B Y B 26 TR BN Zhu 2502 AR 4 18 St
REHL BEA I FARE RIS N T Ce:YAG 5 FH P %11
R, 15 % FEF B R T BB TE K,
ffiny LED myFMEFRCREER T 100%. XFiE
J7 R AR SAAE T 0T LAREAR A, o] LAFEAE P i 72
.

Zhang ZE U R AE L1485 T Ce: YAG Y- 1 i3
HIBE R, SR 1 P et s RN e LA AR AR AN (] A J5
BE M 451 7E 600 nm P AL, WUH i YEARE 5
FBE SRR 80.1%; FRIAIMEHES HAL 10%
ML, AR LT RAERR . X T
PATHI IS AR S, YA ST RURE TR, A AR
() & 5 5 B I AR, — 7 TR R R T
TSR T X ASOCRAER, O3 — T PO G
M TR SCR i 2 Y A S T ARLRS TR

6 (a) 1650 °C, (b) 1700 °CH1 (c) 1750 °CELEHY Ce®': YAG BB E F $1% WLED REHIEEH 7Y
Fig. 6 Surface temperature field distribution of the WLEDs with Ce*":YAG transparent ceramics sintered at different
temperatures: (a) 1650 °C, (b) 1700 °C and (c) 1750 °C ©**!
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7 AEIREEREE Ce:YAG HMmAE) PL Z &1L, HBE
BRTHEBEB 460 nm & LED TREKHERIMRT
Fig. 7 PL emission spectra of the Ce:YAG ceramics with
different surface roughness. The insert shows sample

appearances when placed on top of a commercial
460 nm blue LED 7

FS5) SRR [A0 174 0 25 4 P RO AN, SR
Bt BB SCBORIREAR . TR SRR AR 2
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4N ISRV o SE B 45 TR B 7R 0.8 mm JE ) Ce: YAG
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