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Fig. 1 (a) Schematic diagram of high-power LEDs; (b) COB light source encapsulated by phosphor ceramic; (c) Football field

lighting and (d) Port lighting
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Fig.2 Schematic diagram of garnet crystal structure
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(b) Photoluminescent spectra

(c) Actual lighting of the YLuAG:Ce green-emitting ceramic
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Fig. 4 (a) Transmittance spectra; (b) Photoluminescent spectra under the excitation 450 nm blue light and (c) Actual lighting of the

YLuAG:Ce green-emitting ceramic®
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[22]



< 1028 - CREFR Eh22 4D

J Chin Ceram Soc, 2024, 52(3): 1023-1042

2024 4£

R Mg> —Si" B PRl g B AP —AL, (HE
BT B TR R A B R, S2br B Mg™ —si*
(15 LS BUARRT 2. N T AT Mg® —Si* A
L, JH R BRI A 4 0 i % T MYASG:Ce
YMASG:Ce W :F'&, #id Rietveld ¥51&. Raman
el R HHERE R BRSO i T, AN
e 39 K 2T R ML ER RS R SR 2E T Mg™ fE Y /0 AP
HAEAERY, HX R, YAG:Ce (2 115 nm)PEg
LuAG:Ce (£ 99 nm)!15¢ e P 2 1) 2 06 55 50/, AR
TAMEL SRSy, IEERNFR T RAEERE
T (U8 55 >130 nm) (A A8 A df PR AL L K 9%

Bl Mg %, Ll Gd;AlGaOp,:Ce’” (GAGG:Ce)
Gd3Sc,ALO:Ce®” (GSAG:Ce) « (Tb, Gd);AlsOy,
(TGAG:Ce)** Y, & 5d~[&l 5f Frax, VLI )18
RS BEIREH T GAGG:Ce 7tl%, g
IR 133~137nm, A RKME T 400 RS 0%
FRG, WHEIAH] 78.9, YRk 58.90 Im/W*,
22 HBEZABFERENXL

JUE R SR 3 A A5 W K 20 RE 1 5 105 kb
PELT IRy, D I L F R A o 2 s b B
BUGE, (HREAVCMER RIEIEAMT 80, AL
W A% LED/LD R, Sl AgJEEE T
600~700 nm LK Bk R . R, BFFEN B H
T AR IS B T ORAMEL S
R E 4 e Pty Mn?'. Sm’", (Hixit
B DU R, RO E R EORIET
Ce™ e ik

Ji 26 B R R AH SR FH L[] AH R A A%
YAG:Ce, Cri&EH 56l %, £ Ce’ 534nm K HT4H,
M CrY 677, 688, 706 nm Al 725 nm 5L
WE, MYt LED &8 R, (4 65.0-72.0)A1 Ry (4
—90.0—50.0) ] S TF, BRI Ce” AU E B
T, FANBESE T, BT e —Cr it BEK
MR, JeRO™ B A 35.04 Im/W), %R
¥ Cr BN Pr 4 T YAG:Ce, Pr 861 %, Pr’
AMET 609 nm 1 637 nm £, [ Pritk ST
W, BIRRTIAI R (R,=60.6~66.9) L S FOLRL T
B%(70.00—50.30 Im/W)Z), $REBHE YAG:Ce
ks P O, B B T R R e
M2 600~700 nm ZL0GE, ¥ T LED #2%, 3%
57 5248 78.0 FIYE2 89.30 Imy/W 15 b i (196127
JE A AR AL R B Mn® 72 590 nm AT 750 nm 2056 58
WEARAE A S, B2 [ M Be VL6145 T YAG:Ce, Mn
R 98 E, B3R LED $R13HE A E(CCT=

3723 K) HOGRGE 96.54 1m/W,  [GJIsy SR IR e A+
FLA[E AR LS H] 4% 10 YAG:Ce, Mn %P4 SARIA
F) 74.0%1, FET YAG:Ce, Cr. YAG:Ce, Pr, Cr %%
PIME, YAG:Ce, Mn ¢ J6P &R I H B U R G
. W 6a~F 6¢, K SRR LE A Mn® 5 I AT
PR I KRR B, IRIE T R — 4 AR
YAG:Ce, Mn, Pr %W, 6k 0458 102.2 nm,
M T LED $f%¢, H R 45 =ik 84.4, )24 28.70 Im/W
REAEPO, PR EALE YAG:Ce 9t H & 155
Mn* Al Cr**, Wit Ce >Mn* Hl Ce¥ —Cr XA &
FERSIMIE, FIFH Mn® A Cr M4, AR, '
RAL R I 25 N ERBURFZ R, YAG:Ce, Mn, Cr %%
M e A8 75,381,

YAG:Ce PRSI ANANE T, fEHE—EMm
PG, RARFNRSES RS, HELEE
FHEB BRSO, IR T YAG:Ce 6
BERIECTIRIET 230 N T IRk, AT i s
Ce™ RTIEER BI TSR Br. 5K R IR AL AN 5K I i
R4y 5 Cr AT Sm®/Mn® [ VA i LuAG:Ce 79
W&, #4147 LuAG:Ce, Cr 1 LuAG:Ce, Sm, Mn 75
LI I AL () e = T S
LuAG:0.02Ce, yMn M & T LD £3, W45iA
80.1, 24 68.00 Im/W, BB -1 e e
RHEEHLITR FH 2E U AR 4 ) LuAG:Ce, Mn %0t
VR, JEEE c. Mt R R, 3RS T (iR 4238~
3534 K [MREE (RE, Jeak 78.52~55.70 Im/WP3L,
MR YR S R 15 FhbnviE (o ke, BIRa &%
R R MRFIRETE Ry, 1R Re<0, R, RIfE&T
80.0, JEUEAT LI BL(ZY 650 nm)¥ L IL JEPEAT
AEAE, UL ERFR AT R, BRl, 2Oub iR
FR YR R i B AR = R, 1T 28 Roo S A 4
UL BT LuAG:Ce St M 3L A, A F Mn*™*
T R SR AN ) 650 nm 4106, MR T 4Rt
(Aem=510nm) AN ZLHE (Lery=590 nm A1 750 nm) Blp[7] &
&, WK 6d~K of, iEiTifE Mn* B E, &
FEIE FAMEZ) 650 nm 400, B ALFR MERE X B 2 3]
FOBIX, &R T EAFR0.3329, 0.3446). 215
R.=91.0. R¢=37.9 FIJ:% 85.07 Im/W I i Jii [
LED,

2.3 HMEEITHIRE AN

R LA I YAG:Ce F7 Hl E A 7830t & 2 4t
TEHGAE IR I E AT HE R, R A iR R % 5 s
BBk, iRk T LED/LD ZLE96 AN 2
KA BRI R RS M. BE% LED/LD B



%52 55 3 R F OB R A LIRS o N

| F
1.0+ ~ 40—
= —— o= 460 nm = L iRl
Iz L —— PrOMn0 S .| sdd
g 08 —— proomno | 2 30 p
£ i / 545 nm PrOMn04 1= r —
g uvor X | = = D,
B TPt R =%
< F en r 3 |&
g 04 5 | P&
s : 5 10 | F s
Z 0.2 ;/ = T sy,
4f Hipm— °
0.0 ) . o- 4 : ——%A,(6S) L= = JH,
500 550 600 650 700 750 Ce™ - CPrt — |
Wavelength/nm 0.0 0.1 0.2 0.3 04 0.5 0.6 0.7 0.8
(a) Photoluminescent spectra (b) Diagram of energy transfer (c) CIE color coordinates diagram
90
80 —
70
el
}é 60 5
R :
£ 40 —a— Ce02Mn0 =
& o —e— Ce02Mnl =
E 30 7L —i— Ce02Mn3
20h Sl —v— Ce02Mn5
b —4— Ce02Mn7
10} CO —— Ce02Mn9
0 - N ; — 2580 : . . .
300 400 500 600 700 800 0.0 0.1 : 03 04 05 06 400 450 500 550 600 650 700 750
Wavelength/nm X Wavelength/nm
(d) In-line transmittance spectra (e) CIE color coordinates diagram (f) Electroluminescent spectra

K6 YAG:Ce, Mn, Pr %% 6% (a) KEPGIE, (b) Ce¥—-Mn*/Prrat B REE, (c) CIE AR EPY; LuAG:Ce, Mn %

M. (d) H&BEEREML, (o) CIE BARFREFID IR EIEED

Fig. 6 YAG:Ce, Mn, Pr phosphor ceramic: (a) Photoluminescent spectra, (b) Diagram of energy transfer of Ce**—Mn*"/Pr’", (c)

CIE color coordinates diagram®”;

coordinates diagram and (f) Electroluminescent spectral™

RN Wi mihEESs AR, 5k ﬁﬁ@f?%#ﬁﬁﬁ%%5ﬁ%@*

AR E PEA o it BUROE R DU T, HE9R ORI R HAFEIT A R ESR, B POLBUN RN,

LuAG:Ce, Mn phosphor ceramic: (d) In-line transmittance spectra, (e) CIE color

B AR RLI S
wa ce™

BRI EE . SINE ATk BRI L, ij‘cﬁﬁij‘cﬂ%t, M 3 58 5

I 45 N 0 1 08 4 ) 18 9 R 6 I T B —, 2 7R,

GdYAG
matrtx

Blue light Blue light

Bl 7 SRR R B 48 5 2 o P

Fig.7 Schematic diagram of “light-scattering enhanced” effect in composite phosphor ceramic*®
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Table 1 Corresponding research on luminescent modification of phosphor ceramics for LED/LD
Organization Ceramics LE/(ImW ™) CRI CCT/K Mode Reference
Ningbo Institute of Materials Technology and Engineering YAGG:Ce 5.61 / / LED [7]
Jiangsu Normal University YASG:Ce 218.00 / 4000 LD [8]
Fujian Institute of Research on the Structure of Matter, YLuAG:Ce 148.88 56.4 5613 LED [6]
Fujian Institute of Research on the Structure of Matter, LuASG:Ce 127.59 39.6 7273 LED [4]
Shanghai Institute of Ceramics GdYAG:Ce 91.37 67.2 3714 LED [17]
Ningbo Institute of Materials Technology and Engineering YMASG:Ce 95.00 / 3762 LED 3]
Ningbo Institute of Materials Technology and Engineering LMAS:Ce 122.60 71.7 5962 LD [19]
Ningbo Institute of Materials Technology and Engineering GAGG:Ce 58.90 78.9 3062 LED [22]
Jiangsu Normal University GSAG:Ce / 69.5 7766 LD [23]
Shanghai Institute of Optics TGAG:Ce 97.20 74.7 3681 LED [24]
and Fine Mechanics
Shanghai Institute of Optics YAG:Ce, Cr 35.04 72.0 / LED [25]
and Fine Mechanics
Shanghai Institute of Optics YAG:Ce, Pr 50.31 66.9 / LED [26]
and Fine Mechanics
Ningbo Institute of Materials Technology and Engineering YAG:Ce, Pr, Cr 89.30 78.0 / LED [27]
Fujian Institute of Research on the Structure of Matter, YAG:Ce, Mn 96.54 74.0 3723 LED [28-29]
Jiangsu Normal University YAG:Ce, Mn, Pr 28.70 84.4 5450 LED [30]
Jiangsu Normal University LuAG:Ce, Cr/YAG:Ce / 88.0 / LED [32]
Shanghai Institute of Optics LuAG:Ce, Sm, Mn / 78.5 / LD [33]
and Fine Mechanics
Chongqing University of Arts and Sciences LuAG:Ce, Mn 68.00 80.1 3298 LD [34]
Shanghai Institute of Optics LuAG:Ce, Mn 55.70 / 3534 LED [35]
and Fine Mechanics
Fujian Institute of Research on the Structure of Matter, LuAG:Ce, Mn 85.07 91.0 / LED [5]
Shanghai Institute of Ceramics AlLO;-GdYAG:Ce 112.60 71.4 5010 LED [41]
Shanghai Institute of Ceramics MgAL,O4+~GdYAG:Ce 108.40 70.0 4534 LED [36]

LE: Luminous efficiency; CRI: Color rendering index; CCT: Correlated color temperature.
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Extended Abstract

With the development of economy and society, the fourth-generation light emitting diodes (LEDs) have gained a popularity for
the large space and high illumination application in ocean, port and gymnasium due to their advantages (i.e., energy saving,
eco-friendly, high luminous efficiency (LE) and long lifetime). The typical LEDs are assembled by blue LED chips and phosphor
converters, such as yellow phosphor Y3Als01,:Ce** (YAG:Ce) mixed with organic glue. For the popularization in large space lighting,
high-power LEDs (hp-LEDs) become popular. Phosphors, phosphor in glasses (PiGs), phosphor crystals and phosphor ceramics are
developed as color-converters. Among them, phosphor ceramics have attracted more attentions as an advanced color-converter for
hp-LED and laser diode (LD) lighting due to their merits of high temperature resistance, high thermal conductivity, high LE and fine
stability, which can solve some problems regarding the application bottleneck of heat dissipation difficulty and packaging failure as
well as large light source volume. YAG:Ce ceramics and mass production of practical single-Kilowatt chip-on-board (COB) light
source can be produced in a large scale. High quality hp-LED lighting with a high LE and a high color rendering index (CRI) is
needed. In addition, RGB display modules for developed display technologies such as Mini-LED, and head up display (HUD) also
require a higher LE and a more compact volume. Research on phosphor ceramics with a high luminescence performance is ascendant.

Summary and prospects Ce*'-doped garnet (YAG:Ce-based) phosphor ceramic is an ideal convertor for hp-LED/LD lighting and
display. To improve its luminescence performance, many efforts have been proposed. In general, there are five main strategies. 1) The
doping of Lu**, Ga*, Sc¢**, Gd®" or Mg**—Si*" into YAG:Ce regulates the crystal field and changes the splitting of Ce®" 5d energy
levels, resulting in a shift of Ce®* emission for compensating blue or red component. For instance, YLUAG:Ce®" green-emitting
ceramics show an obvious blue-shifting from 533 nm to 519 nm and a higher thermal stability as well as LE via the substitute of Y**
with Lu*". 2) Co-doping red-emitting ions, such as Mn?", Pr’* and Cr**, is an effective method to broaden the spectrum and
compensate more red emission to improve CRI. A significant enhancement of CRI for LuAG:Ce, Mn ceramics is achieved by
regulating Mn*" content (R,=91.0, Ry=37.9), which effectively adds the red emission peaked at 590 nm and 750 nm respectively. 3)
Introducing secondary phase or pores into the matrix can prolong the photoluminescence pathway and induce an enhanced
light-scattering effect due to the difference in refractive index. Al,O;, MgO, MgAl,O,4, BaAl,0,4, HA, CaF, and AIN are usually
chosen as secondary phases. Compared to Al,Os-free YAG:Ce ceramics, the LE of Al,0;—YAG:Ce composite is increased by 27.3%,
and its thermal conductivity grows from 10.2 up to 32.5 W/(m'K). 4) Ce*" is possibly oxidized to Ce**, resulting in a decrease of
emission intensity. Controlling sintered temperature and doping of Ba*’-Si* pair are beneficial to eliminating oxidation and
maintaining Ce** value state. The replace of Lu’'-AI’* by Ba*-Si*" pair is favorable for less Ce*'. Consequently,
Lu;AlsOy,:Ce® +Ba”/Si*" ceramic has a high LE of 216.9 Im/W. 5) Surface treatment by grinding and polishing can yield different
roughness and increase a light extraction efficiency. Based on the strategies above, high performance YAG:Ce-based phosphor
ceramics are developed. To address multifunctional and multiscenario applications of LEDs, other nitride, oxide or fluoride phosphor
ceramics are being investigated, such as CaAlSiN;:Eu®*, (Ca, Sr, Ba),SisNg:Eu®*, Y,05:Eu®", ALOy:Mn* and (K, Na, Cs)(Si,
Ti,)Fg:Mn*". These developed phosphor ceramics provide unique properties and good candidates for certain applications.

In near future, phosphor ceramics, especially for YAG:Ce-based, will play an important role in LED/LD lighting and display. In
response to the requirement of higher performance, involving power density, brightness and quality, it is also necessary to explore and
optimize some phosphor ceramics. For phosphor ceramic material, several main methods are outlined to improve the luminescence
performance, i.e., the introduction of secondary phases or pores; investigating and developing new phosphor ceramic system; utilizing
theoretical calculation to accelerate research progress and optimize photoluminescence properties; extending the application to
emerging lighting and display (i.e., laser projection and AR-HUD). In this review, recent research progress and application of
phosphor ceramics for LED/LD lighting and display were summarized, and optimizing strategies and development trends of phosphor
ceramics were also prospected.

Keywords high-power light emitting diode; phosphor ceramics; yttrium aluminum garnet; luminescence modification



