5% 52 &5 3 W JiE S > B < N Vol. 52, No.3

I

2024 7 3 A JOURNAL OF THE CHINESE CERAMIC SOCIETY March, 2024

http://www.gxyb.cbpt.cnki.net DOI: 10.14062/j.issn.0454-5648.20230649

Ce"'—Eu*" 3% Y;A150,, 17 W e 5% Y6tk Ak

MR 2, e WERY, BERY, KO8 At FERL ¥ omrY

(1. " EBEGAR RV RSP T, e RS 5P E S E, RN 350002;
2. FBEIHTE KA SRR, M 350007; 3. FEEEADOCHS BRHEOIHSZI S, 8N 350108;
4, MR, N 3500025 5. FEREEERZEMRRNEE S BEIR R, JbaT 100049)

B E: Y3AL0,:Ce’ (YAG:Ce™ ) R Ml A 40 e o (AN /2 B80T (156 LED il f i H R G ME i 2, — i 5 2251 NGk
RAHLLICHIHE B 75 Ce™ M A LU YAG:Ce™ RIS LIRS . AR TAEMIE T Ce’'~Eu’' 345 Y;AL:0,,(YAG:Ce’ /Eu’ )& B
B R E R . A EMA RTE Bu & & IA 25% M AR RRA A A AR S5 A, B Bu IS K IR ik 9% A 4
FE PR Sm? 4B T EEIE A FIAE YAG LG RGBS ). YAG:Ce®/Eu’ i W W e 75 16 e (f1 442 F1 466 nm) R F 1 Ce™ ¢
JeRHTRERH Bu &R AN R R, EERIMDEG63 nm)EK N Ce’ P IRIRAE — e 2 L r b Eu® R AT 358 TR
A, AT AT AE AR R SRS R ST RIS A YAG:Ce™ [ R S il B LIRS BRI KIX . YAG:Ce™'/Eu’ 375 W ) e R 8 3R 21U
i 380~405 nm HIIT K IMGHMG 2 BRI R, BRSO GERRRE RS, & HFIEE S LED &/ #UR L0065
PR [FIBF, TG IR 58S B I S (9 AN [ S e 14 58 B LU A 3 B IR RS 2R M AR A, TE DO IRLRE T AU B G Y8 7E 1 B

EIB=

KRR LB O aE R, FOuMERE: PR ;
HESES: 0611  CHEAFERD: A XEHS: 0454-5648(2024)03-0783-11 HE
4% AR AT IE] . 2024-02-06

FO6 LED B mae . RFERE. KAEMAXIE  Sm’. Mn®". Mn*'F1 Cr S 0E & TR 20 s &
BT QSS, QA ZNHATREMERSES  #PL F Y:AL0, Saaswmmist, B
U ok LED B &8 H R R TAME LR 3d°3d° P A M RSB B T Mn®, Mn* T
M, BISRAH GaN E¥t LED SR Y:ALO:  Cr MR SHE Ky LA g BB 101 28 B n i
Ce’ (YAG:Ce™)H e e I A A . ik s, LA 74(@PL)/ BT 600, 660 nm
EOEEIRCR R, RAREZAMETHOGRE L6 A 710 nm AU, I £F BT PrTL Eu’ AN
R Btz aime™. Bar, kAR S IR S A — R AN LI 2k, LA 04
R A B SR R RN (e, R BT 590~620 nm A RS/ AT ot X L,
AR, EESHI 82, GEMAEARNL ok, AT DURYE6EH 7RG BEAS R 0 B0E 5 7k 47 3t
M. BRI Ah, B 2 BB T R23  BUNEE YAG:Ce™ RHHE F el (HE, 7
PRZIE: — AR A A R YsALO, EAREA MR, Mn®t. Mn* AT Cr i o
AR ERAS . RIS BRI T N, I HRK BN E, 7E 100 C_EsEEARN RN,
YAG:Ce™ R gt 2!, tetn, Ga*R T % PrT. EutAI Sm’THOTE e BA R LF R HRa e T,
YRR AT G R SIS LIRS 20nm A2 AU, EFERS (AT MR v T e A IR AN R T
4 SRR K AMBIAE T RCRQEN T B s B ek i, mek, RfE#R
B: B —Fh7 ZRELE YAG:Ce* A PP Eu. FUEATIIB AR E A B ig A B08 N YAG:Ce™ & 4t

Wk F A 2023-08-29. 1T H#H: 2023-09-20. Received date: 2023-08-29.  Revised date: 2023-09-20
HETH: WAQHEE = HEHETH(202122113); wmELSS First author: XIAO Huangsheng (1997-), male, Master candidate.

PR T RI T H (2023H0044) . E-mail: xiaohuangsheng@fjirsm.ac.cn
BEE: MIEKA997—), B, Wi, Correspondent author: GUO Wang (1979-), male, Ph.D., Professor;
BEEE: 0 OIEW0979—), B, it R HUANG Jiquan (1980-), male, Ph.D., Professor.

WAEM(1980—), H, L, WFRR. E-mail: guowang@fjirsm.ac.cn; hjq@fjirsm.ac.cn



. 784 CRERR Eh2230)

J Chin Ceram Soc, 2024, 52(3): 783-793

2024 4

WRILLEH 7y . ARTT, Pl Sm™ 7 Y3AL50,, H i
5K AR, Hln PO IR A T 1% sk AR B
IR FERE KN, PR e R SRR, H
Ce™ RS G Ce™ —Pr I A B A4 36 T 1 15 3%
HIggt, AT PR Sm®T, EuttH YR GdPTY
B REONEEE, AR TR B A A R
R R, RIT DU I 2 5 24K B R T VR IR
WU e RN R BT BRE . IE 8, REL Eu®'7E Y,05
F(Y,Sc)205 25 H A5 2= S A A B 25 Hh FR A8 R g ]
BHIE 15%75 47 (QE 4EFF7E 80%/2 40)2Y, £ YAG iF
B P 5 R R IR BE B R IR 10% 4. i L, 5k
RAEEIA YAG Heth T, Bu' 76 MRS R 2
WA T AR R4S RS .. ttn, MxF T
1500~1 600 CHe&s (K19 YK, Eu’ #E 1 700~
1800 °CBE4 101375 W P 25 Hh AR K I JEE L % ) i JBE A
QE 153 KR B3 & Bu® 0% 71 55— AN R
BAE 360~420 nm BERAEAEE LN H "Fo—"Ds,
"Fo—>Gy (3=2~6), 1 "Fo—"Le Ml "Fy—"D3 BT AT 5
LR I, X eI R A HOK 2 REPY, M
J T A 43 A I B R . X R R B
Eu’" [115¢ Y A R AT DL RO ST 5 A 9 R S A
St AR, FIHES4N LED Ok 4005 4 = (e
MY LED # 3 5N& 2k, kAN
Ce” ' —Eu’' LB AN YAG:Ce’ 3% W M & 4T
F6 RS TS A S

WOGIE WA B e KIh /iR TR % . LED fhik
(e A Rl K Th K R IR B T 3R 2 B 2 LED
B AN EER R B TR SR
PE(TAERE A 200 C LA L), %51 LED 33
IR R I (— RN IR AR IR SR A ) K
JER I EAE LED 545 b o MES IR S P AN ok
LA 2 . I F RS FEEE S PR &,
T e U 2 i AN iR B B HE B R B4k . SEAL AT
24, I LED SO MR GRER R, MM F8asF
P B 0 7™ BT BRI 25 i 10 K i 4 0
b, BB R 7 F A H S A AR A (L 5
FEHM B LB AL R CIRIR T 2. AT HARF 7T
T YAG:Ce® 9 & M R L4 10 W/(mk),
T8 T 9OEHHREL K 0.1~0.4 W/i(m-k); A 2268
N 67 BH P B 25 114 150 W68 1 AR IR 43 1
N 66 CHI 216 CP, AT, AHXTF9EH, &
Wi e 7 G A AN AR e i 5 T TSR LA %A . BT
REHGFNH LusAlsOyn:Ce™ (LuAG:Ce™ ) Fl &k 5 3556
(f1 YAG:Ce™ 3% W] i %2 24 L B Sh T 2 9 77 b Ak 82

F, T 206 S 0 5 S M e v A 8 B mT AT
BRI R . 2K E RN, AREEAY
(I MAISiN;:Eu*" fl M,SisNg:Eu*"; M=Ca. Sr.
Bal? 2 HI ALY (A1 KoSiFe:Mn* 28158, $91R A4 4]
HROE B E S, B, R 6E &
B R YAG:Ce™ 38 WA & I 20 6 R 5, COo =l
EMEaER. WEtpnk, ce’'-Eu’ ki B
YAG:Ce™ 3% Wi B¢ Yt th I 20 e 4%, fEKTh
[E TR LED LA T AE 1 N A

AR, #1147 Ce’ —Eu’ 343 (YAG:Ce™/
BB, AT ECBARN YAG.CE B
WM BRI B SeB i R TR
Wi o B YAG:Ce™'/Eu’ i W Wi 8 A 56 e 1 ) 40 7% 2
JE R 6o 35 B AR T Bu® e AR K
HEA IR Bu® P K P AR 407 005 P R e ek 2
A

1.1 sl

K A% 40 1) e 3 8 FH S B & i T Ceo.o1Y2.99-x
Eu,AlsOyp (0<x<<0.75, B Bu & &4 0%~25%, JE
IR B DI L gi R Rk Y205 (99.9%,
TLRAINAE) a-AL O3 (99.99%, 1F/7). CeOs (99.99%,
Bil$: 1)y EwpOs (99.99%, Fildu THFENIERE. %08
Tt R AR AR, I B LATEK SRR A ER B
IR BIBREEGE S, FEEF AR I 2 Bh I Y
LA FERERE(TEOS, 99.99%, Buykiylb)fifE Ny A
FIEIIMER(99.99%, BilikiRyb), fEAT R REREHLH
BREE 20 h ()5 RHE &3 5] SRS IR AE 80 °C
BEFE T4 100, SREHHMTHTEE AL 100 B (0L
RSN 150 um). K FTA34ERFE 5~10 MPa B[k
JIRHI R E AR 20 mm R, Hdid 200 MPa #
GER R RGBSR RS R . A IE A S
o dr 800 CHEEE 10h ERAEVIG, MANESE
e g8 b 78 B4 (3.0x107° Pa) A iR (1 600 ~
1700 C)4AE T 45 10 ho Ba4E 5 HIRE R IEA S
A 1400 CiB/K 10 he B, ATAMIFEMZEHL
PRI, 1) B B2 1 mm (P& s
DA J5 2245 1) RV BE AL
1.2 #HmRIE

FH Mini Flex600 %Y X 5253 RATHA 5 BB %
ML R, TR 2. Cu ¥E, VU 100~
85°, AN 5(°)/min, LK N 0.02°. H
FlexSEM 1 000 (SU1 000)Z4 4714 e 7 5 Al 3 %o P '8



5255 3

FHEm % Ce'Eu’' 38 Y3AL0,, 8 WM &5 Ak < 785 ¢

ISR T W EE . F Xplore Compact 4 HL E/4 BE i
{X(EDS)MI P B e &R oAt o 3l tH 5 SEM H &
/> 200 FLARRLI EAR, 133 T iR T R/ NI
ikl R~F . Al Lambda950 HY48 4] DL 41 4h(UV-
VIS-NIR) 736G FE THIll & 1 B B iEd . H
FLS1 000 7 %¢ 5 i 5 8 P & )30k i 5 o
P, A A AC 4% 1 TAPO2 A8 i 425 il 7o Al ik g
BRI e, LURUT AR U5 -
2 HR5#

K145 T YAG:Ce® /Eu’ W B I IR Al XRD
W B 1 R, PTA AT R E T AL Ty
Y3ALsO A M AT 45 (JCPDS 79-1891), A 1alRE N
la3d. BE# Eu SR 0% (Y2.00Ce001Als0 )% 1

INE] 25% (Y224Ce.01Bu75A1501), B 1 BT Eu’ %
YT BIARH XRD WA [ /N 32 W i 2 4k,

020 SN0 B3 /0 M5 0/ 0 T/ B O/
1600 'C

Cerar

0% 1% 3% 5% 7%
1700 C Ceramic Cera ic aml
am

Ceramic Cera ic

11% 13%

Cmm\/é:@@wn . o

#?ﬁﬁﬂjf}r&ﬂfﬁﬂkﬁﬁiﬂﬂﬁﬁ/}\ VLB Bu bk
ANE| YAG @i . i, 1700 CRELE IR 5t
AR A S . F"%J%ﬁunﬁﬂ‘ﬁéﬁfﬁ_futif—*
# EDS o HTATIESE . BL Bu % &N 9% (Y272Ceo01
Eug7AlsO) IR & R, il 2 Frs, Y. Eu f
Al FETTER I RIS 73 AIRAS » A B3 A/ S
AR, XHERR T AHBOR R LI T REVE . (AT
BERMGE, KT 1700 CHEEIFES, RIS
WA RE AR R, (B Eu &Rk ®) 15% & UL L,
Wi 5 H R B S R e T AN AR I SR, BB 3E Eu
BRI AR A A . 1 1 600 CHESS HIFE
at, BT RRSEIR LS, AT RISR, R
Wi AR RO, A RIS = BEE, ARG
FEARAEW] o 7 R B W BB /7 F O RE
JEHA R ERIEEN, LA A% 1700 CHEZS ) Eu
EEN 0~ 13%IIFE AT 5

15% 17% 19% 21% 23% 25%

— P — P -
C
ic

9% s G e 0% 19%

(a) Photographs sintered at different temperatures

= =
Y 8% $ 83 8% © 3 258 =
| 19% R 9
A A A A A | W} = . 15%
15% 5 S 5 ¥ T 93
A A A A 8 z e = S35 139
P A e I ,__gk Pedie ¥ S S50 L%
A A A A A ud/i’ o,
11%
- AA A A A bk A
= 1% 2
@ @ 9%
0/ )
% A A A A A Rk 9% }‘é ’ ‘ ‘ 7%
= | 7% = | | A4 A A bk i
|—A A A A -~ A A /‘_)_J\ —— ]
5%
5%
i . JL i 7 3% I 4 l A i A Lk 3%
| S U i
A y l . N B Lk 1% | iy l fis IR I} P N Y %
A Iy J " A A Rk 0% Iy j Y ,l A A A ok 0%
I 1 — —_— T 1 —" 5 T L I 1 I 1 T i I
20 30 40 50 60 20 30 40 50 60
20/(°) 20/(°)

(b) XRD patterns sintered at 1 600 C
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Fig.2 SEM image and EDS mapping of Y, 7,Ceq1Eug,7 AlsO1, ceramic obtained by sintering at 1 700 C
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Extended Abstract

Introduction Tremendous efforts are devoted to improving the luminous performance of white light-emitting diodes (WLEDs) as
so-called fourth generation lighting source. The most common approach for manufacturing WLED:s is to cover a blue LED chip with
a yellow-emitting Y3Al;0,:Ce®>" (YAG:Ce®") phosphor. This construction has an advantage of high lumen efficiency, but an
insufficient red light component in the spectrum leads to a low color rendering index and a high color temperature. An effective
solution is to enhance the red emission of YAG:Ce*" via introducing red-emitting ions such as Pr**, Eu**, Sm**, Mn®*, Mn*" and Cr**.
In Y;Als05, and many other garnet-structured aluminates, Mn*", Mn*" and Cr*" are suffered from serious luminescent thermal
quenching, while Pr’* and Sm®* are severely limited by concentration quenching. In comparison, the luminescence of Eu** in YAG is
highly anticipated because it has an ion radius similar to Y**, which is beneficial to increasing doping concentration and reducing
luminescence quenching. In this paper, a series of Ce**—Eu* co-doped YAG transparent ceramics with different Eu concentrations
were fabricated, and the effect of Eu**-doping on the structure, optical transmittance and photoluminescence properties was also
evaluated.

Methods Ceg ;Y290 xEuAlsOp, (0 < X < 0.75, Eu contents of 0-25%) fluorescent ceramics were synthesized in vacuum via
high-temperature solid-state reaction. High purity Y,0;, a-Al,O;, Eu,03, and CeO, powders were used as starting materials. Oleic
acid and tetraethoxysilane were used as a molding agent and a sintering aid, respectively. These materials were weighed in
stoichiometric ratios, and ground in ethanol for 20 h. The obtained slurry was dried, ground and sieved through a 100 mesh sieve. The
resulting powders were made into 20 mm discs under uniaxial pressure of 5-10 MPa, annealed in oxygen atmosphere at 800 ‘C for
10 h, and cold isostatically pressed under 200 MPa. Finally, the ceramics was mechanically thinned and polished to the thickness of
Imm for the subsequent structural and performance characterizations.

Results and discussion For YAG:Ce*'/Eu®" ceramics sintered at 1600 ‘C, a garnet phase appears when Eu content is in the range
of 0-25%. However, for the ceramics sintered at 1700 C, the grains grow as Eu content (X) increases, and eventually become
over-sintered and textured when X = 15%. YAG:Ce*"/Eu’* ceramics show some characteristic absorption/emission bands for both
Ce’* and Eu*'. For Ce*', the PLE spectrum involves two broad bands at 320-370 nm and 400-520 nm, and the PL spectrum spans
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from 440 nm to 650 nm and is dominated by yellow-green emission. Unlike a broad band absorption/emission of Ce**, the PLE/PL
spectra of Eu'" are composed of a series of lines originating form f—f transitions. There are some intense excitation lines around the
maximum absorption locating at 395 nm, constructing a quasi-continuous broad band. It is therefore inferred that YAG:Ce**/Eu**
ceramics can be efficiently pumped by NUV LED chips. The PL spectrum of Eu** ions covers the spectral range from orange to deep
red. The orange emission from ’Dy—F, transition is more intense than the red emission from *Dy—’F, transition because Eu*" ions
occupy the lattice sites with an inversion symmetry.

The PL spectra of YAG:Ce*'/Eu®* ceramics vary with excitation wavelength due to the difference in absorption spectra of Ce**
and Eu®’. Therefore, the effect of excitation wavelength on the PL spectra of YAG:Ce*"/Eu’" ceramics with various Eu**
concentrations were investigated. Under the excitation at 363 nm and 466 nm, the emission bands/peaks of both Ce** and Eu** appear.
The PL spectrum excited at 442 nm contains almost only a broadband emission of Ce®" ions, as Eu’* ions hardly absorb photons near
this wavelength. In contrast, the PL spectrum under the excitation at 395 nm is dominated by Eu** emission due to a weak absorption
of Ce*". Clearly, the PL spectrum and color coordinates of YAG:Ce**/Eu’" exhibit an excitation wavelength dependence, which has a
potential application. In addition, under excitation at 442 or 466 nm, the emission of Eu®" is weak, while that of Ce** rapidly decays
with increasing Eu content. As a result, the emission intensity of YAG: Ce*'/Eu*" ceramics decreases rapidly with the increase of Eu
content when excited by blue light. However, when excited by UV light (at 363 nm), the attenuation of Ce** emission is compensated
by the enhancement of Eu** emission to some extent, and the overall photoluminescence intensity can be maintained at a high level.
Especially, the samples with Eu contents of 1%-3% can emit an intense orange-yellow light, thus increasing the red component of
YAG:Ce*" effectively. This kind of phosphor has a certain practicability in WLEDs. Also, under the excitation at 395 nm, the PL
spectrum originates mainly from the f—f transitions of Eu’*, and the quenching concentration of Eu®" in YAG:Ce®" ceramics is 9%,
which is much higher than that of Pr’* (i.e, 0.8%) and Sm®" (i.e.,, 3%). For rare-carth ions with forbidden f—f transition, a high
quenching concentration is crucial for achieving a high fluorescence emission intensity and meeting the inevitable requirements of
LED applications.

Thermal quenching is a key factor in evaluating luminescent materials. For the YAG:Ce*'/Eu®" ceramics with Eu contents of 1%
and 9%, the profile of PL spectrum does not change with temperature, leading to a good temperature stability of color coordinates.
The relative PL intensity at 575 K remains 83% and 61% of that at room temperature (i.€., 300 K) for 1% and 9% Eu’'-doped
samples, respectively, indicating that the photoluminescence thermal quenching in YAG:Ce*'/Eu®" ceramics is rather weak.
Furthermore, the relative PL intensity (l1/ly) and the ratio of emission arising from D, to different 'F; levels, including
(*Do—"F))/(*Dy—"F,)~ (*Dy—"F4)/(*Dy—F,) and (*Dy—F 1,2)/(5D0—>7F4), vary linearly with temperature. This feature can be used in
the field of fluorescent thermometers, which is one of the potential applications of YAG:Ce**/Eu’" transparent ceramics.

Conclusions In YAG: Ce*'/Eu’" transparent ceramics, Eu®" could be excited by UV (at 363 nm), NUV (at 380-405 nm), and blue
(at 466 nm) light, emitting a series of lines in the spectra range from 580 nm to 750 nm, i.e., from orange to deep red. These PL lines
had an important application in lighting and display. Eu®" showed the maximum emission when its concentration was between 5%
and 9%. The high quenching concentration had a advantage in enhancing the red component in the emission spectrum of YAG:Ce®".
Furthermore, the red component in the spectrum could be regulated via adjusting the doping concentration of Eu**. However, the
increase in Eu content led to a decrease in Ce®* emission intensity. The similar phenomena appeared in various dual/multi activators
co-doped systems. The solution of this common problem was crucial for the application of this kind of luminescent materials in
WLEDs. A highlight of YAG:Ce*"/Eu®" transparent ceramics was that they could absorb NUV light from 380 nm to 405 nm and emit
an orange-to-red light with a high quantum efficiency and a high thermal stability. Therefore, they could be used as red-emitting
phosphors excited by NUV LED chips. Besides, the ratios of emission arising from °Dy to different ’F; levels varied linearly with
temperature, having a promising potential application in the field of fluorescent thermometers.

Keywords cerium-europium co-doped yttrium aluminum garnet transparent ceramics; photoluminescence properties; thermal
quenching



