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BN R FR R Gd3(ALGa);0,9:Ce (GAGG:Ce) 1E il #5 12 B v 5y Hh WAL ZE A K S5 A% (37 e o 467 [ T, 7™ 7 52
M) 5 A 1 P . SR T A 3 R DA A B R R ST R T A 1) GAGG:Ce di iR, 28 SCLL Gd(ALGa)50,5 by L5
Cet MBI B T, RHHRPIEAE KA R T GAGG:Ce Sk, JEXFAR[R] S AR 1 YA 2548 . T IX B 4Y . 335 6k
i &G R it TP RE AT T I AT H A AT 45 SRR, GAGG:Ce S A (135 1 1% Hh A7 7E 340 F1 440 nm P 4b
CeSTRHAE MW, FLAL T 550 nm &b 19 B4 35 3 38 9 82%. A J2 ¥4 DR 23 b, 382 A 252 2 WL Bl W4 1) S, S 30 G
B R TR 70% 724 . XA o3 Witk — 2 2 W] GAGG:Ce fi iR AL =R R A A, 7090 & Gd H
& Ce # ¢ (ALGa),03 #. GAGG:Ce fhIRR X S & K415 T 7E 550 nm FHEAATE Ce?+ 5 & 417, H 380 nm
AL BAFTE Gd gy o SRS BLERFE SR H9 K 5. S A7 O B A B ZE AR 2 G gy SRS AL R B 55 P 3R B Ce?t
1E GAGG HE T A 658 BE TR 12.5%; Gd o A LR T 548 Ce (Y BE ZF RN {15 GAGG:Ce b A i1 2 1
1AL AT 117.7 ns ZEK E 121.9 ns, ELA8 05 B i 16% SN E 17.2%.

KR GAGG:Ce, Y=, REmrHER, WIRNA], A OB, 8k
PACS: 61.72.-y, 29.40.Mc, 32.30.Jc, 52.70.La DOI: 10.7498/aps.70.20201697
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Ce (GAGG:Ce) fEN—FE L &K, N HAA
B E (~6.7 g/cm?®). = JEH 1 (50000—60000
photon/MeV) K= B /7 HE% (< 8% @662 keV)
SR SFRMERE, C U RA TSR W 1 18 AR
ISR L —, FEE AR B S P A |
L)z K BoL

2012 4F, HARKRIL K Kamada 54 5549
T Nikl 25 7 AR I8 “Be iy TR 1938 S 7k, it %
H Ga**5 Ga?™r B ¥ LuAG f iR H 1 Ludts
APHEAT TS S e, B EH AR
2 B ) GdyAlyGag0ye:Ce fibn 1A HOE 7 i g 1k
46000 photon/MeV. 2015 4, w1 [ B} Be L i f
FRERWTIEIIT Wang 45 B ikl 13 E GAGG:Ce
R B PE DR O GE R Y BB 4 GaPt
HE ) GdyY AL 3Gas 7045:Ce FhAR, HOG =% =ik
(65000 + 3000) photon/MeV.

TEXT iR & B PERE AT 5T B, Chewpradit-
kul %5 O % 3 GAGG:Ce i 1 fh 77 75 1Y 1 H1 1
B B 7™ B 52 ) A B9 &2 OB RCE. 2018 4, Kitaura
S DU BRI BR 52, HLai i % BE vz pR B
1 (density functional theory, DFT) i1 %8 it — 4
WER] GAGG:Ce f iR LT B BIFE 20 JE AR I
P NBCALHAE AL G+ 5 % T JRAS N By AT
B Ga B F- AR A 7SS LR TR Gdayga
FASAL G, T HHIE SRR S S AR A A G, R
ot S AL R 5 b AR A PR B LA B A3 Z (B Y
TEXRR—HBZ G 1AL, GAGG:Ce fy
IR AR R v T ) I AR S 2 UL, ™ S R )
T GAGG:Ce @ik ark, HILNTE S B
T N

HJ T B GAGG:Ce fbIARBIEA R IR, 2 KBR
JE M A AR PR AR I 3 500, A SGE R X SRR
& T B EDS gl (energy dispersive
spectrometer) , %I M 238 RETE S5 T Bovt i 14
VI RRGE G L Ay TR T . K Ot S I ] Pk g A
FTFAERDGT LA, BB T G AR 2 W A6H 74 114 A U
Lo Gd gy S BLERBE 5 AR IST | PERERY INTEDC
Z, HEIHE AR R T 28, DX iR i A=
R AR LR KA.

2 LIRS
2.1 HmEE
SR FH A ATURN N FRSE R A8 iR, AR

2% 8 kHz. VI4EE A AN 1Y Gdy05, AlO;, Gas0s,
CeO, M 5B, H a4k 22 53+ 3K (Ceg 3GdagrAL 3
Gay 70 1y) FREUFEL, $4 5B e MR G 85 IF &%
By £ S SN i 7 N N o B A L ANV NG R I
b SR BT T AT, POEY 0.5—2 mm/h,
Mk 5—13 r/min, FEA 4l Ny 7E AR
PR, JEFEAE Oy LI 53 GayO4 145
K. snRAERK DT IR R BUR | ERAERK
R AR RIS, AR 1 GAGG:Ce ffk.

2.2 MR

mm K 1) ) FH 5 44 38 3 15 [ Bruker 23 ®) A2 77
B X G2 fi7 55X (D8 Discover) M3, %5 &1 15 N
Cu-K, $£k, 5 Jy 40 kV, BN 40 mA, 20 £
FHGE R 10°—90°, FHEHE H 1.2° /min; £
B3 X 85 5% TM3030 %437 % 5t 414 v - i ik
LI, JF3E i H E A EDS BEIG SO A 0 ik
FF2R4E, N B RN 5—15 KV, R AE 5 B
1530000, REH T HERIET 135 eV.

Al PR i 3 2 Y6 e H AR H STy m) AR P
(28 40256 % BE 3 (U-3900 H) 1 5 , 4 % K
6 L 200—800 nm, &K K 2 nm, £ K 600
nm/min; X LMK K S8 o b E R AR B L i
RERRER W 9T BT A i X SR & & S SO A
Sk T I AR AN [ B (] ] AR O A, R 36
ORTEC 2 m) 4 77 1) digiBASE # Z 38 gAY, b
HLAEIG A (R878 ) 5 M iR[a R HZs SR G, B
A AN SRR L B A R R R T R 2, R
FHREE N 662 keV 1Y v STLI K (BUHE R 137Cs)
BE G, HLE S —1000 V, B E]TT 588 0.75—2 ps.
s VAR it %) 3 D i) 03RRIk o XS R U5,
SRR H A 200 keV.

DL | 20 B N BT FH R R
74 15 mm x 15 mm x 2 mm, B 7STOE,
FA A 7 == 1R F AT

3 #£R53

Bl 1 s iR AR GAGG:Ce @A IR
A, HRSER ¢50 mm x 120 mm. MWE 1] IE
H, AR R, JE A VRS, R A
PR A R AR R R L i AR K, FE AR K R
SRR A2 1) A VR B BRSSP RAT
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AERCA R, A 30 1 B4 0 i IF
RS RRYIITIR, BIREIE, (LA e

AL AR SFHUNBORL. A ERTE GAGG:Ce RHAOLTE |

RSN IR RE S B FE Z A INTE R R, TR iRk
B BN SN 15 mm x 15 mm x 2 mm FIEE
1A 2, XF 35 A AT YDA G AR Sk R T
TR L3

Sariple. II!!!mam
ity =

Bl 1 GAGG:Ce fhik K if IR A
Fig. 1. Photos of GAGG:Ce crystal and samples.

3.1 GAGG:Ce BIFEHIAR T SHWHELEH

K H] EDS fEiR1E GAGG:Ce fhikkEM 15
FESL 2 (BURELE B LA 1) B9y, DI B0 IEA ]
A VARV AR i A0 B 22 S . MR e ARG T il R A
F| Gd-Al-Ga JCZE XS N 1Y 2 T4, ange 1 g, I
AR B FETE R GdyAly 3Gay 01, T LI 1,
e 1R ALY Ga B9 BE AR F LS BC L, M
Gd B B =5 F RS B He. AR A 2 H B Rl 4G
W5 2Z AR X AN [ A B8 T pl 53 25 5
AW TTEREH: —& GAGG:Ce SRR AT &
TEE N 1750 °C, 1 GayO4 B N 1700 °C, Hitk
HEDIAIARAE AR A K WTIAELE Ga,O5 oI
KRB 120 R B AL (BEAL 1) R Ga
(R BEREAIG, T RE R SR K AR T, IR RS,
IR GayO5 B 435 K JE B W A8 /b —JE
T Ga ff GAGG T iy 8t R ECh 0.9—104)
DAL Bl et AR 2B R AT, LMk B T . SR T U
AT LA 6 0 B i 10 o A L T B BC L SR

# 1 GAGG:Ce fbf&i¥) EDS 553534
Table 1. Composition analysis data by EDS of
GAGG:Ce crystal.

Gd Al Ga Al + Ga
Sample
ion ratio
1 3.034  2.274  2.692 4.966
2 2.985 2213  2.802 5.015
Theoretical value 3 2.3 2.7 5

A (AL, Ga) BRZ1M Gd & 4%, BEdb 2 4 (Al Ga)
K H X B AT Y (XRD) % fFE GAGG:Ce
AR AR A S A 254G, dnlEl 2 BiR. AR 2 W]
DLE W, FES 15 2 M FRIE 0 5 A 1A 45 1
GAGG H (PDF#46-0448) 5E4%F i, A A —
AHAT 5 0, 3 3¢ B AR O P A 56 A I A R A
XRD # T FR . HE & (% 35 A 5 1647 T 32°-—33°
(20) Z[8), XFR7 (420) Fhia. MR 2 4G EAT %, AT
i R 32.8° I A1 FE A A & 32.73°. ARPE AT Hids
D5 8 Je ST fh AR 0 T TR A X GAGG:Ce
RS M S A, AT
1
2dsinf =n\, d= NCE TR (1)
Ko, d, 0 F a5y 5k b DR L AT A R A S
B on = 1 AREG A = 0.15406 nm hy X 2k
WA (b k 1) B850 I R B R AR A7 5
el (1 2) 45 20600 dbiAR ) iS4, andk 2 iy
H). N 2 0] FH, GAGG:Ce fiREE S 2 1
SHN 12,2516 nm, BE R FHES 1 (12.2492 nm).
XS HE R R FE B 7E GAGG:Ce f
F, AL TS5 Ga B FAE[R 4 DY L 7S B DY
TR BN TS 57, B 5 2 ML TRERD 1Y Ga &
FUEE R, H Ga BT HRKT Al B TPB1Z, Ga
B X AL FRBC S S B IS5 K,
i TA [E) 86 R, AR A A B2 (1) 2X) AT g
fh 2 BOAT ST A AR ERE S 1 23 /N B O Il A —
EMAL. AN, BEORFERL 19 Gd B M B T,
{H AR AR T RIS BC L 3B 4 Gd B T A7 AE
AR, R iEA S, LA Wi S
B, SRR TR 3.2 a5 5T

Sample 1 Sz

L 1]

Sample 2

g3

32.5 32.6 32.7 32.8 32.9 33.0|

L I“ .

Y I AT Y N o
Gd3Al,GazOry (PDF#46-0448)

: | |I | I|. | || || '.I |I|.|
20 30 40 50 60 70 80
20/(%)

Intensity /arb. units

Bl 2 GAGG:Ce i ¥ A XRD i
Fig. 2. XRD patterns of GAGG:Ce crystal.

066101-3


http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1
http://wulixb.iphy.ac.cn/CN/volumn/home.shtml#1

) 3B =% R Acta Phys. Sin.

Vol. 70, No. 6 (2021) 066101

%2 GAGG:Ce &M IS5
Table 2. Lattice parameters of GAGG:Ce crystal

at different positions.

Sample 1 2
Diffractive angle (20)/(°) 32.8 32.73
Lattice parameters/nm 12.2492 12.2516
3.2 GAGG:Ce & & R B Xt 5t & 1% LAY

A1)

& 3(a) FIE 3(b) K Ce3+7E GAGG Fh k7 1E
T B 45 F 1 19 Fg o ik . A GAGG:
Ce dhifrr, Ce B AL 8 EA | Gd* L+ =
HARAE L. Z R IAER, Cetthy 4f JEARBFRL R
2F5 oy F1 2Ky o SRS 101 5d BESEF SN 54> F g
9, Hrih i Eme e 3 M FRERE I T ST,
5d, Fll 5d, & 5d BIPAMIRFREDL. QnlEl 3(b) Hi
IDOETERITEL TR, T 4f JEZS2F; o 1] 5d,
5d, HIRT23 3 B A 340 F1 440 nm /I ST
XTIV B4 W A BE B 43 1A 2.8 eV FTT 3.64 eV, X 3
B 5d, F1 5d, [MIABER R 0.84 eV. MIE 3(b) AT A,
TR BE 2 B GAGG:Ce FRIAKE S 2 78 500—

(a) Ce3t

TECB. LoV
6+ 5d1
5F 2.8 eV
Ccd3+
% 4 ‘D— 2Fr2
> i o
%o 3r 6p 5/2
5 2 49ev
3.35 eV
il 45ev
3.9 eV
Orgig
T 1.05 eV
—1F 8g
Energy/eV
(b) 6.2 4.1 3.1 2.5 2.1 1.8 1.6
100 T T T T T
—— Sample 1
—— Sample 2
80 |
X
~
g 60
=
5
8
=
g 40
0
=
é
20 F

0 1 1 1 1 1
200 300 400 500 600 700 800
Wavelength/nm

5 3 GAGG:Ce fshiE M RER L (a) 5B it (b)
Fig. 3. Energy diagram (a) and transmittance (b) of GAGG:
Ce crystal sample.

800 nm Y% Bt (Y 4B 1 A B THEAL 1 B 82%
2 70%. BLAh, f7F 253 nm (4.9 eV), 275 nm
(4.5 eV) Fl 317 nm (3.9 V) 4b 151 fitg /N W i 16 43
BIRRLT GA* A5, )5 1] 6D, P 1T AERAT.

BT UL E SO GRS A AT A, RES 2 h
BT RE T B4 S R 20 H g Sy Bl AR A
T, AR R A 2 A 2 2 WL e o e v 1338, e
FRMUEARS GAGG HITHRAR, H LT3
mn AR B PERE R R, i —E7R GAGG:Ce f
A A S AR A 2 LI o 1 ofe T A 4R B LA U vk
T L AR ISR I D TR S, 0
& 4 fis. A 4(a) FIE 4(b) "LIEH, GAGG:Ce
PRI AL B e — 85 =M s n
IREAIER; 5 —2 R B A A k. T
LILGTE T 30 MR RS, 153 2] S AR o
AR RS R (10 + 3) pm, B
[ AR TFEIRST R (30 + 5) pm.

4 GAGG:Ce SAMKIES N (a) RIS (b)
AR DR 2 44

Fig. 4. Micro-region morphology analysis of GAGG:Ce crys-
tal: (a) Lamellar inclusions; (b) black and white interphase

inclusions.

K I L 1 B0 & EDS BEiS R AE GA-
GG:Ce fbiARRE S T B o, ilE— 25 a0 BT 24
BRI, 2 35 T 4% X 38 EDS figik
BT BT s . R g SR e B, 7E L B R B Y
LI DI (UEE AR 2, 5) 1, ngay ngal, cay o) =
3:5:12, 5 GAGG H:J5t DU fh s i B Lo 41—
, T Ce*fE GAGG HET st R KA 0.3
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%3 GAGG:Ce SR EDS RERH X RT3
Table 3.  Micro-region composition analysis data by EDS of GAGG:Ce crystal.

ket Gd Ce Al Ga Al + Ga (0] (Gd + Ce):(Al + Ga):O
- Atomic percentage BTz
1 17.61 — 10.33 12.06 22.39 60 3.5:4.5:12
2 14.97 — 11.11 13.92 25.03 60 3:5:12
3 3.71 20.57 4.45 11.26 15.71 60 4.9:3.1:12
4 1.19 — 17.9 20.91 38.81 60 0.06:2:3
5 15.06 — 10.63 14.31 24.94 60 3:5:12

ity , SRR, Rik EDS RERER B IR, P 7E
B3 43 B TP B AT K B Ce Y 25 hE. K (0 ZE A
(BAE S 1) P, ngay mgan, qayimo) = 3.5:4.5:12.
m R R T, BT GayO3 MR 3t
F I s Gd —, PR nT DU K (0 A 2 A
HE Gd MR, EEAAET M. BAa
FAMRI R R G (AT 3) th, Cedt i
SEFISAE Y 40 fi5, o7 LI E HON S Ce ML
17 PR AT (HURE A 4) PRKEINE] Gd* AT Cedr,
H na, cay no) = 203, IXRIIZE B T Z 0>
M (AL, Ga)yOg. HAJE AT X B3 73 1 25 51 7T LA
FHE DT 7 2 D 1 € R ] HE AR A 2 AR T8 L - 7
GAGG:Ce iR Z5#gh, Ce* BT N4l Gd* &+
() AR A7, B CedtES T2 4R (114.3 pm)
KF G B 12142 (105.3 pm), X FE Ce?+ &+
£ GAGG H T i 73 B R ECEUD (0.3 247),
PRXT Ced 88 M HE LAk 0 Bk, 14 1773 U A
Ced+ i F IR BEANBTIE N . BEah, SRR ER I AR
BRHAX M, @84 K A mHEA i Cedr i
FANBE BB 41, SO0 [ R s AR A oy AN
SEUE AR 5K B0 B A B AN FRRE 14
X3 S 8 110 A R A T A0 30 B IR T B A
(AL,Ga) O3 M A s I 78 2 NI vh | e 208 S
Ce fH5 (AL, Ga),O3 FHAHEIHES Y2 22 1A 16, 2%
FEAET iR .

3.3 GAGG:Ce R & &R P& XT & 5t 14 68 B
A

e FEL A B R 8 S I R R T AR v A
LU . BEARGE Tt o, o it X DR & (s 5 0k T 2k
PRI, AR 28R GAGG:Ce A & Gk By
HiE MR, H IR ZOLROR . MR
SR B A B R Al JE— R T GAGG:Ce
ARG & e RE, A& 5 Bias. I 5(a) 9 X 5

LW RIS LR, 78 X SRS T, L
T 500—700 nm P K D] I T — A AR FR Y
Yi RIGHT, X E Ce’ AL F M 5d P R A Ta) 4f 5
AR R, #ass, Kl 5(a) 4 B s 7
T 380 nm Ab 19 & 5102 GAGG:Ce fi ik 1 £ 78
) Gdar/ca SRS B BE SR, 7E LuAG:Cel'™ K
YAG:Cel™ &GPt AR BIF S,
JERHLER AN T :

RER: + (AlAD16a < (REX)16a + Algs,  (2)
A, RE MF BT (W01 Gd, Y 5 Lu %); 16a 4
AR EE R Fh 7S B B/ TARAS A . Kitaura %5 19 (1)

(a) —— Sample 1
—— Sample 2

_.g Ced+
s /
ﬁ' 1 Gdayc, antisite defect
Q E —Sample 1
> | 2 |-Sample 2
= 2
2 &
2 £
=S| g

Z360 370 380 390 400

Wavelength/nm
200 300 400 500 600 700 800
Wavelength /nm

2.0

(b) [ ] Sample 1

I Sample 2

| Gdal/ca antisite defect
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Fig. 5. X-ray excited spectra (a) and integrated intensity
(b) of GAGG:Ce crystal.
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PEBRLEA R KT, T3 GAGG:Ce fbiAfY
KGO PERRAR. Xt —AE THILE (AL Ga)
R4 23T &, GAGG:Ce fHATE (AL Ga) 415>
BRZ I, TR Gd . SO LR 19T 1 RE B
IR IO BEAh, SRR IX LA 5B (3R 3) FRIWAMES 2
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Fig. 6. Multi-channel energy spectra of GAGG:Ce crystal

excited by ¥7Cs (HV, high voltage).
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Fig. 8. Light yield dependence on amplifier shaping time

normalized at 0.75 ps for GAGG:Ce crystal, where solid

lines are the fitting curve.
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Fig. 9. Scintillation decay curve of GAGG:Ce crystal.
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Abstract

There are many problems during the preparation of the scintillation crystal Gds(Al,Ga);0.4:Ce
(abbreviated as GAGG:Ce), such as inclusions and antisite-defect. In order to inhibit these defects and obtain
large-size and high-quality GAGG:Ce crystal, this study uses Gds(Al,Ga);O;, as the matrix and Ce3* as the
doping ions to grow the GAGG:Ce crystal by the Czochralski method. The phase structure, micro-region
composition, optical and scintillation properties of GAGG:Ce are tested and compared. It is found that tipical
Ce*t absorption bands are at 340 nm and 440 nm, and the linear transmittance at 550 nm is 82%. The
transmittance of the crystal tail drops to about 70% due to the macroscopic defects such as inclusions. The
micro-region composition analysis shows that the three types of inclusions in GAGG:Ce crystal are Gd-rich
phase, Ce-rich phase, and (Al,Ga),05 phase. The Ce3* ion emission wavelength of GAGG:Ce crystal is about
550 nm excited by the X-ray, and there is also an emission wavelength caused by the Gd,)/q, antisite-defect at
380 nm. The emission intensity of Gd,/q, antisite-defect in the lack of (Al,Ga) component is higher than that
in the excess (Al,Ga) component. The inclusions and Gdyj/g, antisite-defect make the luminous efficiency of
GAGG:Ce crystal decrease by 12.5% and the corresponding light yield decreases from 58500 to 52000
photon/MeV. The tunneling effect between Gdy)q, antisite-defect ions and neighboring Ce** ions makes the
decay time of the GAGG:Ce crystal extend from 117.7 to 121.9 ns, and the ratio of slow component increases
from 16% to 17.2%. The migration of energy along the Gd** sublattice makes the rise time of the GAGG:Ce
crystal extend from 8.6 to 10.7 ns. The above conclusions further deepen the understanding of the source of
inclusions and the relationship between the Gdy/q, antisite-defect and crystal composition, and provide a

theoretical basis for restraining the defects and improving the crystal properties.

Keywords: GAGG:Ce, light yield, energy resolution, decay time, antisite-defect, inclusions
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