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Abstract: Eu*"-activated A,CaPO,F(A=K, Rb)phosphors have attracted significant attention for their
superior luminescence properties. However, the site occupation, the associated spectral assignment
of dopant Eu*, and hence the mechanism behind the site-regulated emission tuning, still remain elu-
sive. Herein, we carried out systematic density functional theory calculations on defect formation en-
ergies and optical transitions of Eu® situated at different crystallographic sites with various local
charge compensations. It shows that, for K,CaPO,F: Eu*, the ~660 nm emission is due to Eu”* locat-
ed on the K site with charge compensation by two coordinating O, substitutions plus one Ca, near one
of the two O, defects, while the ~480 nm emission comes from Eu’ located on the K site with charge
compensation by one coordinating O, substitution. For Rb,CaPO,F:Eu*, the ~480 nm emission orig-
inates from Eu” located at the Rb site with two coordinating O, defects plus one Ca,, near both the O,
defects. On this basis, we analyze Eu® local environments and electronic properties, and discuss
their relationship with the relative spectral shift from Eu* in K,CaPO,F: Eu* to Rb,CaPO,F. Our re-

sults can not only assist in the understanding of experimental observations but also provide a theoretical
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basis for further performance optimization of the phosphors.
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cence properties

nu\«

1 3l

o A5ORR E WA RT AL RO R I i R — B
b B B R R, A, A,CaPO,F: Eu™ (A=K,
Rb) 28 Ky i Hh 6 14 & 6 P BB R FH i 541 22
BTz " R 44y 1T 48 Rb K, CaPO,F:
Eu” 280, 78 B — I 1 (380 nm) A9 3 48 41
BN H R 6 BE 5 Aoy A8 Ak nT B 55 8L A AT
X3, DTS2 B0 o Bt i . R I ST N R
B\ S50 g B o L A R 5 b A RO bERE R AT TR
HWFSE Bl T RO 0 Eu™ 8 1 5 P8 A1 A A7
A7 7 F gy 2 85 00 L LA 0 o 1 AT A
et — 200N . 206 M i B M R AR KRR I
B F S o vt B A 3R 85, O 1 — 28 RS o R 450k
TR AL 28 YRy K ek R L MERR T R R &
O B TR o P O B R B T A A R
Sl 235 ¥ S AT Sy R

BB TS M AR Bt TR
RO R N S e o o B 9 iRk S = AW L)
JE AN AR 2R 2 g | SE I AR 25 f A . L
BERL T 7 iy OB I R &= A = a1 )
FEOFR, Jy T A SRR o T 2 AT
LT AMEE o FE A LB 4 AT AN B8 B, S5 TE A
5585 B 5 RAR AL LA AH SR R 0 2 4 i
SR BEAE o F i R T B SR 2 R AR R OA
JR SRR DT AR 56k BRI . FL A M Y
Z AR RIS 2 PR N T 5250 ISR K LB X
¥, A,CaPO,F:Eu” (A=K, Rb) &Ryt 2% Fi i
LT A TR A B4 B (K/RD) I 143 & (Ca) PRI AR
Ml Eu B . SIE A Eu B TS YRS
JE B TSI, Z T — N IE L fAr o R H far b
PSR T LU A IR B F 25 00 (V/V [ Kroger-
Vink FF5ARiC A" 084 551 B o+ 4 ) 2
T(K{/Rb(,) OBARF(OL)AF  TMIAHTE] HL gy 4L AT
REFE A A b B S [R] 43 A 1 0, DR 7E S 56 - AR M
T B B R OE LB B o & A 7 SR SR H . T X
AT DA DFT 55— P 3R 35 Bl i e ) R

Rb,CaPO,F & 1K J& F IE 58 fh & , Pnma 15
(No. 62) , 4 B> 9Bc {57 Rb AR A2 (RbO,F,) Fl—> 6 it

{7 Ca A& A7 (CaO,F,)™"*?" £S5 T Daicho Al Li 45 ()
CEEHINH K,CaPO,F J& T H R R, P21/m 15 BE
(No. 11), 74 44~ 9 A7 B K #% A (KO, F,) FH A~ 6 it
P Caks i (CaO,F )" (H i F H AR A B2 AR /)N
(90.22°~90. 32°),Cal/Ca2 ¥ {3 Bt or 45 ¥ AH AL, K 1/
K2 k& 7 e 57 25 ¥ 41 0L, K3/K4 #6057 Fic 7 45 #4 A
£, H 400 K i}, K,CaPO,F 23 % A #H7AE 1 2% Sy 1IF 58
Bh &R o i, Cai, Wang Fl Wu &5 ) 55 56 SCEE NN
H 5 Rb,CaPOF —#£ J& T 1E 28 f & , Pnma s Bf
(No. 62)™°2" A i DFTHHE &3, 4 T Bgh i
Z Y K,CaPO,F, Eu™ (5 4§ Cal Fll Ca2 4% 137 114 Bl [ &
BLRE T oy BT, FLIEAE A & 9 K,CaPO FZERE L [ 1L
BB R AR E . N T EOE S SRR B A
OB K,CaPO,FAE A IEAE i R A EE, a0 & 1 7 o

CaO,F,

L.\ &)
B 0 \2 /4
4N\ T/ N\

A10,F,

"1 o000

4 A Ca P OF A20,F,

El1  A,CaPOF 1 & M 25 45 7 B 18] B2 Ca A1 I A2 1% 5 11
JRi A 457 (A=K, Rb) .

Fig.1 Schematic representation of the crystal structures of
A,CaPO,F (A=K, Rb) and the local coordinations of
the Ca, A1 and A2 sites in the crystal.
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Fig. 2 Schematic configuration coordinate diagram illustrat-

ing the calculated optical absorption and emission en-

3 #ZR 5%
3.1 BuLHE

Jg T 455 Eu'7E A,CaPO,F (A=K, Rb) t f k& 17
RSN 3 ] PBE+U(U=2. 5 eV)iZ B X A [A] i, faf
M Ev® (5 $E7E A,CaPO,F(A=K,Rb) ) Ca.A
&AL 0 I B T R R A T30 5 R AN 3 BT o



&
=]
&

Tr B, % EuB 24 A,CaPO F (A=K, Rb) A7 5 35 Al & 61k B AY 26— 1k B ELATF 5%

1343

42x 3

Frevy

16X 16

X

31x 31

51

o

«

0.
L S A )

AE eV

©
-
gL

Yo x5
L g Vg N to %y
o A% X

16x  16%
3ix  SOf
3 9
$
ﬁl ]
T
7% O/, % © XO’

G,
o O/
4 Y

B3 152 Eu 7€ K,CaPO,F (a) F1 Rb,CaPO,F (b) A [F4& 437 7 4 17 200 B8 B RE (AE,) o BT id s id T Ok £oR

BRI 7 T B R R R

Fig. 3 Calculated defect formation energies (AE,) for symmetrically distinct substitutions in K,CaPO,F (a)and Rb,CaPO,F (h).

The number of configuration £2x for each substitution is denoted.

M F Eu® (5 48 A M A7 B L ff S DC L, B R T
Eu, +V).Eu, + A, . Eu, + O, il Eu, +20; + Ca,
XU Rl 2 A 2 BEAT L AT AN o X T Eug+ V)
X2 A, N Eu 588 AL A2 K 7 I A 31 A4S
A BT RS LA U BV A L B Y 1 0 4 S
FTVitE AT 124 F 8L XF Euj+AL X
— A AT Eu 4R AL A2 A% 47 L[ B 16
A Ca JEL #8674 U B A JEF BT B A9 1% B, 3t
64 Fli A B . Xf Eu+0, X — 4 & ,IE T Eu by
AL B A2 ¥ 7 [F B 16 4 F R 74K 9k 0 J5
TR AE Sy o A 0 £ A 0, Sk 64 Bh A R BR
i = A AR A T A R RN T Bug+
200+Ca, X — 4, B Eu & 38 A 7847, 5 H
BE A 1 2 A4S F T4 8 8k 0 Ji 7 Bt Rl i — A4
Ca JiLF 5 4 A J50 4% 057 7 4 1 fof #h % o X Bu
di AL A2 RS AL IR T H AR 31 A R
B Ca T BUIC I A5 0, 38 124 Rkl 7Y

g T U M B A L B 445 T AL Ca-
PO,F (A=K, Rb) i A J5L 748 {3 Fl F J5L 4§ 3 40
KEREE TERED A F A5 55 2
A AL FAS LA 24 A2 SR FAS LB A o 4,
A1 A12 A3 53 I 3R 7R 3 A AN [A AL s 48 £
A21.A22 A23 53 R 3R A2 SR F-A& 0r ikt
W T2 1 RE T 5 25 S 2 W, X F K,CaPOF: Eu™, B
B F RN EM AR Buy,,+20/+Cay,,(Eug, 420+
Ca;,,) 1 Eupy,+20/+Cay,, (Eupy,+20+Cay,s) , JE IR

N Eup,,+20.+Cay,, . Eu,,,+20/+Ca;,,. Euy,,+20/+
Cay,, (Euy,, +20/+Ca;,,) , & & N Eu,,+20,+Ca,,
(Euj,+2004+Cagy,) Eug,+0L Fl Bug,,+0L, X H 7
A O B-BE S Eu i 50 A7 A48 1y FAth 1 L 5
IR LB B Lt B LRARMK . X T Rb,CaPO,F:
Eu™, BB & b i M FE B R Eug,p,+20+Cayy,, F
Eugy +201+Cay,, , BIE S L 47 4M22 1Y Cay, BRFE 5
WA O Bl BE AR AH 4B o 1 7E K,CaPO,F H | fE it fix
o8 Y RL Y Cay BRFE K5 —A> O Bl FEAH SR

B4 FiRP A (A=K, Rb) JE T4 A7 F IR 74 07 7 B R
Fig. 4 Schematic position diagram of A(A=K, Rb)sites and
F sites in crystal

fdi FH ASCF J7 325 X6 65k B T 1 i S5 AR 1) L b A
YRR R S Re s AT TG . TR AE R gk
1R . X T K,CaPO,F: Eu™, 4R SEB6 | W2 3|
[ 55 58 Y 662 nm (1. 87 eV) %K 't I F1 4% 55 11 565
nm(2.20 eV) & G WEH K H T Eu+20+Cay 194
B HLfr #MEE Cay B B AS [R5 AR & G RE e 1Y 22
S TR 497 nm (2. 49 eV) & BT R [ Eug+
O, 4H 4 . X T Rb,CaPO,F: Eu” , Eujy,,+20+



1344

koo

1l 543 &

2,
5

Cagy, A Eum,“+20 +Cagy, PONIVA LL T 484 nm
(2.56 ev)l&ﬁﬁﬁﬁaﬁiﬁﬂé,ﬁﬁﬁazk%ﬂ%kv}iﬁ

Iu) 4 2 55 KO Eug,+205+ Cagy,, Gl Eug,,+20+
Ca]’}[,z] %mﬂ}ii—t o

#1 A,CaPO,F:Eu”(A=K,Rb)HREHE R eEMAZRKTEEITEE
Tab. 1 Calculated defect formation energies and optical transition energies in A,CaPO,F:Eu* (A = K,Rb)
s 73517 ERORNE BALTT BARIE A E eV Fg{E eV
WME/meV  JE B AE/meV  Eu,-Ca, EE%/nm Eu,-Ca, i #§/nm E,. E_ E_
Eugy, + 201+ Cag, -439 0 0.393 0.361 3.12 1.98 | 708
Eug,, + 20} + Cay,, -410 29 0.564 0.474 3.22 1.96
. fCat (662 nm)
Eug,, + 20+ Cay,, =342 97 0.393 0.356 3.23 1.97
Eugy,+ 204 + Cay, -344 95 0.398 0.335 3.09 2.19 2. 20t
Euj,, + 20} + Cajy, -337 102 0.398 0.335 3.22 2.18
. , . (565 nm)
Euy,,t 20+ Cay,, -167 272 0.556 0. 468 3.16 2.13
Euj,+ 0} -132 307 - - 3.47 2.36 2. 49™
Eujy, + O —49 390 - - 3.46 2.4 (497 nm)
Eugyy, + 205 + Cag,, -1659 0 0.414 0.333 3.27 2.43 2.56M"
Eugy,, + 20 + Cagyyy -1633 26 0.414 0.329 3.38 2.48 (484 nm)
Eugypt 207 + Cag, )y -1595 64 0. 400 0.359 3.13 1.61 -
Eug,, + 205 + Cagy,, -1549 110 0. 400 0.367 3.32 1.95 -
Eugy, + 207 +Cagy,, -1529 130 0.576 0. 464 3.31 2.34 -
Eupg, + 201 + Cagy,, -1278 381 0.575 0. 461 3.21 2.3 -
Eugy+ Of =709 950 - - 3.61 2.7 -
Eugt Op -566 1093 - - 3.51 2.74 -

R Cat A PA F IR 5 HEA, K

— 3 WF9EAE K,CaPO,F: Eu™ 1 Eu™ 5 48 Ca #% 137

(K AL AE , Xt Ca M8 A2 M1 AB F IR T 81 O J5 7 Bl B AR 10

AT . HH BT Eu, + 0 + Cap  Eug+

0, + F,.Eu,, + 20} + 2Cay . Eu+ 20, +2F, . Eu,, +

F, 40} . Eu, + F,+ V| Eu, + F,+ K/ X 7F0 &M o

% 83 O J5 B T PO, Z KN L F R

TARME 5 98 O M0, B Eu™ (5 38 Ca k& A A AETEH
i ANVC S A 00, i USRS H 3 T AT i 2 pg Y i

(a) 1.500 Lattice parameter ¢ (b)

1,489'————5——§“g"—§“—g"1‘————3 ~ig5
; ARERE N
E 1.2967 g Lattice parameter a E
o o
9 g
§ 1.2854 = - - |- a--g-—-r-——--ﬁ---a--ﬂ-— = §
< <
5 9 e
= Lattice parameter b =
& N § 3

1187 ---%-- ——5'-—3—'—&—'-9——‘3—— -

1.178+

% ol o %

% X X Ix, ox, Ty XQ o x @ X

T LT g g g T, %

5% G 4 4 # % % 7 %

C Yo %

% (A

K %

s
e
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Fig. 7

DFT-calculated total and orbital-projected DOSs for the pure K,CaPO,F crystal (al), pure Rb,CaPO,F crystal(b1), Eu-

doped K,CaPO,F crystal in the most stable Euy,, +20;+Cay, substitution( (a2)-(a3) ) and Eu-doped Rb,CaPO,F crystal

in the most stable Euy,,, +20} +Ca;,,, substitution( (h2)=(b3)). Eu* in the 4f" ground state with ground-state geometry

in panel (a2)and (b2), Eu® in the 4f°5d" excited state with excited-state geometry in panel (a3)and (b3).
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