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NS BRI e K R B B Er® T /YB3 3538 BaGd2ZnOs _EE MM R 6N, 1 e KR I
W A A D F R BT ) YD3T A EIS IR BT L UCE S ol B e AL A it — Dk
A AL ExT /YD B AR S SOR R LG R 5 B 1 [ VA 5 R e e A R R O R
PR, BRI LT Y i K R 5 B B 5 7 6 B /Y3 35 8 BE . 1) A% 45 0 7 T 1 K 92 4 i ) 6 R B e
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WEFe A KEARIE, (HN R A BT X i3 )
REHEATIEIC, £ —Fl s g RL A 7y i 16220,

N T BRI L5 R B IR B R bR B K
FOGIRIE, R TR Bt i 75 0 SR AT
AR U8 AR e R AR IR R AL v i 3y
STk, I B S ER GBS IR
(6171 e 5 e A ¥ v 1 G e
Aapiitit— PR se R, RIERRE R, &
ST HGRY Exdt /YB3 B IR E 5 3L B OR
DGR ) Uk IR AR DO R s A% B, HAL
15 77 AR I pe e (20210 SR v T T A R 1) 6 H
T ZEARKE 2220 R X AT 4T (XRD) %t
PSR RE R AR BEAT T 485 DB S R o 7E
980 nm UK T 1 L5 WO A6, BE T T A AR
s R _E B R AL, SR 1R X BB R G )
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2.1 HRIERSFRIE

FE i & R F 23 i 41 BaCO3, Zn0O, Gd,Os3,
YboO3 FlErsO5 N EAM KL, #2HBEL 15 4K FE
T 5 OB I A 2 T B A R B PR =Rk A R
H ¥5 7 # (BaGdaZnOs). 485K & 47 i & ¥ i i
TE IS EGAF R R, 78 40 0F BE £ 20 min, IR A
5], WEEE UF R A YR IR, 761200 °CHY

Lapdrrhkesia h J5, AR B FIE, 535K
L) BaCGdaZnOs : Erdt /YB3 56Ky, X 3k
3B RE i HE AT RO BE 205 min, BRI A 3 BT 75 0
FE i

I H A 5 Shimadzu-XRD-6000 X 528 %}
ARATT SO A il B G5 4 1647 23 A, X SRR Cu
B Ko 529, WK N 1.5406 A, f# ] H 37 F-4600 %
T TE SGHAT AR b 1L e 1 =, S (o ==
JEFE N 300900 nm. ¥Rk SeHiz e Ik
L AR A F] 980 nm MG LR OE 8, BOLE I
BB DI E N 0—2 WIESE AT, HiH D% 5800
78 TAE LR R R

2.2 BRIt

NT FH BaGdaZnOs %K e KR GHRE BT
X R Er3t /YB3 35 20 W BT, S T Ug(9°) 34
Wit #, tF 1. FEMTE 980 nm ¥R N33 b
R a3 T30 G o T A R € R 418 Rk T
Pa 2B S LR D B I T 7 =
3SR RO IRBE f K, FF i 4 I 20 68 RO 98 o
K. SR sEXT B Erdt /Yb3t B B E 2 5
1.825%, 5.75%, Z1 )65 5 X% N Ert /Y3t 871
WSE 2 2.6875%, 15.25%. L IRATLLIX 4k
i [ Er3 T /YD IR E NS5, i T ik
I e AL A BT R B3t /YB3t BT B Ak
L2 BN 1% 4% A1 1%—30%.

®1 HEREBE

Table 1. Uniform experimental design.

75 z1(Er31) /mol% 22 (Yb31) /mol% Yz Yur
1 1(0.1) 4(8.125) 2550.8005 5105.1469
2 2(0.9625) 8(17.625) 5016.7797 32631.8403
3 3(1.825) 3(5.75) 13192.6583 35640.4379
4 4(2.6875) 7(15.25) 6199.3701 51519.7732
5 5(3.55) 2(3.375) 8779.2747 21441.9373
6 6(4.4125) 6(12.875) 4744.4992 38884.5111
7 7(5.275) 8702.3502 11470.9409
8 8(6.1375) 5(10.5) 4876.0174 36501.1401
9 9(7.0) 9(20.0) 2240.0208 20943.8364
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2.3 RBRneREE SRR
H T U e e 2H A e e B s A
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Table 2. Natural factors level code.

WEREPESEAR RPE RS, AR B0TER. MR 5 et % (0G) 21(Br2) /mol% za(YbPT)/mol%
FiiE 1 B /YOS 8 Tk S, AT YOE (") ) %
} 205 + Aj(1) 3.561 25.755
P e 4L 2 R B 462 AR B AR o . o
%, 4638 VO TV 2L Ak 1 7 6 oy A1) 139 ot
R Hrp A GRS B B IR B AR 2 gl 3k 215(=r) 1 1
BEAT 13 H S0, 38 3 R aRJa PS5 30 9 13 ALRE Aj = (225 = 215)/(2r) 1.061 10.255
AL B B It e B kv il A -3
®3 UGB A ORI R SRR
Table 3. Integrated intensity and experiment scheme of quadratic general rotary unitized design.
e g 1 T2 T1T2 z? z3 Yot Yur

1 1 1 1 1 1 1 3210.0671 29757.8764

2 1 1 —1 -1 1 1 13427.7199 44975.7769

3 1 -1 1 -1 1 1 2932.0551 23494.3902

4 1 -1 -1 1 1 1 17644.0811 35501.1913

5 1 T 0 0 r? 0 7568.0541 72189.5991

6 1 —r 0 0 r? 0 7883.5894 49258.0581

7 1 0 T 0 0 r? 1929.5621 17081.7885

8 1 0 —r 0 0 r2 16046.1255 13183.1099

9 1 0 0 0 0 0 8423.8257 69669.3697

10 1 0 0 0 0 0 8741.7112 69489.8722

11 1 0 0 0 0 0 8323.6619 67886.5822

12 1 0 0 0 0 0 8329.0223 68920.7989

13 1 0 0 0 0 0 8288.7008 68256.8899

3 AR5

“RBRARBESEZITARERD

EHAE S
1 JAAE 980 nm UK HFE il Y AL OG5 1A,
A DA HRE i B — N A0 R A SR 6 1 5RO
G, RGHOALT 662, 551 F1527 nm, 43 %R T
4F9/2—>4I15/2, 483/2—>4115/2 &2H11/2—>4I15/2 REZ
BRIE; 3 Ah, A — AR 5 R OO, Kot
AL T 410 nm, X RLT A7 050 BRIE. X 13
ARl = ek IR D Ve == R & S I EA SN2 |
ELZ R, SO MO R S HR o8, TS B R SR w
559. 0B 1 FTaR, 2 e RS 6T o AL

3.1

Gy RIAR, 19 201 KGR EE 7 AE N R 3 B 5 i 81
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Fig. 1. (color online) UC emission spectra of the as-
prepared BaGd2ZnOs:Er3t /Yb3t phosphor.
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TR B R R A G R IT & AR
BIR DR
HEREAN LR Se a0 8 2R, ARAE — Xl VAT
B, RG2S 1A A5 2P AR [RE T RE N
Y = 8423.41 — 548.061‘1

3.2

— 5611.3129 + 1123.592; 29
—105.60z7 + 525.2273, (1)
Yy = 68853.87 + 6020.4124
— 2713.9925 — 802.77x 122
— 5166.742% — 27955.5523. (2)
of b [ 9 77 F2 1R R0 A 2R 0 2 O 7R R 3 A i)
i TR 50 J PR S6. oF S5 49 1 % S 200

RAPTH). BFRATEN, TR (1), (2) AR,
[l A 5 2 19 S 2 MK o < 0.01, B3 BA 313 5 2 11
BB 99%. o677 R [l A R B -6 e 45
BB, B ot BN RZ A, HoAhJ7 R [0l )5 R %08
FEAFIRERE b2 20607 R 10l A R B0 T-AG 56
S5 RRW], B wq o BUAN L AL, oAl 7 R [H1 A
BOGEARFRRE 22
IR LA 4 i 23 8] b Bt /YB3t 88 i 5 4
JEANLLOGI R G5 B 1) — IR BT R A
s = 8423.41 — 548.062, — 5611.312,
+ 1123.5921 29 + 525.2223, (3)
Yy = 68853.87 + 6020.4121 — 273.99x5
— 5166.74x% — 27955.55x3. (4)

R4 BOLHLLH T-R K F-R8 T 20 &

Table 4. T-test and F-test with analysis of variance of green light and red light.

Ji El t1 it to Gt W& e
S (RS 1B {217 il 2 | K 94 Ak Mk BEM1 BEM2
B F P It Far  Foae
zo 354768623.4  23704274328.4 1 21.091  29.278  0.001  0.001 Ak *Hkk
x1 2402997.7 289962581.5 1 1.736 3.238 0.2 0.02 o ok
x2 190576128.7 58926205.5 1 17771 1.460  0.001 0.2 Ak %
T122 5049847.6 2577789.8 1 2.516 0.305 0.05 0.8 otk N e
z? 77549.7 185641355.2 1 0.312 2.590 0.8 0.05 ENTES ok
x3 1918324.9 5434719416.4 1 1.551 14.015 0.2 0.001 o Aok
[lH 2624428709  5832369360.6 5 65814  42.182  0.01 0.01 Rk Ak
PP 5582732.3 193572682.1 7 — — — — — —
A 5444431.7 191207053.4 3 52489  107.77  0.01 0.01 *x *
W 138300.6 2365628.8 4 — — — — — —
MAT 268025603.2  6025942042.7 12 — — — — — —
R AR KT (@ < 0.01); ¥ BEMIKT (a < 0.1); ** BRZHKT (o < 0.25).
V6 et A 5 1] o ) 77 R A 4 1] S B Ak 7 ) o HEST /Y 8 R WK E Nz = 1.011 mol%,

R BT /YD B IR S SO ML RO 5
JE i =k B J5 #E A

Yig = 23397.48 — 2117.2221 — 987.172

+103.2627 4 4.9923, (5)
Yo = — 33753.05 + 28622.862; + 7975.9429
— 4589.712% — 265.8323. (6)

R I A% 5 v R W R 7 R IR
g KRG E N R EHyy = 20378.33,

2o = 1.001 mol%; £IJ 5 K K % 5 B 1 3 i {8
Yy = 70699.53, HET /Y3t BIKIE Nz =
3.121 mol%, z, = 14.999 mol%. 73 5l 4% Ak i i
55 5 R B A1) 4% H AR R i, 23R, SRR R
FE )52 bR R o B PR R B i

3.3 EMEMBIRIFEHRIE

B2 (a) X B 5 Ot BP0 Rl I XRD &,
P 2 (b) % B35 2008 B LA dh B9 XRD BI#E, B b
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T B B RE 2 A BaGdoZnOs ¥ oK AT 5 br 1 &
FJCPDS No. 49-0518 H [\ £ #5245 1), A
R DLE H, SOt s AR, DGR R R
(1) & 47 59 0 5 b 1k = 7 I AT S 0 AL B — 8 W
A WL %2 B 1 2% 0TI AT 0, BB A R
BaGd2ZnOs : Er3t /Y3t FESCNLIM. 54k, X
— 25 BEn] DLUG R 51 AN XU % B 1 B Ik FE AR 4k
AL 5| R S IR IR, XY Ga T 5
Er3t /Y3t (4020 B AR L A A R A2 1242
B 1,

(a)

Intensity /arb. units

JCPDS card No. 49-0518

oo e b e et gl e
10 20 30 40 50 60 70

20/(%)
K2  (MTIEG) RIS XRD ERE S bRk
JCPDS No. 49-0518 I
Fig. 2. (color online) XRD patterns of optimal sam-
ples and standard peaks of BaGd2ZnOs (JCPDS No.

49-0518) are included for comparison.

3.4 BEMAXEMER EEREARE
)RR 5 LR A IR

i B B R R ) B RO R 2O T
R, RIVRE G RSP B LA i 7= A
— MBI TRIR SRR, WA T = b(i —idg)"
R, QARG B RO 5 S OB AR 10 T AR
T SEEG B, wfhn] Lol JE & A 15 B n A,
32 T 410 S I A 4 RO T R R LG i A 2,
ik, FRATIN R T SO0 FI L0 B R i 7E 980 nm
BN, AEAS R AR AL I F) b e e R B ol 1
FE DN B R rp HAh S22 AR R AN S35,
T G o R R R v TS EORE o A, 8
Ot & AT R AL S ) 9 TR P I 5, A o ) £
% R M0 AT B 00 A Ak 2281 T e R R 1
ST B, FE A n B AE 2 BT, X5 X0 T
FE A BB AR AR R, LW S LR df £E 980 nm UK T

LML SR AN ZL A B B X0 Rl iR e,
3 73l T 4 A ZDN B A R 72 980 nm
s TAREANR] FL IS (1 LR i otk B3 h
PN (b) A b4 RS 1 R RO R 1S5
— 450 SREEH—AL T, AT WL — AL B RN 6 3
THyy o= 50 KATIREEREAAT[F]. iR 45 2R,
WOG AR 21O B LR IR T 2 BORRE il
AR AT LA AN T B B3 e AN B (a) S
RN R SO TAF R R, Hrp s
2SI M 2, KB MM AT = b(i — o)™
ERRIIHh R, S B0 n EAREAER .

Xt R AL B U it _E 8 80 R Dl i P 1) 2
REMPIFERY, 16980 nm WK T, SR
ERE i 1 b J 5 R IS R 2 R XU - aed A 190341,
117 S B 2 0 AN 20 0 1 e e 1) T RE Bk 42 L G
Er’t (A HIREEAL B AR Yb3+ 2| Er®t B fe E 4%
EBILARAN Erdt (O SO R B9,

35 mEMZFAGEMER EEIRERL
HISZMm

5L PE X b B e e e AR S B B B A AR
FER, RN, R ROk G FE AL
WA, Kk, ASCE IR Er T fe g b
o e, FHIEARNRE TN E RS 6E. B4k
N 63 B P RE i ) B R 4 R B e B I % £ R
S IERIC R, I B B BTN EE SRR Ay
SR (In/Is) SRR R, L RME 4.
N, REZL 2 Hyy o TS50 & — AN HCFEDIR L, 5 2
PR %E ZorAi. T, 2Hyy jo—215,0 (R S 502
55 483 104150 (KR S5 Lh ) Bk =0t R 2O
= 2‘ =Ce T, (7)
Hor, Ty AR 2H o150 R BT 3R EZ, Is R
R 1S5/0 150 MRS BREE, CREH, AE LR
PHyq o F14S5,0 Z I RE L 22, k RN BIR 25 8
B, TRRLGIHREE. @ ()RR R ER
AE = 926.11 e, XARHE G L RE S 1 4%
e R LG T LA S RE 22N AE = 883.64 e L.
DR, S8 90 A A B0 A S 6 A AE W . X
Wi BA IR R ' i FE IR AR % &R 2 (7) A
HAE.
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3 (MTIRG) SORFILZGRMAE KRGS SEOLHR M TERRKRR K (a) HEBUI AP AR ML
R R BRI RO SO TAEHROR R, S G 2 4@l (b) A R EOGHS TAE e e 4%
He A — AL RS

Fig. 3. (color online) Dependence of green and red upconversion spectra on laser working current of optimal
samples. Inset (a) shows the dependence of integrated red and green upconversion intensities on the laser
working current. Inset (b) shows the normalized green upconversion spectra measured at different laser

working currents.

1.0 -8
B _ 0
= AE =926.114£24.99 cm™ 2
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O%00 350 400 450 —2 %
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40‘5«]7
500 520 540 560 580 600 >

Wavelength /nm
Bl (MTRE) GOt E RSP am s SRR R, 168 P BURE RS e ROk
SREE (In/Is) SEMIRR, L4 AMA ML
Fig. 4. (color online) UC green emission spectra of optimal sample measured at different temperature,

scattered points in inset stand for integrated intensity of green emission, and the solid line is fitting curve.
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Bl 5 gt m AR FE L 7E 980 nm UK T 1R
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i, KA IRFE IR WAL /N, I TR R IR, R
PR R B A S, Forin R B
Iy

1—|—Aexp<—i£]>

A, Ty RWIGGTREE, I(T) 2 — N I 5
AREESBRIT AR 7, k RPUREZHE, AE
&R RS FE G e, TEE S T, A (8) 8
WHATIE, B3 TamlE i AR
L6 B FE T )RR UE BB AE . = 045 eV,
GBI RSN AE, = 0.45 eV, 460G A
AEy; =0.46 eV,

I(T) = (8)

120

= Green I
o Red (D) = T (ABRT)
4 Sum 1+ Aexp[—(AB/kT)]

wn

= 801
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&40
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: Y
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300 320 340 360 380 400 420 440 460
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Fig. 5. (color online) Relationship between lumines-
cence intensity and temperature of optimal sample

with strong green light.
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Experimental optimal design of the Er’*/Yb*" codoped
BaGd,ZnOj5 phosphor and its upconversion luminescence
properties”
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Abstract

In order to obtain the Er**/Yb*" co-doped BaCGd2ZnOs up-conversion phosphor which has the maximum green and
red emission intensity, firstly, the method of homogeneous design rooted in the experimental optimal design is employed
to search optimum Er®" /Yb3"doping concentration preliminarily. Next, the quadratic general rotary unitized design is
adopted to further optimize the experiment, and the regression equation in green and red emission intensity is established
as a function of the doping concentration of Er3* / Yb3*. Finally, the optimal solution, that is, the doping concentration
of Er®*/Yb3T corresponding to the maximum emission intensity, is calculated by genetic algorithm. The optimal
Er3+/Yb3+co-doped BaGd2ZnOs phosphor is synthesized by the conventional high temperature solid state method.
The crystal structure of as-prepared products is characterized by X-ray diffraction (XRD), and the results show that
all the Er®* /Yb3tco-doped BaGd2ZnO5 phosphors we synthesized are of pure phase. The steady-state up-conversion
(UC) emission spectra of products are measured under the excitation of a continuous 980 nm laser diode at different
working currents. From the UC luminescent spectra of Er*" /Yb*"co-doped BaGd2ZnOs phosphor, we can see a red
emission centered at 662 nm, two green emissions centered at 551 nm and 527 nm, which are assigned to 4F9/2%4115/27
483/2%4115/2 and 2H11/2%4115/2 transitions of Er®*t ion, respectively. The dependences of green and red UC emission
intensities of optimal samples on working current are investigated, indicating that the red emission and green emission
of optimal samples both originate from two-photon process. From the normalized green UC emission spectra, it can
be concluded that the experimental laser working current induced temperature variation of samples can be omitted.
According to Boltzmann distribution law and the thermal equilibrium existing between the levels of ?H;; /2 and 48, /25
the relationship between green emission and temperature in the optimal green UC emission sample is discussed in depth,
and the energy level gap between *Hy; /2 level and 18, /2 level is calculated to be 926.11 cm™!. Through the study of
the temperature effect on the optimal green UC emission sample, we find that the emission intensity decreases with the
increasing of the temperature, owing to the thermal quenching effect. Furthermore, we calculate the activation energies
of the samples, the activation energies of the green emission, red emission, and the overall emission are deduced to be
0.45, 0.46, and 0.45 eV, respectively.

Keywords: experimental optimal design, up-conversion, BaGd;ZnOs5, 2-photon
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