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1 photochemical process 1
ZnO elastic collision process

ZnS ZnO[2-
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Tm  
 

௠ܶ = ଶ(ாାଶ௠೐஼మ)ாெ஼మ                         (2-1) 

E: me M:
 

 

Td
Tm Td

Bryant Cox 2-118 ZnS Zn S Td
9.9eV 20.2eV Bryant Hamid[2-119]

Zn S Td 15.0eV 9.9eV  
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2.12.1.1 X XRD  

X Rigaku Ultima IV
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X Cu Kα 40kV
36A 1° 1°
0.20mm 2θ=20-60° 4°/min 0.02°

 
 
2.12.1.2 Scherrer  

XRD
(hkl)

Dhkl ηhkl (hkl) βhkl

(2-2)  
௛௞௟ߚ  = ఒ஽೓ೖ೗ ୡ୭ୱ ఏ + ௛௞௟ߟ2 tan ߠ (2-2) 

 
(2-2)

Scherrer  
ܦ  ௞௟ = ௄ఒఉ೓ೖ೗ ୡ୭ୱ ఏ (2-3) 

 
K βhkl K=1 [2-120]  
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STEM( JEM-2100F 120kV)
SiC

Mo Ar
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2.12.2.2 FE-SEM  
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[2-122]  
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ΣIex ΣIr

ΣIem EQE IQE a  EQE = ఀூ೐೘ఀூ೐ೣ  (2-7) 

IQE = ఀூ೐೘ఀூ೐ೣିఀூೝ (2-8) 

a = ఀூ೐ೣିఀூೝఀூ೐ೣ (2-9) 

 

 
2.11.4.3  

 
Rr

Rn t I(t)  
 

ௗ ூௗ௧ = −(ܴ௥ + ܴ௡)(10-2)                    (ݐ)ܫ 

 
2-9 I(0)=I0 (2-10)  

(ݐ)ܫ  = ଴exp [−(ܴ௥ܫ + ܴ௡)(11-2)                    [ݐ 
 

 

 ߬ = ∫ ௧∙ூ(௧)ௗ௧ಮబ∫ ூ(௧)ௗ௧ಮబ                          (2-12) 

 
(2-11)  

 ߬ = ଵோೝାோ೙                          (2-13) 
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r=1/Rr>1/(Rr+Rn)

r E(t)
 

(ݐ)ܫ  = ߟ ∫ ݐ)ܧ − ஶ଴′ݐ݀(′ݐ)ܦ(ᇱݐ  (2-14) 

 
D(t) E(t)=

(t)
 

t
I( ,t) I( )  

(ߣ)ܫ  = ∫ ,ߣ)ܫ ஶ଴ݐ݀(ݐ  (2-15) 

 
I( ,t) [2-123]  

 
 
 
 

2-9  [2-123] 
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4 GdVO4:Nd,Yb

 

 

4.1  
MR YVO4:Nd,Yb

Yb

140

40nm in vivo

80nm

140

YVO4 Y GdVO4

GdVO4:Nd,Yb  
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4.2  
4-1

KeyChem Integral

Y PTFE 1mm  

 

 

4.3  

4.3.1  
 4-1  

4-1  

N

o 

   

1 Y2O3(Yttrium(III) Oxide) 99.99%  

2 Gd2O3(Gadolinium(III) Oxide) 99.99%  

3 NH4VO3 (Ammonium Metavanadate) 99% Steam Chemical 

4 Nd2O3 (Neodymium(III) Oxide) 99.99%  

5 Yb2O3 (Ytterbium(III) Oxide) 99.99%  

6 (CH3COO)3Y 4H2O 

(Yttrium(III) Acetate Tetrahydrate)  

99.9%  

7 (CH3COO)3Gd H2O 

(Gadolinium(III) Acetate hydrate)  

99.9%  

8 (CH3COO)3Nd H2O 

(Neodymium(III) Acetate 

Monohydrate) 

99.9%  

9 (CH3COO)3Yb 4H2O 

(Ytterbium(III) Acetate Tetrahydrate) 

99.9%  

10 Na3VO4 (Sodium Orthovanadate(V))  99.9%  

11 C6H5Na3O7 2H2O (Trisodium Citrate)   
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4.3.2  

MR

SSR

(Y0.925Nd0.050Yb0.025)VO4 (Gd0.925Nd0.050Yb0.025)VO4  

 

4.3.2.1 MR  
4-2

0.9ml:1.5ml

PTFE Y 60

(12000rpm 1

)

140 180 220 8

(12000rpm 1 3 )

 

 

4.3.2.2 SSR  
SSR 4-3

1200 3

 

 

 

4.3.3  
XRD FE-SEM TEM

ICP-AES PL PLE
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XRD TEM ICP-AES PL PLE

3.3.3 FE-SEM

 

 

FE-SEM  

FE-SEM S-4800 2kV

 

 

 

 

( FP-8700)

( ISF-513)

200nm/min 1nm

10nm 10nm 0.5s PMT 700V

 SRS-99 Labsphere

ΣIex

ΣIr

ΣIem EQE IQE

a  

 

 

Quantaurus-tau( )

590nm

200nm/min 1nm 10nm 10nm
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4-1  

a b  

a  

b  
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4-2  

4-3  
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4.4  

4.4.1  YVO4:Nd,Yb GdVO4:Nd,Yb  
4-4 MR 140 YVO4:Nd,Yb GdVO4:Nd,Yb

600nm PL 986nm PL

PL

YVO4:Nd,Yb GdVO4:Nd,Yb GdVO4:Nd,Yb

YVO4:Nd,Yb 3.1 Gd Y

YVO4:Nd,Yb

GdVO4:Nd,Yb  

 

 

 

 

  

4-4 YVO4 Nd,Yb GdVO4:Nd,Yb PL PL

PL 600nm

986nm  

0

2000

4000

6000

8000

10000

300 500 700 900 1100 1300

[nm]

[c
ps

]

PLE PL

YVO4:Nd,Yb
GdVO4:Nd,Yb
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4.4.2  
SSR

140

GdVO4:Nd,Yb NanoNY140 ”NY” Nd,Yb

180 NanoNY180 220

NanoNY220 GdVO4:Nd,Yb BulkNY  

 

X  

4-5 BulkNY NanoNY140 NanoNY180 NanoNY220 XRD

GdVO4 Inorganic crystal database (ICDS:15607)

GdVO4

2 0 0

BulkNY 70.3 nm NanoNY140 12.6 nm

NanoNY180 16.0nm NanoNY220 20.3nm MR

4-6

 

 

 

BulkNY 4-7 20 m

GdVO4:Nd,Yb 4-8

NanoNY140 40 nm NanoNY180 45 nm NanoNY220 164 nm

140

180 220

180 D90 80nm

220 150nm
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[k
cp

s]

NanoNY220

NanoNY180

NanoNY140

ICSD No.15607

(2
 0

 0
)

(1
 1

 2
)

(3
 1

 2
)

(2
 1

 1
)

(2
 2

 0
)

(3
 0

 1
)

(1
 0

 3
)

(3
 2

 1
)

(4
 0

 0
)

(4
 2

 0
)

2θ [deg.]

0

50

100

150

BulkNY

4-5 GdVO4:Nd,Yb XRD  

a BulkNY b NanoNY140 NanoNY180 NanoNY220  

a  

b  
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4-6  

0

10

20

30

40

[nm]
4-8 NanoNY140 NanoNY180 NanoNY220

[%
]

NanoNY140
NanoNY180
NanoNY220

0

1

2

3

4

5

1 10 100 1000

[%
]

[μm]
4-7 BulkNY
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4-9 BulkNY FE-SEM FE-SEM 1 5

m  

NanoNY180 TEM 4-10 TEM 20-30nm

18nm 4-10 b

3.6 ICSD GdVO4 7.2 (=3.6 2)

4-8 45nm 3 3

3=27  

  

4-9 BulkNY SEM  
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4-10 NanoNY180 TEM  

a b c  
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ICP-AES  

GdVO4:Nd,Yb Nd Yb ICP-AES 4-

2 BulkNY NanoNY180

Nd Yb 7 8

 

Nd Yb

 

 

   

4-2  ICP-AES  

No  
Nd 

(mol%) 

Yb 

(mol%) 

1 BulkN Y 4.2 2.4 

2 NanoN Y140 4.9 1.8 

3 NanoN Y180 4.9 1.8 

4 NanoN Y220 47. 2.0 
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PL PL  

4-11 SSR MR GdVO4:Nd,Yb 600nm

905 1070 1350nm 3 PL Nd3+

4F3/2 4I9/2 4I11/2 4I13/2 985nm PL Yb3+

2F5/2 2F7/2 GdVO4

 

600nm

4-12

 

4-3 600nm GdVO4:Nd,Yb

BulkNY 55% NanoNY180 3%

 

SSR GdVO4:Nd,Yb

PL Yb3+ Xia

[4-1]  Nd-Yb Nd3+ Yb3+

Yb3+ 2F5/2  2F7/2

PL Yb3+ Nd3+

 

4-13 Nd3+ Yb3+ INd/IY b

GdVO4

 

4-18 SSR MR 180 GdVO4:Nd,Yb

986nm PL 435 480 530

598 685 756 810nm Nd3+ 4I9/2  4G9/2, 4G7/2, 4G5/2, 4F9/2, 

4F7/2, 4F5/2 300-350nm GdVO4

986nm Yb3+

Nd3+ Yb3+  

SSR MR PLE
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4-3  

 (%) (%) (%) 

BulkNY 52.5 55.2 29.0 

NanoNY180 53.5 3.0 1.6 

4-11 GdVO4:Nd,Yb  

a SSR (b)MR  

λex=600nm 

Bulk

 

NanoNY220

NanoNY180 

NanoNY140 

 [nm] 

 [
a.

 u
.]
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4-12 600nm

 

[nm]

[a
.u

.]

0

1

2

3

4

5

6

0 20 40 60 80
[nm]

I Y
b/I

N
d

4-13  

Nd3+ Yb3+ INd/IYb  
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4 F

9/
2 

4-14  GdVO4:Nd,Yb 986nm PL

 

a BulkNY b NanoNY180 

a  

b  

 [nm] 

P
L

E
 [

a.
 u

.]
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4.4.3  

 

4-15 Nd3+-Yb3+

(1) (5)

 

(1)Nd3+ 600nm  

(2)4G5/2 F3/2  

(3)Nd3+  

(4)Nd3+ Yb3+  

(5)Yb3+  

 

Nd3+ 4F3/2→4I13/2, 4I11/2

Yb3+ 2F7/2→2F5/2 [4-2, 4-3]

SSR MR GdVO4:Nd0.05

 

GdVO4:Nd0.05 GdVO4:Nd,Yb 1200

SSR GdVO4:Nd0.05 180

SSR BulkN MR NanoN180

 

GdVO4:Nd

GdVO4 74.3 nm

18.5 nm  

 

Yb3+  

4-16 GdVO4:Nd,Yb 986nm Yb3+ 2F5/2  2F7/2

 

BulkNY 600nm 1/e =289.5 sec

NanoNY140 =28.6 sec NanoNY180 =49.4 

sec NanoNY220 =56.9 sec
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Yb3+ BulkNY 1/e

Yb3+ [4-4]  BulkNY

Yb3+ Yb = nano / bulk Yb 0.19 

(NanoNY140), 0.30 (NanoNY180), 0.43 (NanoNY220)

BulkNY 1/e Yb3+ [4-

4] BulkNY Yb3+ Yb = nano / bulk 

Yb 0.19 (NanoNY140), 0.30 (NanoNY180), 0.43 

(NanoNY220)

 

ICP-AES 4-2 Nd

Yb

[4-5]
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4-15 Nd3+ Yb3+ -  

(1) (2) (3)Nd3+ (4)Nd3+→Yb3+ (5)Yb3+  

 

((1)  

((2)  

((33))  

((44))  

((55))  
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4-16 986nm Yb3+ 2F5/2  2F7/2

 

BulkN Y 

NanoN Y140  

NanoN Y180 

NanoN Y220 

 [μsec] 

 [
a.

 u
.]
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Nd3+ Yb3+ ET  

Nd3+ 4-17

BulkNY BulkN NanoNY180 NanoN180 Nd3+

590 nm

1/e 18.9 s

BulkNY 30.3 s(BulkN) 13.7 s (NanoNY180) 19.6 s(NanoN180)

Nd Yb ( ET) (4-1)  

ா்ߟ  = 1 − ఛಿ೏,ೊ್ఛಿ೏ (4-1) 

 

Nd Nd,Yb Nd Nd,Yb

ET 0.38 0.30 Nd3+ 

Yb3+ Guan ET 22.5

[4-2] Guan Nd Yb Nd0.05mol Yb0.03mol%

Nd Yb 4-2

Nd Yb

 

 

Nd3+  

4-17 Nd3+ Nd Yb3+

Nd = nano  / bulk BulkN

Nd 0.72 Nd

Yb

Yb3+ Nd3+  
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4-

18 BulkNY NanoNY180 600nm

BulkNY 52.5% NanoNY180 53.3%

 

Nd GdVO4:Yb SSR

600nm Yb

600nm Yb Nd

 

PL Nd3+ Yb3+ INd IYb

IYb / INd 4-3 4-3

IYb INd

Nd3+

Nd3+ 7

INd 10 Nd3+

4G5/2 4F3/2

600nm

4F3/2 4F5/2 4F7/2
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4-17 Nd3+ 2F3/2  → 2I9/2  

Nano N180 

BulkN 

Nano NY180 

BulkNY 

 [μsec] 

 [
a.

 u
.]
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4-3  

 IYb INd IYb/INd 

BulkNY 1007 194.1 5.19 

NanoNY140 16.1 13.2 1.22 

NanoNY180 30.6 15.9 1.92 

NanoNY220 37.7 17.3 2.18 

0

20

40

60

80

100

400 500 600 700

[%
]

[nm]

NanoNY180

BulkNY 

4-18 GdVO4  
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4.4.4  
3% GdVO4:Nd,Yb

in vivo

( 1 2) 4-19[4-6] (4-2)

(d)0.1cm (IY)

ICG

CdSe/ZnS ( IN) ICG 2%[4-7] CdSe/ZnS

40%[4-8] 4-4  

௒ܫ  =  ݁ିఈభௗ ݁ିఈమௗ ߟIN                      (4-2) 

 

CdSe/ZnS

ICG

GdVO4:Nd,Yb 600nm

3% ICG 3

GdVO4:Nd,Yb 800nm

ICG
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4-19  [4-6] 

4-4  
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4.5  
GdVO4 YVO4

MR

GdVO4 180 MR

YVO4:Nd,Yb 60 45nm

600nm GdVO4:Nd,Yb 55%

GdVO4:Nd,Yb 3%  

Nd3+ Nd Nd Yb

ET Yb3+

Yb

Nd3+ 4G5/2  

4F3/2 

Nd3+ 4G5/2  4F3/2 Yb3+

 

MR GdVO4:Nd,Yb in vivo

ICG 3 in vivo
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5
 

 
5.1  

[5-1] [5-2, 5-3]

[5-4]

 

[5-5]

 

1.0 1015 1017 electrons/cm2
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5.2  

5.2.1  

 

5-1  

 

5.2.2  

5-2

10MPa 5 10mm

( 5-3) ( 5-4)

60cm ( 5-5)

60 1.5MV 10mA

1.0 1015 [electrons/cm2] 1.0 1016 [electrons/cm2] 1.0 1017[electrons/cm2]

26 262 2625  

 

5.2.3  

5-1

 

 

5.2.4  

 

X Rigaku Ultima IV

20mm×20mm× 0.2mm

X Cu Kα 40kV 36A

1° 1° 0.20mm

2θ=20-60° 4°/min 0.02°
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( FP-6500) PL PLE

 

200nm/min 1nm

10nm 10nm 0.5s PMT 700V

( ESC-

333) (ISF-513 )

 

FP-6500

365nm 10nm 10nm PMT 700V
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Φ10mm 

10MPa 5min 

5-1  [5-6] 

5-2  
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5-3  

5-4  

5-5  
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5-1  

 

No. 
 

 (electron/cm2) 

1.0×1015 1.0×1016 1.0×1017 

1 SrAl2O4:Eu,Dy    

2 Y2O3:Eu    

3 ZnS:Cu ( )    

4 BaMgAl10O17:Eu (BAM , FJ-B1)   - 

5 BaMgAl10O17:Eu (BAM, KX-501A)   - 

6 Zn2SiO4:Mn (P1-G1S PSS2-159)   - 

7 Zn2SiO4:Mn (P1-G1S PSS2-603)  -  

8 YBO3:Eu (KX-504A)   - 

9 Si4AlON8:Eu (β-SiALON, NIMS-Green)   - 

10 
Cax(Si, Al)12(O,N)16:Eu  

(α-SiALON, NIMS-Orange) 
-   

11 CaAlSiN3:Eu (CASN, NIMS-Red) -   

12 LaPO4:Ce,Tb (LAP)   - 

: -:  
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5.3  

5.3.1  

No.1 SrAl2O4:Eu,Dy

XRD 5-6

No.3 No.1

 

 

No.3 ZnS:Cu XRD 5-7

Zinc-Blende ZB Wurtzite W

1.0 1015(electrons/cm2) W 1 0 0 1 0 1

ZB 1 1 1 W ZB

ZnS W ZB 5-8 W

ZB ZB W

ZB W 1020 W

3.77eV ZB 3.68eV [5-7] 1.0 1015(electrons/cm2)

W ZB  

5-2 W 1 0 0 ZB 1 0 0 2

W 1 0 0 /ZB 1 0 0 1.0 1016(electrons/cm2)

ZB 1 1 1 2 =28.5 ZB 1 1 1

W 1 0 0 1.0 1016(electrons/cm2)

W 1 0 0

W

1 0 0 1.0 1016(electrons/cm2)  
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0

4000

8000

12000

16000

20000

20 25 30 35 40 45 50 55 60
2 θ [deg.]

5-6 1 SrAl2O4:Eu,Dy XRD

[a
.u

.]

1.0 1015

1.0 1016

1.0 1017

SrAl2O4:Eu,Dy 
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0

10000

20000

30000

40000

20 25 30 35 40 45 50 55 60

[a
.u

.]

2 θ [deg.]

(1 1 1) (3 1 1)(1 0 0) (1 0 1) (1 0 2)
(1 0 3)

Zinc Blende
Wurtzite

(2 2 0)

1.0 1015

1.0 1016

1.0 1017

5-7 3(ZnS:Cu) XRD  

a 20 60 b 25 31° 

a  

0

10000

20000

30000

40000

25 26 27 28 29 30 31

[a
.u

.]

2θ [deg.]

(1 0 0) (1 0 1)
(1 1 0)

b
Zinc Blende
Wurtzite

1.0 1015

1.0 1016

1.0 1017
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5-2 W 1 0 0 ZB 1 0 0 2θ

W 1 0 0 /ZB 1 0 0  

 

W  ZB  

2θ  
FWH

M 
2θ  

FWH

M 

 26.84 61.21 0.1324 28.49 100 0.2067 

1.0×1015  26.86 6.08 0.3865 28.50 100 0.1815 

1.0×1016  26.88 2.99 0.4062 28.54 100 0.1215 

1.0×1017  26.88 3.66 0.3317 28.52 100 0.1279 

5-8 ZnS  
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5.3.2  

 

No.1

SrAl2O4:Eu,Dy 365nm PL

525nm PL 5-9

PL PLE

3 ZnS:Cu 1

 

 

3 ZnS:Cu 365nm PL

PLE 5-10 ZnS:Cu

PL

492nm 1.0 1015 510nm 1.0 1016

517nm 1.0 1017 520nm

ZnS:Cu PL

5-11

ZB ZnS:Cu 440m

PL [5-8]  PL

1.0 1016 1.0 1015 PL 1.0

1017
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0

20

40

60
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100

260 360 460 560 660 760

1-
0_PLE

1-
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1-
16_PLE

1-
17_PLE

1-
0_PL
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15_PL

1-
16_PL

1-
17_PL

[a
.u

.]

[nm]

λex=365nmλem=525nm
 PLE 

1.0×1015  PLE 

1.0×1016  PLE 

1.0×1017  PLE 

 PL 

1.0×1015  PL 

1.0×1016  PL 

1.0×1017  PL 

5-9 1(SrAl2O4:Eu,Dy) PL PL  
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200

400

600

800

1000

250 350 450 550 650 750

[a
.u

.]

[nm]

λem=494nm λex=365nm  PLE 

1.0×1015  PLE 

1.0×1016  PLE 

1.0×1017  PLE 

 PL 

1.0×1015  PL 

1.0×1016  PL 

1.0×1017  PL 

5-10 3(ZnS:Cu) PL PL  
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5-11 ZnS  [5-8] 
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5.3.3  

 

No.1 SrAl2O4:Eu, Dy 365nm

5-12 5-12 1/10

7955msec 1.0 1015 7453msec 1.0 1016

5807msec 1.0 1017 4782msec

3 1

 

 

No.3 ZnS:Cu 365nm

5-13 5-13 1/10

161msec 1.0 1015 347msec 1.0 1016

390msec 1.0 1017 312msec

1/10 1.0 1016 1.0 1015 1.0 1017

1.0 1016
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[a
.u

.]

λex=365nm

0.1

1

10

100

1000

0 200 400 600 800 1000

1_

1_10^15

1_10^16

1_10^17

[msec]
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1.0×1015  

1.0×1016  

1.0×1017  

 

1.0×1015  

1.0×1016  

1.0×1017  

5-12 1 SrAl2O4:Eu,Dy  

5-13 3 ZnS:Cu  
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5.3.4 ZnS:Cu  

ZnS:Cu

600 750 4  

XRD 5-14 W 1 0 0 ZB 1 0 0

2θ W 1 0 0 /ZB 1 0 0

5-3 W ZB

5-15 PL

501nm 600

PL 5-16

600 1/10 288msec 750 359msec

750

1.0 1016 W

ZB 750

 

 

( 1.0 1016(electrons/cm2))

XRD

5-17 W ZB 5-4 PL 5-18

5-19  

5-17 5-4 W ZB

W ZB W

750

5-18

PL 750 PL

492nm

517nm 600 518nm 750 524nm

750

5-19 1/10 161msec
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390msec 600 435msec 750

883msec 750

5.5 1/10
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0

5000

10000

15000

20000

25000

30000

35000
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[a
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.]

2 θ [deg.]

(1 1 1)

(1 0 0)
(1 0 1)

Zinc Blende
Wurtzite

600

750

5-3 W 1 0 0 ZB 1 0 0 2θ

W 1 0 0 /ZB 1 0 0  

 
W  ZB  

2θ  FWHM 2θ  FWHM 

 26.84 61.21 0.1324 28.49 100 0.2067 

600℃  26.88 23.48 0.1914 28.56 100 0.1755 

750℃  26.86 44.19 0.1784 28.51 100 0.2146 

5-14 3(ZnS:Cu) XRD  
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5-4 W 1 0 0 ZB 1 0 0 2θ

W 1 0 0 /ZB 1 0 0  

 
W  ZB  

2θ  FWHM 2θ  FWHM 

 26.84 61.21 0.1324 28.49 100 0.2067 

 

1.0×1016  
26.88 2.99 0.4062 28.54 100 0.1215 

600℃  

1.0×1016  
26.86 3.81 0.4611 28.51 100 0.1689 

750℃  

1.0×1016  
26.93 3.23 0.9141 28.48 100 0.1797 
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15000

20000
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2 θ [deg.]

750
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5-17 3(ZnS:Cu) XRD 26 33°  
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5-19 3(ZnS:Cu)  
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5.4  

ZnS:Cu

W ZB  

ZnS:Cu 1.0 1015 1017(electrons/cm2) 1/10

348msec 390msec 312msec 161msec

750

1.0 1016(electrons/cm2) 5.5

883msec  
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6  
 

in vivo

 
 

MR YVO4:Nd,Yb  
1 MR YVO4:Nd,Yb

40nm 600 800 nm
Nd3+ 880 1350nm Yb3+ Nd3+

 
2 MR pH

STABCAL
pH- pH Y3+ Nd3+

Yb3+ YVO4 Yb
Y3+ V5-

 
 

GdVO4:Nd,Yb
 

1 GdVO4:Nd,Yb YVO4:Nd,Yb 3
Gd Y

 
2 GdVO4:Nd,Yb

220
180 45nm Drug 

Delivery System (DDS) 20 80 nm
 

3 PL
180 GdVO4:Nd,Yb

YVO4:Nd,Yb 60
600nm 3%

 
4 55%



Nd3+ ( Nd) Nd3+ Yb3+ ηET

Yb3+ ηYb

1/8 1/10

Nd3+ 4G5/2 4F3/2

 
 

 
1

ZnS:Cu
W →ZB  

2 ZnS:Cu 1.0×1016 (electrons/cm2) 1/10
390msec 161msec

ZnS:Cu 750 1.0×1016 (electrons/cm2)
883 msec  
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GdVO4:Nd,Yb in vivo
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