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R AOK S (up-conversion nanoparticles,
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A1 46 % H: 4R (surface plasmon resonance, SPR)
BEGR_RHRAOK S RS T UL R, BT
DA3E A 4 4 SR AN OK B 5] 00101 St 1) 4 )
YRIEURL 617 4 R -T2 A 1819 S S

ASCEE A H BA B 2 A6 4 (anodic aluminum
oxide, AAO) fLI& 2514 i) Jmy 3o 3R 11 55 25 1 I 4R 45
P (local surface plasmon resonance, LSPR) 5% #f
NaYF g Yb*t, Erdt FHASRCIER, IR 1Tk
FEIEAFE AL AAO #438k NaYF:Yb3*, Erd*
RGN, AIRBEE ASHFABERIHE R, NaYF YD+,
Ert i 2L | &% & 658 FE 3 e i/ 5 38 K. IR A
HBHA BR 22437 (finite-difference time-domain,
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R, BRI AAO fLIEAYIE 3R  7- 5 R R,
MRS P AAO FLIE RHE 53R A E A G A 15°
PURA BT

2 L5k
2.1 NaYF_ Yb*t, Er*t+& R
ARSCRHALYIIED A B UCNPs (NaYF:Yb?,
Er*t), # 0.02 mmol i ErCly-6H,0 (99.9%). 0.20
mmol i) YbCl;-6H,O (99.9%) 1 0.78 mmol () Y
Cl3-6H,0(99.9%) V& Jy ¥ 1 i i T 5 mL 1Y Il R
(99.9%) F1 16 mL #Y 1-+/\4% (99.9%) ', =i| T
REWHEEZMA TR BAIER, BiREHRR
160 °C fHIE I 30 min 5 HIZE 30 C LT, X
I A WA A AT IR A YA W 25 . 8% 2.5 mmol 1Y
NaOH, 4 mmolf) NH,F F1 20 mL I IR & i
SEUG , G MR SRR S 78 50°C IR
£ 30 min, PISRIE A o -NaYF Y3+, Er*. 15
FHERZ 75 C B RIR G P BB P BE, 4k2LFt
M2 100 C BREFRE MW T KZER. Y RIVH R
W K ST R R, RS THIR E 300 °C fH
RN 30 min DLAAIRIE B 3-NaYFYb3t, Erdt,
SN 5 B SR S NV TR R 2= R R AT RS G
K CEESAT IR PR, eJa o E R WOh, 4
PR S ITE R A T AT

2.2  AAO ##EHRH&

AAO BHCR M IR AR T 5. 15
1.5 mm JEEEILIEERAR (99.9999%) FBY N 2 cm?
BRI, 7S s b v = TR k500 °C PR EE 2 b bR
BRARAS B N R T, I RS k. IR KSR RS
A3 5 2R TG K 0T L TR R RN 2% B T KRR 7 Uk
5 min LA RBREACE I A58, TH DR ER A& .
HL Ak A 4 SR AR R EE A 1:4 B9 HCLO, (99.99%)
MK CEEIR GV WA AR, 7E 1 C M 1T V
HLE A N RN 3 min RBRESACR A ELE. —Ik
FHH S ALK FH 0.3 mol /L R (99.99%) ¥ AE
LRI, ARV M BRAR, SR 22 /B M IR AE 40 V L
JE AL 7 b W — ARG FER LA 60 °C Y5
BN 1.8% 1 HyCrO, (99.99%) 5 i & /3 %
6% B9 HyPOy (99.99%) IRA R HHE 1 h %
FREAf)Z. A S —IRESAAER, ZIRE
LR 40 V, ARFRAEEEE -y 0.61 nm /s, Afk

B[] 24 30 min0), ¥ R AL 25 S B9 AR ST
R ECh 5% B HaPO, #HE 1 h 7 fLAL T,

2.3 NaYFgYb*t, Er3t/AAO #l#&

54 50 pL NaYF,Yb, Er*t 5§ AR A
VA VRO A BEAR AR AR R T, B 10 s TR
WOEH 215 L 500 r/min BECRBER 10 s, i
T X550 43 HIOCHE B SR AR SRR i o DX T R
FH 1000 r/min MIERBER 10 s K BHR AR 1 2%
PR BV TR B0 2 B, TV VR A 14050 b o3 AT A B
W AARAE R . B, ZEIRE R 50 C A
B HET 2 h.

2.4 @RI

NaYF,Yb*t, Er*t5 AAO ffi ] (Smart SEM
V05.03.00) 3 & 5 A48 B 7 B AMBE (scanning ele-
ctron microscope, SEM) 3k FAFHOMIE 55 FRR1E
RS, i (JEOL JEM-2100F) %5 1 3% 5 o 1
BB (transmission electron microscope, TEM)
R HER RS LS (high resolution transmis-
sion electron microscope, HRTEM) X} NaYF . Yb?*,
Er (R TOUIE 55 N 45 ke RUST DL K A () R i1 7 2%
fiE, #3d (Rigaku D/Max-r A) # X 5 £k fi7 51X
(X-ray diffraction, XRD) RFRAEF il & 19 NaYF,:
Ybt /Erdt A S5, SR H (LL9SOG-5W) 980 nm
FEEFBOEAE IR, FIAH (IR2000+4, Ocean Op-
tics) B S HEIRHAUHEE(E S TR AE.

2.5 FDTD {FE#

HF FDTD JrikXf NaYF,: Yb*, Er*t/AAO
LEMHEAT TEUER, N AAO ) SEM EAEZ,
RS T AAO MZEHIZEL. 15 FUR AP OB IR
(plane wave) 1+ 7E H 400—1200 nm, UCNPs #1
SRk A SRR [12], ALOg Fl AL AR E4k [ SC
Bk (21]. A RBIAREEATRHh 1 (BR), ZEWIT o,
y J5 1] LR R WIYE (periodic) i 254 Wy 2 7
R HHSERICELZ (perfectly matched layer, PML)
LA, Mesh K52 A 5 nm. 7E FIRFERE R-F
I 25 7 (plane wave type) HJE B4 (periodic)
SRR Ry it s FOGIRER (broadband fix-
ed angle source technique, BFAST), 248 A St
1 6 1 AR RS 1L
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3 #XR5i%®

K 1(a) 51 T NaYF,Yb*, Er**f) SEM [,
gE R NaYF Y3, Erdtiioki 42448 35 nm,
WOk RN AT FEE R T 980 nm & T
NaYF,:Yb*, Er¥ BRI LI, T 5
W WEE NaYF Y3+, Erd+ ok (OIESARE, it
K 1(b) NaYFYb3, Er¥ i) TEM %l NaYF,:
Yb*t, Ert ORI AT 7S MR R AE, ORI 5] — 3
K42 KN R 35 nm, X5 SEM FAF 455 — 3.
Kl 1(c) J NaYF,Yb3t, Er3*f) HRTEM &, 4
HRTEM & 8 f#% [ #E 4 0.53 nm, X8 F B
NaYF, /{1010 }fh 4L A9 d P2 SR B T
NaYF,:Yb**, Er3t(RIEX HL A (selected area
electron diffraction, SAED) &5 B-NaYF, 4% #4 —
2, R TS AR, AR, BB 1(d) XRD
GPRATHE, FPOE R4 B NaYF, Yb**, Ertt4&
NEF A ELEN, XRD AT 4 6 555 1+
(JCPDS 28-1192) 1B —2, 45 %MW NaYF Yb,
Er*t 5 A 7507 fh A I 25 F FRTE . ] 1(e) S AAO
) SEM [, ik SEM EIEZ R K] AAO L2

100 nm
T

FFLIBIE 43504 88 nm A1 100 nm, H AAO fLEEK
ANBIA), TP R AT 18] 1(f) S8 NaYF :Yb**, Er’t/
AAO 1 SEM [, 4553 .7~ UCNPs 1] LI & HE
Feik AAO L. [# 1(g) EARPEE] 1(f) i) SEM
FAFLE R H 1Y NaYF,: YB3, Erdt/AAO (45
N

W T NaYF,:Yb3*, Erd*/AAO 4 F#530 &
JCHREE, X S BN NaYF Yb*, Erdt /Al
RIL NaYF,: Yb3t, Erdt /AAO BIEGHER T 9.0 17,
CIEHEIR T 4.4 £, BEEROGIEEI WA 2(a) Fis. [
B 7E 980 nm & FfF T NaYF,:Yb*, Er*t/
AAO Fl NaYF - Yb3+, Erd+ /Al (A AR TR %
& PRI EEAL R EBRIE Lo , HESRAE 2(b), (o)
Fi7R. WHRR, Lo M1 PR MR Ly o P,
Ko n RS T ECR, RSO A
R RERFR 23 )NE 2(b), (¢) ATLIE ), NaYF,:
Yb3+, Er¥t/Al 5 NaYF,Yb3*, Er3*/AAO i 4%
6 (540 nm) FIZLE (650 nm) Ay L)y 5 55 5 ih 28 4
RITAE 2 fHEE, UERH PIRPRE S £ s & 4t
RO F WG R, 5 EE R FHLEM AL A
[l 2(b), (c) D% B i 2R RERME KT 2, X nl IH H
F 980 nm ORG24,

(d) B-NaYFyj Yb3+/Er3+

Intensity /arb. units

JCP“DS 2‘8-1 192
l

\ I
10 20 30 40 50 60 70
20/(°)

(&) 980 nm excitation VIS emission

) UCNPs
AAO
. Al substratesh

Bl 1 (a) B-NaYF:Yb*, Er** SEM K&, Kl /R 980 nm 3063 & T 40K ORI 1) L4 BB 5 (b) NaYFYb*+, Erd+[
TEM [ ; (c) NaYF,:Yb*, Er*tfi) HRTEM [, # A NaYF,:Yb**, Er**ff) SAED &; (d) B-NaYF,:Yb*, Er*t XRD i [&l; (e) &1k
B 40 V AL ETE] 30 min £ D = 88 nm, P = 100 nm AAO () SEM [{; (f) NaYF,:Yb**, Er3* 78 AAO fLIB 4544 SEM A,

() &5t B IA]

Fig. 1. (a) Scanning electron microscope image of 3-NaYF,:Yb**, Er®t, where the inset is up-conversion luminescence photo of nano-
particle solution under 980 nm laser excitation; (b) TEM diagram of NaYFYb*", Er**; (¢) HRTEM diagram of NaYFYb3t, Er’t,
illustration showing SAED diagram of NaYF:Yb3*, Er*t; (d) 8-NaYF,:Yb’*, Er3* X-ray diffraction pattern; (e) the SEM images of
D = 88 nm, P = 100 nm AAO obtained by oxidation voltage of 40 V and secondary oxidation time of 30 min; (f) SEM image of

NaYF,:Yb**, Er** filled AAO pore structure; (g) structural diagram.
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Fig. 2. (a) Enhanced spectral diagram; (b) NaYF:Yb**, Ert/
Al power density curve; (¢) NaYF;Yb**, Er**/AAO power

density curve.

J T HEAARSE AAO 358 NaYF,:Yb*+, Er’t
A R S BN, ARSCRI A FDTD J5 k4t
AAO 1938 NaYF - Yb3*, Er3t#ATHLIHE. 8] 3(a)
FIEZS S HEE T NaYF,: Yb3t, Er3tE T AAO 1L
18 2 ARG ], NaYF 2 Yb3, Erdt/AAO 1
P 980 nm AbFFEAE — AW, W 13.8%.

FRBR ARANA=1-R-TEX, P R
KRG, TRES. HHEPF NaYF, YD, Ertt/
AAO TEHM TS L oA, 5 Rl 3(b)

fiizs. B 3(b) Al #E 980 nm P T, AAO L
18 NaYF Yb**, Erdt i 7e i & 1) G715 3 G o,
P A X RS AT A D T Sy e v 4 B LR A
Az BRTHES AR, LR R G s g i
F EF BA AT (|E/ Eo|*) BIMHPE, A2 F
I (|B/ Eo|”) Wit 0251, bl 1, AAO fLiE
(3R K T | B /| Eol? g 3.8, He EF 7EBEE T3k
B 14.4 £, Hiv |E| R | Eo| J&3#U% 758 BE RIS
HIZIREE. 25 TR, AAO 438 NaYF ,: Yb3, Er3*
Y T AR ML A Sy el 2 1 5 2 7 AR A

30

(a) : — A
25 1 I
I
o I
X 90t |
>
RS I
>
Z 15} I
o
-
Q
E 10 L
<
I
5r 0.98 |
\I
0 ' in '
0.4 0.6 0.8 1.0 1.2

Wavelength /pm
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|EI?/] Eo|?
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Bl 3 (a) WHOETEE; (b) B 980 nm T 44 56 14112
Fig. 3. (a) Absorption spectrogram; (b) near-field enhance-
ment image with wavelength 980 nm.

1 B SE AYERE ) BFSE T UK 980 nm
WORICIEA TR G X AAO 1S58 NaYF,: Yb?,
Er3t & 60 BE RS . & 4(a) IR R B A,
BOE WIS IEL IS A 6, i85 e
NaYFYb3t, Erdt/AAO Ff i DLk B MOAR i % Ot
TS 0 B H Y. 18 4(b) NAS R & G A S
fARE T B NaYF,: Yb3, Erdt/AAO LI 4060 E
B RO BN L. & 4(b) RTAL Rl RO OEIR
NSRRI, NaYF,-Yb3, Erdt /AAO L1480k

037803-4


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

Y B ¥ R Acta Phys. Sin.

Vol. 73, No. 3 (2024) 037803

Polarizer Lens
Laser ‘ Y
. |
(%%
4
Normal 1 g
Diaphragm Detector

UCNPs H AAO M Al substrates

Absorptivity /%

0.4 0.6 0.8
Wavelength/pm

.0 1.2

[ 4

(b) —=— 540 nm
1000 —o— 650 nm
w
2
= 800
}=1
o
-
£ 600+
>
2
‘@
a
;‘3’ 400 +
200 ./\‘\,\'/./’

0 5 10 15 20 25 30
Incident angle/(°)

16

(d | BI4/| Eol*
14 - —=— 980 nm
;( —o— 540 nm
S 12} —A— 650 nm
&
2 10f
Q
g
g 8r
=1
=
= 6f
&
gl -Zg—-¢_.<:,/zé:
oL , X ,

0 5 10 15 20 25 30
Incident angle/(°)

(a) ML R ;5 (b) AAO 458 NaYF Y3+, Er¥+ A L0 4 b 55 4 2 Y5t A ST M BE K¢ &5 () FDTD {5 A5

AFEASHA T NaYFYb3, Erdt /AAO W h2k; (d) NaYFYb?*, Erd*/AAO A 980 nm, 650 nm, 540 nm H 3534 5% K 7 5 A 5 £

BE IR R

Fig. 4. (a) Test optical path schematic; (b) the dependence of the red-green up-conversion luminescence of NaYF:Yb*t, Er*t/AAO
on the angle of incidence; (c) the absorption curves of NaYF,:Yb**, Er**/AAO at different incidence angles calculated by FDTD

simulation; (d) 980 nm, 650 nm, 540 nm electric field enhancement factor vs. incidence angle curve of NaYF:Yb**, Er*t/AAO.

A O B R A L B SRR W BT
P BOEH R IR AR T L6, 2 0 = 5°8T,
LGB TR, S TR R e, FIH FDTD
FATE TR CEAFRASAET NaYF, Y,
Erdt/AAO BRI NZE. IR 4(c) s b2 mT %0,
6 = 5°HF NaYF:Yb*, Er**/AAO Xf 650 nm &
S — R AR R R, RGBT RS
FIHE5E. NaYF g Yb3, Erdt kO CHss R 5% i
1 (980 nm) HIRAEEA S, W5 ASHEK (540 nm,
650 nm) Ay 4R S AHOC. IR B L K
(980 nm) A& FHEK (540 nm, 650 nm) R AAO
FLIE F s R 5O IR A AR OC R, Qs 4(d)
JiR, XFF 980 nm KT AAO 1) HE 3 50 K
BE AR BB A T RS YA S RT 15°10,
540 nm Fl 650 nm P K AAO FLIA A4 HL 3738 58 A
FBEE A A R R B AR K. S5 A A 4(b),
MG KT 20°0F, 540 nm A1 650 nm HL 3758
X b et e Sl B e F R VR . e S S 4

HAGORE AAO fLIESSH Y NaYF Yb3, Ert
RN CIRNG AR FEAEAE— 8 B OC R, %
ZraR LR R B R B T iR HIE .

4 %

ASCHI% T NaYF, Yb*, Er¥t /AAO 4544, 163
2141 980 nm BIAOGIHEAL T, A% T NaYF,: Yb*t,
Ert /Al FHA RSB, G E At o hil i
T 9.0 150 4.4 7%, A FDTD Jy Bl s
T AAO K58 NaYFYb*, Er¥+ & G EZHLHI
g R A B T HARSO. AR &2 NaYF,: Yb3+,
Er* /AAO ¥4 & o 32 3 & G IR A S 1 1
S, Jfis H FDTD kit iR ss, REAGHA/N
F 20°0F, 980 nm HY 3758 & X NaYF, Yb3t, Erst
KICRER EEEM, YA MAKT 20°8), 540 nm
1 650 nm HLIZ 98 BE 4] NaYF Yb3*, Erd+ & G
R EEAER. 28 b, BFSR A RN NaYFYbot,
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Abstract

Up-conversion nanoparticle (UCNP) can collect near-infrared (NIR) light and convert it into visible light.
Therefore, UCNP has potential applications in fields such as biomedicine, anti-counterfeiting, and solar cells.
However, the efficiency of traditional UCNP in the above-mentioned fields is relatively low, greatly limiting its
use in related fields. Therefore, enhancing the up-conversion Iuminescence intensity of up-conversion
nanoparticles is particularly important and urgently needed. In this work, anodic alumina templates are used to
enhance the luminescence intensity of up-conversion nanocrystals. NaYF,:Yb3" Er**with a diameter of 35 nm is
prepared by using co-precipitation method. Single pass AAO templates with pore size and pore spacing of
88 nm and 100 nm are prepared by using two-step anodization method. Finally, NaYF, Yb*", Er’*/AAO
composite structures are formed by using spin coating method. The red green light emission intensity of
NaYF,:Yb**, Er’*/AAO sample can increase 4.4 and 9.0 times that of NaYF,:Yb?*, Er3*/Al reference sample,
respectively. The enhancement mechanism is explored by using the finite difference time domain method, and
the results show that the primary source of enhancement is the localized surface plasmon resonance effect of the
pores in the anodic alumina template. At the same time, the relationship between the up-conversion
luminescence intensity of NaYF,Yb3' Er**/AAO sample and the incident angle is investigated. The
experimental results show that as the incident angle increases, the luminescence intensity of the red and green
light of NaYF,Yb*, Er**/AAO samples first decrease and then increase. Due to the coupling of the local
surface plasmon resonance with the excitation wavelength and emission wavelength, the up-conversion
luminescence intensity of the sample can be affected. The relationship of AAO channel enhancement factor with
incident angle at excitation wavelength and emission wavelength is studied by using the finite difference time
domain method. The results indicate that as the incident angle increases, the enhancement factor at the
excitation wavelength decreases, while the enhancement factor at the emission wavelength increases after being
illuminated at an incident angle of 15°. Therefore, when the incident angle is less than 20°, the electric field
intensity at 980 nm dominates, but when it is greater than 20°, the electric field intensity at 540 nm and 650 nm
takes precedence. The above results provide a reference for putting them into practical applications in the fields

of anti-counterfeiting and solar cells.

Keywords: up-conversion luminescence, anodized aluminum, local surface plasmon resonance, finite-difference

time-domain solutions
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