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Abstract

To address the limitations of conventional upconversion nanoparticles (UCNPs), such as low conver-
sion efficiency, and conventional metamaterials, which typically exhibit single-band resonance and lim-
ited functionality, this study proposes a composite structure integrating silver-groove grating met-
amaterials with erbium (Er3*) and ytterbium (Yb3*) co-doped sodium yttrium fluoride (NaYF4). By em-
bedding NaYF4:Er3*,Yb3* within the grooves of the silver grating, multi-band resonant absorption and
near-field enhancement at specific wavelengths are realized within a single architecture. Using the
Finite-Difference Time-Domain (FDTD) method, this work systematically investigates the optical re-
sponse characteristics of the composite structure across the Visible (VIS) to Near-Infrared (NIR) spec-
trum, and elucidates the influence of structural parameters—including periodicity, grating thickness,
and silver layer thickness—on the absorption peaks, localized field distribution, and near-field en-
hancement performance. Through parameter optimization guided by the above analysis, the silver-
groove grating metamaterial composite structure demonstrates three well-defined absorption peaks
in the 400~1000 nm range, achieving an enhancement factor as high as 6.6 x 10¢ at the resonance wave-
length of 980 nm. This metamaterial configuration holds significant potential for advancing the min-
iaturization of optoelectronic devices and exhibits unique advantages and broad application prospects
in fields such as spectral detection, photovoltaics, and optical communications.
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UCNPs Al 38T R Bt s i KOG R RE BRI 204N TR o mge s T WOk A E T, B
RO mOC R E N LA YA SRS . BRI 2 B T EESSIT (1] KFHAER 2], JefEfb[3]
FOGEAT BAF #4155 UH . SR1TT, UCNPs A Sy A7 A [ 8177 28AK . WRUSCAR I /)N B 3 THI AR K 20807 45 Bl st 7
RG] T IR [S]. Ik, 75 2 B4 B ocE A B R0 1 58 500 A B8 1 R Al e IR .
4 UCNPs 5% B BUCEM EHR AR, FHiris 355 K 7 (Near-Field Enhancement Factor) & /4B Ja a2 1H] 5
2 0 3598 (Localized Surface Plasmon Resonance, LSPR)SEFN HE 637 14 R 2 1) #% 0 2 %0, HT UCNPs 1)
BTG AR, it LA A 458477 AR (130 1 34 58 R 13 7 SR EI/EO|4 » {H2 % UL UCNPs %5 B0t
MR R A g5 R B 3 3G 5 R AN BB IR B 10'~10° [6]. 10 H A — AR M RIHEPTUTHERE 1 S 2 P BU AL &
ST GG N R AEAE B R PR . R — A AR TR R R R B SR AR R . A &, AE
BRAR R GARE MR RN, N 1 SEPRiEs R 2R BE[7]. v T RS — R R R BRI, RT3t

DU AR B SRR B, AT SRR AR, e R B R AR e e S R, AR
R BRI R PTT-II R h RBL —E RLARSS . R In, XOLIRE AR ' 1 4 o6 v
Py PeAE, H A REPE 2 P BRI IEBL,  Joik s B 8 6 Vi BBl Y R 878 o 5 2 B R i 52,
LA A B 6T IR0 s P B I B P (RIS AR (810 AL, X Tl seBl s ile b i 2 DhBE A Al
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BB 980 nm. 1550 nm Wit 1 —Fh BAA =ML SR B S A AR R, R 2R T 55 B Ot 3R (Surface
Plasmon Resonance, SPR)ZLS ™ A [T 377 4 s R AR THEEM B - AR S AR R IO I BE  [R] I 45
A SPR N5 4 RO PRI P[RR 4% , Sk S LR S eIl 1O LR K KRS A R %, 70 il AE 440
nm. 808 nm. 980 nm 73£] 99.8%. 85%. 99.3%HIMUCA . £ SLHLTENG U Vi Fl N 2B IE S 7 K
PR LA RIS, 7E RIS 980 nm ARTFEIEIA 6.6 x 100 (3734 5K+ .

ARG - YRR R S5 K SEIAT I G SR K U7 v, AH EC FL Al G SR 0TV, i de Rk . GKOR
2R [ 1) B 3% THI 1 58 47 2 i (Surface-enhanced Raman Spectroscopy, SERS) A B L. — 1, %45
A A HOREEGEHEAL H R TE 980 nm IR KUK FARAEIIE T 2R . ik KA E TR R BRFE[9]. 5
— 71, B ARG IRNIK RERESE SERS FEARLENT L1 A B i A7 A5 R S A ANy . B A e 1k
ZEMEAA 5%, 980 nm P BT 37 8 0 N HFR A 1B TSR A BRORERAR[10] [11].
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w1 =20 nm, JEFBIEMTERE wo =30 nm), W 1O FLEATR, L& S ARE(SIO)AT (I s = 660 nm).
KH FDTD BEATEUERL, 76 x A1y J51a) LR A B Y E(Periodic) 4544, 1E z J5TA) LN 58 32 UL AL 2 (PML)IA
Rl N T AAETHSERUHERTE, RIS 2 nme K1 400~1600 nm 3% BT BAE NS G,
Wz SR E S, S5H7E x Ay D7 IS HIN P = 700 nm 1 P, = 600 nm. Ag. SiOs FI/HLUH Sk i
Palik [ 12|/ SRS T E, NaYFaES, YOS ORI i AR Sokolov [ 131/ SEER 31T 14 & -
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Figure 1. Grating-groove metamaterial: (a) Schematic diagram of the structure; (b) Top view
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Figure 2. Absorption spectrum curve of grating-groove metamaterial structure
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Figure 3. Distribution map of electric field in the xy plane under different resonance wavelengths

B 3. REHIREKT xy FEE T E

DOI: 10.12677/app.2026.165044 480 I EEY/BEH


https://doi.org/10.12677/app.2026.165044

M, f£E

JR 37 55
T A E RSB R G (WA, Hrh p AN, n=x1,42-- ARSI REE T
SPP ISR k., Pl KA ME S B, 15 2 30Q) B & UL RE 26 AF 45 LA A2 o ko 9 B 2 DG RIBER,

spp

O NN I 5 RIELH) IS -
27
G =5 )
k,,, =kysin@+nG 2)

FITLL, SPP X 9hoK 46 #4 1) JEL W B A S s e i 1T R SO A Dy S e 5 40 o' 155 49 A A Py e
RAE, HARW] 3 — DR 7R A IS B0 250 SR R R L« Rt 2 R R R TL x J7 1 i P
X5 B AR B SO G B2 . IR EX P, = 700 nm. 480 nm Al 260 nm =F E WIHEAT R EE, R RIT
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Figure 4. Absorption spectrum variation curves of different P structures
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Figure 5. Absorption dispersion diagram of the structure with period Px = 260 nm under different incident angles
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Figure 6. Electric field distribution in the xz plane of different Px periodic structures at the resonant wavelength

B 6. R P BHEMAERRRK T = FERHAH

JIr LI 5 50 I (Mode Expansion Method, MEM)XHZAS R BEAT AL, 138 n,, =2.47, FRUJILI KH
SrBEE AT NaYFy H, D& £ 4R EM[17][18]. %45 RUHFR TP R4 7w, @it i
NaYF, 2B Ag JZ G SH, AIAE n,, SEHGE ERAARHAOEEA, AT SE B 5 (K 3R T 98197

DRI, T E I 0% b2 R BE by SRR FEAE MR SO RS 25 S EU AR . B TR T BIES
JEBYAKEE R JELE by B I S5 74 (RSO G AR AL a5, 1] DL H G U5 il 28 4 2 A2 7E = NIRU I BLRE S
WA R R . AR IR R 2, TGS /0 61 B R f4F Bl R LR NS, 806
Yte A otk i, R SE AR B B R ek N R IR S . B AR, Peakl HKPMILIRIIAE T, b
HHE RS e m g/, BT AE(EA AN . 111 Peak2 5 Peak3 EEH &M LIRS, SHMHEER
A2 S SR R AR AR A R, R P AN IR (AR A B0 (2 25 (201 bAh, BT Rk
PRI RE D RIS, 5 A FE R I X IO TR ) 55 LR 06 o 2538 Ag DGt E FE R [R) I, 38 KT B R
(] B A PN BE R = 52, AATTAE G T OGAE 2z 7 M BRAR K BE (21 [RIRE, U85 Ag J2 BN
BB 7(b)), X T35 Peakl I Peak3 MR, Ag 2B I MRGIMER, PR SRS jal /I i 7 v i
RrfRFRRSE , EOGI R AT RE ) T P& 2 B ne itk i, (E1SI I (B FRAIC[22] [23]. T Ag JZ B FEXS 33 Peak2
LRI AR /N, DR A7 5 WA P R AR FFAAL . 7E 980 nm JEHRIEK T, XfE TE 5 T™ fhifik
T xz #RIE AT, A 8(a)FTn, fE TE IR T, WIREEUR IR TS5 T A H, 29500
A, JEMHRIBE N TG 2 2 3 3 0, R ISOK 8] R 55 5 - /8 3L 4R (Gap Plasmon Resonance, GPR). #HELZ T, 4]
8(b) TM ffiR ~, HIZMREEER TE MWl o s, Hamdg X & /IR T 9K S R N3, TS 251
VG 2R BR300 . 3X — B35 R IR AR M 5 37 R 384k & GPR A AAAE IARFAE o [R)ARE 7 At i /> St
PRBAST G4 1) iR R S R I DL EAFAE, Bk SE R H, 7 =L R /b ¥ /F GPR. [Att, LA
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Figure 7. Grating-groove metamaterial structure: (a) Absorption spectrum changes when the thickness of the upper grating /1
is altered; (b) Absorption spectrum changes when the thickness of the silver layer 4> is altered
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Figure 8. xz-plane electric field distribution of the Px = 700 nm structure at 980 nm resonant wavelength: (a) TE polarization;
(b) TM polarization
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Figure 9. Near-field enhancement factor of the grating-groove metamaterial structure under different Px periods at the 980 nm
resonance wavelength
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R, SEGRAFAIE 6.6 x 100, FULLRIFHAMLSE M SR E AL, # b HINZE 100 nm 215 3 —ME R
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Figure 10. Near-field enhancement factors of the grating-groove metamaterial structure with different Px periods for varying
thickness of the upper silver grating: (a) At 1550 nm resonance wavelength; (b) At 980 nm resonance wavelength
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HE R PR RUE 2 2 R B 2R L3 i DL BRI S R % 5 Ag SR HRFE
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