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Fig. 1 Schematic diagram and SEM images of fabricating composite structure.

composite structure; (b) SEM image of AAO mask; (c)

(a) Schematic diagram of fabricating AAO-AgNPs

(d) SEM images of AAO-AgNPs composite structure; (e) size

distribution of Ag nanoparticles; (f) statistical results of gap size
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Fig. 2 SERS sensitivity test results. (a) SERS spectrum of R6G molecules with different concentrations on AAO-AgNPs composite
structure; (b) SERS spectrum of 107" mol/L. R6G molecular on AAO-AgNPs composite structure; (¢c) SERS spectrum of R6G
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Fig. 3 Results of sample uniformity, stability test, and actual molecular detection.
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Fig. 4 Results of FDTD electric field simulation. (a) SiO,-AgNPs simulation model; (b) x-y plane electric field intensity distribution of

Si0,-AgNPs; (¢) 2~z plane electric field intensity distribution of Si0O,-AgNPs; (d) AAO-AgNPs simulation model; (e) electric

field intensity distribution of AAO-AgNPs at x-y plane (30 nm AgNP); electric field intensity distributions of AAO-AgNPs at x-

2 plane for (f) 30 nm AgNP, (g) 34 nm AgNP, (h) 36 nm AgNP, and (i) 40 nm AgNP; (j) electric field intensity distribution at

-z plane for silver aggregation distribution
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EabZ ke —E R WA A iR, SR 9K
SR Y 8] #E AR /N (0~0. 5 nm ) i, i K HEL 37 58 5 K R Dk
/N AR 103 V/m.

R T AR R 1 R A TR TR S b G
Yt KRG 58 B F Evpu:

Eun=FE (w,))E;(wy)=

4

, (4)

|Eloc(w0)|2|Eloc(a)R)|2%|Eloc(w]{)
|Eo(wo)|2‘Eo(wR)|2 |E(wy)

K F (w,) %o 3R 5% 5 1 LR 51 E 0 558 1 91 K
SR & BB AR ) ML GRS 0 L () RN TE 42 B BRI |
RE % 51 S oL & WO I IR F8 20 Jt 7 8 4 7 i IR s |k
H 3G 58 5 E () B E,(w) 53 53 3278 A B 60030 o, fil
72 TR OC I w, R 46 1 3 R 5 B (w,) R
E\ (o) 43 97 3R 735 B 98 K 00K J5) 10 3% 18 55 B 1A L ik
S I A S AR w, B LSRR AR w, X I G 3
CRIN R U A B RN B o0 AN S E DA €
oo LA AE L I R e S 3 4 0 O L A T
E(w)By 4T, 1) E(w,) B ERASH
Y B E(w) =E,(w,)=1V/m,E,(w,) K HK
o A SR A L R L RIS (4) R ek S
EFEM:|EOL1[ 4o (5)

AR (5) , fHF R A2, AAO-AgNPs & & 4514
Y B K HE B 18 5 DN F Erpe™3. 91X 107, SiO,-AgNPs
525 A B KRGS 3R - Epy™6. 39X 10°%,

S I R0 B4R AT 45 R R W], AAO-AgNPs & 4 45
i) SERS PEREE T Si0,-AgNPs & & 454, H B iE
fils 38 58 P F 2 Si0,-AgNPs & A 45 19 6. 1A% A2 47, i
SEH RSO AR T 4. TR S RTENE M Y
HRBORAEE —E 25, FEA VT REK 1) I Al
o AR 2 KR BRI ) e A AR L RS
SEM W48 i1 145 345, S PR % 00 b, AS T i k42
Xof L A TR T S 6 S T R b A T
RN AR I RAEFNAE R Z A E O . 2) BB R AL
Y ER GRS EKIE B SEBRhOIf R 58 2 RO B ie
BRI AAO Jy 5 E T8 G oK AL (B S8 PR P AR 7R 25 57 o
Z FDTD 84 0 BRI 25 004 5 B2 3w L f B A

| 4

R B3 i R BB R M TR R 22 |, O R
RUPEAT T 25 LU B4 /0N, 3 R A7 A 28 53 B — > 2t
o 3L I B A AR AR BOE T 5 b oA R B
o2 Hg s R 1E 10~ 10" 8 20

4 45 B

AHFFER AAO-AgNPs & 5 45 M 4T 1 il & %
(B3 A AR AN G, WF 5 45 2R R WX 45 M 7E R6G
TR 5 T AT B AR A8 A U AR BR (107" mol/LL) , AH X
b AE D 22 0 6. 4600, Fie Ko A 3 R T 24 0 2. 38 X
10", ZEBER T R Z 0 TRIGET . AAO
BER AT M AR e RO v AR A2 23 A
FRF A5, 78 SERS A% I8 8 U 1 AT W7 0 A . R
K BB FETT 0] A L RAE S 22 R R B9 AAO B,
T I 22 B2 25 14 4 T 4 R 25 0 AL AAO B 506 21 /Y
S5, LAIE IR RS R R 3% 19 SERS $ AW ] 45 58

Z £ x W

[1] Schliicker S. Surface-enhanced Raman spectroscopy: concepts
and chemical applications[J]. Angewandte Chemie, 2014, 53
(19): 4756-4795.

[2] Nie S, Emory S R. Probing single molecules and single
nanoparticles by surface-enhanced Raman scattering[J]. Science,
1997, 275(5303): 1102-1106.

[3] Kneipp K, Wang Y, Kneipp H, et al. Single molecule detection
using surface-enhanced Raman scattering (SERS) [J]. Physical
Review Letters, 1997, 78(9): 1667-1670.

[4] Kneipp K, Kneipp H, Itzkan I, et al. Ultrasensitive chemical
analysis by Raman spectroscopy[J]. Chemical Reviews, 1999,
99(10): 2957-2976.

(5] =, SRR, SR, 45 . B F 6 RARON 5L B 4 4 KOk T 9 B

4 SERS B HTT]. 22441, 2020, 40(19): 1930001,
Xin K, Shi X F, Zhang X, et al. Aggregation of gold
nanoparticles based on photothermal effect and its application in
surface-enhanced Raman scattering[J]. Acta Optica Sinica,
2020, 40(19): 1930001.

[6] Nistico R, Rivolo P, Novara C, et al. New branched flower-like
Ag nanostructures for SERS analysis[J]. Colloids and Surfaces
A: Physicochemical and Engineering Aspects, 2019, 578:
123600.

[7] Sharma B, Frontiera R R, Henry A I, et al. SERS: materials,
applications, and the future[J]. Materials Today, 2012, 15(1/2):
16-25.

[8] Zhang R, Zhang Y, Dong Z C, et al. Chemical mapping of a
single molecule by plasmon-enhanced Raman scattering[J].
Nature, 2013, 498(7452): 82-86.

[9] Anker J N, Hall W P, Lyandres O, et al. Biosensing with
plasmonic nanosensors[J]. Nature Materials, 2008, 7(6):
442-453.

[10] Long L, Ju W B, Yang H Y, et al. Dimensional design for
surface-enhanced Raman spectroscopy[J]. ACS Materials Au,
2022, 2(5): 552-575.

[11] Jung K, Hahn J, In S, et al. Hotspot-engineered 3D multipetal
flower assemblies for surface-enhanced Raman spectroscopy[J].
Advanced Materials, 2014, 26(34): 5924-5929.

[12] LiuH L, Yang Z L., Meng L Y, et al. Three-dimensional and
time-ordered surface-enhanced Raman scattering hotspot matrix
[J]. Journal of the American Chemical Society, 2014, 136(14):
5332-5341.

2324001-6



&5 43 % % 23 H1/2023 4 12 B /R3320

[13] Wang Z K, Yu Z N, Wang N, et al. Raman enhancement 1980-1984.
mechanism and experiments of cavity-enhanced AgNP decorated [19] Nielsen P, Hassing S, Albrektsen O, et al. Fabrication of large-
tapered fiber sensor[J]. Optics Letters, 2021, 46(17): 4300-4303. area self-organizing gold nanostructures with sub-10 nm gaps on

[14] Yao M, Zhou F, Shi J P, et al. Nanoparticle coupling effect a porous Al,O, template for application as a SERS-substrate[J].
allows enhanced localized field on Au bowl-like pore arrays[J]. The Journal of Physical Chemistry C, 2009, 113(32): 14165-
RSC Advances, 2016, 6(36): 29958-29962. 14171.

[15] Das G, Patra N, Gopalakrishanan A, et al. Surface enhanced [20] Terekhov S N, Mojzes P, Kachan S M, et al. A comparative
Raman scattering substrate based on gold-coated anodic porous study of surface-enhanced Raman scattering from silver-coated
alumina template[J]. Microelectronic Engineering, 2012, 97: anodic aluminum oxide and porous silicon[J]. Journal of Raman
383-386. Spectroscopy, 2011, 42(1): 12-20.

[16] Malek K, Brzozka A, Rygula A, et al. SERS imaging of silver [21] Wang Z K, Sun N, Zhu Y, et al. AgNPs decorated volcano-like
coated nanostructured Al and Al,O, substrates. The effect of Ag arrays for ultra-sensitive Raman detection[J]. Optical
nanostructure[J]. Journal of Raman Spectroscopy, 2014, 45(4): Materials Express, 2020, 10(12): 3393-3402.

281-291. [22] Xiang S T, Wang X L., Pang Y Q, et al. Porous Au/AAO: a

[17] Luo S C, Sivashanmugan K, Liao J D, et al. Nanofabricated simple and feasible SERS substrate for dynamic monitoring and
SERS-active substrates for single-molecule to virus detection in mechanism analysis of DNA oxidation[J]. Applied Surface
vitro: a review[J]. Biosensors and Bioelectronics, 2014, 61: Science, 2022, 606: 154842.

232-240. [23] Wang Z K, Sha H'Y, Yang K, et al. Self-assembled monolayer

[18] Ko H, Tsukruk V V. Nanoparticle-decorated nanocanals for silver nanoparticles: Fano resonance and SERS application[J].
surface-enhanced Raman scattering[J]. Small, 2008, 4(11): Optics & Laser Technology, 2023, 157: 108771.

Enhanced Raman Properties of Silver-Modified Open Nanocavity
Composite Structures
Lt Zhenyin, Sun Ning, Wang Ning , Zhang Jie
Key Laboratory of Optoelectronic Technology & Systems, Ministry of Education, College of Optoelectronic
Engineering, Chongqing University, Chongqing 400044, China
Abstract
Objective Surface-enhanced Raman scattering (SERS) is the significant enhancement of Raman spectral intensity of the

target molecules adsorbed on metal nanostructures with rough surfaces under the excitation of incident light waves. SERS
enables rapid and non-destructive analysis based on the unique fingerprint features of analytes, achieving high specificity
and spatial resolution at the single-molecule level. It has been widely applied to various fields such as biology, chemistry,
and life sciences. In a three-dimensional SERS platform, the laser confocal volume is three-dimensional space, meaning
that within the same three-dimensional laser confocal area, the three-dimensional substrate has higher effective utilization.
Many researchers have demonstrated that the porous anodic aluminum oxide (AAO) template is an excellent SERS
substrate. However, AAO-based SERS substrates still face challenges such as complex preparation processes and reliance
on large-scale equipment. We primarily utilize the liquid-liquid interface self-assembly technique to prepare morphology
and size-controllable monolayer Ag nanoparticles (AgNPs) and assemble them onto AAQ, creating a novel flexible and
open nanocavity-assisted SERS substrate. On this substrate, we conduct experiments for detecting R6G molecules at

ultralow concentrations and multiple molecules simultaneously.

Methods

sequentially, and the mixture is continuously stirred using a magnetic stirrer. After completely dissolving the solids,

First, in 40 mL deionized water, 170 mg of polyvinyl pyrrolidone (PVP) and 170 mg of AgNO;, solid are added

400 pl. 5 mol/L NaCl solution is added to the mixed solution, and the stirring is continued at room temperature in the dark
for 15 min to produce an AgCl colloid solution. Next, 2.8 mL 0.5 mol/L. NaOH solution and 2.5 ml AgCl colloid
solution are added sequentially to 20 mL 50 mmol/L L-ascorbic acid (AA) solution. The mixture is stirred at room
temperature in the dark for two hours. The prepared solution is centrifuged at 4000 r/min for 45 min and sonicated for
30 min to remove residual organic substances, especially PVP, and this process is repeated at least four times. The
resulting AgNPs colloid is stored at 4 °C. Subsequently, 5 mL. AgNPs colloid is added to a petri dish, and then 5 mL n-
hexane is added to form an oil-water interface. 500 pl. 0.1 mmol/L (3-Mercaptopropyl) trimethoxysilane (MPTMS) is
added to the n-hexane layer, and the presence of MPTMS plays a crucial role in forming dense packing and a monolayer.
Ethanol is slowly (0. 5 mL/min) added to the AgNPs colloid, making AgNPs in the colloid gradually adsorb onto the oil-

water interface. After the n-hexane evaporates, a layer composed of AgNPs can be observed on the upper surface of the
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solution. Finally, the AAO is fully immersed in the AgNPs colloid and then pulled out vertically, which leads to a large-

area coverage of AgNPs on the AAO and creates an AAO-AgNPs composite structure.

Results and Discussions SEM analysis of the substrate [Figs. 1(c) and (d)] shows that Ag particles are concentrated
inside the AAO template pores. Random statistical analysis of 100 Ag particles reveals an average particle size of
35.65 nm [Fig. 1(e)]. The average gap between 50 randomly selected Ag particles is measured to be 1. 14 nm [Fig. 1(f)],
and the SERS performance of the prepared samples using rhodamine 6G (R6G) is evaluated as the analyte molecule. The
main Raman characteristic peaks of R6G are located at 611, 772, 1363, and 1650 cm ' [Fig. 2(a)]. With the increasing
R6G concentration, the Raman spectral intensity also rises accordingly. The maximum enhancement factor (AEF) is
calculated to be 2.38X10". Importantly, even at an R6G concentration of 10 " mol/L, typical Raman characteristic
peaks can still be detected [Fig. 2(b)]. Thus, the detection limit of AAO-AgNPs as an SERS substrate reaches
10 " mol/L. Additionally, the relative standard deviation (RSD) of each dataset is calculated to quantify the substrate’s
uniformity, yielding RSD values of 6.46% at 611 cm™" and indicating good sample uniformity. Furthermore, Raman tests
are conducted on samples stored at room temperature after 24, 72, 120, and 168 h by employing 10~* mol/L. R6G as the
analyte molecule [Figs. 3(c) and (d)] to assess the time stability of the samples. The Raman spectral intensity shows no
significant changes compared to the original sample, indicating good time stability. Additionally, mixed solutions
containing 10 * mol/L R6G, 10 ° mol/L CV (crystal violet), 10 ' mol/L. MG (malachite green), and 10 * mol/L thiram
solution are also tested, which shows that the substrate possesses good capability for practical molecular detection [Figs. 3

(e) and ()].

Conclusions We conduct preparation, numerical analysis, characterization, and testing of the AAO-AgNPs composite
structure, yielding significant findings. The structure demonstrates an extremely low detection limit (10 '° mol/L.) and an
RSD of 6.46% in R6G molecule detection, with a maximum analytical enhancement factor of approximately 2. 38X 10".
Furthermore, the structure exhibits excellent multi-molecule detection ability. The AAO template features low cost, high
sensitivity, high reproducibility, and multi-molecule detection, becoming a promising candidate for applications in SERS
sensors. Future research can combine various types of AAO templates, and investigate different forms of metal
nanostructures integrated with AAO templates and optical fibers to meet the demands of long-distance and flexible SERS

technology applications.

Key words surface optics; surface-enhanced Raman scattering; Ag nanoparticles; anodic aluminum oxide template;

composite structures
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