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Fig. 1 Schematic of grating/nanoparticles hybrid structure. (a) Side view; (b) top view
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Fig. 2 Fitted extinction spectra of Ag NPs array with
different gap sizes on Si wafer

# 1 AR KBOCH LN PIFRIBRE Ag 99K B0k 1

Si R b B R 373 5 A

Table 1 Electric field enhancement factors of Ag NPs with
two gap sizes on Si wafer under different excitation
laser wavelengths
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Table 2 Comparison of calculated and fitted surface plasma
resonance wavelengths for gratings with different

periods unit: nm

Method P =416 nm P=468 nm P=520 nm P=572 nm

Equation (4) 449 495 542 591
FDTD 462 520 575 627
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Fig. 4 Fitted extinction spectra of hybrid structure of Ag NPs with 50 nm diameter and Ag gratings with different

periods. (a) 416 nm; (b) 468 nm; (¢) 520 nm; (d) 572 nm
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Fig. 5 Electric field enhancement factors for different
structures at 532, 633, and 785 nm excitation

laser wavelengths
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Fig. 6 Electric field distributions in xoy plane for hybrid structure of Ag grating with period of 520 nm and Ag NPs

under different excitation laser wavelengths. (a) 532 nm; (b) 633 nm; (c) 785 nm
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Fig. 7 Extinction spectra for hybrid structure of Ag
grating with period of 520 nm and Ag NPs under
different ridge widths
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Table 3 Electric field enhancement factors for hybrid
structure of Ag grating with period of 520 nm and

Ag NPs under different ridge widths

Excitation W=258 nm W=206 nm W=154 nm
wavelength /nm

785 2718 2404 2370
633 1580 1851 2086
532 2102 1372 1298

F4 4 Ag Fl Ag-Aud et E A L5 LE 785,633 ,532 nm
PO IO T 1 B 37 14 R A L

Table 4 Electric field enhancement factors for hybrid

structure of pure Ag and Ag-Aud gratings under

785, 633, and 532 nm excitation laser wavelengths

Hybrid structure 785 nm 633 nm 532 nm
Ag grating 2718 1580 2102
Ag-Aud grating 3041 4 1487 v 2571 4
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Electric Field Enhancement for Hybrid Structure Containing Silver
Grating and Silver Nanoparticles

Wu Chunfang , Pan Hao, Zhu Yechuan
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Abstract

Objective  Surface enhanced Raman scattering ( SERS) is a highly sensitive spectroscopic technique for the
detection of molecules and the analysis of their chemical structures. It is widely accepted that the high sensitivity of
SERS is mainly caused by electromagnetic field localization and enhancement of surface plasmons. Surface plasmon
resonance is often categorized into two classes, surface plasmon polariton (SPP) and localized surface plasmon
resonance (LSPR). Theoretical studies have predicted that strong coupling between LSPR and SPP occurs when their
resonance frequencies are approximately equal to each other. Meanwhile the strong coupling is estimated to give rise
to the higher electric field enhancement compared to SPP or LSPR. The double resonance system consisting of SPP
and LSPR is a potential highly sensitive SERS substrate. Unfortunately, just a handful of reports on the double
plasmonic system are given by metal nanoparticles arrays on metal thin films. In this work, we propose a double
resonance SERS substrate by assembling Ag nanoparticles on the groove bottom of an Ag grating film and simulate its
extinction spectra and electric field distributions around the Ag nanoparticles by tuning the period of the Ag grating
and the width of the grating ridge. Finally, an optimized double resonance structure for obtaining the maximum SERS
intensity is achieved by analyzing the simulation results.

Methods The geometry of the Ag grating/Ag nanoparticles hybrid structure is shown in Fig. 1. The Ag
nanoparticles are fixed as 50 nm in diameter and 2 nm in gap distance. The periods of Ag gratings are designed as
416, 468, 520, and 572 nm in order to reach the strongest coupling between the LSPR of Ag nanoparticles and the
SPP of the Ag grating. The finite-difference time domain (FDTD) method is used to simulate the extinction spectra
and near-field distributions. The hybrid structure is excited by a plane wave from the top at normal incidence with
wavelengths from 300 nm to 800 nm. The perfectly matched layers (PMLs) are used to absorb the field components
at the grid edges in z-direction and the periodic boundary conditions are used in x- and y-directions. In the mesh
region, the fine grid spacing of 1 nm is used, and the simulation time of 1000 fs allows for well converged results.

Results and Discussions The extinction spectra of Ag gratings with different periods are shown in Fig. 3. The
resonance positions indicated by arrows undergo a redshift when the period increases. The diffraction grating with a
period, P, provides the wavevector component to overcome the momentum mismatch between the incident light
propagating within air and the SPP propagating at the interface of Ag and air as shown in equation (4). The
resonance positions calculated by equation (4) are slightly different from the simulated resonance positions in Fig. 3,
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but have the similar redshift trend, which is favorable for Ag gratings to meet the resonance of Ag nanoparticles and
achieve a strong coupling between them. A new resonance peak in the extinction spectrum of the Ag grating/Ag
nanoparticles hybrid structure begins to occur when the period of Ag grating is more than 416 nm, which indicates
that there is plasmonic coupling between them. The field enhancement at the gaps of Ag nanoparticles, compared to
the field of the incident light whose amplitude is equal to 1, is shown in Fig. 5. Regarding the excitation
wavelengths, 532, 633, and 785 nm, which are commonly used in SERS measurement, the optimized structure is
determined as the Ag grating with a period of 520 nm. The extinction spectra show little dependence on the ridge
width of the Ag grating as shown in Fig. 6, so the plasmonic coupling does. With the aim to improve the chemical
stability of the Ag grating, a gold thin film with thickness of 4 nm is added onto the surface of the Ag grating. Seen
from the simulated data in Table 4, the gold thin layer has a positive effect on the field enhancement except for the
application under 633 nm excitation.

Conclusions An optimized double resonance system consisting of a silver grating and silver nanoparticles is
achieved through analyzing the extinction spectra and the field enhancement simulated by the FDTD method. The
redshift of resonance positions of the Ag grating provides a chance for it to match the resonance of the Ag
nanoparticles. Regarding Ag nanoparticles with a diameter of 50 nm and a gap distance of 2 nm, 520 nm is
determined as the optimized period for the Ag grating to obtain the strongest field enhancement under excitation
wavelengths of 532, 633, and 785 nm. The ridge width of the grating has little effect on field enhancement for the
hybrid structure, so 258 nm is chosen as the ridge width for the grating with a period of 520 nm. A 4 nm thick gold
layer is added on the surface of the Ag grating in simulation to improve its chemical stability and the better field
enhancement is shown. The proposed Ag-Au grating/Ag nanoparticles system can be potentially used in SERS
researches because of its high sensitivity and chemical stability.

Key words grating; nanoparticles; coupling; surface enhanced Raman spectroscopy; finite difference time domain
method
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