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The localized and propagating surface plasmon co-enhanced
Raman scattering of 4-mercaptopyridine was observed based
on evanescent field excitation. The most effective coupling of the
localized and propagating surface plasmons resulted in a > 50
times enhanced signal relative to signals obtained on vacuum-
deposited silver film.

In surface enhanced Raman scattering (SERS) detection, the
effective coupling of the incident light and surface plasmons
(SPs) on metal substrates plays a decisive role in obtaining high
SERS signals.! The SPs exhibit two types: propagating and
localized SPs (PSPs and LSPs)® and both are able to excite
Raman scattering.>> Many studies have been made with regard
to LSP excited SERS® while PSP excited SERS has also been
widely reported.”® Theoretical prediction shows that the SERS
excited by PSPs is supposed to be very low.’ In our previous
work, we coupled the incident laser by a Kretschmann surface
plasmon resonance (SPR) sensor to excite the SERS spectra of
analytes based on the evanescent field.® The optimization of the
incident angle effectively couples the SPs to resonate on a
vacuum-deposited metal film, obtaining enhanced signals of
analytes. The enhancement factor reached 10°, which is supposed
to arise from the PSPs and to a certain extent LSPs on such a
substrate® (see ESIY).

SERS signals can be further improved by introducing metal
nanoparticles to the silver film enhanced system.'®!! In other
studies, a metal film/probe/metal nanoparticle sandwich SERS
substrate was constructed by adsorbing metal nanoparticles
on a continuous metal film via the functional groups of probe
molecules, and SERS signals can be enhanced in the sandwich
structures. It was considered that stronger SERS on the
sandwich substrates were derived from both the electromagnetic
coupling of the LSPs (on metal nanoparticles) and PSPs (on
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the underneath continuous metal film), and the lateral plasmon
coupling between metal nanoparticles. The coupling efficiency
of the SPs was roughly adjusted by varying the size of particles
and the excitation wavelength of the laser.!! In this work,
we optimized the maximal coupling efficiency of the PSPs
and LSPs on a silver film/4-mercaptopyridine (4-Mpy)/silver
nanoparticle sandwich substrate by accurately tuning the
incident angle of the excitation light. Metal nanoparticles were
employed to increase the LSP contribution to acquire stronger
SERS signals. The incident angle-dependent SERS spectra
and the corresponding SPR curves of the silver film/4-Mpy/
silver nanoparticle sandwich substrate were simultaneously
measured. By detailed comparison of the incident angle-
dependent SERS profiles with the SPR, we found that the
maximal coupling efficiency of the PSPs and LSPs appeared at
the vicinity of the SPR angle. The experimental results can
help us to understand the coupling mechanism of PSPs and
LSPs based on evanescent field excitation.

The SPR curves and incident angle-dependent SERS spectra
were simultaneously measured by an SPR-SERS microspectro-
meter.® This is composed of three main functional parts
including an incident light system, an SPR detection system
and a SERS detection system (Fig. 1). The incident light
system is mounted on one arm of a two-arm goniometer,
composing of a laser (Changchun New industries Opto-
electronics Tech. Co. Ltd), two lenses (lens 1 has a numerical
aperture (NA) of 0.18 and focal length of 25 mm. lens 2 has a
NA of 0.15 and focal length of 10 mm), and a polarizer. The
SPR detection system comprising of lens 3 and a photodiode is
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Fig. 1 Schematic diagram of the SPR-SERS microspectrometer.
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fixed on the other arm of the goniometer. SPR data acquisition
and precise angular rotation of the goniometer are both
controlled via a program written by LABVIEW software
(National Instruments Co.). The SERS detection system consists
of three parts: an inverted microscope, a sample CCD imaging
camera with a display screen, and a spectrometer (iHR320,
Jobin-Yvon Co.) with a CCD (synapse, Jobin-Yvon Co.).
A mobile mirror switches the light to a CCD imaging camera
or a spectrometer. When the laser (532 nm) iwas focused on
the surface of the silver film, part of the incident beams were
reflected and then collected by the SPR detection system. At
the same time, the Raman scattering of analytes was excited as
well, which was collected by the SERS detection system via an
inverted microscope with a 20x objective lens (NA = 0.35,
focal length = 20.5 mm). An edge filter (2 = 532 nm, Semrock
Inc.) was used to remove the Rayleigh scattering. Lens 4
(focal length = 108 mm) focused the beam to the slit of the
spectrometer.

To test the coupling efficiency of the SPs we designed a
variety of substrates as shown in Fig. 2. The fabrication
process of the three different substrates is described in ESI{.

Fig. 3(a) shows the SPR curves and the SERS intensity
profiles obtained on the three kinds of substrates. First, we
recorded the SPR curve of substrate (a) (curve A in Fig. 3(a),
SPR angle = 73.78°). The spectral signals of the background
(in water) were also obtained (Fig. 4S, ESIf). Curve A-1 in
Fig. 3(a) plots spectral intensities (1573 cm™") vs. the incident
angles, showing a relatively low background. Second, the
incident angle-dependent SERS spectra of 4-Mpy and the
SPR curve on substrate (b) were measured via the SPR-SERS
microspectrometer for which the resonance angle shifted from
73.78 to 73.92° (curve B in Fig. 3(a)), which indicates the
adsorption of 4-Mpy on the silver film surface. The incident
angle-dependent SERS signals of the 4-Mpy modified silver
film are shown in Fig. 5S (ESIZ). Curve B-1 in Fig. 3(b) is the
plot of SERS intensities of 4-Mpy at 1573 cm ™" vs. the incident
angles. The incident angle at maximal SERS intensity is
73.00°. The SERS intensity at the resonance angles (73.00°)
is about 20 times stronger than those at non-resonance angles
(e.g. 64°), which is mainly regarded as the resonance effect
from both the dominant PSPs and to a certain extent LSPs on
a silver film.> At the vicinity of SPR angle (0.92° smaller than
the resonance angle), the maximal enlarged electromagnetic
field led to the highest SERS signals.® It should be noted that
the SERS signals obtained on the substrate (b) come from the
contribution of a PSP effect and the rough silver vacuum-
deposited film induced LSP effect. Finally, we measured the
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Fig. 2 (a) Schematic diagram of a Kretschmann SPR sensor. A semi-
cylindrical prism was modified by a 45-nm thickness silver film.
(b) Schematic diagram of SP enhanced SERS based on a vacuum-
deposited silver film in which the silver film surface was further
modified by 4-Mpy molecules. (¢) Schematic diagram of the silver
nanoparticles assisted LSP/PSP co-enhanced SERS using a silver
film/4-Mpy/silver nanoparticle sandwich structure.
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SPR curve (curve C in Fig. 3(a)) and the incident angle-
dependent SERS spectra of 4-Mpy (Fig. 6S, ESI{) on the
sandwich substrate. The SPR angle is 73.94°, which is almost
unchanged relative to the resonance angle of curve B. This
may be due to the similar refractive indexes of silver nano-
particles to a silver film. We plotted the incident angle-
dependent SERS signals at 1573 cm ™! of substrate (c) (curve
C-1 in Fig. 3(a)). The maximal SERS spectrum was also
obtained at an incident angle of 73.00°, which is 0.94° smaller
than the SPR angle in curve C. The SERS signal at 73.00° is
about 15-fold of those at non-resonance angles (e.g. 64°).

In substrate (c), the PSPs and LSPs induced by the rough
silver film and silver nanoparticles were both involved and
correlated. Apparently, the SERS signals were further
enhanced after silver nanoparticles were adsorbed on the
4-Mpy modified silver film. We considered the SERS signals
observed for a silver film/4-Mpy/silver nanoparticle sandwich
substrate derived from the electromagnetic coupling of the SPs
from silver nanoparticles and silver film. Fig. 3(b) shows two
representative SERS spectra using substrates (b) and (c) when
the incident angle was set to the resonance angle (73.00°). The
SERS signal (at 1573 cm™') under the silver nanoparticles
assisted LSP-PSP co-enhancement (upper spectrum) is more
than 50 times higher than the signal obtained on the vacuum-
deposited silver film (bottom spectrum). The enhancement
factor (EF) for 4-Mpy adsorbed on the silver film/4-Mpy/
silver nanoparticle sandwich substrate was calculated by
comparing the SERS signal excited via an evanescent field
(Fig. 7S(a), ESIt) and the Raman signal excited via the total
internal reflection (Fig. 7S(b), ESIf). We compared the SERS
signal at 1004 cm ™' on the sandwich structure excited via the
evanescent field excitation with the Raman signal at 994 cm ™"
excited under the total internal reflection mode. The EF is
estimated to be as large as 2.0 x 107. More details for
estimating the EF are provided in ESI].

Fig. 4(a) and (b) show the SEM images of substrates (b) and
(c), respectively. It is interesting that a relatively low loading of
silver nanoparticles brings about a quite strong enhancement
of SERS. The electric field distribution in the system containing
the prism/silver film/silver nanoparticle (by using Lumerical
FDTD Solutions software, Lumerical Solutions, Inc.) is
presented in Fig. 5. The electric field at the gap between the
silver film and a silver nanoparticle increases by about
4000 times.

Comparing with the conventional SERS excited by a
backscattering mode, the SERS signal based on the evanescent
field excitation provides higher spectral quality. The SERS
spectra excited and collected in an evanescent field restrain the
background signals and lead to higher signal-to-noise SERS
signals (see Part 6 in ESIf), which is one of important
advantages for evanescent field excited SERS.

In conclusion, we designed a silver nanoparticles assisted
LSP/PSP co-enhanced spectroscopic method to detect analytes
based on evanescent field excitation. The maximal SERS
signal (1573 cm™') excited by the silver nanoparticles assisted
LSP/PSP is about 55 times stronger than that obtained on the
vacuum-deposited silver film. The maximal coupling efficiency
appeared at around the resonance angles. A large SERS
enhancement factor of 2.0 x 107 was obtained by the present
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Fig. 3 (a) Curve A is the SPR curve of water. Curve A-1 is the
intensity profile of the incident angle-dependent spectra, which
indicates the background of water at different incident angles. Curve B
is the SPR curve of substrate (b). Curve B-1 is the SERS intensity
profile of the SP excited incident angle-dependent SERS of 4-Mpy on a
vacuum-deposited silver film; the integration time was 3 s. Curve C is
the SPR curve of substrate (c). Curve C-1 is the SERS intensity profile
of the silver nanoparticles assisted LSP/PSP co-enhanced SERS of
4-Mpy on substrate (c); the integration time was 1 s. All SERS
intensity profiles were obtained by plotting the SERS band intensities
at 1573 ecm™'. The laser power was 8 mW. (b) The SERS spectra of
4-Mpy on substrate (b) and (c) at an incident angle of 73.00°.
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Fig. 4 (a) SEM image of a 45-nm thickness silver film. (b) SEM image
of a silver film with many silver nanoparticles through 4-Mpy as a
linker.

method. The effective coupling of the PSPs and LSPs provides
hundreds of “hot spots’ between nanoparticles and the metal
film, which is hypothesized to be responsible for the additional
enhancement of the SERS signals.
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Fig. 5 (a) Schematic diagram of the prism/silver film/silver nano-
particle system used for calculation where the diameter of the silver
nanoparticles is 62 nm. The dielectric surrounding around the silver
nanoparticle and silver film is water. The refractive index of the
prism is 1.52 at 532 nm and the thickness of the silver film is 45 nm.
(b) FDTD simulation of the electric field distribution for the prism/
silver film/silver nanoparticle system, with a 1-nm gap between the
silver film and silver nanoparticles; k and E indicate the wavevector
and electric vector of the incident light. (c) Magnification of E field
distribution at the vicinity of the gap between a silver nanoparticle
and silver film.
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