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Noble metallic nanostructures with strong electric near-field enhancement can significantly improve nanoscale light-
matter interactions and are critical for high-sensitivity surface-enhanced Raman spectroscopy (SERS). Here, we use an
azimuthal vector beam (AVB) to illuminate the plasmonic tips circular cluster (PTCC) array to enhance the electric
near-field intensity of the PTCC array, and then use it to improve SERS sensitivity. The PTCC array was prepared based
on the self-assembled and inductive coupled plasmon (ICP) etching methods. The calculation results show that, compared
with the linearly polarized beam (LPB) and radial vector beam excitations, the AVB excitation can obtain stronger electric
near-field enhancement due to the strong resonant responses formed in the nanogap between adjacent plasmonic tips.
Subsequently, our experimental results proved that AVB excitation increased SERS sensitivity to 10-™ mol/L, which is two
orders of magnitude higher than that of LPB excitation. Meanwhile, the PTCC array had excellent uniformity with the Raman
enhancement factor calculated to be ~2.4 x 108. This kind of vector light field enhancing Raman spectroscopy may be
applied in the field of sensing technologies, such as the trace amount detection.
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1. Introduction

Surface-enhanced Raman spectroscopy (SERS), as a powerful
analytical tool to obtain the “fingerprints” information of mol-
ecules!" 3! has been widely used in physical, chemical, material,
and biological applications. Compared with the traditional
Raman spectroscopy, SERS uses the noble metallic nanostruc-
tures with plasmon resonance effect at the excitation wavelength
to amplify Raman scattering intensity of the molecules.
Therefore, tailoring the electric near-field enhancement proper-
ties of the metallic nanostructures is critical for improving SERS
performance.

So far, various metallic nanostructures, such as nanopar-
ticles™!, nanodisks!®!, and nanotips!®, have been proposed for
SERS applications. In addition, the plasmonic nanocluster was
also proposed for increasing SERS performance, due to possess-
ing the strong electric resonances'”). These resonance effects of
the plasmonic nanocluster arise from the strong electromagnetic
coupling between closely spaced plasmonic particles/disks'®!,
and the plasmonic resonance can be modified by tuning the clus-
ter size, geometry, and interparticle spacing.

Electron beam lithography (EBL) and the self-assembly meth-
ods have been commonly adopted to prepare the plasmonic
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clusters'”'®!. EBL is suitable for preparing the plasmonic nano-
disks cluster, and the structural parameters can be flexibly
designed and processed. Nevertheless, the spatial resolution of
EBL is on the order of ~10 nm, which limits the strong electro-
magnetic coupling between the closely spaced nanodisks of the
plasmonic nanodisks cluster. In addition, the self-assembly of
the nanoparticles provides a versatile and low-cost route to con-
struct the plasmonic nanoparticle cluster!’!!. Using the self-
assembly method, the nanogap between the closely spaced nano-
particles can be controlled within ~2nm; thus the strong
electromagnetic coupling can be easily achieved. Furthermore,
by tuning the nanoparticle size and numbers, the plasmon res-
onance properties of the plasmonic nanoparticles nanocluster
can be conveniently modified">"?),

The plasmonic resonances are determined by the spatial dis-
tribution of the metallic nanostructures. However, how to excite
them depends on the electric vector characteristic of the excita-
tion light. Thus, when using the cylindrical vector beam (CVB),
it can couple the input light strongly into the resonances and
obtain a much stronger near-field enhancement than by using
a linearly polarized beam (LPB)!'*.. The CVBs, including the
radial vector beam (RVB) and the azimuthal vector beam
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(AVB)!"*), have been adopted to selectively excite the plasmon
resonance of the metallic nanoclusters. For example,
Ahmadivand et al. showed that CVB can be adopted to selec-
tively excite the charge transfer plasmon and Fano line shapes
in the plasmonic octamer and heptamer!'®), which are two typ-
ical plasmon nanodisks clusters. Deng et al. proved that the dark
plasmon modes in the symmetric gold nanoparticle dimers can
be directly excited via the focused CVB!'7).

In this paper, the AVB was used to illuminate the plasmonic
tips circular cluster (PTCC) array to significantly enhance the
electric near-field intensity of the PTCC array by exciting the
hot spot between the adjacent nanotips in the cluster, and then
it was used to improve the SERS sensitivity. The PTCC array was
prepared based on the self-assembled and inductive coupled
plasmon (ICP) etching methods. Simulation results show that,
compared with LPB and RVB excitations, the AVB excitation
can obtain the optimized electric near-field enhancement, no
matter whether it is the electric field enhancement factor or
the hot -spots number. Experimental results proved that,
compared with LPB excitation, AVB excitation increased
SERS sensitivity by 2 orders of magnitude, reaching 107> M
(1 M =1 mol/L). Meanwhile, the PTCC array had excellent uni-
formity with the Raman enhancement factor, calculated to
be ~2.4 x 108.

2. Experimental Results and Discussion

Figure 1(a) is the sketch map of one PTCC unit surrounded by
six PT'CC units equally spaced on a circle. The position relation-
ship between the PTCC unit and the six PTCC units is shown in
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Fig. 1. (a) Sketch map of one PTCC unit equidistantly surrounded by six other
PTCC units; (b) position relationship between one PTCC unit and the six PTCC
units equally spaced on a circle; (c) structure parameters of one PTCC unit;
transverse electric field component of (d) LPB, (e) RVB, and (f) AVB tightly
focused via an micro-objective (MO) with NA = 0.85; scattering spectra of
one PTCC unit vertically illuminated via the (g) LPB, (h) RVB, and (i) AVB in
the range of 450-700 nm.
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Fig. 1(b), and the radius of the PTCC unit is R, = 210 nm. The
distance between two PTCC units is R; = 800 nm. Figure 1(c)
gives the structure parameter of one PTCC unit with N =12
plasmonic tips equally spaced on a circle. The tip curvature
radius is ~20 nm. The bottom diameter of one plasmonic tip
is 100 nm, and the gap between two adjacent plasmonic tips
is ~2nm.

Based on the three-dimensional finite-difference time-
domain (3D-FDTD, Lumerical) method!'®!. the scattering char-
acteristic of one PTCC unit was simulated. Due to the multiple
plasmon nanotips inside one unit, the interference between
these plasmon nanotips leads to multiple resonances supported
by one unit. These resonances can be excited by optimizing the
coupling between the incident light and the mode field distribu-
tions of these resonances, such as illumination by the light beams
(LPB, RVB, or AVB) with different electric field distributions.
Based on the Richard-Wolf theory!'”), the tight focusing
characteristics of the LPB, RVB, and AVB are calculated.
Figures 1(d)-1(f) are the transverse electric field component
of the tightly focused LPB, RVB, and AVB, respectively, under
focusing via a microobjective with a numerical aperture (NA) of
0.85. As shown in Fig. 1(d), the radius of the transverse electric
field component of the tightly focused LPB is 270 nm. When the
tightly focused LPB was illuminated on the center of one PTCC
unit, it could illuminate all the plasmonic tips of the PTCC unit.
The outside diameter of the PTCC unit is 260 nm, which is
smaller than the radius of the transverse electric field component
of the focused LPB. Figure 1(g) is the scattering spectrum of one
PTCC unit in the range of 450-700 nm, under tightly focused
LPB vertically illuminating the center of one PTCC unit. Note
that the PTCC unit has optimized plasmon resonance in the
short wavelength range.

Figure 1(h) shows the scattering spectrum of one PTCC unit
under vertical illumination of the tightly focused RVB, whose
transverse electric field component is shown in Fig. 1(e), with
the donut-shaped intensity distribution and inner and outer
diameters being 170 and 460 nm, respectively. Note that the
PTCC unit has optimized plasmon resonance in the long wave-
length range. Figure 1(i) is the scattering spectrum of one PTCC
unit under vertical illumination of the focused AVB. The
corresponding transverse electric field component is shown in
Fig. 1(f), with the donut-shaped intensity distribution, and the
inner and outer diameters being 170 and 460 nm, respectively.
The PTCC unit has optimized plasmon resonance in the middle
wavelength range. Although the mode field distributions of the
tightly focused RVB and AVB are the same, the spatial electric
field vectors of the two focused beams have a significant influ-
ence on the plasmon resonance of the PTCC unit. Therefore,
when the nanostructure is unchanged, only by changing the spa-
tial electric field vector of the excitation light, can the plasmon
resonance characteristic of the PTCC unit be adjusted.

The electric field enhancement characteristic of the PTCC
array was calculated using the 3D-FDTD method!*”!. The center
of one PTCC unit was illuminated via the tightly focused LPB,
RVB, and AVB, as sketched in Figs. 2(a)-2(c), respectively. The
arrows in Figs. 2(a)-2(c) represent the spatial electric field
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Fig. 2. (a)-(c) Sketch maps of the excitation light with three kinds of spatial
electric field vectors vertically illuminating the center of one PTCC unit;
(d)-[f) electric-field intensity and (g)-(i) charge distributions at the bottom
of one PTCC unit when the center of one PTCC unit was illuminated via
the focused LPB, RVB, and AVB, respectively.

vectors of the three kinds of excitation light. Due to the mode
field size of the tightly focused LPB (R =270 nm), it matched
very well with the PTCC unit (R =260 nm). All the plasmonic
tips of one PTCC unit can be illuminated by the focused LPB, as
shown in Fig. 2(a). In addition, due to the electric field vectors of
LPB parallel to the x axis, the surface localized mode and gap
mode can be excited simultaneously. The corresponding electric
field intensity and charge distributions are, respectively, shown
in Figs. 2(d) and 2(g), with the electric field intensity enhance-
ment factor of EF = |Eprcc/Emcident|* = 210.

The tightly focused RVB was focused on one PTCC unit, as
sketched in Fig. 2(b). Compared with the tightly focused LPB,
although the donut-shaped intensity distribution of the tightly
focused RVB can irradiate most of the energy to one PTCC unit,
its radial polarization is perpendicular to the center line of any
two adjacent plasmonic tips. Therefore, RVB can only excite the
surface localized mode on one PTCC unit, instead of the gap
mode between two adjacent plasmonic tips. Figures 2(e) and
2(h) are the electric field intensity and charge distributions of
the surface localized mode with EF =10 on one PTCC unit.
In case of the tightly focused AVB excitation, as shown in
Fig. 2(c), the tightly focused AVB not only can irradiate most
of the energy to one PTCC unit due to the donut-shaped inten-
sity distribution, but also the azimuthal polarization is parallel to
the center line of any two adjacent plasmonic tips. Thus, the gap
modes between every two adjacent nanotips can be efficiently
excited on one PTCC unit, manifesting a strong electric near-
field enhancement. Figures 2(f) and 2(i) show the electric field
intensity and charge distributions of the gap mode, respectively.
The electric field intensity enhancement factor reaches
EF = 900, which is larger than that of LPB and RVB excitation.
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The EF of the PTCC array was further calculated when the
LPB, RVB, and AVB were illuminated on the center of the
two adjacent PTCC units, as shown in Fig. 3(a). Figures 3(b)-
3(d) show the corresponding calculation results of the electric
field intensity enhancement of the PTCC. Compared with the
focused LPB irradiating the center of one PTCC unit, irradiating
the center of two adjacent PTCC units not only obtains more hot
spots, but also increases the electric field intensity enhancement
factor EF = 289, as shown in Fig. 3(b). Figure 3(c) shows the
electricfield intensity distributions on four PTCC units under
RVB excitation. Note that the EF =484 and the number of
hot spots has been increased significantly, compared with
RVB illuminating the center of one PTCC unit (EF = 10), shown
in Fig. 2(e). Figure 3(d) is the electric field intensity distribution
of four PTCC units under tightly focused AVB excitation.
Compared with the electric field intensity enhancement
(EF = 900) shown in Fig. 2(f), although the electric-field inten-
sity enhancement factor EF = 625 has been reduced, the hot spot
number has been increased. In general, no matter whether it is
irradiating the center of one PTCC unit or the center of two adja-
cent PTCC units, AVB excitation can obtain the optimized elec-
tric-field enhancement characteristics compared with LPB and
RVB excitations.

Figure 4(a) shows the fabrication process of the PTCC array.
Based on the Langmuir-Blodgett (LB) self-assembled
method®"), a monolayer-ordered hexagonally closed-packed
polystyrene (PS) nanosphere with diameter of 800 nm was
assembled on the surface of the silicon wafer, and then etched
by ICP for 3 min, so as to construct a periodic nanocone array
on the surface of the silicon wafer. Then, the periodic nanocone
array was further etched for 2 min to form the silicon nanotip
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Fig. 3. (a) Sketch maps of the tightly focused LPB, RVB, and AVB vertically
illuminated on the center of two adjacent PTCC units; (b)-(d) electric field
intensity distributions of the four PTCC units corresponding to LPB, RVB,
and AVB illumination, respectively.
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circular cluster arrays. Lastly, a 40 nm thick Ag film was depos-
ited on the silicon nanotips circular cluster array via the electron
beam evaporator.

The microscopy image of the PTCC array on a 2 c¢m silicon
wafer is shown as the inset in Fig. 4(b). Figure 4(b) is a scanning
electron microscope (SEM) image of the PTCC array with scale
bar of 10 pm, illustrating that the PTCC array has been prepared
uniformly over large areas. Figure 4(c) is the SEM image of the
PTCC array with higher magnification, and the inset is one
PTCC unit with a tip curvature radius of ~20 nm. The black
curve in Fig. 4(d) is the reflection curve of the PTCC array mea-
sured via a spectrophotometer (Hitachi-UH5700), which coin-
cides with the calculated scattering spectrum (red curve) of the
PTCC array. In addition, the examination result of the reflection
spectrum also shows that the PTCC array has excellent LSPR
effect in the visible band.

Based on the calculated results of the electric field enhance-
ment of the PTCC array illuminated via the LPB, RVB, and
AVB, note that the electric field enhancement under LPB and
AVB illumination is not very sensitive to the position of the exci-
tation light irradiated on the PTCC array. Therefore, we only
experimentally compare the enhancement of the Raman spectra
intensity under the excitation of LPB and AVB. Figure 5(a) is the
sketch map of the experimental configuration for SERS exami-
nation. A He-Ne laser at wavelength of 632.8 nm was adopted as
the excitation source, which was focused on the PTCC array via
a 100X microobjective with NA = 0.85. The excitation power
was set as 3.5 mW, and the integration time of the spectrometer
was set as 5 s. Figure 5(b) shows the Raman spectra of malachite
green (MG) solution, with concentrations from 107!° M down to
1073 M, absorbed on the PTCC array. Under excitation of the
tightly focused LPB, all the Raman characteristic peaks of MG
can be distinguished clearly with a concentration of 107!! M.
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Fig. 4. (a) Sketch map of the fabrication process of the PTCC array: (b) SEM
image of PTCC array with scale bar of 10 um; the inset is the microimage of the
PTCC array on a 2 cm silicon wafer: (c) SEM image of the PTCC array with scale
bar of 800 nm:; the inset is one PTCC unit with tip curvature radius of ~20 nm;
(d) measured reflection spectrum (black curve) and the calculated scattering
spectrum (red curve) of the PTCC array.
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Fig.5. (a) Sketch map of experimental setup for SERS examination; (b) Raman
spectra of MG, with concentration from 107 M down to 10~ M, absorbed on
the PTCC array and excited via LPB and AVB, respectively; (c) Raman mapping
of MG with concentrations of 1078 M. The inset is the histogram of the
intensities of 1587 cm™' characteristic peak obtained along the white dashed
in (c); (d) Raman spectra of MG with concentrations of 10~ M (red curve) and
107° M (black curve) on PTCC and Si substrates, respectively.

When the concentration decreased to 10! M, the Raman char-
acteristic peak cannot be detected via LPB excitation, revealing
that the SERS sensitivity of the PTCC array is 107'! M under
LPB excitation. Keeping the excitation light power unchanged,
the LPB was switched as AVB via a vortex plate (VP). As shown
by the green curve in Fig. 5(b), the SERS sensitivity of the PTCC
array was increased to 10713 M, proving that the SERS sensitivity
has been increased by 2 orders of magnitude compared to that of
LPB excitation.

The electric field enhancement of the PTCC array was further
quantitatively analyzed under MG concentration of 1071 M.
The Raman characteristic peak (1587 cm™) intensity was mea-
sured of I,y = 90 counts under AVB excitation, which is ~3.6
times that of LPB excitation (I pg =25 counts). The surface
enhanced Raman spectrum intensity can be written as'*

I(wg) = Aly(rg, ) |a(wg, ») |2|E(”0’ C‘))|4/|Eo(TO> w) |4
= Al (ry, w)|a(wg, ®) |*PEF?, (1)

where A is a coefficient related to the Raman signal collection
efficiency of the optical system, I,(ry, w) is the intensity of the
excitation light, and a(wg, ) is the Raman polarizability of
the target molecule. EF = |E(ry, w)|?/|Ey(r, w)|? is the electric
field intensity enhancement factor. Regardless of LPB and
AVB excitation, the difference in the collection efficiency of
the optical system and the Raman polarizability of the molecule,
the ratio of the Raman signal intensity can be approximately
expressed as
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