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ABSTRACT: We constructed a waveguide-coupled surface plasmon resonance (WCSPR) 45° polarization
structure to enhance Raman scattering. In this structure, P-polarized and S-polarized incident
lasers can simultaneously coexcite the evanescent field, thereby further enhancing Raman
scattering. This configuration is a five-phase Kretschmann resonance setup that consists of a SF10
prism/inner Ag film/SiO, film/outer Ag film/water structure. The WCSPR configuration
effectively concentrates and confines the evanescent field excited by the incident light. Ag
nanoparticles assembled on the outer Ag film surface enhance the evanescent field further by
means of surface plasmon resonance. By finely tuning the thickness of the Ag and SiO, films, it is
possible to achieve a coincidence between the SPR angle of P-polarized light and that of S-
polarized light. At this angle, both P- and S-polarized light can jointly elevate the evanescent field
intensity, leading to the simultaneous enhancement of the electric fields at the upper, lower, left,
and right parts of the silver nanoparticles and generating maximum evanescent field enhancement. We achieved an electric field
enhancement of up to 10° around the nanoparticles, leading to more SERS hotspots and comparable SERS enhancement capability
to gap-type hotspots. Our WCSPR structure combined with the nanoparticles offers a feasible strategy for the SERS detection of
large molecules that cannot be placed in traditional gap-type hotspots. It is highly convenient for SERS detection of large molecules.
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Raman spectroscopy is a crucial technique for nondestructive,
nonlabel analysis of molecular structures and has a wide range
of applications in fields such as food safety, medical health, and
contraband inspection.'~” However, a serious disadvantage of
Raman spectroscopy is the weak signal, which limits its
development and application.” The discovery of the surface-
enhanced Raman scattering (SERS) phenomenon has greatly
improved the signal intensity of Raman spectroscopy and
expanded the application field of Raman spectroscopy.” ™"
SERS has two enhancement mechanisms: an electromagnetic
enhancement mechanism and a chemical enhancement
mechanism.'* Based on the electromagnetic enhancement
mechanism, researchers have developed various SERS
substrates, such as nanoparticles and periodic nanostructures,
to improve detection sensitivity and signal uniformity.">~"”
However, these structures are complicated, expensive, and
difficult to manufacture in large areas. As a result, researchers
are actively exploring the development of low-cost, easily
reproducible SERS substrates in large areas.'®"”

Surface plasmon resonance (SPR) is an important part of
the SERS electromagnetic enhancement mechanism.”””" It can
significantly increase the electric field intensity of incident light
near the SPR resonance angle, resulting in an enhanced SERS
signal.”>~>* SERS substrates based on SPR structures only
require vapor-depositing one or several layers of dielectric film
and are easy to manufacture and prepare in a large area. There
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are four ty?f_)es of SPR structures: traditional SPR,*>*° long-
range SPR, 7722 CWSPs,>**! and WCSPR structures.>*> All
four types of structures can be used for enhancing Raman
scattering.

Traditional and long-range SPR structures only allow for
excitation of the SPR via P-polarized light. However, the
CWSPs and WCSPR structures enable both P and S
polarizations to excite surface plasmons and enhance Raman
scattering. When nanoparticles are adsorbed onto the SPR
structure and excited by P-polarized light, the electric field at
the upper and lower portions of the nanoparticles is greatly
enhanced.”® On the other hand, when excited by S-polarized
light, the electric fields on the left and right sides of the
nanoparticles are enhanced instead.”> Xu et al. have
successfully used P-polarized light to increase the electric
field between nanoparticles and a silver film under the LRSPR
structure, which they then used to enhance Raman
scattering.”’ They have also employed a combination of
CWSP structure and nanoparticles to enhance the electric field
on the sides of the nanoparticles under the excitation of S-
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Figure 1. (a) Variation of surface plasmon resonance angle with SiO, thickness for P-polarization incident laser [(J (blue)] and S-polarization
incident laser [O (red)]; (b) variation of angle corresponding to maximum field enhancement with SiO, thickness for P-polarized incident laser [

(blue)] and S-polarized incident laser [O (red)].
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Figure 2. Schematic diagrams of the Kretschmann prism-coupling WCSPR structure with P-polarization incident laser (a), S-polarization incident
laser (b), and 45°-polarization incident laser (c); (d) SPR curve simulation for the WCSPR structure based on P-polarization laser, S-polarization
laser, and 45°-polarization laser; (e) angular electric field scan simulation for the WCSPR structure based on P-polarization laser, S-polarization
laser, and 45°-polarization laser; (f) SPR curve and angular electric field scan simulation for the WCSPR structure based on 45°-polarization laser.
The WCSPR structure was a five-layer resonance structure composed of a prism (1 = 1.79)/25 nm inner silver film/349 nm SiO2 film (n = 1.46)/S

nm outer silver film/water layer.

polarized light.*” If the electric fields of nanoparticles in the
upper, lower, left, and right directions can be enhanced
simultaneously, then it will increase the number of SERS hot
spots and further enhance the Raman scattering signal.
Moreover, by positioning larger biomolecules between nano-
particles, we can detect those biomolecules that cannot be
placed between nanoparticles and silver films. However, due to
the different resonance angles of excitation between P- and S-
polarization, simultaneous enhancement of the upper, lower,
left, and right electric fields of nanoparticles to create more hot
spots has been challenging.

In this study, a S-layer WCSPR structure consisting of a
prism, an inner layer of silver, a layer of SiO,, an outer layer of
silver, and water was constructed. The thicknesses of the silver
and SiO, films were adjusted to match the SPR resonance
angle under P-polarized laser excitation with the SPR
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resonance angle under S-polarized laser excitation. At a specific
angle, the SPR resonance angle under P-polarized laser
excitation aligns with the SPR resonance angle under S-
polarized laser excitation. This adjustment is crucial for
ensuring the simultaneous enhancement and extinction of
the field intensity for both P-polarized light and S-polarized
light within the structure. In this structure, any polarization
state of light can excite the surface plasmon field and enhance
the Raman signal; therefore, it is not necessary to specifically
adjust the incident light to P-polarized light. Next, silver
nanoparticles are absorbed onto the surface of the WCSPR
structure and then excited by a 45° polarized laser at the
resonance angle to generate surface plasmons (SPs). Since the
45° polarized laser contains both P-polarized and S-polarized
components, it can simultaneously enhance the electric field of
the silver nanoparticles on the top, bottom, left, and right sides,
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Figure 3. Schematic diagrams of silver nanoparticles adsorbed on the WCSPR structure with P-polarization incident laser excitation (a), S-
polarization incident laser excitation (b), and 4S5°-polarization incident laser excitation (c); electric field distributions around the silver
nanoparticles adsorbed on the WCSPR structure with the excited P-polarization incident laser (d), S-polarization incident laser (e), and 45°-
polarization incident laser (f). The WCSPR structure for FDTD simulation was a five-layer structure composed of prism (n = 1.79)/25 nm silver
film/349 nm SiO2 film (n = 1.46)/S nm outer silver film/water layer. The diameter of the silver nanoparticle is 60 nm. The incident angle is 48.77°,

which is the resonance angle.

generating more SERS hotspots. Additionally, by adjusting the
polarization direction of the incident light, the electric field
intensity’s distribution around the nanoparticles could be fine-
tuned, thereby adjusting the position and intensity of the SERS
hotspots.

B THEORETICAL CALCULATIONS

The finite-difference time-domain method (FDTD, Lumerical
Solutions, Inc.) software was used to simulate the angle-
dependent electric field intensity curve and surface plasmon
resonance (SPR) curve under the five-phase WCSPR structure
of an SF10 prism (n = 1.79 at 532 nm) with an inner Ag film
(n = 0.1293 + 3.1959i at 532 nm), SiO, film (n = 1.46 at 532
nm), outer Ag film, and water (n = 1.33 at 532 nm). According
to the simulation results, the thinner the outer silver film, the
stronger the electric field intensity. However, when the silver
film is too thin, it can be difficult to form a continuous silver
film. Therefore, we set the thickness of the outer silver film at 5
nm. As shown in Figure 1, the thickness of SiO, affects the
angle of surface plasmon resonance and the incident angle,
which correspond to the maximum electric field intensity. The
SPR angle and the incident angle corresponding to the
maximum electric field intensity both increase with an increase
in the thickness of SiO,. Moreover, the SPR angle and the
incident angle corresponding to the maximum electric field
intensity for S-polarization increase faster than those for P-
polarization. When the thickness of SiO, is 354 nm, the SPR
angle for S-polarized light is the same as that for P-polarized
light, which is 48.90°. Similarly, when the thickness of SiO, is
349 nm, the incident angle corresponding to the maximum
electric field intensity of the S-polarized light is the same as
that of the P-polarized light, which is 48.77°.

By adjusting the thickness of the SiO, film layer, the SPR
angles corresponding to P-polarized and S-polarized incident
light can be regulated, thereby ensuring that the incident angles

corresponding to the maximum electric field intensities of both
P-polarized and S-polarized incident light are aligned. This
allows for the simultaneous enhancement of SERS signals for
both P- and S-polarized incident light. When the thicknesses of
the inner silver film, SiO, film, and outer silver film are 25, 349,
and S nm, respectively, the SPR angles for P-polarized and S-
polarized incident light are almost equal, measuring 48.83 and
48.80°, respectively. At this point, the incident angle
corresponding to the maximum electric field intensity for
both P-polarized and S-polarized incident light is 48.77°. At
this optimum angle, both P- and S-polarized light can
simultaneously enhance the SERS signal. So, we chose to use
a five-layer WCSPR structure, which consists of a prism, a 25
nm silver film, a 349 nm SiO, film, a 5 nm outer silver film, and
a water layer, for both simulation and experimental research in
this study. Figure 2a—c illustrate the structure under P-
polarization, S-polarization, and 45°-polarization of the
incident light, respectively. The SPR curves under different
polarization states are shown in Figure 2d, corresponding to P-
polarization, S-polarization, and 45°-polarization of the
incident light, which have resonance angles of 48.83, 48.80,
and 48.80°, respectively. Additionally, Figure 2e shows the
angle-dependent surface electric field intensity curves for P-
polarization, S-polarization, and 4S5°-polarization of the
incident laser. The maximum electric field intensity enhance-
ments are 59.63, 16.84, and 38.24° respectively, all
corresponding to a common incident angle of 48.77°. Finally,
Figure 2f presents the SPR curve and the angle-dependent
surface electric field intensity curve under excitation with a
45°-polarization laser.

The FDTD software was also used to simulate the electric
field distribution of the WCSPR structure with silver
nanoparticles adsorbed, as depicted in Figure 3. Upon exciting
the nanoparticles with a P-polarized laser, the electric field on
the upper and lower parts increased by approximately 4000
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Figure 4. (a) SPR curve (curve A) and SERS intensity profile of angle-dependent SERS excited by S-polarized laser based on the WCSPR structure
(curve A-1); SPR curve (curve B) and SERS intensity profile of angle-dependent SERS excited by 45°-polarized laser based on the WCSPR
structure (curve B-1); SPR curve (curve C) and SERS intensity profile of angle-dependent SERS excited by S-polarized laser based on the WCSPR
structure (curve C-1). All SERS intensity profiles were obtained by plotting the SERS band intensities at 1583 cm™". The integration time was 1 s
(b) SERS spectra obtained in water from the excitation of surface plasmons at a resonance angle of 47.95° based on the WCSPR structure with S-
polarization laser excitation (bottom curve), 45°-polarization laser excitation (middle curve), and P-polarization laser excitation (top curve).

times, while the left and right parts were enhanced by
approximately 400 times under a S-polarized laser, as shown in
Figure 3d,e. When a 45° polarized laser was used, all the parts
of the nanoparticle experienced an enhancement in electric
fields, with an increase of 5000 times for the upper and lower
parts and 500 times for the right and left parts, as displayed in
Figure 3f. Thus, the combined nanoparticles and WCSPR
structure can result in more SERS hot spots when excited with
a 45°-polarized laser. Furthermore, modifying the polarization
direction of the incident light can adjust the electric field
distribution on the surface of nanoparticles. Supporting
Information presents the electric field distribution around the
nanoparticles when exposed to different polarizations of the
excitation laser.

B EXPERIMENTAL METHODS

This study utilized an in-house-built angle-dependent SPR-
SERS microspectrometer to simultaneously measure SPR
curves and incident angle-dependent SERS spectra. The
microspectrometer comprises three main functional parts: an
incident light system, an SPR detection system, and an SERS
detection system. SERS was excited with a 532 nm laser, and
the polarization direction of the laser could be adjusted by
using a polarizer and half-wave plate. The incident angle could
be tuned via a goniometer. When the 532 nm laser was focused
on the Ag film surface, a portion of the incident beam was
reflected and collected by the SPR detection system.
Simultaneously, the SERS signal of the analytes was captured
using the SERS detection system via a microscope with a 20X
objective lens under the prism and was further detected by a
monochromator (iHRS550, Jobin-Yvon Co.) and CCD
(Synapse, Jobin-Yvon Co.). The in-house-built angle-depend-
ent SPR-SERS microspectrometer is illustrated in the
Supporting Information.

Our study involved the construction of a five-phase WCSPR
configuration consisting of a prism/inner silver film/SiO, film/
outer silver film/water. To create this configuration, SiO, and
silver films of varying thicknesses were deposited on the
bottom of SF10 prisms using vacuum deposition at a pressure
of 8.0 X 107* Pa. Thermal evaporation was used to deposit the
silver film, while the SiO, film was coated using the electron
beam evaporation method. The thicknesses of the inner silver
film, SiO, layer, and outer silver film were 25, 349, and 5 nm,
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respectively. The deposition process was monitored using a
thin-film deposition controller (INFICON SQC-310).

For Raman measurements using the WCSPR structure, a
107> M solution of 4-mercaptopyridine (4-Mpy) was injected
into the flow cell and left to incubate for 1 h. Subsequently,
water was introduced into the flow cell to wash the silver film
surface and eliminate any unabsorbed 4-Mpy molecules. In our
design, 4-Mpy molecules were adsorbed onto the Ag films by
mercapto groups to form a monolayer that served as the signal
emitter. This 4-Mpy monolayer was excited by SPs and
emitted SERS signals in an evanescent field. We employed our
in-house-built SPR-SERS microspectrometer to simultaneously
record the SPR curves and incident angle-dependent SERS
spectra of 4-Mpy.”’ The polarization direction of the incident
laser could be adjusted by using a polarizer and a half-wave
plate.

For Raman measurements using the WCSPR/silver nano-
particle structure, we assembled the silver nanoparticles on the
WCSPR structure by injecting the silver colloid and 4-Mpy
solution into the flow cell. In our design, the silver
nanoparticles were captured by 4-Mpy and immobilized onto
the silver film surface. The reaction was maintained for an
hour. The silver colloid was prepared using Lee’s method, with
an average nanoparticle diameter of about 60 nm.”*

B RESULTS AND DISCUSSION

The SPR and SERS signals were measured under different
polarization incident light excitations on both the WCSPR
configuration and the WCSPR configuration with added silver
nanoparticles. As shown in Figure 4a, we obtained the SPR
curves and SERS intensity profiles on the WCSPR
configuration using S-polarized light, 45°-polarized light, and
P-polarized light. First, using the SPR-SERS microspectrom-
eter, we recorded the incident angle-dependent SERS spectra
of 4-Mpy (Figure S3 in the Supporting Information) and SPR
curve under S-polarization light excitation. Curve A in Figure
4a represents the SPR curve of the WCSPR configuration with
an SPR angle of 48.18°. Curve A-1 in Figure 4a shows the
spectral intensities (1583 cm™') plotted against incident
angles. The incident angle corresponding to the maximum
SERS intensity is 47.95°. The SERS intensity near the
resonance angles (i.e, 47.95°) is roughly 3 times stronger
than that at nonresonance angles (i.e., 53°). Second, we

https://doi.org/10.1021/acsomega.3c06740
ACS Omega 2023, 8, 41953—41959


https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06740/suppl_file/ao3c06740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06740/suppl_file/ao3c06740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06740/suppl_file/ao3c06740_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsomega.3c06740/suppl_file/ao3c06740_si_001.pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06740?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06740?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06740?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.3c06740?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.3c06740?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as

http://pubs.acs.org/journal/acsodf

ACS Omega
(a ) —o— P-Polarization 1.2
20000 —o— 45°-Polarization |-
—_ ~—o—S-Polarization 1.0
(2]
-
€ 16000 4 c L
3 B 0.8
3
= 120004 0.6
=
2
o 8000 10.4
£ c-1
~ 40004 B4R 92
A1
0.0
T T T T T T T
42 44 46 48 50 52 54

Angle(Degree)

Reflectance

25000 —— P-Polarization
——45°-Polarization ( b )
—_ ——S-Polarization
Q 20000 4
c
=3
[«
O 15000 4
-
P
=
(2]
< 10000 4
[ +4000
-
£ 2000
5000 4
T T T T T T
600 800 1000 1200 1400 1600 1800

Raman Shift(cm'1)

Figure 5. (a) SPR curve (curve A) and intensity profile of angle-dependent SERS excited by S-polarized laser based on the WCSPR/silver-
nanoparticle structure (curve A-1); SPR curve (curve B) and intensity profile of angle-dependent SERS excited by 45°-polarized laser based on the
WCSPR/silver-nanoparticle structure (curve B-1); SPR curve (curve C) and intensity profile of angle-dependent SERS excited by S-polarized laser
based on the WCSPR/silver-nanoparticle structure (curve C-1). All intensity profiles were obtained by plotting the SERS band intensities at 1583
cm™". The integration time was 1 s. (b) SERS spectra obtained in water from the excitation of surface plasmons at the resonance angle based on the
WCSPR/silver nanoparticle structure with S-polarization laser excitation (bottom curve), 45°-polarization laser excitation (top curve), and P-

polarization laser excitation (middle curve).

measured the incident angle-dependent SERS spectra (Figure
S4 in the Supporting Information) of the 4-Mpy and SPR
curves using the SPR-SERS microspectrometer under 45°-
polarization incident light excitation. The resonance angle is
48.20° (curve B in Figure 4a), while curve B-1 is the plot of
SERS intensities of 4-Mpy at 1583 cm™" vs the incident angles.
The incident angle giving the maximum SERS intensity is also
47.95°. The SERS intensity near the resonance angles (ie.,
47.95°) is approximately 3 times stronger than that at
nonresonance angles (ie., 53°). Lastly, under P-polarization
light excitation, we measured the SPR curve (curve C in Figure
4a) and the incident angle-dependent SERS spectra of 4-Mpy
(Figure SS in the Supporting Information), with the SPR angle
remaining almost the same as the resonance angle of curves B
and A at 4822°. We plotted the incident angle-dependent
SERS signals at 1583 cm™" under P-polarization light excitation
(curve C-1 in Figure 4a). The maximal SERS spectrum was
obtained at an incident angle of 47.95°, which is about 3 times
stronger than that at nonresonance angles (i.e., $3°). As shown
in Figure 4, the maximally enlarged electromagnetic field led to
the highest SERS signals near the SPR angle. With the WCSPR
structure, the SERS signal at the SPR resonance angle is the
weakest when excited by S-polarized light, becomes stronger at
the resonance angle when excited by 45°-polarized light, and is
at its strongest when excited by P-polarized light. Figure 4b
shows the SERS spectral signals measured with different
polarization incident light excitations near the resonance angles
(47.95°) at which the SERS intensity was the strongest.

We also obtained the SPR and SERS signals using different
polarization incident light excitations on the WCSPR
configuration with added silver nanoparticles. Figure Sa
displays the SPR curves and SERS intensity versus incident
angle under excitation with S-polarized, 45°-polarized, and P-
polarized incident light. The incident angle-dependent SERS
signals of 4-Mpy on the WCSPR/silver-nanoparticle structure
were shown in the Supporting Information (Figures S6—S8).
As shown in Figure 5, the highest SERS signals were observed
near the SPR angle, where the electromagnetic field was
largest. Curve A in Figure Sa represents the SPR curve under
S-polarized incident light excitation with an SPR angle of
48.28°. The incident angle corresponding to the maximum
SERS intensity is 48.10°. Curve A-1 in Figure 5a is the plot of
the spectral intensity (1583 cm™) against the incident angle
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under S-polarized incident light excitation. Under 45°
polarized incident light, the SPR curve and spectral intensity
(1583 cm™") versus incident angle are shown as curve B and
curve B-1 in Figure Sa, respectively, with a SPR angle of
48.28°. The incident angle corresponding to the maximum
SERS intensity is 48.10°. For P-polarized incident light, curves
C and C-1 in Figure Sa are SPR curves and spectral intensity
values (1583 cm™") versus incident angle, respectively, with an
SPR angle of 48.28°. The incident angle giving the maximum
SERS intensity is again 48.25°. Figure 5b shows the SERS
spectral signals measured with different polarization incident
light excitations near the resonance angles, at which the SERS
intensity was the strongest (48.10, 48.10, and 48.25° for the S-
polarized incident light, 45°-polarized incident light, and P-
polarized incident light, respectively).

When excited by P-polarized light on a WCSPR structure,
the strongest SERS signal intensity was 1281 counts (removing
the background signal). With the addition of nanoparticles, it
increased to 14,450 counts, an 11-fold enhancement. Similarly,
S-polarized light on the WCSPR structure resulted in a 556
counts signal intensity, which increased to 7090 counts, and
also a 13-fold enhancement. When excited by 45°-polarized
light on the WCSPR structure, the strongest SERS signal
intensity was 922 counts. After adding nanoparticles, it
significantly increased to 15,586 counts, which is a 17-fold
enhancement. Notably, the SERS signal enhancement was
greater under 45°-polarized light excitation compared with P-
polarized and S-polarized light excitation. We concluded that
P-polarized light only increases the electric field in the upper
and lower regions of the nanoparticles, while S-polarized light
only increases the electric field in the right and left regions. At
45°-polarized light, the electric field all around the nano-
particles is enhanced, leading to the formation of more hot
spots and a better SERS signal boost.

Bl CONCLUSIONS

In summary, a S-layer WCSPR structure was developed using
prism/Ag/SiO,/Ag/water to enhance Raman scattering. This
structure enables both P-polarized and S-polarized incident
light to generate an SPR and produces a strong electro-
magnetic field enhancement at the same SPR angle, which is
used to enhance Raman scattering. The thickness of each film
layer in the WCSPR structure was adjusted to ensure that the
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SPR angle under P-polarized incident light matches the SPR
angle under S-polarized incident light, thus enabling both types
of incident light to enhance the SERS signal simultaneously.
The addition of silver nanoparticles to the WCSPR structure
enhanced the electric field intensity of the upper, lower, left,
and right parts of the nanoparticles simultaneously when 45°-
polarized light was incident, resulting in more hotspots that
produce SERS signals comparable to those produced by P-
polarized light. It is worth noting that unlike traditional hot
spots formed in small gaps, the strongest electric field
surrounds the nanoparticles within the WCSPR structure.
This facilitates the high-sensitivity SERS detection of
compounds and biological macromolecules, such as proteins
and DNA, that cannot be placed in traditional gap-type hot
spots.
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