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ABSTRACT: We propose a method to maintain the symmetry polarizer oo gmeter _

apr . . . . . [ Photodiode
condition of the refractive index with respect to a dielectric buffer L&ﬂ o ®_.
layer for a long-range surface plasmon resonance (LRSPR) tens 17/ & i o e
configuration. The symmetry condition was maintained by s:::, Film B octie Suior LayerE\

a a a Sample Buffer Layer )
changing the concentration of the ethylene glycol aqueous solution e\, * out ¥ B riow cel
(sample buffer layer) to match the refractive index of the MgF, pit Object Lens
film. Maintenance of the symmetry condition is necessary for siverFim Mirror SPR&SERS
exciting the LRSPR mode and increasing the electric field intensity muir Layer
near the film. We used a four-phase Kretschmann resonance setup - e

composed of a K9 prism, MgF, film, Ag film, and sample buffer
layer. The incident angle-dependent surface-enhanced Raman
scattering (SERS) spectra were measured in the evanescent field. At the SPR angle, the SERS signal of the symmetric configuration
was 60 times higher than that of the conventional SPR configuration. Moreover, the electric field penetration depth of the symmetric
long-range surface plasmon configuration (>1000 nm) was longer than that of their asymmetric counterparts. The enhancement
factor of the symmetric configuration was 8.6 X 107, which corresponded to the lowest detectable concentration for 4-
mercaptopyridine, reaching 1.0 X 107'° M at the resonance angle. Thus, the symmetric LRSPR configuration has great potential for
label-free sensing and detection of macromolecules and biomolecules.

1. INTRODUCTION based on an SPR structure comprise just one or several
nanometer-thick metal or dielectric films and can be prepared
simply. Various SPR structures that use the electromagnetic
field enhancement of SPR excitation near the surface of a metal

Raman spectroscopy is a key technique for the nondestructive
. . . P 1 .
analysis of molecular structures in biomedicine,  materials
. 2 . . < 34 . .
science,” and biochemical analysis.”” However, the intensity of

the Raman scattered light is very weak, which limits the further thin film exist. These can be classified into follir types:
development of this technique. During the past decades, many conventional SPR, long-range SPR (LRSPR), " coupled
approaches have been adopted to enhance the sensitivity of plasmon-waveguide resonance,”> and the waveguide-coupled
Raman measurements, the most important of which is surface- SPR.'® The conventional SPR configuration is a Kretschmann
enhanced Raman scattering (SERS), which has resulted in the configuration and comprises a glass prism, a thin metal film,
use of Raman spectroscopy becoming more widespread.”™’ and a sample buffer layer in sequence. The long-range SPR
The enhancement mechanisms of SERS can be roughly configuration is constructed by introducing a dielectric buffer
divided into two categories: electromagnetic and chemical.® layer between the prism and the metal layer of the
Electromagnetic enhancement is based on the amplification of conventional SPR configuration. The coupled plasmon-wave-
an electromagnetic field near a ‘hot spot’ made of guide resonance configuration can be constructed by

nanostructures.” In recent years, with the development of
nanotechnology, various nanostructured SERS substrates have
been used to enhance Raman sign211s.9’10 However, the
preparation process of these nanostructured substrates is
complex and the substrates have poor uniformity. Therefore, it
is necessary to develop some simple methods to prepare
substrates that generate strong SERS signals.ll

Surface plasmon resonance (SPR) is an important way of
electromagnetic enhancement,'” which produces an extremely
strong SERS signal at the resonance angle. SERS substrates

incorporating a waveguide layer under the metal film of the
conventional SPR configuration. The waveguide-coupled SPR
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is formed by sequentially adding a metal layer and a waveguide
layer beneath the thin metal film of the conventional SPR
configuration. At the resonance angle, these SPR structures
produce strong SERS signals.

LRSPR structures include a dielectric buffer layer between
the prism and the metal layer, which is the feature that
distinguishes them from conventional SPR structures.'”'® The
propagation length of the SPs and electromagnetic field are
greater than those with conventional SPR structures.'* A
symmetric LRSPR configuration can be achieved when the
refractive indices of the dielectric buffer layer and the sample
buffer are equal. This increases the propagation length and
electromagnetic field strength near the metal surface relative to
the asymmetric structures. To satisfy this symmetrical
refractive index condition, a solid film with a refractive index
close to that of the sample buffer is usually inserted between a
Ag film and the prism; this is referred to as the dielectric buffer
layer. However, the refractive index of this dielectric buffer
layer is constant and cannot be changed. Thus, the symmetry
condition cannot be met for measurements that involve a large
change in the refractive index. At present, materials such as
Cytop, MgF,, Si, and SiO, are used as the dielectric buffer."””
The refractive indices of these materials are higher than those
of the liquids used in the sample buffer layer. Thus, the LRSPR
configuration is not under a symmetry condition for some
SERS applications.'**® This lack of symmetry results in a
shallower LRSPR dip, a weaker electromagnetic field, and even
LRSPR decoupling.21 Therefore, new designed proper
solutions are needed to achieve good LRSPR symmetry
condition.

In this article, we propose a simple method of adjusting the
refractive index of the sample buffer layer by adjusting the
concentration of an ethylene glycol aqueous solution which
was used as sample buffer solution in the LRSPR configuration.
When the refractive indices of the sample buffer solution and
dielectric buffer layer were the same, a symmetric LRSPR
structure was formed. We compared the electric field strength
and penetration distance and the half-peak width of the SPR
curve with those of asymmetric LRSPR configuration and
conventional SPR configuration. The symmetric structure had
the narrowest SPR curve and highest electric field strength.
Figure 1 shows the LRSPR configuration used to detect SERS
spectra of 4-mercaptopyridine (4-Mpy)."**° The LRSPR
configuration is similar to that in refs.""*" It should be noted
that the LRSPs generated under the symmetric LRSPR
configuration are not symmetric LRSPs. The difference
between the symmetric LRSPR configuration and asymmetric
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Figure 1. Setup of the LRSPR for SERS detection.
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LRSPR configuration is just a difference of the degree of index
matching. The intrinsic asymmetry of LRSPs is induced by the
prism in the prism-coupled LRSP configuration.”

2. THEORETICAL ANALYSIS AND NUMERICAL
SIMULATION

When a beam of laser irradiates the interface between the
metal film and the prism, if the frequency and wave vector of
the incident light are appropriate, the free electrons on the
surface of the metal film will absorb the light energy, which will
cause the oscillation of the surface charge density and produce
surface plasmons. If the frequency of the incident p-polarized
light matches the frequency of surface plasmons, resonant
absorption can occur, which yields an extremely sharp optical
reflectance spectrum. When the incident angle is the resonance
angle, the intensity of the reflected light reaches the minimum
value. An absorption peak is formed near the resonance angle.
In the symmetric LRSPR structure, the frequency of the
surface plasmon and that of the incident p-polarized light only
can match at a small scanning angle, which makes the half-
width of the LRSPR curve under the symmetrical LRSPR
structure very narrow.

In the LRSPR configuration, because the metal film is
wrapped between two dielectric layers with similar refractive
indices, independent surface plasmon waves will be generated
on both sides of the metal film and propagated along the
metal/dielectric interface. When the thickness of the metal film
is sufficiently thin, the surface plasmon waves generated on
both sides of the metal film coupled with each other and
generated long-range surface plasmons. When the refractive
index of the dielectrics on both sides of the metal film is the
same (symmetric LRSPR structure), the surface plasmon
waves generated on the two surfaces of the metal film have the
same oscillation frequency. The cross coupling between these
two surface plasmon waves leads to the generation of a
stronger electric field. Therefore, the electric field strength
under the symmetrical LRSPR structure is the strongest.

A four-phase Kretschmann-type LRSPR configuration was
used in this study. We constructed a four-phase LRSPR
configuration by sequential coating of a dielectric buffer layer
(MgF,) and a metal layer (Ag) on a K9 prism. The LRSPR
structure changed the electromagnetic field strength, the full
width at half-maximum (FWHM) of the SPR curve, and the
electric field penetration depth around the metallic film. We
optimized the thicknesses of the MgF, and Ag films based on
the electric field strengths and the electric field penetration
depth using the multilayer Fresnel equation.”’ The simulation
results show that for the symmetric LRSPR structure, for a
given MgF, film thickness, a thinner Ag film gives a higher
electric field strength at the resonance angle. However, when
the thickness of the Ag film was less than 10 nm, the film
exhibited a discontinuous island structure. Therefore, we set
the Ag film thickness to 10 nm during the simulation.

We simulated the SPR curve and the curve of the electric
field intensity as functions of incident angle for different MgF,
film thicknesses. The simulation results are shown in Figure 2.
When the refractive index of the sample buffer layer was the
same as that of the MgF, film (n = 1.38), the electric field
intensity at the resonance angle was the largest and the SPR
dip was the lowest. As shown in Figure 3, the optimal MgF,
film thickness for the strongest electric field strength (E*) was
approximately 1170 nm for an LRSPR configuration.
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Figure 2. Theoretical calculations of (a) the effect of the refractive index of the sample buffer layer on the LRSPR curve and (b) the incident angle-
dependent E* curve for a fixed Ag film (n = 0.13 + 3.19i) thickness of 10 nm and a dielectric buffer layer (MgF,, n = 1.38) thickness of 1170 nm.

The excitation wavelength was 532 nm.
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Figure 3. Theoretical calculations of (a) the effect of the dielectric buffer layer thickness on the LRSPR curve and (b) the incident angle-dependent
E? curve for a fixed Ag film (n = 0.13 + 3.19i) thickness of 10 nm. The refractive index of the sample buffer layer was 1.38, and the excitation

wavelength was 532 nm.

For the symmetric LRSPR configuration, the maximal
electric field strength was approximately 75.88 times higher
than that of the incident light, and the electric field penetration
depth was 3512 nm for a MgF, layer thickness of 1170 nm. For
the asymmetric LRSPR configuration, when the sample layer
was water, the optimal thicknesses of the MgF, and Ag films
for achieving the highest electric field strength were
approximately 1750 and 16 nm, respectively, according to
our published paper.'* Based on the simulated results
mentioned above, a symmetric LRSPR configuration with a
K9 glass prism/MgF, (1170 nm)/Ag (10 nm)/ethylene glycol
aqueous solution (n = 1.38) four-phase structure was prepared.
An asymmetric LRSPR configuration with a K9 prism/MgF,
(1750 nm)/Ag (16 nm)/water four-layer structure and a
conventional SPR configuration with a K9 prism/Ag (45 nm)/
water trilayer structure were also constructed for comparison.

Figure 4 shows the simulated SPR curves, the incident angle-
dependent E? the electric field distribution, and the electric
field penetration depth for the conventional SPR configuration,
asymmetric LRSPR configuration, and symmetric LRSPR
configuration; this information is summarized in Table 1.
The simulation data used in panel b, panel c, panel e, and panel
f are the simulation data in Figure 2 of ref 14 which were
published by our group. The FWHMs of the LRSPR curve
(0.07°) with symmetric configuration and the LRSPR curve
(0.12°) with asymmetric configuration were much narrower
than the conventional SPR curve (5.21°). The angle of
incidence with the maximal electric field strength for the
symmetric LRSPR configuration, asymmetric LRSPR config-
uration, and conventional SPR configuration was 65.75, 64.98,
and 73.04°, respectively. The maximal electric field strength
based on the symmetric LRSPR configuration was approx-
imately 75.88 times higher than that of the incident light; this

32953

was 1.68 and 6.32 times higher than the maximal electric field
strength for the asymmetric LRSPR configuration and
conventional SPR configuration, respectively. The penetration
depths of the evanescent field for the symmetric LRSPR
configuration, asymmetric LRSPR configuration, and SPR
configuration were 3512, 1138, and 502 nm, respectively. We
note that the electric field enhancement and evanescent field
penetration depth are strongly affected by the refractive indices
of the prisms, dielectric media, and sample layers (please see
the Supporting Information). The electric field strength and
penetration depth of the evanescent field could be further
enhanced though selection of a suitable prism and suitable
dielectric layer materials.

3. EXPERIMENTAL RESULTS AND DISCUSSION

The film thicknesses used in the experiment are 1170 nm
(MgF, film) and 10 nm (Ag film), because it is the best
thickness according to the simulation result. After installing the
prism with the MgF, film (1170 nm) and Ag film (10 nm) on
the SPR-SERS microspectrometer, the 4-MPY solution was
injected into the flow cell and 4-MPY molecules were adsorbed
on the Ag film. Then, the ethylene glycol aqueous solutions
with different refractive indices were injected into the flow cell
to construct different LRSPR structures. In the experiment, we
sequentially injected water (n = 1.33), ethylene glycol aqueous
solution with a refractive index of 1.38, and ethylene glycol
aqueous solution with a refractive index of 1.40 into the flow
cell. We measured the SPR curve and SERS intensity curve as
functions of incident angle with these three different sample
buffer layers (ethylene glycol aqueous solution). The
experimental results are shown in Figure 5. When the refractive
index of the sample buffer layer (ethylene glycol aqueous
solution) was 1.38, the LRSPR dip was the lowest and the
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Figure 4. (a) Kretschmann prism-coupling SPR configuration. (b) Simulation of the SPR curve and angular electric field for a prism (n = 1.52 at
532 nm)/4S nm Ag film/water trilayer structure. (c) Normalized electric field distribution for the architecture shown in panel a. (d) Asymmetric
LRSPR configuration for LRSP excitation on the prism with a dielectric buffer layer (MgF,, d = 1750 nm and n = 1.38) and the metal layer (Ag, d =
16 nm) followed by a sample buffer layer (water, n = 1.33). (e) LRSPR curve with asymmetric configuration and angular electric field scan
simulation for the architecture shown in panel d. (f) Electric field distribution for the architecture shown in panel d. (g) Symmetric LRSPR
configuration for LRSP excitation on the prism with a dielectric buffer layer (MgF,, d = 1170 nm and n = 1.38) and a metal layer (Ag, d = 10 nm)
followed by a sample buffer layer (ethylene glycol solution = 1.38). (h) LRSPR curve and angular electric field with symmetric configuration scan
simulation for the architecture shown in panel g. (i) Electric field distribution for the architecture shown in panel g. The simulation data used in
panel b, panel ¢, panel e, and panel f are the simulation data in ref 14 which were published by our group.
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Configuration, Asymmetric LRSPR Configuration, and Azoooo'
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configuration Figure S. Comparison of angular reflectivity scans recorded using an
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MgF,/10 nm Ag film/ethylene glycol aqueous solution (n = 1.38)

four-phase structure.

intensity of SERS was the largest. This result demonstrates that
the symmetrical LRSPR structure has the strongest ability to
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Figure 7. (a) Asymmetric LRSPR configuration for LRSP excitation with a 1000 nm cladding layer. (b) Configuration for LRSP excitation using
the symmetric LRSPR configuration with a 1000 nm cladding layer. (c) Comparison of angular reflectivity scans recorded using the configurations
in (a)b), along with plots of the SERS intensities (1574 cm™") of the SP field-enhanced SERS for the asymmetric configuration and symmetric
LRSPR configuration. (d) SERS spectra excited by SPs using the asymmetric LRSPR configuration at 63.20° and the symmetric LRSPR

configuration at 65.80°.

enhance electric field strength, which is consistent with the
simulation results.

We also compared the electric field strengths, FWHM of the
SPR curve, and electric field penetration depth for the
conventional SPR configuration, asymmetric LRSPR config-
uration, and symmetric LRSPR configuration. For the SERS
measurements, the Raman probe molecule, 4-Mpy, was
assembled on the bare Ag surfaces of the three configurations.
The SPR curves and incident angle-dependent SERS spectra of
4-Mpy were measured simultaneously using an SPR-SERS
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microspectrometer (see the Experimental Methods). Figure 6a
shows the reflectivity curves and incident angle-dependent
SERS intensity (1570 cm™') curves for the different
configurations. The highest SERS signal intensities appeared
in the vicinity of the resonance angles for all the three cases.
Figure 6b compares the SERS spectra obtained using the three
configurations near the SPR angles (65.80° for the symmetric
LRSPR configuration, 65.00° for the asymmetric LRSPR
configuration, and 73.60° for the conventional SPR config-
uration). The SERS signal (1570 cm™') obtained from the
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symmetric LRSPR configuration was approximately 2 and 40
times higher than that from the asymmetric LRSPR
configuration and conventional SPR configurations, respec-
tively. We attribute this SERS enhancement to the higher
electric field strengths provided by the LRSPs than by
conventional SPs.

The experimentally observed SPR angles (Figure 6a) agreed
well with the simulated results (Figure 4b,eh). A narrower
FWHM of the SPR curve corresponded to a higher electric
field strength and greater electric field penetration depth,
which is conducive for SERS excitation and signal detection.

In our setup, the SPR and SERS collection systems lie on
different sides of the prism. This allows SPR and SERS
detection to be achieved simultaneously, which avoids SERS
signal losses. In addition, the excitation and detection of SERS
from the evanescent field are important because the baseline of
the obtained spectra was suppressed and a high signal-to-noise
ratio was achieved.

The LRSPR configuration gives a greater electric field
penetration depth, which can be used to excite a higher
number of probe molecules during SERS detection and thus
increase the SERS signal intensity. To demonstrate this effect,
a cladding layer (MgF,, d = 1000 nm) was constructed on the
Ag film for both the asymmetric configuration and symmetric
LRSPR configuration (Figure 6a,b). The cladding layer kept
the analytes 1000 nm from the Ag film. The experimental data
in Figure 7 are obtained under the symmetric LRSPR
configuration and asymmetric LRSPR configuration after
adding a cladding layer. Figure 7c shows the reflectivity curves
and the incident angle-dependent SERS intensities (1570
cm™") obtained using the configurations in Figure 7a,b. The
resonance angles of the asymmetric configuration and
symmetric configuration were 63.12 and 65.88°, respectively.
Figure 7d compares the SERS spectra obtained in the vicinity
of the resonance angles for the two configurations. A high-
quality SERS spectrum was obtained using the symmetric
configuration, whereas a low-quality SERS signal was recorded
using the asymmetric configuration. The evanescent field
penetration depth of the symmetric LRSP configuration was at
least 1000 nm, and that of the asymmetric LRSP configuration
was about 1000 nm. On the one hand, longer penetration
depths can not only excite a higher number of probe molecules
but are also beneficial in coupling with other surface plasmon
modes. Both of these effects serve to enhance the SERS signal.
On the other hand, longer evanescent field penetration depth
is beneficial to expand the applications of SERS to multilayer
systems, such as cell detection. The third, longer evanescent
field penetration depth makes it possible to use Ag with a
stronger electric field enhancement capability instead of an
inert noble metal such as Au in the experiment without
worrying about the oxidation of Ag.

The enhancement factor of 4-Mpy was calculated using the
symmetric LRSPR configuration. We compared the field-
enhanced SERS with symmetric LRSPR configuration at 999
cm™ with the Raman signal at 992 cm™. The enhancement
factor was estimated to be 8.6 X 107. Details of the
enhancement factor estimation can be found in the Supporting
Information. Figure 8 shows that SERS spectra of 4-Mpy with
the concentration range from 1.0 X 107 to 1.0 X 107" M. A
limit of detection of 1.0 X 107'* M was achieved.
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Figure 8. Concentration-dependent SERS spectra of 4-Mpy excited
using the symmetric LRSPR configuration at the resonance angle.

4. CONCLUSIONS

We present a symmetric LRSPR configuration to enhance
Raman scattering. We experimentally showed that the
symmetric LRSPR configuration results in narrower angular
resonance curves, longer penetration depths, and stronger
electric fields than those for an asymmetric LRSPR
configuration and conventional SPR configuration. Numerical
simulations helped explain these observations. The symmetric
LRSPR structure constructed using an ethylene glycol aqueous
solution was confirmed to enhance the evanescent field
penetration depth and the local electric field on the Ag surface
that interacted with the samples. The symmetric LRSPR
configuration process has a number of important advantages
for Raman enhancement. First, the strong electric field at the
metal interface is useful for SERS signal excitation. Moreover,
the narrower angular distribution of the electric field is
beneficial for SERS signal detection. In addition, the greater
penetration depth leads to the excitation of a greater number
of probe molecules, which is important for expanding the
applications of SERS to multilayer systems, such as cell
detection. The SERS enhancement factor with the symmetric
LRSPR configuration was as high as 8.6 X 10”. Thus, our
plasmonic configuration has broad application prospects in
plasmonic devices based on high-efficiency light harvesting and
radiation.

5. EXPERIMENTAL METHODS

The SPR and LRSPR curves and the incident angle-dependent
SERS spectra were measured simultaneously using an in-
house-built, angle-dependent SPR-SERS microspectrometer
that can be found in the Supporting Information.

We constructed conventional SPR configuration, asymmetric
LRSPR configuration, and symmetric LRSPR configuration. All
three configurations were Kretschmann type. MgF, (n = 1.38
at 532 nm) and Ag (n = 0.13 + 3.19i at 532 nm) films with
various thicknesses were deposited on the bottom of K9 prisms
(n = 1.52 at 532 nm) by vacuum evaporation at a pressure of
8.0 X 107* Pa. The deposited film thicknesses were measured
using a surface profiler (Dektak 150, Veeco).

For the Raman measurements, a 4-Mpy solution (107> M)
was injected into the flow cell for 1 h. 4-Mpy molecules were
adsorbed on the Ag film by mercapto groups to form an
assembled monolayer. Water was then injected into the flow
cell, and the 4-Mpy molecules that were not adsorbed on the
Ag film were washed away. Finally, ethylene glycol aqueous
solutions with different refractive indices were sequentially
injected into the flow cell to form different LRSPR
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configurations. The 4-Mpy monolayer acts as the signal emitter
in our design; it is excited by the SPs and radiated SERS signals
in the evanescent field. We used an SPR-SERS micro-
spectrometer to record the SPR curves and incident angle-
dependent SERS spectra of 4-Mpy simultaneously.
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