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The manipulation of the interaction between molecules and photonic—plasmonic hybrid structures is
critical for the application of surface-enhanced spectroscopy (SES). Herein, we report a study on the
mode coupling mechanism and SES performance in a typical optoplasmonic system constructed with
a polystyrene microsphere (PS MS) resonator and gold nanoparticles (Au NPs). The mode coupling
mechanism was found to be closely dependent on the relative positions of PS MS, Au NPs, and

molecules in the optoplasmonic system, based on which selectively enhanced Raman and fluorescence
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Accepted 12th September 2020 signals of molecules can be realized via the collaboration of enhancement and quenching channels of
the PS MS and Au NPs. We demonstrate two arrangements of the photonic—plasmonic hybrid structure,

DOI: 10.1039/d0na00625d which can support fluorescence signals with sharp whispering-gallery modes and apparently enhanced
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Introduction

Raman and fluorescence spectroscopies have been widely
applied in medicine, biology, chemistry, information tech-
nology, and food safety. Generally, for mass molecule detection,
it is not difficult to determine the safety threshold based on
conventional Raman and fluorescence spectra. However, for the
detection of trace amounts of molecules or even single mole-
cules, surface-enhanced spectroscopy (SES) becomes more
important.* The physical enhancement of SES is usually based
on plasmonic or photonic structures at the micro-nano scale,>”
such as metallic films with rough surfaces,® metallic nano-
particles,®™* plasmonic arrays, metamaterials, photonic
crystal fibers,” and micro sphere/ring resonators.**?>* These
structures can produce high-density photons or plasmons,
which would significantly enhance the light-molecule interac-
tion or increase the excitation/collection efficiency of Raman
and fluorescence signals.

Recently, as an emerging field, the photonic-plasmonic
hybrid structure has drawn extensive attention in the SES
study.>*** The hybrid structure works as an optoplasmonic
system to simultaneously benefit from high Q-factors of
a photonic structure, as well as small modal volumes and
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Raman signals with relatively low detection limits and good robustness, respectively.

extreme near-field enhancements of a plasmonic structure,*
which will be helpful to improve the enhancement ability,
practicality, and versatility of an SES substrate. For example,
Ahn et al. demonstrated enhanced fluorescence of dye mole-
cules within a designed photonic-plasmonic structure con-
structed by putting a microsphere exactly into a plasmonic
cavity.”” Lin et al. reported a reusable and reconfigurable
surface-enhanced Raman scattering (SERS) platform by opti-
cally trapping Ag nanoparticles in a photonic crystal cavity
integrated with a microfluidic chip.*® Liang et al. developed
a single-molecule biosensor based on the hybrid photonic-
plasmonic antenna in a photonic crystal nanobeam cavity to
study DNA-protein dynamics without using fluorescent labels.**
Liu et al. proposed a photonic-plasmonic hybrid structure
constructed with an inverse three-dimensional photonic crystal
and Au nanoparticles, and demonstrated its SERS application
for the multi-objective detection of biomolecules.*

Despite these achievements, there are still some challenges
in the SES study based on photonic-plasmonic hybrid struc-
tures, which need urgent action. For example, the mechanism
of SES in the optoplasmonic system is yet to be elucidated. As
compared to most of the previous works related to SES in a pure
photonic or plasmonic system, the enhancement mechanism in
the optoplasmonic system is much complicated because mode
coupling between molecules and photonic and plasmonic
structures is sensitive to their relative positions in the hybrid
structure.®” If their relative positions are improper, quenching
of molecular fluorescence signals can be observed.**** There-
fore, more theoretical and experimental works are highly
required to investigate the relative position-dependent SES
performance in the optoplasmonic system. Meanwhile,
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considering that many molecules have both Raman and fluo-
rescence activities, how to realize selective or simultaneous
enhancement of molecular fluorescence and Raman signals is
becoming an important direction. Some groups have recently
studied this issue in different pure plasmonic systems.***
However, to the best of our knowledge, this issue has been
rarely studied in the optoplasmonic system.

In this paper, we study the mode coupling mechanism and
selective SES performance in a typical optoplasmonic system
constructed with a microsphere resonator and plasmonic
nanoparticles,*** which are readily available commercially in
a wide range of sizes. In order to clearly understand the mode
coupling mechanism, we compare the Raman/fluorescence
signals in pure molecules, nanoparticles, microspheres, and
the combination of each two of them. On this basis, we propose
three photonic-plasmonic hybrid structures with different
structural arrangements of microspheres, nanoparticles, and
molecules. We demonstrate that selective enhancement of
molecular fluorescence and Raman signals can be realized by
properly designing the relative positions of microspheres,
nanoparticles, and molecules in the optoplasmonic system.

Results and discussion

As an example, Fig. 1 illustrates the preparation process of one
of the photonic-plasmonic samples by the drop-casting
method. Step I corresponds to the initial polystyrene micro-
sphere (PS MS) structure on the bare Au film/SiO,/Si substrate,
step II corresponds to the hybrid structure when the PS MS is
covered with gold nanoparticles (Au NPs), and step III corre-
sponds to the final target sample when the Au NPs/PS MS hybrid
structure is covered with Nile Blue A (NBA) molecules. The
preparation process of other samples is similar to that shown in
Fig. 1, but follows different dropping sequences. More details
about the materials and preparation process are available in the
Methods section.

Fig. 2 shows the scanning electron microscopic (SEM)
images of the samples during the preparation process from step
I to step IIL It can be observed from Fig. 2(a) that the shape of
a pure PS MS is regular and the surface is smooth without
defects. The diameter of the MS is about 5 um. Meanwhile, the
Au NPs with an average size of 45 nm are uniformly dispersed
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Fig. 1 Schematic of the preparation process of the photonic—plas-
monic hybrid structure.

This journal is © The Royal Society of Chemistry 2020

View Article Online

Nanoscale Advances

Fig. 2 SEM images of (a) a pure PS MS, (b and c) the Au NPs/PS MS
hybrid structure, and (d) NBA molecules on the Au NPs/PS MS hybrid
structure.

onto the PS MS without obvious agglomeration, as shown in
Fig. 2(b). The estimated coverage density of Au NPs is about
400-500 NPs per um?, as shown in Fig. 2(c). Fig. 2(d) corre-
sponds to the SEM image of the final sample that contains
uniformly dispersed NBA molecules on the surface of the Au
NPs/PS MS structure.

For comparison, we first measured the Raman spectra of
pure Au NPs, pure NBA molecules, a pure PS MS, NBA molecules
placed on the top surface of Au NPs, Au NPs placed on the top
surface of a PS MS, and NBA molecules placed on the top
surface of a PS MS. The measurement was done using a confocal
Micro-Raman Spectrometer at an excitation wavelength of 532
nm (see Methods). As displayed in Fig. 3(a), pure Au NPs show
two broad resonances near 1200 cm™ ' (568 nm) and 2900 cm ™"
(633 nm) (marked by red dotted ellipses), respectively. Since Au
NPs are composed of atoms without Raman features, these two
resonances actually correspond to the fluorescence peaks
contributed by the localized surface plasmon (LSP) resonances
of Au NPs. As displayed in Fig. 3(b), the spectrum of pure NBA
molecules shows obvious Raman peaks accompanying an
obvious fluorescence background. We can observe two main
Raman peaks at 588 cm™ ' (549 nm) and 1637 cm™* (583 nm), as
well as three minor Raman peaks at 1347 cm ™" (573 nm), 1431

' (575 nm), and 1485 cm " (578 nm) in the range of 1250~
1500 cm ™~ *. The NBA molecules also show a fluorescence peak
near 2800 cm ™. In Fig. 3(c), a pure PS MS also shows obvious
Raman peaks but the fluorescence background is weak. Three
main Raman peaks occur at 999 cm™* (562 nm), 1598 cm ™ * (581
nm), and 2897 cm ™' (629 nm), respectively.

When compared with pure Au NPs, NBA molecules, and PS
MSs, the combination of each two of them shows quite different
spectral responses. For example, when the NBA molecules are
placed on the top surface of Au NPs, we can observe enhanced
Raman peaks of NBA molecules [Fig. 3(d)]. Particularly, in the
range of 1250-1500 cm ™', the intensity of Raman peaks with
background subtraction is increased about 3-5 times as
compared to the pure NBA molecules, which is obviously due to
the LSP resonance of Au NPs in this region. Meanwhile, we can

Nanoscale Adv., 2020, 2, 4682-4688 | 4683
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Fig. 3 Raman spectra of (a) pure Au NPs, (b) pure NBA molecules, (c)
a pure PS MS, (d) NBA molecules placed on the top surface of Au NPs,
(e) Au NPs placed on the top surface of a PS MS, and (f) NBA molecules
placed on the top surface of a PS MS. The inset in (b) is the zoomed
spectrum in the range of 1250-1500 cm™2. The inset in (f) is the Raman
spectrum of NBA molecules placed on the bottom surface of a PS MS.

observe slight quenching of the fluorescence background of
NBA molecules, which is believed to be due to the non-radiative
decay channel provided by the LSP resonance of Au NPs. As
shown in Fig. 3(e), when the Au NPs are placed on the top
surface of a PS MS, there is no enhancement of the Raman
peaks of the PS MS, but the whole fluorescence background is
obviously raised. Considering that the PS MS has a much larger
specific surface area than the Au NPs, the Au NPs will bring less
influence on the Raman signal of the PS MS, while the PS MS
will obviously enhance the fluorescence signal of Au NPs,
resulting in a raised fluorescence background. As shown in
Fig. 3(f), when the NBA molecules are placed on the top surface
of a PS MS, there is no Raman signal of the PS MS or NBA
molecules. Instead, we can find obviously enhanced fluores-
cence signal of the NBA molecules, accompanied by periodic
oscillations and double splitting peaks in the fluorescence
background. The oscillation period of each sub-peak is about
14 nm. Similar periodic oscillations with a mode splitting
phenomenon and a greatly enhanced fluorescence background
can be found when the NBA molecules are placed on the bottom
of a PS MS, as shown in the inset of Fig. 3(f).

To gain more insight into the periodic oscillations and mode
splitting phenomena shown in Fig. 3(f), we employed the finite-
difference time-domain (FDTD) method to simulate the radia-
tion spectrum of molecules considering an electric dipole
source placed on the top or bottom of a PS MS (see Methods). As
shown in Fig. 4(a) and (b), the simulated spectra match well
with the experimental results. Periodic oscillations and mode
splitting phenomena can be observed for both cases and the
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Fig. 4 (a and b) Simulated radiation spectrum when an electric dipole

source is placed on the top or bottom of a PS MS. (c) Spatial distri-
butions of the normalized z component and absolute amplitude of the
electric field at 598 nm and 603 nm.

oscillation period is about 13 nm. Previous works have
demonstrated that the microspheres can support the whis-
pering gallery mode (WGM).*~* The resonance wavelength of
an angular WGM can be expressed as A = 2mnR/I, where n is the
refractive index, R is the radius, and [ is the mode number. The
free spectral range (FSR) of a particular angular WGM can be
further expressed as AA = A*/27nR. In our study, the refractive
index of the PS MS is about 1.6 and the radius of the PSMS is 2.5
um. When the resonant wavelength is 600 nm, the calculated
mode number and FSR are about 42 and 14 nm, respectively. As
a result, the calculated FSR is consistent with the experimental
and simulation results, which indicates that the periodic
oscillations in Fig. 3(f) are angular WGMs. Meanwhile, we
selected two sub-peaks near 600 nm, i.e., 598 nm and 603 nm,
and simulated their corresponding spatial distributions of the z
component and absolute amplitude of the electric field. In
Fig. 4(c), we can observe that both peaks show typical angular
WGM distributions with a mode number of about 41. As
compared to the WGM at 598 nm, the mode at 603 nm shows
stronger scattering ability, which agrees well with the simulated
radiation spectrum in Fig. 4(a).

The mode splitting phenomenon can be explained by the
excitation of a pair of WGMs in clockwise and anti-clockwise
directions of propagation when a single scatter is placed on
the center of the top or bottom surface of a microsphere.®®*** It
should be noted that if a microsphere's shape is not regular or
there are many defects on the surface, the periodic oscillations
and mode splitting phenomena may disappear.

An individual microsphere resonator has three channels to
enhance the Raman/fluorescence signal of the neighbouring
atoms/molecules. Type-I is based on the microsphere's large
specific surface area, which can improve the collection effi-
ciency of Raman/fluorescence signals via Rayleigh scattering.>
Type-1I is based on the microsphere's nano focusing function.
When a plane wave is incident on the top surface of a micro-
sphere, an ultra-narrow photon nanojet can be generated on the

This journal is © The Royal Society of Chemistry 2020
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bottom surface.**** Such photon nanojet is also found when an
electric dipole source is placed on the top or bottom of a PS MS,
as shown in Fig. 4(c). The strong light-matter interaction in the
photon nanojet will improve the excitation efficiency of the
Raman/fluorescence signal. Type-III is based on the WGM as
mentioned above.*®>>** Among these three types, Type-I and
Type-1I usually work for the enhancement of both fluorescence
and Raman signals without any strict limit, while Type-III that
has the strongest enhancement ability should strictly satisfy the
resonance condition of WGMs. As a result, the broadband
fluorescence signal is easier to be amplified than the ultra-
narrow Raman signal based on the Type-III channel.

Therefore, in Fig. 3(e), the raised fluorescence signal of Au
NPs is believed to be due to the Type-I and Type-II channels.
Type-III does not work well in this case because the Au NPs act
as large surface defects, which can easily destroy the formation
condition of WGMs. In Fig. 3(f), all three types of mechanism
should contribute to the enhanced fluorescence signal of NBA
molecules. In particular, the strong fluorescence background is
mainly attributed to the contribution from Type-I and Type-II
channels. However, we did not find any evidence to support
the enhancement of the Raman signal of NBA molecules in this
case. The possible reason is that the strong WGM signal can
cover up the Raman signal of NBA molecules, which is
enhanced via the Type-I and Type-II channels of the PS MS.

Based on the above-mentioned results, we then investigated
the SES performance in three designed photonic-plasmonic
hybrid structures with different structural arrangements of
microspheres, nanoparticles, and molecules, i.e., NBA mole-
cules between the PS MS and Au NPs (PS MS/NBA/Au NPs), NBA
molecules on the bottom of Au NPs/PS MS (Au NPs/PS MS/NBA),
and NBA molecules on the top surface of Au NPs/PS MS (NBA/Au
NPs/PS MS). In Fig. 5(a), the PS MS/NBA/Au NP case shows
sharper WGMs with a narrower linewidth than those shown in
Fig. 3(f). The WGM at 1637 cm ™" is clearly verified in Fig. 5(d).
One possible reason for the more apparent WGMs is the non-
radiative LSP channel of Au NPs, which can result in slight
quenching of the fluorescence background of NBA molecules.
Another possible reason is that the radiative LSP channel of Au
NPs enhances the coupling between NBA molecules and the PS
MS, resulting in more efficient excitation of WGMs in the
fluorescence background. In addition, although the Au NPs can
enhance the Raman signal of NBA molecules, the enhanced
Raman signal is still covered up by the strong fluorescence
background and the WGMs.

In Fig. 5(b), the Au NPs/PS MS/NBA case shows a decreased
fluorescence background and the WGMs almost disappeared
[Fig. 5(e)] as compared to the PS MS/NBA case in Fig. 3(f).
Meanwhile, we can observe a clear Raman signal in the range of
1250-1500 cm ™. Since the Au NPs placed on the top surface of
a PS MS can quench the fluorescence background and destroy
the formation condition of WGMs, the enhanced Raman signal
which is covered up by the strong fluorescence background and
the WGMs before can be partially recovered. The WGMs
completely disappear in the case of NBA/Au NPs/PS MS [Fig. 5(c)
and (f)], which also shows the clearest Raman signal among
three hybrid structures with all Raman peaks recovered from

This journal is © The Royal Society of Chemistry 2020
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Fig. 5 Raman spectra of the photonic—plasmonic hybrid structure
when different relative positions of the PS MS, Au NPs, and NBA are
considered, i.e., (@) PS MS/NBA/Au NPs, (b) Au NPs/PS MS/NBA, and (c)
NBA/Au NPs/PS MS. (d-f) Corresponding spatial distributions of
normalized absolute amplitude of the electric field at 1637 cm ™.

the background. As compared to the pure NBA molecules on the
bare Au film substrate, the Raman intensity in the NBA/Au NPs/
PS MS system is increased about 10 times at 1485 cm™". On the
one hand, the selectively enhanced Raman signal in this case is
attributed to the properly arranged Au NPs, which not only work
as Raman amplifiers via the radiative LSP channel, but also act
as surface defects to destroy the formation condition of WGMs
and quench the fluorescence background via the non-radiative
LSP channel. On the other hand, better Raman signal in the
case of NBA/Au NPs/PS MS than in NBA/Au NPs may be due to
the Type-I and Type-II enhancement channels of a microsphere.
The calculated Raman enhancement factor of Au NPs/PS MS is
about 2 x 107, which is about one order higher than the case of
Au NPs on Au film.

Finally, we investigated the detection limit (DL), linearity,
and the robustness of the NBA/Au NPs/PS MS structure for
potential SERS applications. It can be seen from Fig. 6(a) that
the hybrid structure has a concentration DL of about 0.3125 pg
ml~" for NBA molecules, which is only 1/8 of that for pure NBA
molecules on the bare Au film substrate. The Raman intensity at
588 cm™'/1485 cm™ /1637 cm ™ ' was found to be proportional to
the NBA concentration [Fig. 6(b)]. Take 1485 cm ' as an
example, its linear correlation coefficient R*> reaches 0.9937
[Fig. 6(c)]. In order to verify the applicability of the hybrid
structure, rhodamine 6G (R6G) molecules were used to replace
the NBA molecules. As shown in Fig. 6(d), no Raman signal can

Nanoscale Adv., 2020, 2, 4682-4688 | 4685
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Fig. 6 (a) Raman spectra of the NBA with different concentrations on

the Au NPs/PS MS hybrid structure and bare Au film substrate. The
Raman spectra are combined with background subtraction. (b) Raman
intensity as a function of NBA's concentration at 588 cm™?, 1485 cm™,
and 1637 cm™L. The error bar is calculated from three repeats. (c)
Linear fitting of the Raman intensity and NBA's concentration at
1485 cm™?. (d) Raman spectra of R6G molecules (10 pg ml™) placed
on the bare Au film substrate, Au NPs, and Au NPs/PS MS. The Raman
spectra of the latter two cases are combined with background
subtraction.

be found for the case of pure R6G molecules on the bare Au film
substrate due to the strong fluorescence background, while
a clear Raman signal can be observed for the case of R6G
molecules on the Au NP substrate. When the R6G molecules are
placed on the Au NPs/PS MS substrate, the Raman signal is
enhanced about 2-3 times compared with the case of Au NP
substrate, which well demonstrates the robustness of the hybrid
structure for SERS applications.

It is worthy to mention that there are two important factors
that can influence the performance of the hybrid systems. The
first factor is the substrate. In our design, the Au film is used to
increase the reflectance of the substrate. Higher reflectance of
the substrate can improve the performance of the NBA/Au NPs/
PS MS structure for Raman enhancement, as well as the
performance of the PS MS/NBA/Au NP structure for the gener-
ation of high-quality WGMs (see Fig. S17). The second factor is
the coverage density of Au NPs on the PS MS. It was found that
even when the concentration of Au NPs is decreased down to
half of the original value, the NBA/Au NPs/PS MS structure no
longer works for Raman enhancement because the low coverage
density of Au NPs cannot destroy the formation condition of
WGMs (see Fig. S27).

Conclusions

In summary, we have studied the mode coupling mechanism
and SES performance in an optoplasmonic system constructed
with a PS MS and Au NPs. The PS MS has three channels, ie.,
large specific surface area, photon nanojet, and WGMs, to
enhance the fluorescence/Raman signal of the neighbouring
molecules. The Au NPs have a radiative LSP scattering channel
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to amplify the Raman and fluorescence scattering abilities of
the neighbouring molecules, as well as a non-radiative LSP
absorption channel to quench the fluorescence signal of the
neighbouring molecules. The SES performance of the opto-
plasmonic system was found to be closely dependent on the
relative positions of PS MS, Au NPs, and molecules in the
system. For the case of PS MS/molecules/Au NPs, the radiative
LSP scattering channel of Au NPs can facilitate mode coupling
between molecules and the PS MS, resulting in sharper WGMs
with a narrower linewidth in the fluorescence signal, which has
potential applications in the comb-laser study and label-free
detection of biomolecules.”” For the case of molecules/Au NPs/
PS MS, the non-radiative LSP absorption channel of Au NPs
can quench the background intensity and prevent the excitation
of WGMs in the fluorescence signal of molecules. Meanwhile,
based on the large specific surface area and photon nanojet of
the PS MS and the radiative LSP scattering channel of Au NPs,
apparent enhancement of the Raman signal of molecules can be
realized, which has been demonstrated in SERS applications
with a relatively low DL and good robustness.

Methods

Materials

A Au/SiO,/Si substrate with a 100 nm Au film was ordered from
Beijing Top Vendor Technology Co., Ltd (Beijing, China). A
polystyrene microsphere (PS MS) reagent was ordered from
Structure Probe, Inc. (PA, USA). The average diameter of the PS
MS is about 5 um and the density of the PS MS is about 50 MSs
per mm®. A gold nanoparticle (Au NP) colloidal reagent was
ordered from Suzhou Derivative Biotechnology Co., Ltd (Suz-
hou, China). The average size of the Au NP is about 45 nm and
the concentration of the original reagent is 1.53 x 10" NPs
per ml. Nile Blue A (NBA) and rhodamine 6G dye molecules were
ordered from Nanjing Juyou Science Equipment Co., Ltd
(Nanjing, China) and Shanghai Bailingwei Chemical Tech-
nology Co., Ltd (Shanghai, China), respectively.

Preparation of samples

The photonic-plasmonic samples were prepared by the drop-
casting method. Take the structure of NBA/Au NPs/PS MS as
an example. First, 0.05 ml PS MS reagent mixed by 0.05 ml
deionized water was dropped onto the bare Au film/SiO,/Si
substrate and dried in air for about 9-10 minutes. Then, about
0.05 ml Au NP colloidal reagent was dropped onto the surface of
microspheres and dried in air for about 7-8 minutes. Finally,
the NBA solution was dropped onto the surface of Au NPs/PS MS
and dried in air for about 5-6 minutes. The preparation
procedures of PS MS/NBA/Au NPs and Au NPs/PS MS/NBA are
the same except for the dropping sequences. The microscopic
images of the three hybrid systems are presented in Fig. S3.7 It
should be noted that solution mixing is unavoidable during
sample preparation. Considering that the mass and size of a PS
MS are much larger than those of Au NPs and the microspheres
are easily aggregated together, solution mixing should cause
slight effects on them. Even if some Au NPs on the substrate are

This journal is © The Royal Society of Chemistry 2020
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transported to the surface of a PS MS during solution mixing,
the coverage density of Au NPs should be high enough to
destroy the formation condition of WGMSs, as supported by
Fig. S2.1 Meanwhile, some NBA molecules will be transported to
other places during solution mixing. However, it will not change
the main conclusions of our results because the selectively
enhanced Raman or WGM signals are mainly determined by the
relative positions between Au NPs and PS MS.

Spectrum measurement

The spectrum measurement was implemented using a confocal
Micro-Raman Spectrometer (B&W TEK) at an excitation wave-
length of 532 nm. For fair comparison, the laser power was kept
constant at about 0.4 mW during the measurement and the
integrated time for a single spectrum was set as 8000 ms. The
laser was focused onto the sample using a 20x objective
(Olympus, NA = 0.4). The diameter of the laser spot is about 1.7
pum. All measurements were done after the samples were dried
completely in air.

Numerical simulation

The finite-difference time-domain (FDTD) simulation was con-
ducted using the commercial software Lumerical FDTD Solu-
tions (Lumerical Solutions Inc., Vancouver, Canada) to obtain
the radiation spectrum of molecules and the electric field
distributions. During the simulation, we used an electric dipole
source to mimic the molecule and employed the perfectly
matched layer (PML) absorbing boundary condition along all
three directions. We set two gird meshes in the simulation
region. One is the rough mesh (Ax = Ay = Az = 50 nm) applied
in the whole simulation region. Another is the fine mesh (Ax =
Ay = Az = 25 nm) that only covers the Au NP region. The
complex dielectric constants for Au and SiO, (or Si) were fitted
based on the Johnson & Christy and Palik databases, respec-
tively. The enhancement factor of the sample was roughly
calculated based on the fourth power of the local field.
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