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ABSTRACT

Although plasmonic and photonic crystal substrates represent fertile ground for plasmon-enhanced fluorescence, Raman scattering, and
surface-enhanced Raman scattering based diagnostic tool development, extracting quantifiable Raman information from strongly fluorescent
analytes without photobleaching, signal gating, or multi-step sample preparation has remained a long-standing challenge. In this work, we
introduce Fluorescence Enabled Raman Amplification (FERA) as a mechanism that triggers the resonances of a photonic crystal surface and
plasmonic nanoparticles via the molecular emission of a fluorescence-emitting radiating dipole, which, in turn, feeds back into molecular
Raman scattering of the same molecules. This self-reinforcing feedback mechanism of FERA is experimentally demonstrated using multiple
lasers and objectives and validated through COMSOL Multiphysics simulations. While the mesoscopic engineering presented valuable
insights toward the generation of intense photonic-plasmonic hotspots, the microscopic engineering demonstrates the functionality of the
radiating dipole as a dynamic entity with tailorable electronic and vibrational energy levels. By offering a simple, scalable, and label-
compatible approach to photonic crystal-enhanced fluorescence in the transmittance mode and FERA in the reflectance mode, our study rep-
resents a pathway in the design of multifunctional plasmonic-photonic substrates and invites further exploration into light-matter interac-
tions at the nanoscale.
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Photonic crystal (PC)-based spectroscopic and microscopic tech-
nologies have significantly advanced the point-of-care diagnostics
landscape, enabling highly sensitive and label-free detection mecha-
nisms.' * Metal-free or plasmon-free high refractive index nanomate-
rials and other dielectric systems are being extensively studied for
fluorescence”™ and Raman spectroscopic and microscopic applica-
tions.” ® Their integration with plasmonic structures enables further
pushing the sensitivity boundaries for detecting low-abundance analy-
tes, single molecules, or even subtle vibrational modes through
enhanced Raman and fluorescence signals.” '’ In spite of these
advancements, a long-standing challenge that has persisted over sev-
eral years in the broad domain of photo-plasmonics is simultaneously
augmenting both the fluorescence and Raman intensities of a given
emitter.''"” While Raman scattering yields exceptional chemical

specificity and vibrational resolution,”* fluorescence emission is
regarded as an impediment especially in biological media because the
broadband fluorescence emission often obscures the relatively weaker
Raman modes.”''® Particularly, since the Raman interrogation of
emitters in visible or near-infrared regions is nearly impossible, sub-
stantial effort has been devoted to suppressing fluorescence using a
variety of techniques including but not limited to instrumental gating
and photobleaching protocols.'”'” However, it is worth noting that
analytical methods focused on suppressing the fluorescence come at
the cost of complex sample preparation introducing additional experi-
mental steps.'” Although useful for certain applications, such a strategy
is offset from the goal of harnessing every available photon.”'**’

With this background in mind, our approach is rooted in utiliz-
ing the fluorescence (rather than attempting to suppress it) where
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engineering and coupling of fluorescence emission to optical resonan-
ces of a PC surface serves to amplify the Raman spectra of the same
molecules. Through experimental measurements and simulations, we
demonstrate the constructive integration of the PC-enhanced fluores-
cence excitation into the Raman enhancement process via a
self-reinforcing mechanism. Extrapolating from the foundational
“radiating plasmon” model introduced by Lakowicz’' and our recently
developed radiating guided mode resonance (GMR) model,”**”* we
report a PC-based internal optical feedback mechanism where the
emitted photons from fluorescent emitters augment their own Raman
signal. Hence, simultaneous enhancement of fluorescence and Raman
signals is presented via a dual-mode PC response in transmission and
reflection modes. The implications of this investigation extend beyond
fundamental photo-plasmonics to practical applications, especially in
scenarios where fluorescence and Raman signatures yield valuable
insights of bioanalytes.

In principle, our system is designed to generate the GMR of the
PC with the emitted photons from the fluorophore as shown in Fig. 1.
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This results in directional (steered) and polarized emission carrying
emission spectral feature in the transmittance mode (the details of
which are presented in Fig. 2).” Consequently, upon excitation of the
GMR, near-field intensity is observed sustaining electromagnetic
standing waves with associated “hotspot” regions of enhanced electric
field intensity.”>** These hotspots, in turn, enhance the Raman vibra-
tional modes of the same emitter molecule that initiated the process.
As the concepts presented here with support from simulations intro-
duce a paradigm, the interlinked excitation-emission loop, where the
fluorescence augments its own Raman feature via GMR coupling, we
introduce terminology for this effect: Fluorescence-Enabled Raman
Amplification (FERA). Figure 1(b) shows the topographical 3D view
of the PC interface. The absorption and emission spectra of the rhoda-
mine B (RhB) emitter are shown in Fig. 1(c). The GMR resonances of
the PC under white light excitation are shown in Fig. 1(d) along with
the inset showing the highly uniform PC substrate (the details of fabri-
cation and structural dimensions are presented in our recent
works).””'>**  The Raman spectra observed for 1mM RhB
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FIG. 1. Photonic crystal-enhanced Raman via fluorescence feedback in reflectance mode. (a) Conceptual illustration of the internal feedback mechanism where the emission from
the radiating dipoles excites the GMR, which, in turn, enhances the Raman of the emitter. (b) 3D AFM height profile of the PC. (c) Absorbance and emission spectra of the RhB mol-
ecules. (d) Unpolarized, TE, and TM-polarized transmittance spectra of the PC shown with the top view as an SEM inset. Raman spectra of RhB on PC and glass excited with a (e)
532nm and (f) 785 nm laser wavelength. (g) Raman spectra of RhB at varying concentrations on PC (from 10~ to 10~ M), compared with 10=° M on glass. (h) Measurements of
10~* M RhB on the PC at several locations. (i) The peak intensity changes of RhB for the 1648 cm ™" peak position measured at 10 different locations on the PC.
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concentration (prepared by dropping and drying at room temperature)
on glass and PC substrates obtained using 532 and 785 nm lasers are
shown in Figs. 1(e) and 1(f), respectively. Analysis of these data indi-
cates the occurrence of broad Raman shift spectra around 1800 and
2500 cm ™', corresponding to wavelengths of 590 and 615 nm, respec-
tively, for 532nm laser excitation. The 590 nm (1800cm ') spectra
correspond well with the emission maximum of the RhB upon 532 nm
excitation [Fig. 1(c)]. Importantly, the 615nm (2500 cm ') spectra
correspond to the wavelength where we observe the GMR of the PC.
This observation corroborates well with the higher intensity of the
GMR-enhanced fluorescence observed at 2500 cm ™' as compared to
the pristine fluorescence of RhB (which corresponds to 1800cm ™).
Moreover, the fluorescence of the RhB was not observed under
785nm excitation wavelength as it does not overlap with the absorp-
tion spectra of the RhB. Hence, the total Raman output observed under
532nm excitation is the result of enhanced excitation and enhanced
emission of the radiating dipoles facilitated by the underlying PC.>*
Furthermore, RhB Raman signals are detectable on the PC from con-
centrations extending from 10> M to 107> M [Fig. 1(g)]. Importantly,
the Raman intensity on a glass substrate is significantly lower than that
observed on the PC even at the highest concentration. Based on this
comparison, the enhancement factor (EF) provided by the PC is calcu-
lated to be 6.63 x 107 using the following equation:

Isgrs/ Csers

AEF = (1)

IRaman /CRuman

Furthermore, the PC substrate demonstrates high uniformity
[Fig. 1(h)] in Raman spectra collected from ten different locations. The
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relative standard deviation (RSD) was calculated to evaluate signal
repeatability. The spectra collected on the PC show only 7.68% devia-
tion in peak intensity at 1648 cm™" [Fig. 1(i)]. Incorporating two laser
sources and careful analysis over the glass and PC substrates under
identical conditions, these initial optimizations present encouraging
results establishing the robustness of the FERA effect. The fluorescence
emission spectra observed for the same substrate with the emission
collected in the transmittance mode are presented in Fig. 2.

The fluorescence emission outcoupled from the PC surface into
the far-field is collected using an optical fiber coupled to a spectrome-
ter (Ocean Optics 20004-), in line with our earlier works.”**** Upon
532nm excitation, the emitted photons from the radiating dipoles
carry the broad emission profile [seen in Fig. 1(c)] while striking the
PC. Consequently, the GMR modes of the underlying PC are excited.
Following this, the emission of the fluorophores travels to the far-field
carrying the spectral signature of the RhB and the polarization selectiv-
ity of the underlying PC (Fig. 2).” Figure 2(b) presents unpolarized,
TM, and TE polarized output of the emission, which is also overlapped
with the respective TM and TE transmittance spectra in Figs. 2(c) and
2(d). This is analogous to the photonic crystal coupled emission
(PCCE)”° and surface plasmon-coupled emission (SPCE) technolo-
gies””** explored previously using Bragg mirror-based PCs and metal-
dielectric interfaces. While these platforms need a prism to collect
emitted photons, our PC channels emission directly into the far-field,
aligning with our recently developed steering emission method.””'"**
The characteristic properties of each of these modes are fully described
in our recent works.””” In brief, while the TM coupled fluorescence
overlaps well with the GMR of the PC [Fig. 2(c)], the TE coupled
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emission shows extremely narrow coupling to the photonic band edge
of the PC [Fig. 2(d)].> Importantly, the fluorescence emission from
the RhB radiating dipoles not only excites all the underlying modes of
the PC but also travels to the far-field carrying the spectral feature of the
emission, facilitating biosensing applications in transmittance mode.
Simultaneously, the excited GMR further augments the Raman signa-
ture of the same fluorescent molecules in the reflectance mode similar to
the typical surface-enhanced Raman scattering (SERS) phenomena.

To further enhance the Raman signal, we introduced metal nano-
particles to the system, with the goal of utilizing fluorescence emission
for self-excitation of SERS. Originally, the radiating plasmon model
introduced by Lakowicz and coworkers demonstrated a paradigm in
understanding the functionality of an emitter coupled to a plasmonic
entity (nanoparticle or thin film).”"*" Inspired by such reports, our
group recently introduced a generalized radiating GMR model
explaining the interplay between the spontaneous emission processes,
lifetime engineering, and optical resonances in high-quality factor PC
substrates, enabling pathways for modulating directionality and spec-
tral features for ultra-sensitive biosensing.z’zz’23 Moreover, we have
shown that incorporating plasmonic nanomaterials sustaining local-
ized surface plasmon resonance (LSPR) onto the PC results in the gen-
eration of hybridized modes at the intersection, where the emitter is
located enhancing the photostability.”* In this background, the effects
of LSPR- and GMR-enhanced Raman observed by interfacing the
emitters on silver nanoparticles (AgNP) are schematically demon-
strated in Fig. 3(a). The AFM 3D topographical image shows higher
surface roughness when AgNPs are added at a density of 20.3 x 10°
+ 1.59 x 10° particles/mm” [Fig. 3(b)]. The TEM image of the AgNP
is shown along with its HRTEM image in Fig. 3(c) along with the lat-
tice fringes corresponding to Ag (ICSD reference code: 98-005-3759;
lattice parameters: a=b=c=4.0680A, «= f=7=90°). The uni-
form distribution of AgNPs over the PC substrate is observed in the
SEM image [Fig. 3(d)]. The methodology adopted for the generation
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of the AgNPs over the PC substrate is detailed in the supplementary
material. In addition to comprehensive material and substrate charac-
terization, we have also performed simulations to understand the near-
field hotspot effects. Furthermore, the COMSOL simulations per-
formed for the case of glass and PC substrates with and without
AgNPs clearly indicate an enhancement in the near-field effects
observed in the hybrid interface of PC+AgNPs.”

The experimental results obtained using this hybrid AgNPs+PC
interface are shown in Fig. 4(a), with SERS spectra collected with dif-
ferent concentrations of RhB. The synergistic effect of the LSPR from
the AgNPs and the GMR from the PC further yields better enhance-
ment factor, calculated as 1.94 x 10°. Moreover, SERS spectra of RhB
obtained in the concentration range from 1 uM to 1 nM on the AgNP-
coated PC surface reveal a clear linear relationship between the inten-
sity of the characteristic peak at 1648 cm ™' and RhB concentration
[Fig. 4(b)]. While the coefficient of determination value (R2) was
found as 0.96, presenting an excellent fit of the model with the data,
the linear relationship demonstrates the high reliability of the sensor
performance at low concentration, which is suitable for quantitative
SERS-based diagnostic platforms.

The rational design of promising biosensing frameworks based
on fluorescence and Raman spectroscopy is grounded in understand-
ing the mechanisms of light-matter interactions from three important
perspectives, namely, (i) microscopic, (ii) mesoscopic, and (iii) macro-
scopic domains.”””" Typically, the microscopic engineering comprises
modulating the electronic and vibrational energy levels of the radiating
dipoles by altering the local EM environment.””" Although the con-
ventional fluorescence-based explorations treat a radiating dipole as a
passive entity performing downconversion, our approach utilizes the
emission of the dipole (following electronic excitation) to excite the
GMR mode as well as the LSPR of the plasmonic NP [Fig. 3(a)], which,
in turn, re-amplifies the Raman scattering vibrational modes of the
same emitter, which is also a Raman reporter (RhB). This is
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FIG. 3. Interfacing plasmonic AgNPs over PC for augmenting SERS. (a) Conceptual schematic showing the dual pathways augmenting the Raman spectra of RhB emitter via
LSPR of AgNPs and GMR of PC. (b) 3D AFM view of the PC substrate decorated with AgNPs. (c) TEM image of the AgNPs with inset showing the HRTEM image presenting
|attice fringes. (d) SEM image of the AgNPs decorating the PC substrate. COMSOL Multiphysics simulations of PC substrate (€) without and (f) with AgNPs and the same for

glass substrate are shown in (g) and (h), respectively.
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dramatically different from typical substrates where a variety of plas-
monic NP configurations have been utilized for near-field hotspot gen-
eration. From a microscopic engineering point of view, the EM
surroundings of the emitters are modified by their own electronic exci-
tations, which, in turn, alters the molecules’ scattering efficiency, hence
representing the molecule as a dynamic entity (not a passive energy
transformer), which renders nontrivial enhancements.””" Results asso-
ciated with the lifetime engineering of such emitters near plasmonic
and PC substrates from our recent works™'" further re-iterate the
mechanism, as this is accompanied by reduction of fluorescence life-
time, enhancement in quantum yield, and photostability, due the cas-
cading radiative decay rate on the account of synergistic effects of
LSPR and GMR.

Furthermore, it is important to discuss the results captured in
Figs. 4(a) and 4(b) by introducing the careful considerations of meso-
scopic engineering aspects. By and large, the mesoscopic engineering is
associated with two key aspects: (i) geometrical (structure-to-property
relationship) and (ii) physico-chemical (dielectric function, resonance,
and gain/loss) properties.”””*" Earlier works focused on the develop-
ment of myriad local electric field amplifying approaches using sharp
nano-micro-morphologies, nanotips, nano-crevices, and nanovoids to
name a few, rendering the effects of tip-core plasmons, lightning rod
effects, localized, delocalized, and propagating plasmons. In contrast,
the synergistic approach of a plasmonic-PC resonator system to
enhance the Raman scattering output of a fluorescent reporter via its
own fluorescence is seldom explored.”' "' In this context, the PC is
designed to sustain GMR so as to spectrally coincide with the emission

g 3000
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profile of the radiating dipole. This approach facilitates the excitation
of GMR of the PC via the emitted photons from the radiating dipoles
(in contrast to conventional systems, where excitation of GMR is nec-
essary directly by the excitation laser)."”* The hotspots that are, hence,
generated at the PC interface perform two crucial roles in the presence
of plasmonic AgNPs, namely, (i) they expedite the formation of hybrid
metal (Ag)-dielectric (PC) hotspots, which, in turn, increase the scat-
tering cross section of the Raman-active modes of the radiating
dipoles. (ii) Stimulation of such hybrid resonances by the emission of
the radiating dipole itself would introduce an altered feedback loop,
where the emitter functions not just as an enhanced excitation source
but also as a Raman probe in the hybrid Ag-PC hotspot. From a meso-
scopic engineering standpoint, the spatial co-localization and the spec-
tral overlap between the emission of the radiating dipoles, GMR of the
PC, and the LSPR of the plasmonic AgNPs would render hybrid
plasmonic-photonic coupling routes.

Furthermore, as the macroscopic engineering constitutes
understanding the effects of optical elements such as objectives, mir-
rors, and lenses, we performed additional optimizations to understand
the effect of SERS spectra of 1 M RhB collected using 50, 10x, 5x,
and 2.5x objective lenses on both the AgNP-coated PC and AgNP-
coated glass substrates (Fig. 4). As anticipated, SERS signal intensity
decreases with decreasing magnification due to the lower numerical
aperture and reduced light collection efficiency of low-power objec-
tives. However, the decrease in signal intensity is significantly more
prominent on the glass substrate as compared to the PC. Importantly,
for the 2.5x magnification, while the SERS signal collected from RhB
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on the PC substrate shows a high signal intensity ratio, the signal from
the glass surface becomes barely detectable with poor spectral quality.
These results highlight the ability of the AgNP-PC hybrid system to
render dramatically higher SERS signals, even under low-
magnification conditions, thereby emphasizing the robustness of the
system toward minimizing the macroscopic components (such as
additional light focusing optics).””” This is achievable, in principle,
because of the intrinsic match between the GMR and emitter, thereby
relying less on extraneous macroscopic optical components and
enabling direct and easy-to-understand interpretation of the
resonance-enhanced effects. Considering the high cost of high-
magnification objectives, the ability to obtain high-quality Raman sig-
nals using a low-cost 2.5x objective makes the PC substrate highly
advantageous for sensing applications.

Although the current proof-of-concept demonstration utilizes
Rhodamine B for simplicity, the underlying principle is broadly appli-
cable to fluorescently tagged biomolecules widely used in biological
and clinical assays. In this context, fluorescence becomes a functional
handle rather than a limitation, enabling photonic crystal platforms to
synergistically enhance both fluorescence and Raman signals. The
structural tunability of PCs further allows tailoring of the GMRs to
match specific fluorophore emission bands, thus extending this
approach toward a wide class of analytes relevant for bioassays and
molecular diagnostics.”

In summary, the vision of this work has been a departure from
conventional goals of SERS, where instead of suppressing the emis-
sion,”” we engineer the interface to leverage the emission of the radiat-
ing dipole to excite the Raman signal of the same emitter. While the
enhanced fluorescence can be collected in the transmittance mode,”""
the reflectance mode is utilized here to augment the Raman spectra,
hence establishing a dual-mode sensing approach. The hybrid mode
engineering with the self-reinforcing loop demonstrating augmented
SERS presents far-reaching implications for bio-chemical analysis of
target analytes, where instead of finding pathways to mitigate the fluo-
rescence, our approach relies on using it as a source for symbiotically
enhancing the resonance-driven plasmonic-photonic coupling effects.

See the supplementary material for information regarding synthe-
sis and characterization of nanoparticles, PC structural details, APS
functionalization and coating of AgNPs, overlap of the experimental
transmittance of the PC with the PCEF obtained in the transmittance
mode, and additional data from Raman and SERS measurements.
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