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Photonic-crystal-enhanced fluorescence (PCEF) has emerged as a versatile tool for 
medical diagnostics and analyte quantification. However, challenges with regard 
to low sensitivity, experimental artifacts, and negligible emission output in the 
“zone of inactivity” due to the quenching from plasmonic gold (Au) nanoparticles 
have remained a major bottleneck. Here, we report the distinct functionalities 
rendered by hybridizing the PC interface with the Au cryosoret nanoassemblies 
to not only dequench the quenched emission from radiating dipoles, but also 
yield augmented 200-fold steering fluorescence output. The performance of 
the platform is evaluated numerically using rigorous coupled-wave analysis 
(RCWA) and COMSOL Multiphysics simulations presenting good overlap with the 
experimentally obtained fluorescence signal, validating the radiating guided mode 
resonance model. Our approach incorporating the cryosoret nanoassemblies with 
three-dimensionally distributed nanogaps provides a method to realize integrated 
and abundant hot spots with insights into material interface engineering and 
potential applications for biosensing.
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Impact Article

Impact statement
Although surface plasmon-coupled emission (SPCE) 
technology has emerged as a resourceful tool for 
biosensing applications, it suffers from fundamen-
tal dissipative ohmic losses encountered with the 
underlying metal thin-film substrates. Challenges 
with regard to low sensitivity, experimental arti-
facts, and consequent negligible emission output 
in the “zone of inactivity” due to the quenching 
from plasmonic gold (Au) nanoparticles have 
remained a major bottleneck. In order to address 
this drawback, in this article, we demonstrate 
rational design, fabrication, and tunability of 
the lossless guided-mode resonance (GMR) of 
grating photonic crystals (PCs) to effectuate 
unprecedented steering fluorescence output that 
is not only dequenched, but also augmented. The 
synergistic approach utilizing the polarization 
selectivity of the PC and the hottest plasmonic 
hot  spots of the Au cryosoret nanoassemblies 
presented newer insights from a materials engi-
neering perspective substantiating the inferences 
from experiments (fluorescence) and simulations 
(RCWA). While the SPCE presented ~10-fold fluo-
rescence enhancement, a ~200-fold enhancement 
in the photonic-crystal-coupled-enhanced steering 
(PCES) emission is demonstrated for identical con-
ditions using the delocalized Bragg plasmons and 
localized Mie plasmons of the cryosorets fabricated 
via adiabatic cooling technology. We believe that 
this quench-free technology will lay the stepping 
stone for next-gen photoplasmonic devices for 
chem-biosensing applications.
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Introduction
The ever-growing necessity of augmented 
sensitivity of various luminescence-based 
point-of-care (POC) diagnostic technolo-
gies dictates the need for improvement of 
the performance of the associated photonic 
platforms using effective nanoengineering 

methodologies.1,2 An appropriate consid-
eration to drastically alter the response 
of the luminescent moieties is explicitly 
dependent on the nature of the local micro-
nanoenvironment.3,4 The interfacial interac-
tion between such moieties and plasmonic 
nanomaterials, coupled with spectroscopic 
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tools, has emerged as “plasmon-enhanced spectroscopy” 
know-how with applications in the interdisciplinary fields 
of single-molecule detection, immunoassays, forensics, food 
safety evaluation, and molecular diagnostics to name a few.5–7 
Frontier areas of substrate development in this regard have 
been focused toward subwavelength electromagnetic (EM) 
field confinement, tuning and evaluation of the photoplas-
monic response using nanomaterials of different sizes, shapes, 
and inherent materials properties.8,9 The thorough engineering 
of the scattering and absorption cross sections of the plas-
monic nanoparticles (NPs) in the vicinity of luminescent moie-
ties has enabled the observation of novel phenomena such as 
an induced plasmon effect of plasmon-enhanced fluorescence 
(PEF),10,11 Purcell effect,12 plasmon-soliton13 and plasmon-
exciton coupling,8 Rabi splitting,14 and Fano resonance.15 
Among several types of plasmonic NPs (Ag, Pt, Pd, Cu, Al, 
Au, Ni) that are being investigated for modulating the PEF, 
gold NPs stand out because of unique optical, electronic, and 
chemical properties, enabling biocompatible physicochemical 
functionalization in robust configurations for multidisciplinary 
research.16,17 The elevated charge densities of ≈5.90 × 1016 m−3 
in gold have been utilized for numerous applications where the 
near-field and far-field radiation patterns from proximal lumi-
nescent moieties are being significantly modified for myriad-
biosensing applications.18–20

Although a rich spectrum of biomedical applications has 
been reported with the use of AuNPs, the quenching effects 
rendered because of the interband ohmic losses in them have 
remained a long-standing challenge.21–24 The large nonradia-
tive channels fostered by higher-ordered plasmonic modes in 
AuNPs result in the so-called “zone of inactivity” in the spa-
tial regime of <5 nm, where the quenching effects are domi-
nant.21,25–27 Consequently, different approaches have been 
developed in the past decade to overcome such undesirable 
quenching effects, some prominent ones being (1) demon-
stration of inter-plasmon mixing in advanced superimposed 
plasmonic modes,28 (2) core–shell architectures with an effec-
tive spacer nanolayer,29 (3) anisotropic plasmonic AuNPs sup-
porting sharp protrusions with extreme EM-field intensity,30 
and (4) metal-dielectric and heterometallic hybrid nanoarchi-
tectures obtained via complex synthetic protocols.24 Impor-
tantly, it has been observed that although the plasmonic NPs 
with sharp nanogeometries can aid 2–3 orders of magnitude 
higher field intensity, this is outweighed by the performance 
of the nanogap antennas in nanoassemblies that can enhance 
the field intensity by 3–5 orders of magnitude.31 Essentially, 
nanogap antennas vis-à-vis pristine NPs assist in the reali-
zation of nanogap-driven radiative decay channels, which in 
turn, boost the quantum yield of the proximal luminophores, 
hence, establishing the “quenching the quenched” phenom-
ena.21,23,32 Kneipp et al. demonstrated the occurrence of “hot-
test hot spots” where 1014-fold enhancement in the SERS 
signal intensity was demonstrated using nanoassemblies sup-
porting single-molecule detection.33,34 The associated FDTD 
simulations solving the Maxwell equations yielded 2500 

times augmented electric-field intensity for nanoassemblies 
compared to pristine NPs.35,36 Iterative optimization based 
on algorithms for increasing number of NPs (from 3 to 20) 
in an assembly has shown promising insights.26,35 The field 
intensity in such plasmonic hot spots monotonically increases 
with increasing the number of NPs per assembly, not only in 
the vicinity of the hot spots, but also in the entire ambient 
nanoenvironment of the nanoassembly. Interestingly, the dis-
ordered or anisotropic nanoassemblies have proved to outper-
form (fivefold better) the linear arrangement of NPs (in a chain 
format) with regard to the electric-field enhancement.37 The 
multiplicative enhancement because of the cascading effect in 
nanoassemblies increases the local electric field at the hottest 
spot, also called a “nanofocus,” from 580 (trimers) to 1023 
(pentamers) to 2500 (hexamers).26,37 While the simulations 
have provided convincing validation in this regard, several 
experimental tools such as electron energy-loss spectroscopy 
(EELS) imaging and SERS have confirmed the formation 
and performance of such hottest hot  spots in nanoassem-
blies.38,39 In light of these observations, although there are 
different approaches that are being developed for synthesis of 
nanoassemblies, their applicability for biosensing and related 
applications is hampered on account of the multistep template 
dependent, processes, long synthetic time intervals, laborious 
methodology, and expensive chemical reagents.40–42 In this 
background, there is an increasing requirement for design-
ing innovative approaches to overcome the quenching effects 
encountered with AuNPs, where nanoassemblies obtained via 
cost-effective methods are to be employed to realize dequench-
ing for photonics-based sensing applications.

In this article, we design such quintessential template-
free cryosoret nanoassemblies using AuNPs by subjecting 
the colloidal AuNPs to adiabatic cooling.43,44 Further, the 
synthesized cryosorets are interfaced with the guided mode 
resonance (GMR) of a PC to generate hottest hot spots 
thereby addressing the previously mentioned quandary 
(i.e., need for using AuNPs because of its utility in biomed-
ical research and the simultaneous objective to overcome 
the quenching encountered in AuNPs).45–47 Through this 
report, we present the simulations (RCWA and COMSOL)  
and experimental PC-enhanced fluorescence (PCEF) 
results with an excellent overlap between them, demon-
strating the utility of Au cryosorets (AuCSs) in dequench-
ing the quenched emission in addition to steering the 
emission with 200-fold enhancement in the signal inten-
sity compared to detecting fluorescent emission from the 
same nanostructures on a glass interface. While the pristine 
AuNPs presented quenched ~10-fold emission enhance-
ments, AuCSs yielded dequenched and augmented emis-
sion. Moreover, here we present newer insights into the 
radiating GMR model (using simulations) proposed in 
our recent work,48 by thorough investigation of the emis-
sion pattern of the radiating dipoles in near field at the PC 
interface, validating the experimentally observed steering/
beaming fluorescence output, also termed as PC-enhanced 
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steering (PCES) emission. Recently, there is a growing 
interest in obtaining large-area, far-field, and directional 
fluorescence output using resonant microcavities and 
PC-based substrates.49–51 The high steering fluorescence 
enhancements reported here through cryosoret nanoengi-
neering would support a paradigm shift in adopting newer 
nanosynthesis approaches for realizing high EM-field 
hot spots supporting robust biosensing platforms toward 
translational and convergent research.

Experiment and simulation
A conceptual schematic of the optical framework utilized 
to collect the experimental fluorescence is presented in Fig-
ure 1a. All the PC substrates were cleaned with piranha solu-
tion (4:1 ratio of H2SO4 and H2O2 solutions) and rinsed with 
acetone, IPA, and Milli-Q water before use. The radiating 
dipoles (rhodamine B) were evenly distributed over the PC 
substrate using a well-established spin-coating method.48,52 
Two percent PVA polymer spin-coated at 3000 rpm for 1 min 
yielded ∼65-nm thin films (degree of hydrolysis 86–89%; 
molecular weight 85,000–12,000 and 4000 g/mol), and addi-
tional details are presented in our earlier work.48 All the PC 
substrates utilized for experimentally measuring the fluores-
cence were fabricated by embedding the radiating dipoles 
in the polymer matrix. Further, they are mounted on a cali-
brated 360° rotating stage, with optical configuration shown 
in Figure 1a. This configuration can be visualized as a reverse 
Kretschmann configuration without a prism,53–55 from the per-
spective of surface plasmon resonance (SPR). Consequently, 
as the laser is directly exciting the dye and the emission from 
the dye is outcoupled through the PC, we have termed this 
phenomenon as photonic-crystal-coupled emission (PCCE), 
in line with earlier works (PCCE is a subclassification of the 
broad field of PCEF).56,57 A 532-nm cw laser is aligned using 
appropriate mirrors and incident at the PC surface from the 
free space side, via the iris and collimating lens (Figure 1a). 
So as to present direct comparisons with the experimentally 
obtained fluorescence enhancements of earlier works in the 
domain of surface plasmon-coupled emission (SPCE) and 
PCCE,48,58 we have used rhodamine B (fluorescent reporter) 
as the radiating dipole, across all the measurements in this 
work. The outcoupled emission is collected using a 550-nm 
long-wave pass (LWP) filter, and a fiber-optic (coupled to 
collimating lens) spectrometer (2000+) connected to Ocean 
Optics SpectraSuite software. The functionality of different 
PC variants (of different GMR) with the rhodamine B and 
532-nm laser source is comprehensively evaluated in our 
recent work where the PCES emission platform was estab-
lished.48 In order to understand the polarization selectiv-
ity response of the underlying PC substrates, we have used 
an input polarizer (P1) and output polarizer (P2) in accordance  
with out earlier work.48 A sheet polarizer (P1) was used to 
excite the PC substrate using one of the polarizations of the 
laser beam. A sheet polarizer (P2) was used in vertical and 
horizontal orientations to collect the TM- and TE-polarized 

emission by placing it between the PC substrate and the detec-
tor. The PC interface that presents the GMR overlapping with 
that of the emission of the radiating dipoles yielded the best 
performance, and the same was utilized in the current work, 
in order to make conclusive remarks.

The Turkevich technique was used for the synthesis of 
AuNPs.26,58,59 Figure 1b displays the conceptual scheme 
for the steps involved in the synthesis of the cryosoret 
nanoassembly. Freshly made aliquots of AuNPs colloi-
dal aqueous solutions were collected and subjected to an  
adiabatic chilling chamber (containing liquid nitrogen, LN2) 
using glass vials. The glass vial had a capacity of 10 mL 
and a diameter of 25 mm. The vials containing NPs were  
submerged in liquid N2 (LN2) at −196℃ and taken out at 
predetermined intervals. Following our previously reported 
protocol,44,45 the samples were taken out at predetermined 
intervals (15, 30 s, 1, 2, 3 min) and thawed back to room 
temperature without being stirred. The cryosoret nanoassem-
bly method is a temperature-driven, external stimuli-based 
method that enables an easy, fast, and cost-effective method 
of obtaining robust nanoassemblies.19,44,45 Thus, obtained 
AuCSs are well characterized using JEOL 2100 CRYO trans-
mission electron microscopy (TEM) and the TEM images of 
cryosorets obtained by subjecting the AuNPs to LN2 for 15, 
30 s, 1, 2, and 3 min are shown in Figure 1c–h, respectively, 
and these samples are consecutively labeled as S1–S5 in the 
subsequent sections for simplicity. From the TEM charac-
terization, it is observed that with increase in the time of 
adiabatic cooling, the number of nanoparticles per assembly 
increases, thereby presenting a larger number of plasmonic 
hot spots (due to nanovoids and nanocrevices).

Numerical simulations were performed by rigorous cou-
pled-wave analysis (RCWA) to obtain the dispersion diagram 
of the PC under consideration (that showed sharp transverse 
electric [TE] resonance at 575-nm wavelength, which is the 
emission wavelength of the radiating dipole).48 The simulated 
response of the PC was computed for normal illumination of 
TE-polarized light (polarization parallel to grating lines). 
The fabrication details of the PC used for all the simulation 
and experimental measurements are presented in our earlier 
work.48 The transmittance modes (emerging from GMR) sus-
tained by the PC obtained via simulations were overlapped 
with the experimentally obtained fluorescence data to under-
stand the system from a physics point of view. Further, simula-
tion results on the near-field pattern and fair-field radiation of 
a radiating dipole with and without cryosorets were performed 
using different orientations of the dipole over the PC using RF 
module COMSOL Multiphysics simulations for the electric-
field component.

Results and discussion
The optical schematic utilized in all the experimental work 
resembles the RK configuration without the prism.55 In our 
recent work, we demonstrated steering fluorescence output 
by matching the fluorescence emission signal maximum to 
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that of the GMR of the PC.48 It was noted that the fluores-
cence enhancements obtained in such a scenario were bet-
ter than the case where the GMR of the PC was tuned to the 
excitation maximum of the radiating dipole although the laser 
wavelength matched the GMR. It was, hence, concluded that 
in the transmittance mode, a steering fluorescence output can 
be accomplished by simply placing the sample in between the 
laser line and the detector, which dramatically reduces the cost 
of the biosensing platforms.48,60,61

Further, the well-established cryosoret nanoengineering 
(CSNE)44,62 method was utilized to obtain AuCS nanoassem-
blies using the adiabatic cooling protocol shown in Figure 1b. 
Under the thermal gradient, the cooling effect outperforms 
the electrostatic repulsion effect (that exists between the cit-
rate capped negatively charged AuNPs) thereby resulting in 
the formation of AuCSs with an increasing number of NPs 
per assembly with the increase in the cooling time interval 
(Figure 1c–h). A schematic of the PC under study is pre-
sented in Figure 1i along with the details of the structural 

parameters [Λ = 290 nm, S1 = 110 nm, S2 = S3 = S4 = 190 nm; 
t1 = t2 = t3 = t4 = 28 nm, d1 = 110 nm, d2 = 80 nm, d3 = 60 nm]. 
The transmittance dips observed in the wavelength region of 
interest (475–700 nm) for TE and TM modes obtained via 
simulations are shown in Figure 1j−k. The TiO2 coating and 
subsequent PVA coating over the underlying PC shift the reso-
nance to the higher wavelength, and this is performed so as 
to bring the resonance of the PC to that of the emission wave-
length of the radiating dipole. Extensive characterization of 
the PC using focused ion beam (FIB)-SEM and AFM for only 
PC, PC + TiO2 coating, as well as PC + TiO2 + PVA coating are 
presented in our recent work.48

Fundamentally, there are two methods that are generally 
utilized to enhance the performance of the fluorescence-based 
biosensing frameworks: (1) with the use of advanced optical 
elements such as focusing mirrors and lenses for directing 
the omnidirectionally emitted photons toward the collec-
tion optic fiber/associated detector; and63,64 (2) engineering 
the interface with appropriate nano-patterns and nanoscale 
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Figure 1.   Optical schematic, Au cryosorets (CSs) fabrication, and transmission electron microscopy (TEM) characterization. (a) Opti-
cal setup schematic. LWP, long-wave pass; PCES, photonic-crystal-coupled-enhanced steering. (b) Fabrication of AuCS by subjecting 
the Au nanoparticles (NPs) to adiabatic cooling in LN2 showing the main steps, including thermal gradient exposure, and thawing to 
collect the CSs. RT, room temperature. (c) TEM image of AuNP, (d–h) TEM images of the AuCSs obtained by subjecting the AuNPs to 
different time intervals of LN2 exposure, namely 15, 30 s, 1, 2, and 3 min, respectively. (i) Conceptual schematic of the photonic crystal 
(PC) interface with the parameters being Λ = 290 nm, S1 = 110 nm, S2 = S3 = S4 = 190 nm; t1 = t2 = t3 = t4 = 28 nm, d1 = 110 nm, d2 = 80 nm, 
d3 = 60 nm. The simulated transmittance dips for PC interfaces with and without TiO2 and PVA for (j) transverse electric (TE) mode and 
(k) transverse magnetic (TM) mode.
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materials in order to furnish high-field enhancement which, 
in turn, would result in high excitation and emission rates of 
the fluorophores.26,65,66 Lakowicz and co-workers demon-
strated such effects by interfacing the radiating dipoles over 
the surface plasmon polaritons (SPPs) of metal thin film as 
well as spacer nanoengineering so as to realize high radiative 
decay rate, high photostability, and augmented fluorescence 
output.11,58,67 This second approach is highly recommended on 
account of its cost-effectiveness and feasibility to modulate the 
near-field light−matter interactions at the interface between the 
radiating dipole and the surface. Although the metal thin-film-
based substrates suffer from intrinsic parasitic ohmic losses, 
our approach is to utilize one-dimensional grating PCs with 
less lossy attributes and concomitant better performance.68–70

The PC surface structures were extensively characterized 
using SEM and AFM, and the results are presented in Fig-
ure 2a−b. The all-dielectric PC substrates were sputter-coated 
(Au–Pd Sputter Coater) with a 5-nm-thick Au–Pd to yield a 
conducting surface for better resolution in SEM imaging. 
The height profile of the grating (depth of the grooves to be 
∼27 nm) along the line drawn in Figure 2b is shown in Fig-
ure 2c, along with the 3D view of the PC shown in Figure 2d. 
The COMSOL simulations presenting the cross-sectional 
view of the distribution of the hot spot with enhancement in 
the high refractive index region (Si3N4) of the GMR (of the 

PC) is shown in Figure 2e. Further, in our previous work,48 
different thickness of the TiO2 sputtering was experimentally 
carried out to arrive at optimized conditions to realize high-
est fluorescence enhancements. While the bare PC without 
any TiO2 coating yielded resonance at ~500 nm, sputtering 
the substrate with 28 and 80 nm TiO2 shifted the resonance 
to ~530 nm (closer to laser excitation), and ~580 nm (closer 
to dye’s emission). As the PC substrate ~580 nm resonance 
(with 80-nm TiO2 coating) yielded the highest fluorescence 
enhancements experimentally for TE polarization of light, in 
this work, we have used this particular interface for further 
investigation. This PC was used as the substrate to plot the 
numerically simulated (or calculated using RCWA, and plotted 
using MATLAB) dispersion diagram shown in Figure 2f with 
the color bar representing the normalized reflectance in arbi-
trary units for all simulated dispersion diagrams. As this par-
ticular PC substrate presented high-fluorescence enhancements 
experimentally for the TE-polarized GMR, we have chosen 
to focus on the TE-coupled fluorescence emission enhance-
ments (the TM-polarized resonances of the PC do not yield 
high experimental fluorescence intensity as the modes occur 
with wavelengths less than 550 nm, while we used a 550-nm 
long-wave pass filter to avoid the laser excitation).

The overall effect of micro-nanofabrication in photonic 
systems is extensively discussed from the perspective of 
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Figure 2.   Material characterization and simulation of photonic crytal (PC). (a) Scanning electron microscopy image, (b) atomic force microscopy 
(AFM) image, (c) line profile along the white line drawn in (b), (d) 3D image of the PC showing the grating interface. (e) COMSOL simulations pre-
senting the cross-sectional view of the distribution of hot spot in the guided-mode resonance of the PC. (f) Transverse electric (TE), wavelength 
versus angle, dispersion diagram of the PC obtained by rigorous-coupled wave analysis for the PC substrate that has resonance at 580 nm at 
zero degree (Figure 1j).
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macroscopic, mesoscopic, and microscopic levels with SERS 
or related technologies.29,71–74 However, such an elucidation 
in the case of PCEF is seldom presented, although such an 
analysis is important to comprehend the light−matter interac-
tions from various perspectives. Here, we make an attempt to 
highlight the experimental and simulation results of our work 
from this standpoint. Typically, in the macroscopic level, the 
light−matter interactions are modulated using the advanced 
optical elements (such as lenses, mirrors, high-numerical 
apertures, etc.) even before the light source interacts with the 
sample and the output spectra is efficiently collected using 
the same or additional collection tools (advanced microzone 
Raman spectroscopy is an example where extensive macro-
scopic engineering is incorporated).71,75 Although such mac-
roscopic engineering yields high signal intensity, it is conven-
tionally difficult to decouple the effect of such macroscopic 
elements from the actual effect of EM-field enhancement. 
In this regard, in our recent technology, we demonstrated an 
objective-free, prism-free, and metal thin-film-free PCES 
emission platform that eliminates the contribution from the 
macroscopic level (optical scheme shown in Figure 1a).48 
Here, we showcase the performance of AuCSs vis-à-vis 
AuNPs in the PCES emission platform where we expect mini-
mal contribution from macroscopic engineering toward the 
fluorescence enhancements.

Further, it is informative to discuss the contribution of 
AuCSs toward PCES emission from mesoscopic and micro-
scopic regimes. At this juncture, it is worth defining the termi-
nologies in order to facilitate the understanding of key high-
lights of the work. The fluorescence enhancement emerging 
because of the mesoscopic engineering involves the strategies 
developed to realize optimal geometric and physical proper-
ties of the plasmonic nanosystems under consideration.29,71 
Whereas the geometric configuration includes the aspects 
related to shape, size, assembly (dimer, trimer, etc.), and 
topography to name a few, the physical contribution includes 
the aspects associated with the substrate design, loss, and gain 
mechanisms.72–74 Further, the microscopic engineering to aug-
ment the fluorescence output includes modulating the micro-
scopic light–molecule interactions that are directly associated 
with the fluorescence coupling efficiency (laser emission-
molecular absorption-fluorescence emission) at a particular 
wavelength and local EM-field enhancement supported by 
the overall system at identical wavelength.29,71,76 Hence, this 
strategy operates by influencing the electronic, rotational, and 
vibrational modes of the fluorescent molecules by engineer-
ing the local environment.24,71 Although these are the general 
descriptions of the mesoscopic and microscopic strategies, in 
the subsequent sections, we discuss the careful incorporation 
of such approaches in our work to realize dequenched and 
augmented fluorescence output.

From a microscopic standpoint, our system is optimized 
to present large intrinsic fluorescence output as the absorp-
tion maximum of the RhB overlaps well with the laser line 
under consideration. Moreover, the fluorescence outcoupling 

is augmented by carefully matching the GMR of the underly-
ing PC with the emission maximum of the radiating dipoles, 
thereby rendering a large fluorescence cross section. Further, 
from a mesoscopic engineering perspective, our approach 
incorporates the use of cryosoret nanoassemblies that present 
high local electric-field enhancement via three-dimensionally 
distributed nanovoids and nanocrevices.44,62 This plasmonic 
system presents newer decay pathways for the proximal radiat-
ing dipoles which experience high radiative decay with con-
comitant reduced lifetime.48,61 Moreover, in accordance with 
the principles of an induced plasmon effect of metal-enhanced 
fluorescence (MEF),11 the cryosorets not only enhance the 
emission from radiating dipoles, but also the radiating dipoles 
trigger generation of plasmons due to augmented emission, 
both working in a cascading effect to function as a hybrid 
radiating species (radiating plasmon model).26,77 Overall, it is 
worth mentioning that our approach of engineering laser exci-
tation to match molecular absorption, GMR tuning to match 
the molecular emission, and cryosoret incorporation to yield 
high-field enhancement presents a judicious hybrid coupling 
approach where the microscopic and mesoscopic strategies 
collectively operate. In order to obtain theoretical insights 
about such speculations, the near-field and far-field emission 
patterns of the radiating dipole placed over a PC are investi-
gated and the results are captured in Figure 3.

Fundamentally, a grating-based PC performs the follow-
ing dual role: (a) the grating localizes the GMR into specific 
hot spot domains where the molecules experience high-field 
intensity thereby supporting surface-enhanced spectros-
copy,45,46,78,79 (b) the light that is coupled to the GMR of the 
grating PC is channelized into the specific allowed modes 
detailed in the dispersion diagram of the PC.46,80,81 Conse-
quently, the light diffraction and scattering attribute of the grat-
ing directs the emitted photons from a proximal fluorophore 
into certain modes. Further, a fluorescent molecule may be 
visualized as an entity that transforms energy from higher fre-
quency (lower wavelength) to lower frequency (higher) during 
the fluorescence emission process, under appropriate excita-
tion.5,82 Typically, the radiating dipole has minimal influence 
on the EM-field intensity of surrounding medium during the 
excitation and emission process. Although this is true for ideal 
situations (case where the radiating dipole is in vacuum or 
homogenous medium), in practical scenarios involving meso-
scopic and microscopic engineering, the above hypothesis is 
invalid, thereby demanding simulation tools to validate the 
understanding (or speculate experimental results).71,72

In this background, we have performed the COMSOL simu-
lations for radiating dipole (oscillating at a frequency corre-
sponding to a free space wavelength of λem = 580 nm) placed 
over the PC in order to mimic the radiation process of fluores-
cent RhB molecules in the PCES emission platform. The near-
field radiation pattern and far-field averaged power radiation for 
the dipole oriented in the x-direction are shown in Figure 3a−b 
(for electric-field component), in accordance with earlier 
works.83–86 The same for the dipole oriented in the y-direction 
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are shown in Figure 3c−d. From the near-field pattern, for the 
dipole oriented in the x-direction, it is clear that the emission 
is enhanced toward the PC side vis-à-vis the FS side. More 
importantly, it is observed that the near-field pattern presents the 
movement of photons right below the PC surface after coupling 
with the PC (also substantiated by far-field distribution shown 
in Figure 3b). In addition to this from Figure 3b, d, we see that 
that the far-field emission pattern is directed right below the PC 
irrespective of the radiating dipole orientation.83 Such obser-
vations made in the simulation validates the hypothesis of the 
radiating GMR model presented via experimental observations 
in our recent work.48 In other words, the near-field emission 
pattern depicting a steering photon output resembles the experi-
mentally obtained steering emission output (in addition to the 
emergence of the modes at zero degrees, Figure 2f). These com-
puter-assisted simulation results validate the following aspects: 
(1) the emission from the radiating dipole is sufficient to trig-
ger/generate GMR and a direct laser excitation of the GMR is 
not necessary; (2) the emitted photons from radiating dipoles 
further are coupled with the GMR, highly localized in the near 

field, and yield boosted 
fluorescence output 
toward the PC-coupled 
side (as compared to 
free space side) toward 
the far field;  and  (3) 
the “radiating dipole-
PC” conjugate, hence, 
functions as a hybrid 
entity that radiates the 
PC-coupled emission 
to the far field with 
highly desirable steer-
ing fluorescence output. 
Further, the simulations 
performed using dif-
ferent representative 
nanoassemblies (dimer, 
trimer, and so on) reem-
phasize the fact that 
the emission pattern 
in the far field shows a 
steering fluorescence 
output, irrespective of 
the number of NPs per 
assembly (Supplemen-
tary information  Fig-
ures S1–S5). Further, a 
representative example 
of tetramer is considered 
to understand the far-
field emission pattern 
by changing its location 
on the grating PC with 
results captured in Fig-

ure S6. It is observed that, regardless of the precise location 
of the nanoassembly on the grating photonic crystal (PC), the 
far-field emission from the radiating dipole is predominantly 
directed straight beneath the PC. This result corroborates the 
experimental observations. It is important to mention that the 
simulations with a large number of periods, extremely small 
mesh sizes, or additional smoothing could yield more refined 
plots at the cost of substantially greater computing resources. 
Our focus in this section is to demonstrate the general emis-
sion patterns of the radiating dipole under consideration and 
their alignment with experimental results. Given that the cur-
rent data effectively capture the main findings of the study, the 
presented simulated data sufficiently support the experimental 
observations. The analysis of simulations presented above forms 
a solid basis for understanding and planning the experimental 
work, where we envisage such microscopic and mesoscopic 
effects to coexist and function productively yielding intriguing 
experimental PC-coupled fluorescence.

By and large, the limitations of conventional fluorescence 
spectroscopy-based detection systems include isotropic 

c d

ba

Figure 3.   Near-field and far-field emission distribution of radiating dipoles on the photonic crystal (PC). 
Emission patterns of radiating dipoles located above the PC to mimic the radiation process of fluores-
cent RhB molecules in the photonic-crystal-coupled enhanced steering emission platform. (a) Near-field 
and (b) far-field averaged power radiation for the dipole with dipole moment oriented in the x-direction. 
(c) Near-field and (d) far-field averaged power radiation for the dipole with dipole moment oriented in the 
y-direction. The steering effect of the emission where the propagation of photons toward the lower side of 
the PC is evident. Radiating dipole oscillating at a frequency corresponding to a free space wavelength of 
λem = 580 nm is considered.
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emission, lesser photostability of luminescent species, trivial 
cross sections that ultimately make the quantification of the 
analytes at extremely low concentrations very difficult.61,70 In 
spite of the fact that the fluorescence emission is an inherent 
property of the radiating dipole, in practical scenarios, the 
emission is substantially modulated (increased or quenched) 
in the presence of a proximal interface that is close to the 
emitting species. The cumulative radiative decay output is 
determined by the photonic mode density (PMD) rendered 
by this interface as well as the countering nonradiative path-
ways (that result in quenching). The local density of states 
rendered by the adjacent interfaces (made of plasmonic or 
dielectric substrates) have been used to modify the overall 
emission output. In our experiments, as the AuNPs absorb 
predominantly in the emitting region of the EM spectrum (of 
the radiating dipoles used), the quenching observed is sub-
stantial. In this background, the major two approaches that 
have been employed in maximizing the overall fluorescence 

output are (1) augmenting the EM-field intensity in the near 
field of the radiating dipoles that supply higher PMDs21–23,26 
and (2) utilizing methods to dwindle the quenching effect 
(or realize dequenching effect).24,87 In this report, the former 
objective is accomplished by exciting the pair of counterprop-
agating leaky modes in the corrugated guiding layer of the 
PC, from which stationary wave patterns are formed generat-
ing the evanescent field at the PC-dielectric, thereby yielding 
steering fluorescence output. Further, the second objective 
is achieved using the AuCSs that present large optical cross 
sections, high LDOS, via the hottest plasmonic hot spots. The 
overall experimental output is shown as a conceptual sche-
matic in Figure 4a.

While the PCCE emission platform yielded 24-fold 
fluorescence enhancements vis-à-vis  glass inter-
face, the incorporation of AuNPs in the cavity inter-
face presented quenched ~10-fold enhancements. This 
is attributed to the surface-induced quenching effects 

a

b c d

e f g

Figure 4.   Photonic-crystal-coupled emission (PCCE) intensity, enhancements, and percentage polarizations. (a) Conceptual sche-
matic showing the fluorescence enhancements realized over blank PC, with Au nanoparticles (NPs) and with Au cryosoret (CS) 
nanoassemblies. (b) PCCE spectra of blank PC (blue), PC + AuNPs (black), and free space (FS) emission. (c) PCCE spectra of blank 
PC (blue), PC + AuNPs (black), PC + AuCSs (pink), and FS emission. (d) PCCE spectra with different CSs overlapped with blank and 
FS, (e) PCCE enhancements, (f) PCCE intensity counts, and (g) percentage polarization obtained by interfacing different sample 
variants of CSs over PC. TE, transverse electric; TM, transverse magnetic.
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(interband transitions) rendered by the plasmonic AuNPs, 
while they are admixed with the radiating dipoles. However, 
the same substrate fabrication steps followed using the Au 
cyosorets yielded dequenched ~200-fold PCCE enhance-
ments because of the high-field enhancement supported by 
the nanoassemblies.19,44,45 Moreover, while the nanovoids 
and nanocrevices in and around the AuCSs facilitate the 
optical field entrapment and generation of void plasmons, 
interfacing them over the PC interface (that sustains GMR) 
results in the generation of cavity-driven hot  spots. The 
quenching and dequenching in the PCCE spectra recorded 
by interfacing the AuNPs and AuCSs over the PC are shown 
in Figure 4b−c. The PCCE spectra obtained for all the sam-
ples (AuCS1–5) under consideration are shown in Figure 4d, 
where we clearly see a gradual increase in the PCCE intensity 
counts for samples from AuCS1 to AuCS4, and a subsequent 
decline for AuCS5 variant. The PCCE emission enhance-
ments calculated as the ration of the PCCE intensity counts 
(Figure 4f) and free space (FS) intensity counts are shown in 
Figure 4e along with the data of the percentage polarization 
shown in Figure 4g for triplicate measurements. The percent-
age polarization is calculated using the formula: % TE = [TE 
counts ÷ (TE + TM counts)] * 100, where counts represent 
the fluorescence intensity counts obtained using that par-
ticular polarizer between the PC substrate and the detector. 
The consistently high TE percentage polarization output of 
the steered emission validates the generation of PC-coupled 
emission, and the robust performance of the device.

Further, it is important to discuss the mechanism that 
results in the high experimental fluorescence output for the 
use of AuCSs and the peculiarity in the trend of fluorescence. 
The factors that influence the boosted fluorescence output may 
be listed as follows: (a) The PCCE emission phenomenon sup-
ported by the underlying PC assists by providing newer high 
radiative decay channels. This is verified with a reduction in 
the fluorescence lifetime and high photostability, as reported 
earlier.48,57 (b) Hybrid coupling of the delocalized Bragg plas-
mons sustained by the nanovoids and nanocrevices with that 
of the GMR of the PC interface.26,56 (c) Hybrid coupling of the 
localized plasmons (sustained by the entire AuCS) with that 
of the GMR of the PC interface.11,26,45 Further, as the number 
of NPs per assembly increases, the three-dimensionally dis-
tributed hot spots in the AuCSs increase thereby generating an 
increasing trend in the fluorescence intensity.88–90 However, it 
is to be noted that excess growth of the nanoassembly would 
result in counterproductive effects where the superfluous 
number of NPs per assembly dominates the surface-induced 
quenching effects.44 Hence, the AuCS4 yields the optimum 
number of inter- (between the PC and AuCS) and intra- 
(between the AuNPs per assembly) plasmonic hot spots with 
the most productive and effective number of NPs per assem-
bly, thereby generating the highest fluorescence enhancements.

For the sample variant that yielded highest fluorescence 
enhancements (~200-fold), the fluorescence spectral overlap 
with the simulated and experimental transmittance data is cap-
tured in Figure 5. The high polarization selectivity of the PC is 

a b c
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Figure 5.   Overlap of simulated and experimental transmittance data with the experimental fluorescence data. (a) Photonic-crystal-
coupled emission (PCCE) intensity spectra shown with transverse electric (TE)- and transverse magnetic (TM)-coupled PCCE. (b) TE, 
wavelength versus angle, dispersion diagram of the PC obtained by rigorous-coupled wave analysis. (c) Overlap of the experimental 
PCCE intensity with the simulated dispersion diagram where simulated plot in (b) is represented using the dotted yellow stars and 
the fluorescence spectra are represented using the shaded background color. Overlap of the experimentally obtained transmittance 
spectra and the experimentally obtained fluorescence spectra for (d) unpolarized, (e) TE, and (f) TM-polarized outcoupled spectra.
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clearly demonstrated with the incorporation of the polarizer. 
The TM-polarized and TE-polarized outcoupled emission 
is shown in Figure 5a along with the unpolarized emission 
spectra. While the computer-simulated dispersion diagram is 
shown in Figure 5b, the overlap of the same with the experi-
mental fluorescence data is shown in Figure 5c. To ease the 
visual understanding, we have presented both purely simu-
lated dispersion diagram (Figure 5b) and overlap (Figure 5c) 
of the simulated dispersion diagram (shown as yellow-dotted 
stars) with the experimental fluorescence data (shaded region) 
side by side. Cleary, an excellent overlap between the two is 
observed thereby showcasing the robustness of the AuCS-PC 
interface for dequenching the fluorescence signal intensity in 
a wide range of angles (as the dispersion diagram is angle 
versus wavelength). Further, the overlap of the experimen-
tally recorded fluorescence spectra with the experimentally 
obtained transmittance measurements for unpolarized, TE-
polarized, and TM-polarized data is presented in Figure 5d–f, 
respectively. While the unpolarized output fluorescence cou-
ples with both the TE and TM modes supported by the under-
lying PC, the incorporation of a polarizer presents selective 
coupling to the respective modes, thereby cross-validating the 
earlier understanding of the radiating GMR model.

The actual transmission of emitted light is governed by 
the phase-matching conditions at the metal–dielectric inter-
face in a typical surface plasmon resonance (SPR) plat-
form.61 It is ideal to obtain actual transmission normal to 
the surface of the platform, where the detector can be placed 
in the same axis as that of the laser source, which would 
significantly reduce the cost of the detection system while 
performing fluorescence experiments.48,60 However, with 
the metal-dielectric platforms, it is not feasible to extract 
emission in the direction of the laser source, because of the 
dispersive nature of the prism.60,63 In this context, different 
technologies such as metal–dielectric–metal (MDM)60,91,92 
and Tamm state-coupled emission (TSCE)55,93 have been 
explored to obtain a direct transmission of the emission onto 
the detector. Such technologies have the advantage of having 
a laser source and the detector fixed at a particular position 
rather than moving them (using a 360° rotating stage) to 
collect the directional emission. However, such method-
ologies come across with the tradeoff with respect to high 
cost and multistep substrate fabrication limitations. Another 
approach that may be adopted for obtaining the emission 
perpendicular to the sample surface without moving the 
detector is by collecting all the directional emission into a 
single point with the use of different lenses and mirrors.63 
In this regard, we have used the photonic crystal framework 
and performed the nanoengineering using cryosorets so as 
to enhance the sensitivity of the device by minimizing the 
cost involved, catering to resource-limited settings. While 
the PC assists in presenting high-field intensity because of 
the guided mode resonance,1 the cryosoret nanoassemblies 
assist in plasmon-enhanced fluorescence on the PC inter-
face.44 We have avoided the use of MDM and TSCE as well 

as additional lenses and instead used effective nanoengineer-
ing methods, so as to develop the technology feasible for 
low-and-middle-income countries.

Further, it is informative to comment on the importance of 
utilizing cryosoret nanoassemblies vis-à-vis other nanoassem-
bly approaches. Broadly, there are numerous methodologies 
for achieving the self-assemblies of nanostructures such as 
(1) template-based (hard and soft templates); (2) hierarchical; 
(3) directed; and (4) co-assembly; (5) chemical stimuli-based 
(solvent, acid/base, ions, macromolecules, gases, and redox 
reactions); (6) physical stimuli-based (such as electric field, 
magnetic field, light triggered, and temperature driven).40,41,44 
Among them, the physical stimuli-based self-assembled nano-
materials stand out as they largely preserve the physicochemi-
cal characteristics of the initial starting nanoscale materials 
used in the formation of the self-assembly. On the other hand, 
other types of self-assembled structures often have an/a few 
additional material/s that sustains the fabric of the self-assem-
bled structure, thereby being template dependent (for instance, 
DNA structures can be used to generate nanoassemblies where 
DNA strands enforce the nanogap separation between the 
NPs in the assembly). The cryosoret nanoassemblies present 
intriguing substrate for realization of abundant three-dimen-
sionally distributed plasmonic hot spots without the use of any 
external chemical agent to preserve the self-assembled struc-
ture by virtue of the synthesis process.44 The adiabatic cool-
ing method developed brings in high chemical and structural 
stability as detailed in our earlier works via a template-free 
fabrication approach.19,44,45 This is of significant relevance for 
the current work as the cryosorets enable the elimination of 
chemical enhancement mechanisms of the fluorescence signal 
from radiating dipoles (as the emitters situated in close prox-
imity to NPs of the cryosorets are largely quenched) and sup-
port only the EM-field enhancement. Therefore, the effect of 
nanovoids (between the NPs in the self-assembly) and nano-
cavities (between cryosoret and PC), independently contrib-
utes to the overall fluorescence enhancements, in spite of the 
unavoidable surface-induced quenching. Hence, our approach 
using AuCSs presents a practical, reliable, and reproducible 
methodology to overcome the tradeoff between the require-
ment for augmented emission enhancements and quench-free 
AuNP-based substrates, and presents itself as a promising plat-
form to the future developments in PCEF technology.

Further, it is informative to discuss the wide-ranging appli-
cations of this work from the perspective of possibilities for 
metamaterial design and associated application. While the 
magnetic permeability defines the magnetic response of a 
material, it is typically weak especially in the visible region 
of the electromagnetic (EM) spectrum.93–95 This is because 
the magnetic counterpart of the EM spectrum interacts weakly 
(four orders of magnitude less) with conventional materials.93 
The initial studies of generating metamaterials with magnetic 
effects were reported using split-ring resonators, which are 
basically plasmonic structures that engender artificial mag-
netism because of the magnetic plasmons and the excitation 
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of displacement currents.96 Although such resonances are dif-
ficult to excite in the optical regime due to increased radiation 
losses, a new classification of materials with effective excita-
tion of resonant displacement currents have emerged with the 
use of nanoassemblies.93 Plasmonic nanoassemblies are capa-
ble of generating artificial magnetism in visible wavelengths 
where one can modulate the spectral positions and profiles 
with low losses. Controlled assembly of nanomaterials has 
been used for infrared magnetic field enhancement,97 meta-
material generation,98,99 subwavelength plasmonic metamol-
ecule,100 and strong magnetic field nanofocusing101 to name 
a few. In a recent study, a family of plasmonic analogs of 
aromatic molecules (benzene-like building block), presenting 
magnetic plasmons directly resembling the delocalized orbit-
als of aromatic hydrocarbon molecules are investigated.102 
Because the cryosoret nanoassembly enables the genera-
tion of nanoassemblies with high control over the number of 
nanomaterials per assembly, we anticipate their utility in the 
exploration of metamaterial substate fabrication and associ-
ated applications. It must not go without mention that although 
we can tune the number of nanomaterials per assembly in the 
cryosorets, the major limitation of structural anisotropy still 
remains a major challenge from the perspective of precision 
nanoengineering. While the advanced nanoengineering meth-
ods, for instance, using DNA origami yields nanoassemblies 
with precise nanogaps between every single structural unit 
with high isotropic, this control over the distribution of nano-
materials in the cryosorets has not been achieved yet, by virtue 
of the synthesis method. However, ensemble spectroscopic or 
imaging measurements where the structural anisotropy neg-
ligibly impacts the overall results can still benefit from the 
cryosoret nanoassemblies especially because of the ease of 
synthesis method and low cost.

Radiating GMR model
It is instructive to discuss the concepts and mechanism of 
the radiating GMR resonance model from the perspective 
of the radiating plasmon model and radiating surface wave 
model. Researchers are progressively looking at plasmonic/
metallic nanoparticles (NPs) with unique optical functions to 
enhance the effectiveness of traditional fluorescence-based 
detection methods. In the near proximity of a plasmonic 
nanostructure, there is a considerable change in the fluores-
cence excitation and emission of a radiating dipole.11,61 The 
fluorescence intensity changes dramatically as a result of the 
high electric-field intensity (caused by a high effective extinc-
tion coefficient) that plasmonic NPs create in the near field. 
Furthermore, the oscillating charge densities on metal NPs 
interact with the excited fluorophores to produce plasmons, 
which ultimately radiate into detectable far-field radiation. 
This concept is well established as an induced plasmon effect 
of MEF,103 where the radiating dipoles induce the generation 
of plasmons that eventually couple into a hybrid emitting 
species.10,55,61 These characteristics of plasmon–fluorophore 
interactions are well elucidated by Lakowicz and co-workers 

in a series of publications termed “radiative decay engi-
neering 1–8” where a powerful technology termed surface 
plasmon-coupled emission (SPCE) is described experimen-
tally and theoretically.61,64,93,103–107 The SPCE research may 
be conducted using one of two experimental configurations: 
(1) Kretschmann Raether (KR) or (2) Reverse Kretschmann 
(RK).108,109 In the RK configuration, the fluorophores are 
directly excited by the laser light at normal incidence to the 
substrate. Surface plasmon polaritons (SPPs) are produced 
when these excited fluorophores couple with the Ag thin film’s 
surface plasmons. According to the radiating plasmon model, 
even if the fluorophores are excited by the laser illumination 
directly in RK configuration, those that are within a fractional 
wavelength of the underlying metal film couple with the sur-
face plasmons to produce SPCE (as the excitation is equal 
across the thickness of the sample). The far-field outcoupled 
emission is then gathered from the prism’s distal portion using 
an optical fiber. As a result, unlike in the KR arrangement, 
the laser does not directly excite the surface plasmons to pro-
duce evanescent fields. The hybrid system of the fluorophore 
over the metal thin film is referred to as the plasmophore (or 
plasmon-coupled fluorophore) because the far-field emis-
sion in the SPCE platform includes the characteristics of the 
fluorophore (in terms of spectra) and the characteristics of 
the plasmonic resonance of the metal–dielectric interface (in 
terms of TM-polarized resonance coupling).65,110,111 Hence, 
the plasmophores (plasmon-coupled luminophores) function 
as a single emitting/radiating species justifying the title “radi-
ating plasmon model.”10,11,103

With this as motivation, the mechanism of a radiating 
GMR model may be summarized as follows: first, the laser 
illuminates the radiating dipoles that are interfaced with the 
underlying PC (it must be noted that the laser is not directly 
exciting the resonance of the PC). Second, as the emission 
maximum of the radiating dipoles overlap with the GMR of 
the PC, the emitted photons from the radiating dipoles effec-
tively excite the GMR. Third, the excited GMR now generates 
high-field enhancement at the interface because the fluores-
cence is enhanced (enhanced emission).48 From our experi-
ments, we noted that the far-field emission observed at the 
detector is seen to have the characteristic spectral signature 
of the radiating dipole as well as the polarization selectivity 
rendered by the underlying PC. Hence, the outcoupled emis-
sion can be visualized as a PC-coupled emission from a sin-
gle hybrid emitting entity (which is a combination of PC and 
radiating dipole).48 Further, interfacing plasmonic cryosorets 
in such configurations results in very interesting phenom-
ena on account of their localized Mie and delocalized Bragg 
plasmons,44,45,62 and the sequence of events may be listed as 
follows: (1) laser laser excites the radiating dipoles and the 
latter emits photons; (2) the emitted photons from radiating 
dipoles excite the LSPR of the adjacently located nanomateri-
als (in this case, the cryosorets); (3) simultaneously (with [2]), 
the radiating dipoles excite the GMR of the underlying PC; 
(4) the excited GMR of the PC sustains regions of high-field 
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intensity termed “hot spots” that further enhance the fluores-
cence emission; and (5) synergistic hybridization of plasmonic 
nanogap-induced hot spots from cryosorets and hot spots from 
GMR yields very high local density of states for the proximal 
radiating dipoles, which is experimentally observed as high-
fluorescence enhancements.

Conclusions
Quenching effects observed in the combination of plasmonic 
nanomaterials and the fluorescent moieties have remained a 
long-standing challenge in the broad domain of nanoplasmon-
ics and related biosensing modalities. Fundamentally, the 
quenching phenomenon emerges because of the undesirable 
plasmonic modes, nonradiative channels including but not 
limited to inter- and intra-band transitions, electron scatter-
ing, electron–hole pair generation, and ohmic losses. Although 
more efficient fluorescence signal intensities may be achieved 
using appropriate substrate design and incorporation of active 
spacer material, the suppression in the quenching realized is 
subject to experimental artifacts. Incorporation of nanoassem-
blies with effective nanovoids increases the photonic mode 
density with large cross sections for efficient excitation and 
emission of proximal fluorophores. In this work, the Au cry-
osoret nanoassemblies are fabricated and interfaced with the 
PC to realize not only dequenched, but also amplified fluo-
rescence output because of the dual effect of hybrid coupling 
between the GMR of the PC and the plasmons of cryosoret 
nanoassemblies. The computer-simulated dispersion diagrams 
are substantiated with the experimentally obtained tunable and 
polarized fluorescence data with an excellent overlap between 
them. Moreover, the insights from COMSOL Multiphysics 
simulations corroborate our theoretical predictions of the radi-
ating GMR model, presenting a new window to further explore 
the usefulness of the model with other hybrid polaritonic sys-
tems such as low-dimensional substrates (such as graphene 
analogous), quantum dots, and nanodiamonds. We believe that 
the synergistic approach of hybridizing Au cryosorets with PC 
developed in this work for realizing dequenched fluorescence 
enhancements is of immediate relevance to the broad audience 
of nanophotonics and biosensing, for applications relating to 
point-of-care diagnostics and chem-biosensing.
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