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The introduction of photonic technologies in fluorescence-based
detection platforms such as point-of-care diagnostics enables
highly reliable quantitative and qualitative analysis. Photonic crys-
tals (PCs) and plasmonic nanoparticles (NPs) have individually
shown promise, and combining them with radiating dipoles is
expected to yield synergistic effects. However, integration has
been thus far hindered by severe fluorescence quenching as a
result of metal-fluorophore proximity in the so-called ‘zone of
inactivity’. Here, we show that ultrathin hexagonal boron nitride
(hBN) can serve as an active insulating spacer to suppress non-
radiative quenching while maintaining strong coupling between
the localized surface plasmon resonance of gold nanoparticles and
the guided mode resonance of an underlying photonic crystal.
Furthermore, we fabricate tunable gold cryosoret nanoassemblies
atop the fluorophore layer, creating nanocavity architectures that
concentrate and amplify electromagnetic fields at the infinitesimal
gap of radiating dipoles. This hybrid platform comprising photonic
crystal-guided mode resonances, localized surface plasmon reso-
nance, and Bragg—Mie hybrid modes from cryosoret assemblies is
found to produce 650-fold enhancement, which corresponds to
the attomolar limit of detection of a fluorescent reporter. Our
study provides a new design strategy that maximizes fluorescence
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output while preventing detrimental energy loss pathways, a criti-
cal step for future applications in ultrasensitive biomarker detec-
tion and related technologies.

Photonic crystals (PCs) have gained tremendous attention in
recent years owing to their high sensitivity, speed of response,
and potential for miniaturization of the associated microscopy
and spectroscopy modalities for trace level detection of bio-
markers such as DNA, proteins, microRNAs, and even entire
viruses.' Combining all-dielectric lossless PC substrates pre-
senting high-quality (high-Q) resonances with plasmonic
nanoparticles (NPs), such as Ag, Au, Pt, Pd to name a few,
offers additional possibilities to efficiently couple electromag-
netic energy between the macro, micro, and nanoscale
domains.*” Such hybrid systems provide fascinating experi-
mental grounds for uncovering new physical phenomena, such
as Fabry-Pérot mode coupling, fano resonances, hybridized
plasmon-phonon polaritons (ferroplasmons), and manifes-
tations of quantum coherence at nanogaps.®® Though the
interactions between plasmonic NPs and fluorophores are typi-
cally complex, optimizing the experimental conditions can
enhance local excitation fields, increase the radiative decay
rates, and reduce lifetimes, which leads to fluorescence
enhancement, a crucial aspect to augment the performance of
associated biosensing devices.”'°

A major challenge for combining PCs and plasmonic NPs is
the ‘quenching’ phenomena on account of the high extinction
coefficients of noble metals at UV-Vis-NIR wavelengths."' ™
Additionally, there are proximity-induced quenching processes
driven by Forster resonance energy transfer (FRET) and nano-
material surface energy transfer (NSET) mechanisms (scaling
inversely with the sixth and fourth powers, respectively) in the
so called ‘zone of inactivity’, in which there is a separation dis-
tance of less than 5 nm between the metal and
fluorophore.'®'” Such quenching effects have profound impli-
cations for biosensor applications as the signal-to-noise ratios
are dramatically reduced with emergence of non-radiative
decay channels.'® To circumvent these limitations and achieve
fluorescence lifetime engineering (of molecules, quantum dots
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and nanodiamonds), our group previously developed photonic
crystal enhanced fluorescence (PCEF) technology.'®> PCEF
leverages guided mode resonance (GMR) of the PC to amplify
emission intensity without modifying the quenching pathways
inherent in metals (both thin films and NPs).>*** Using PCEF,
we have demonstrated ultrasensitive detection of diverse ana-
lytes, including microRNAs, viral particles, proteins, DNA frag-
ments, and exosomes.>>*° In principle, a biosensing strategy
could be to utilize the broad spectral resonances (low-Q) of
plasmonic NPs, which show small mode volume (strong
Purcell enhancements), to generate photo-plasmonic hybrid
‘hotspots’.>**>> However, in scenarios where there is an
effective overlap between the extinction of the plasmonic NPs
and the radiating dipoles, pronounced fluorescence quenching
has been observed that overwhelms the high field intensity of
the PC substrate.?***

In the past decade, several strategies have been investigated
to overcome quenching by mitigating non-radiative losses
while preserving or enhancing plasmonic benefits. A general
approach that is suitable for sensor substrate development
involves insertion of an insulating spacer layer between the
fluorophore and metallic nanostructure coatings.*® Different
materials including polymer films,*® inorganic ceramics,?” and
two-dimensional (2D) materials such as graphene have been
explored in this direction.*®?° Traditional polymeric spacers
often require relatively thick layers (~20-40 nm) to suppress
quenching effectively, and their mechanical and thermal stabi-
lities are suboptimal for multiple and long-term use.*
Inorganic oxide layers offer better thickness control and
thermal endurance, but can contain defects that can cause
undesirable charge tunnelling that lessen the fluorescence
efficacy.”” Low-dimensional materials such as graphene
provide improved mechanical and oxidative stability, but
cannot avoid quenching because of their ability to accept
excited-state electrons from the fluorophore via nonradiative
energy transfer processes.*’

Hexagonal boron nitride (hBN) is a van der Waals material
that has attracted interest as a nanophotonic platform due to
its ability to exhibit a variety of phenomena such as single-
photon emission,*'** second-harmonic generation*> and mid-
IR hyperbolic phonon-polaritons.*® In particular, the emission
properties of hBN have been widely exploited in diverse photo-
nic applications, including single-photon sources, cavity-
enhanced emission, and hybrid plasmonic architectures,
underscoring its versatility in quantum and classical
photonics.*****” Very recently, atomically thin hBN has
emerged as an ideal dielectric spacer material for plasmon-
enhanced fluorescence (PEF) and surface-enhanced Raman
scattering (SERS) applications.*>*® Though hBN is a layered
and flexible structure that is mechanically similar to graphene,
it is electrically insulating (unlike graphene).*® Consequently,
it effectively blocks charge transfer pathways that lead to fluo-
rescence quenching, in addition to demonstrating remarkable
thermal stability, and structural integrity up to ~800 °C in
air,* in stark contrast to graphene which oxidizes at approxi-
mately 300 °C. The van der Waals structure of hBN also allows
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it to accommodate very large strain gradients that preserve the
integrity of the material even when placed on surfaces contain-
ing nanoparticles or patterned roughness. Moreover, hBN is
characterized by exceptional impermeability (to gases and
liquids), defect-free property at atomic scale, and good affinity
for fluorophores (via n-n interactions).’” hBN has been found
to enhance near-field optical effects responsible for electro-
magnetic hotspots and giant anisotropy, earning the desig-
nation of ‘record breaking material’.*®

In this report, we present integration of insulating high
refractive index (HRI) hBN with PC substrates that are pre-
decorated with plasmonic AuNPs to suppress fluorescence
quenching by simultaneously leveraging the high-Q GMR of
the PC and low-mode volume LSPR of AuNPs. To maximize the
fluorescence output, we further incorporated gold cryosoret
(AuCS) nano-assemblies*>****>! on top of the PC-AuNP-hBN-
dye substrate. Consequently, optical nanocavities with infini-
tesimal nano-gaps are generated that trap and recycle emitted
photons from the radiating dipoles sandwiched between the
PC-AuNP-hBN from below and AuCS from above.’*”? This
architecture is found to generate strong metallo-dielectric hot-
spots, leading to 650-fold fluorescence enhancement.>®>* The
experimental measurements are supported by COMSOL,
RWCA and FEM simulations that visualize the presence of an
unprecedented three-way photonic-plasmonic  coupling
between the PC modes, the LSPR of AuNPS, and the reso-
nances of AuCS nano-assemblies, with spatial confinement
orders of magnitude higher than their individual counterparts.
By combining cryosoret nanoengineering with an hBN-
mediated dequenching approach, this report establishes a ver-
satile and scalable route to realize ultra-bright fluorescence
emission for molecular sensing.>>™”

In order to obtain large-area, continuous films that could
be transferred onto a PC to serve as a dielectric spacer, hBN
was grown by chemical vapor deposition (CVD), as schemati-
cally illustrated in Fig. 1a (see Methods for details). Briefly,
ammonia borane (Boron Specialties, 99%) was sublimed and
carried by a gas flow containing a mixture of argon and mole-
cular hydrogen into a furnace and deposited at low pressure
onto copper substrates. The optical microscopy image in
Fig. 1b shows that the grown films are continuous over several
millimeters and up to centimeters in size (see inset of Fig. 1b).

To transfer hBN onto the photonic crystal substrates poly-
methyl methacrylate (PMMA)-assisted wet transfer method was
utilized due to its well-established advantages for 2D material
handling. PMMA can be spin-coated to precise thicknesses, is
compatible with low-temperature processing (~80 °C) necess-
ary for oxidation-sensitive materials, and is insoluble in water,
making it ideal for use with aqueous etchants such as
ammonium persulfate for Cu removal. After etching, the
PMMA/hBN stack can be thoroughly rinsed in DI water to
remove residual etchants, ensuring a clean interface on the
target substrate. PMMA can subsequently be removed using
acetone or thermal treatment, leaving a pristine hBN surface.
The adhesion baking temperature was determined empirically
for the photonic crystal substrate, to be ~110 °C, slightly
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Fig. 1 Synthesis and characterization of large-area hBN films. (a) Schematic illustration of the experimental setup used to grow hBN thin films on
copper foils using ammonia borane as the molecular precursor. (b) Optical microscopy image of hBN film transferred to SiO,/Si substrates. The
scale bar corresponds to 200 pm. Inset shows a photograph of a centimeter-scale film after substrate transfer. (c) AFM topography scan of the hBN
film edge. The lateral scale bar corresponds to 5 pm. (d) HRTEM image of a folded edge of the hBN film showing lattice fringes indicating a crystalline
structure. (e) Raman intensity map corresponding to the E>y phonon mode (ca. 1370 cm™) of hBN film. The scale bar corresponds to 3 um. (f)
Raman spectra collected from different spots of the hBN film in (e) showing the E>g mode. (g) XPS of hBN film showing N 1s and B 1s regions near
397 eV and 190 eV, respectively. (h) UV-vis absorption spectra of hBN film showing a singular strong absorption in the UV at ca. 200 nm. Inset shows
the derived Tauc plot which provides the optical bandgap estimated to be ~5.7 eV.

higher than typical SiO,/Si transfers (~90 °C), likely due to
differences in surface functionality. While other polymers
could potentially be used for wet transfer, PMMA provides an
optimal combination of processability, chemical compatibility,
and clean removal, supporting reproducible and high-quality
hBN integration in our experiments.

To assess the thickness of the grown films, atomic force
microscopy (AFM) topography imaging was conducted as
shown in Fig. 1c. The representative hBN film is measured at
the edge to be ~3-4 nm thick with a RMS roughness of
~1.5 nm. The crystalline structure of the film was confirmed
by high-resolution transmission electron microscopy (HRTEM)
imaging, which shows well-defined lattice fringes (Fig. 1d),
and Raman mapping, which shows the E,; mode at ca.
1370 em™" throughout a 10 x 10 sq. um area with minimal

26680 | Nanoscale, 2025, 17, 26678-26688

variations in intensity (Fig. 1e and f). The FWHM of the mode
varied between 17-21 ecm™', which is on par with or better
than commercial hBN films.®

Specifically, we analyzed the domain size of our hBN films
using Raman spectroscopy, where the FWHM of the E2 g
Raman mode (17-21 cm™") corresponds to a domain size of
~10 nm. Because the laser spot size used in our fluorescence
measurements (~1 mm) is several orders of magnitude larger
than the polycrystalline grain size, the measured enhancement
represents an average over many grains and grain boundaries.
We also considered morphological variations introduced by
wet transfer, such as micron-scale wrinkles and angstrom-
scale point defects. These were similarly averaged out under
our large illumination area, and control fluorescence measure-
ments on as-transferred hBN showed negligible background

This journal is © The Royal Society of Chemistry 2025


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5nr02950c

Open Access Article. Published on 05 November 2025. Downloaded on 11/29/2025 1:44:46 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Nanoscale

signal under our probe conditions. Together, these results
suggest that grain boundaries and defects have minimal
impact on the uniformity and reproducibility of the observed
fluorescence enhancement.

X-ray photoelectron spectroscopy (XPS) shown in Fig. 1g
reveal N 1s and B 1s peaks at ca. 397 eV and 190 eV, respect-
ively, with an areal ratio of 1.05, which indicates stoichiometric
hBN and corresponds well with previous reports of sp>-hybri-
dized hBN films.”® Finally, a representative ultraviolet-visible
(UV-Vis) absorption spectrum shown in Fig. 1h speaks to the
transparency of the film in the visible range. From a Tauc plot,
the optical bandgap is estimated to be ca. 5.7 eV (see inset of
Fig. 1h), which is close to the ideal theoretical value of hBN.%
We note that these properties, in particular the optical trans-
parency, is critical for integration with PCs as a dielectric
spacer with minimum absorption losses in the wavelength
range where fluorescence coupling is desired.

After successful synthesis of large-area, continuous hBN
films, the same wet transfer process detailed previously was
used to transfer the films onto PC substrates in order to create
heterostructures, as schematically shown Fig. 2a. The PC is a
TiO, coated glass substrate patterned in a linear grating struc-
ture which has a period of ~380 nm, within which the
~190 nm grooves are ~100 nm deep. hBN films were trans-

(a) ///

photonic crystal

Fig. 2
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ferred onto bare PCs and PCs coated with 20 nm diameter
AuNPs (see Methods for details). Fig. 2b—e show AFM and SEM
images at low and high resolutions of one edge of a representa-
tive hBN film on bare PC. Fig. 2f-i show similar low and high
magnification AFM and SEM images of a representative hetero-
structure consisting of hBN and Au-coated PC (PC + Au +
hBN). In both cases, hBN is found to cover the patterned sub-
strate smoothly and uniformly, highlighting the presence of a
well-defined interface. Furthermore, the film is observed to be
continuous over several microns on both substrates indicating
minimal transfer-induced structural damage to the hBN.
Notably, AFM images show that the film follows a wave-like
topography induced by the patterned grating of the underlying
PC, but at the same time, is not fully conformal with the
surface of the PC. Such structures demonstrating gaps at the
interface have been a topic of interest in the broad domain of
photo-plasmonics to concentrate field intensity to micro-nano-
dimensions. Our interfacial engineering of hBN and PC with
AuNPs in between them demonstrates a relatively straight-
forward wet-transfer procedure that is viable for using hBN
and analogous low-dimensional materials in PCEF-based
applications.

Fig. 3a shows the optical setup consisting of a light source
(LS), collimating lenses (L1, L2), polarizer (P), and optical

Au NPs

»”

A

photonic crystal

\\“\-‘
\V)
N

AW

\
\
\

Interfacial engineering of hBN/PC and hBN/Au-NP/PC heterostructures. (a) Schematic illustration of the fabricated heterostructures com-

prising hBN films stacked on a bare PC (left) and an Au-nanoparticle decorated PC (right). (b) Low and (c) high resolution AFM topography images
showing the edge of a representative hBN film on bare PC. (d) Low and (e) high magnification SEM images of the film edge for the samples shown in
(b) and (c). (f) Low and (g) high resolution AFM topography images showing the edge of a representative hBN film on Au-NP/PC. (h) Low and (i) high
maghnification SEM images of the film edge for the samples shown in (f) and (g). The AFM color bars represent the height of features in the vertical
direction. Scale bars for (b) and (f) correspond to 2 pm and (c) and (g) correspond to 0.5 um. Scale bars for the SEM images in (d) and (h) correspond
to 500 nm, and (e) and (i) correspond to 200 nm.
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Fig. 3 Photonic crystal optical response with hBN and AuNPs. (a) Photo of transmittance measurements setup (LS = light source; L1, L2 = lenses; P
= polarizer; AP = aperture; PC = photonic crystal; SP = spectrometer). (b) Conceptual schematic of the generation of the spacer nanolayer over the
PC substrate using AuNPs and hBN film. TM dispersion diagram obtained using (c) simulations and (d) its overlap with the experimentally-measured
transmittance (shaded region) with the stars indicating the simulated data. (e) Wavelength vs. %T for TM optical response of the PC. TE dispersion
diagram obtained using (f) simulations and (g) its overlap with the experimental transmittance (shaded region) with the stars indicating the simulated
data. (h) Wavelength vs. %T for TE optical response of the PC. %T vs. wavelength experimental data obtained for PC, PC + hBN, and PC + Au + hBN

systems for (i) unpolarized, (j) TM polarization, and (k) TE polarization.

mount stage used for collection of angle-dependent transmit-
tance spectra. Additional details of the setup and physics prin-
ciples involved in the generation of the dispersion diagrams
have been previously reported.”®*"®* The conceptual sche-
matic of the generation of a spacer layer over the PC substrate
is shown in Fig. 3b where the hBN nanolayer is placed over the
PC as well as a PC + AuNP substrate. Prior to engineering the
substrate (in our case, the PC) with different nanomaterials, it
is vital to experimentally verify the optical response of the PC
using dispersion diagrams (that are obtained theoretically).

26682 | Nanoscale, 2025, 17, 26678-26688

Dispersion diagrams can be used to delineate the fundamental
properties of Bloch surface waves,'"°>®® internal optical
modes,’*®> band edge modes®® and GMR effects.>"®*' Fig. 3¢
and f present the simulated dispersion diagram for TM and TE
modes and the respective values are extracted and represented
as yellow stars in Fig. 3d and g where the shaded data is the
experimentally-obtained transmittance data. Further, to yield
better understanding of the optical response of the PC under
study, we present the experimental transmittance data for TM
and TE polarizations in Fig. 3e and h, respectively. The

This journal is © The Royal Society of Chemistry 2025
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analysis shows an excellent correlation between the simulated
and experimental transmittance of the PC, underscoring the
high structural robustness and quality of the substrate.

While introducing a spacer nanolayer between AuNPs and
the subsequently coated dye molecules reduces quenching, it
is important to note that the addition of plasmonic AuNPs or
hBN must not compromise the resonance of the PC itself. To
understand this aspect, we have performed transmittance
measurements of the PC, PC + hBN, and PC + Au + hBN multi-
stacks using different polarizations as shown in Fig. 3i, j and
k. A slight red-shift in the transmittance resonance dip of the
PC with the addition of hBN and AuNPs is due to the change
in the local dielectric constant at the PC interface.
Nonetheless, the resonance remains stable (did not decrease/
increase in intensity) regardless of coating hBN and AuNPs.
This is on account of the small sized AuNPs and very thin hBN
film (AFM and SEM images shown in Fig. 2) in building the
multistack system. We expect that a thicker hBN film or larger
sized AuNPs (or multilayers of AuNPs) would result in substan-
tially deteriorating the strong optical response of the multi-
stack system. Hence, the two crucial aspects for designing the
multistack are as follows: (i) the hBN film thickness and
AuNPs size should be kept small so as to retain a stable optical
resonance of the underlying PC and (ii) the larger sized AuNPs
and thicker hBN films should not effectively couple with the
GMR of the PC as structures/multistack bigger than ~200 nm
would not effectively couple with the PC’s evanescent field gen-
erated at resonance.

For applications in fluorescence-based biosensing, a major
goal has been to augment the global fluorescence enhance-
ments observed at the detector.®®®” While introducing a
spacer hBN between the radiating dipoles and the underlying
AuNPs on PC yields pathways to avoid quenching, it is quintes-
sential to utilize hybrid “spacer + cavity” interfaces to observe
not only dequenched, but also amplified fluorescence. Here,
we synthesized cryosoret nano-assemblies as shown schemati-
cally in Fig. 4a by cooling pristine AuNPs in liquid nitrogen
(=196 °C) whereby adiabatic cooling overcomes electrostatic
repulsion.’®*"%¥7° Collective hybridization of localized Mie
modes (associated with individual NPs) and delocalized Bragg
modes (emerging from nano-assemblies) results in new reso-
nance features with enhanced field confinement and spectral
tunability.>>*>”" The conceptual schematic of the generation
of hybrid “spacer + cavity” interface using the synthesized cryo-
sorets is shown in Fig. 4b. Fig. 4c-g present TEM images of the
Au cryosorets (AuCS) obtained by cooling the AuNPs for 15
seconds, 30 seconds, 1 min, 2 min, and 3 min, respectively,
yielding crysorets with 2 (1), 5 (£2), 7 (¥2), 9 (+3), and 12 (+3)
particles per assembly. HAADF images of CS1 and CS5 in
Fig. 4h and i, respectively, confirms the formation of robust
cryosorets where the stable nano-gaps between the AuNPs
comprising the cryosorets are vivid without any agglomeration
(that would result in precipitation due to higher mass). The
fluorescence signal intensity spectra observed for different
sample variants (PC, PC + AuNPs, PC + AuNPs + hBN, PC +
AuNPs + hBN + AuCS) are shown in Fig. 4j. The experimentally

This journal is © The Royal Society of Chemistry 2025
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calculated fluorescence enhancements are shown in Fig. 4k.
The formula used for the enhancement calculation is the
direct ratio of the variant fluorescence intensity counts to that
of the intensity counts on glass (with all experiments per-
formed under identical experimental conditions)**>*°
given as follows:

and is

Lariant (1)

glass

Enhancement factor =

Fig. 4k shows the enhancements for the PC band edge
coupled emission (PBCE) and PC guided-mode coupled emis-
sion (PGCE), the occurrence and importance of which are ela-
borated in our recent report.”® Without any plasmonic nano-
materials, a bare PC yielded 60-fold enhancement in fluo-
rescence as compared to free space. Quenching in the fluo-
rescence intensity was observed with the addition of AuNPs
(PC + AuNPs: 7-fold; Fig. 4j and k). In comparison, introducing
the spacer hBN nanolayer resulted in an 115-fold enhance-
ment for PC + hBN and 211-fold enhancement for PC + AuNPs
+ hBN. This doubling of the fluorescence enhancement can be
attributed to the coupling between the resonances of the PC
and LSPR of the AuNPs where hBN simultaneously offers path-
ways for quench-free radiative decay of emitters. Further inter-
facing CS1-CS5 yielded a steady increase from CS1 (280-fold)
to CS4 (650-fold) before declining for CS5 (420-fold). This
trend is in accordance with photo-plasmonic coupling of
tunable nano-assemblies established in earlier works using
plasmonic interfaces®**"®" and fluorescence and interfero-
metric scattering microscopy.’® Fig. 41-n indicate that the plat-
form follows the radiating GMR model where the emitted
photons carry the spectral feature as well as the polarization
selectivity of the underlying PC to the far-field. Interfacing the
cryosorets over the PC coated with AuNPs + hBN creates
tunable multi-architecture nanogaps, where sandwiching
radiating dipoles in the resultant cavity between the cryosorets
and substrate generates EM hot spots with field enhancements
of several orders of magnitude.">”>”7* These confined fields
substantially enhance the excitation and emission intensity
where the radiative decay rate increases with a concomitant
decrease in lifetime (Fig. S6, SI). On account of its high chemi-
cal stability, large bandgap, and low-loss optical attributes,
hBN serves as an ideal interlayer spacer for controlling radia-
tive and non-radiative energy transfer processes. While the
spacer layer avoids quenching effects, it’s very thin profile still
allows sufficient near-field overlap for field enhancement.
While the pristine PC showed a 2.11 ns lifetime for the radiat-
ing dipoles, the addition of hBN resulted in a biexponential
decay (1.05 ns, 64.1%; 2.72 ns, 35.9%). This behavior can be
attributed to two different near-field effects experienced by the
radiating dipoles (GMR of PC and HRI hBN). Similarly, a biex-
ponential decay (1.68 ns, 65.9%; 2.77 ns, 34.1%) was observed
for PC + AuNPs. Adding the hBN layer on top of the PC + AuNP
hybrid resulted in a triexponential decay (1.00 ns, 59.2%; 2.32
ns, 11.9%; 2.90 ns, 28.9%), once again due to the combined
influence of three components in determining the local field
intensity. Further, incorporating the AuCSs on top of the PC +

Nanoscale, 2025, 17, 26678-26688 | 26683
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Fig. 4 Photonic crystal enhanced fluorescence using hBN and Au crysoret nano-assemblies. (a) Illustration of the scheme for synthesis of cryosor-
ets showing (1) adiabatic cooling, (2) thermos-migration and (3) separation of cryosorets. (b) Conceptual schematic of the generation of cavity
nanointerface using plasmonic AuCSs over the PC pre-coated with AuNPs and hBN, where the hBN functions as a spacer. (c—g) TEM images of
freshly prepared cryosorets (CS) nano-assemblies of gold named as CS1-5. (h and i) HAADF images of CS1 (dimer) and CS5 (multimer) shown as
representative examples depicting the intact nanogaps rendered by the nano-assemblies. (j) Photonic crystal-coupled emission (PCCE) intensity for
bare PC, PC with hBN, PC with AuNP + hBN, and PC with AuNP + hBN + AuCS. (k) PCCE enhancements obtained for different CSs and multistack
configurations. Overlap of the experimental transmittance with the experimental fluorescence obtained for (1) unpolarized, (m) TM polarized and (n)
TE polarized emission. The AuCS data shown here and in Fig. 4j is for CS4 which yielded the highest fluorescence enhancements (Fig. 4k).

AuNPs + hBN system produced a significant reduction in life-
time (0.64 ns, 40.2%; 1.47 ns, 7.65%; 2.30 ns, 52.1%), indicat-
ing multiple These lifetime
reductions directly correlate with the experimentally observed

radiative decay channels.

enhancement in PC-coupled fluorescence (details shown in
SI).

Generating stable and reproducible plasmonic hotspots
demands effective light harvesting where electric and magnetic
flux densities at the nanoscale are harnessed. Our system uti-
lizes AuCS as a highly tunable secondary material to form a

26684 | Nanoscale, 2025, 17, 26678-26688

coupled resonator with the bottom primary AuNP-PC sub-
strate. The near-field E-field and H-field distribution plots for
different multistack configurations are shown in Fig. 5a and b,
demonstrating the ability of the multi-architecture to yield
high local-field confinement. All simulated electric and mag-
netic field intensity maps were normalized with respect to the
field amplitudes obtained from a reference air-substrate inter-
face under identical excitation conditions. This normalization
allows direct comparison across the different photonic-plas-
monic architectures studied and provides a consistent quanti-

This journal is © The Royal Society of Chemistry 2025
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Fig. 5 Simulations showing electric and magnetic hotspots and experimental sensing. COMSOL Multiphysics simulations showing the calculated (a)
electric field distribution and (b) magnetic field distribution of different interfaces, namely PC, PC + hBN, PC + AuNP + hBN, PC + AuNP + hBN +
AuCS for TM polarization (TE polarization is presented in Fig. S7). The simulation parameters are presented in the SI. The size, shape and geometry of
the nanostructures are taken from AFM and SEM measurements. Here, all the electric and magnetic field intensities shown are not normalized. They
can be normalized to the incident field intensity values: Eq = 2.7 x 10* V. m™ and Ho = 73 A m™, respectively. (c) Calculated near-field distributions
and (d) far-field radiation pattern of radiating dipole (x-oriented) when interfaced with different configurations. (e) PCCE intensity and (f) PCCE
enhancements obtained by using different concentrations of the radiating dipoles.

tative framework for assessing the relative field enhancement such interfaces show an increase in the far-field radiation
and emission behavior. The cryosoret nano-assemblies render (Fig. 5¢ and d). We note all simulations presented in this work
circulating electric flux that in turn produce magnetic flux were performed for a specific dipole orientation (x-, y-,
thereby utilizing the full potential of light energy, which is z-oriented) and planar configuration of the photonic-plasmo-
further augmented with the TM and TE resonances of the PC nic stack. Dipole orientation averaging was not considered,
substrate. Moreover, the simulations of a radiating dipole at and hence the reported fluorescence enhancement values may

This journal is © The Royal Society of Chemistry 2025 Nanoscale, 2025, 17, 26678-26688 | 26685
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vary under random dipole distributions that more closely rep-
resent experimental conditions. Similarly, the possible influ-
ence of planar anisotropy arising from the two-dimensional
grating structure and layered architecture (PC-AuNP-hBN-Au
cryosorets) was not explicitly analyzed. These aspects such as
the effect of dipole orientation averaging and azimuthal an-
isotropy, are expected to provide further mechanistic insights
into the emission behavior and will be systematically investi-
gated in the future.

The hybrid spacer + cavity nanointerface that yielded the
highest fluorescence enhancements were utilized for the detec-
tion of RhB fluorescent reporter. The performance of the
sensor platform was evaluated by linearly decreasing the con-
centration of the emitter from 1 uM to 0.01 aM and incorporat-
ing it onto the PCEF platform. The corresponding spectral
intensity plots for different concentrations are shown in
Fig. 5e. The emission enhancement (plotted in Fig. 5f) was
calculated using eqn (1), defined as the ratio of the fluo-
rescence intensity obtained on the photonic crystal (PC) sub-
strate to that measured on the glass substrate at the emission
maximum wavelength for the given sample. This approach is
consistent with methodologies adopted in previous
studies.?"*1%%7>7¢ Comparison of the hybrid photonic-plas-
monic systems, fluorescence enhancement, analyte detected,
and limit of detection with the literature are summarized in
Table S1 (SI). As shown in Fig. 5e, we observe that the fluo-
rescence spectral intensity decreased with the decrease in the
concentration of the emitter where the PC coupled emission
becomes negligible at concentrations less than 1 aM. The
emission enhancements are plotted in Fig. 5f showing a long
linear range (10 orders of magnitude) from 1 uM to 1 aM
(LOD). This high sensor performance is attributed to the pre-
vention of the direct detrimental quenching pathways ren-
dered by the hBN spacer nanolayer yet being able to preserve
the near-field optical coupling, in addition to the EM field
amplification fostered by the cryosorets driven cavity.

Our approach realizes the widely investigated concept of
metal-dielectric-metal (MDM) interfaces in the field of plas-
monics, where strong coupling boosts fluorescence emission
through the Purcell effect.”” To the best of our knowledge, this
is the first successful demonstration of integrating such a
hybrid PC + AuNP + hBN + fluorophore + AuCS architecture
with an ultrathin hBN spacer to achieve optimized fluo-
rescence enhancement with a different number of NPs per
assembly of AuCS. The synergistic effects observed in our
architecture result from the simultaneous utilization of high-Q
PC modes, strong near-field plasmonic enhancements from
AuNPs, HRI dielectric hBN spacer, and engineered plasmonic
cavities formed by the nanoassemblies.
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