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Abstract: Metasurfaces represent an innovative category of optical surfaces that can be engineered to exhibit distinctive
properties that are not observed in conventional materials. It has been demonstrated that these structures exhibit robust
light-matter interactions at the nanoscale, which renders them a promising solution for enhancing the sensitivity of
various biomedical sensing technologies. This work presents a versatile approach for enhancing the broadband spectral
emission of various fluorophores. The approach involves developing large-area, lithography-free plasmonic platforms
without tailoring the geometry of the metasurface to a specific chromophore. The investigation encompasses the
fluorescence behaviour of low quantum yields fluorophores such as Crystal Violet, Nile Red, and Rose Bengal,
dispersed in ethanol solutions and coated onto the metallic arrays with random configuration. The results indicate that
metallic nanostructures efficiently support plasmon-mediated fluorescence enhancement, and the degree of this
enhancement depends strongly on both the fluorophore type and the metal layer thickness. The highest fluorescent
enhancement factor was obtained for Crystal Violet on silver metasurfaces.

Keywords: plasmonic metasurface; lithography-free platforms; fluorescence enhancement; nanophononics; low
quantum yield fluorophore

1. Introduction

Recent advances and technological innovations in the field of plasmonics have led to a variety of exciting applications that
address important sensing challenges. In this context, extensive studies are conducted on fluorescence for biosensing purposes.
The fluorescence analysis method is known for properties like easiness, high sensitivity and selectivity, and short response time
[1,2]. A particularly important topic in this research area is the enhancement of fluorescence for low-quantum-yield fluorophores
which have applications in biomedical imaging [3], sensing [4], and optoelectronics [5]. These materials exhibit strong
absorption, environmental sensitivity, or useful photochemistry; however, their practical use is frequently limited by weak
emission and rapid photodegradation under high excitation irradiance. Therefore, various methods have emerged to amplify
fluorescence signals for increasing detection [6-8]. Plasmonic metamaterials have been shown to be a promising solution that
utilizes the intense interaction between light and matter at the nanoscale to increase the sensitivity of various biomedical spectral
sensing technologies. Moreover, metal-enhanced fluorescence (MEF) is a method of enhancing fluorescence signals.
Specifically, when a chromophore molecule is in close proximity to metal nanostructures, its fluorescence is enhanced due to the
intensification of the localized electromagnetic field specific to plasmonic metasurfaces [9, 10]. However, this method has an
important disadvantage: the fluorescence signal is quenched if the fluorophore is in direct contact with the metallic nanostructure.
To overcome this problem, an ultra-thin film is required to act as a spacer.

Current research emphasizes the development of metasurface arrays that are thin, easy to fabricate, and capable of
manipulating wave propagation both at the interface and in free space. These properties demonstrate a significant potential for
enhancing fluorescence detection, making them invaluable tools in biosensing applications [11, 12]. Although, the devices
tailored for specific resonance achieve sharp field maxima [13], the technological processes required for their fabrication are
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complex and expensive. Meanwhile, the random morphology metasurfaces offer a wide range emission due to disordered
dispersers supporting various localized plasmon modes that overlap. This improves coupling bandwidth and field redistribution,
enhancing fluorophore excitation and emission over a broad spectrum [14-16]. Also, broadband responses can result from
constructive interference of multiple multipolar moments in disordered assemblies, broadening the spectral response by
suppressing narrow reflectivity features [17]. Here, we propose lithography-free metasurfaces as a scalable, cost-effective
alternative to traditional nanofabrication for fluorescence biosensing. By using random metal nanoparticle aggregates, we
achieved a 423-fold fluorescence enhancement while avoiding the high costs of precision-engineered structures [18]. Large-scale
plasmonic metasurfaces can be fabricated also via laser-induced periodic surface structures or chemical synthesis. Although
these devices offer efficient manufacturing of ordered arrays, it prioritizes polarization control over broadband fluorescence
enhancement [19, 20]. Similarly, high-performance chemical systems like gold nanotubes face large-area integration challenges
[21, 22]. Random aggregates overcome these issues through superior substrate compatibility and simple technological processes.

For fluorescence-based sensors Crystal Violet (CV), Nile Red (NR), and Rose Bengal (RB) fluorophores have been found to
be highly useful, all exhibiting low quantum yields — 0.7, 0.11, 0.019, respectively [23-25]. Studies on these fluorophores
investigated their interactions with nanostructures to understand the mechanisms and limitations of enhancement platforms. CV,
an achiral weak emitter, has found extensive use in MEF intensification studies, particularly for the detection of single molecules
[21] or in structures with localized intense fields [26]. NR was utilised in the study of enhanced emission on bimetallic plasmonic
platforms (silver nanoparticles and gold nanolayers) derived from sol-gel [27]. RB aggregates have been extensively studied in
the context of interaction with metal nanoparticles - AgNPs and GNPs [28-30]. Most high-performance MEF platforms reported
in the literature rely on nanoparticle colloids, spacer-engineered films, or lithographically defined arrays to control distance and
resonance conditions. While effective, these methods present fabrication complexity, limited throughput, and constrained active
area, which complicate optimization and translation to large-area coatings or device-scale substrates. In contrast, thermally
annealed Ag thin films demonstrate that simple post-processing can tune plasmonic response via morphology changes (particle
reshaping and spacing), and Al plasmonics offers UV-VIS response with strong sensitivity to oxide and morphology [31-18].

Previously, we demonstrated that influence of plasmonic metasurfaces on fluorescence intensity enhancement for rhodamine
R6G, a hight quantum yield fluorophore, on silicon or glass substrate [18]. This work presents a simple plasmonic metasurface
approach for intensifying the fluorescence emission of low-quantum-yield dyes. This method uses thin-film-derived
nanostructures that do not require a specific configuration of the meta-atom geometry or lithography. These large area platforms
can also provide scalable, morphology-driven, plasmon-enhanced fluorescence. We explore thermally annealed Ag
nanostructured films (15-25 nm) which develop from isolated islands to interconnected networks, and the ultrathin Al
nanostructured films (2—-6 nm), which exhibit intrinsic nanoscale dielectric separation, owing to native oxide. Native oxide
provides nanoscale separation that minimise fluorescence quenching while enabling coupling to localized plasmonic fields. We
used Crystal Violet, Nile Red, and Rose Bengal as low-emissivity and environmentally sensitive fluorophores to link
fluorescence enhancement to morphological changes, which were confirmed by SEM and particular excitation settings for each
dye.

2. Material and Methods

In this investigation, silicon was utilized as the substrate, while the metals under analysis were aluminium (Al) and silver
(Ag). The metasurfaces were manufactured on a large area of 1.5 cm? by electron beam evaporation using a TEMESCAL FC-
2000 (Temescal, Livermore, CA, USA) for Al and Elettrorava system (Elettrorava S.r.l., Torino, Italy) for Ag. This method was
used to deposit either discontinuous layers (extremely thin — e.g. 2 nm, 4 nm and 6 nm - thick mass equivalent — for Al) or thin
continuous layers (15 nm, 20 nm, and 25 nm for Ag) subjected to specific annealing conditions to achieve percolation of
nanoaggregates. Table 1 show the process parameters employed for the fabrication of the proposed metasurfaces.

Table 1. Process parameters for metal layer deposition and thermal annealing

iti Thermal annealing
Material Thickness (nm) Depo:gl/(s))n rate Pressure (mbar) conditions
Ag 15 0.3 2.5x10°¢ 250 °C, 30 min
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20, 25 250°C, 1h

Al 2,4,6 0.1 >10°6 )

Stock solutions of Crystal Violet (CV), Nile Red (NR), and Rose Bengal (RB) fluorophores (from Carl ROTH) were prepared
in ethanol at a concentration of 4 mM. Thin films were fabricated via drop-casting 50 pL aliquots of each dye solution onto the
nanostructured surface containing metallic meta-atoms. The morphological characterisation of the samples obtained was
performed using scanning electron microscopy (SEM) with a Field Emission Scanning Electron Microscope (FEG-SEM) - Nova
NanoSEM 630 (FEI Company, USA). Also, the meta-atoms size distributions were determined from high-resolution SEM
images by measuring approximately 200 individual nanoaggregates for each sample. The resulting size histograms were fitted
using a Gaussian function to extract the mean particle size, standard deviation (SD), and full width at half maximum (FWHM).

Steady-state fluorescence emission and optical absorption measurements were performed using an FLS920 fluorescence
spectrometer (Edinburgh Instruments Ltd., UK) featuring a 450 W xenon arc lamp as the excitation source. Excitation
wavelengths were selected according to the absorption maxima of each fluorophore: 550 nm - CV, 540 nm - NR, and 500 nm -
RB. The obtained emission spectra revealed bands centred at wavelengths characteristic of thin-film fluorescence: 636 nm - CV,
635 nm - NR, and 571 nm RB.

3. Results and discussions

SEM micrographs of the 2 nm, 4 nm, and 6 nm (equivalent mass) Al thin layers (Figure 1) reveal that ultrathin aluminium
undergoes a morphological transition from isolated islands to a gradually interconnected percolated network of nanostructures
as thickness increases from 2 to 6 nm. The statistical analysis (inset to figure 1) reveals a systematic increase of the mean particle
size with increasing aluminium thickness. Specifically, the mean size increases from 11.2 nm for the 2 nm Al layer to 24.1 nm
for the 6 nm Al layer, while the corresponding standard deviation increases from 2.2 nm to 4.7 nm, indicating enhanced particle
coalescence and growth at higher nominal thicknesses. The resulting size histograms also show the FWHM values for each layer
(9-14, 10-15, and 18-29 nm).

[ Janmal
Mean = 13.0 nm
SD=2.1nm

[ lenmaAl
Mean = 24.1 nm
SD=4.7nm

2 nm Al
Mean = 11.2 nm
SD=22nm

Counts

» P

E)
Size (nm) Size (nm)

Fig. 1. SEM micrographs showing the morphology after the Al layer deposition process: (a) 2 nm, (b) 4 nm, and (c) 6 nm

The enhancement factor varies depending on the shape and distance of the metallic nanoaggregates [32]. Taking this into
account, we collected the fluorescence emission across the entire surface of the nanostructured platform. Due to the resulting
surface filling factor and the consistent shapes and sizes of the nanoaggregates achieved under the same deposition or annealing
conditions, the MEF remains relatively unchanged when analysing new samples, ensuring high reproducibility. The steady-state
fluorescent emission spectra of CV, NR, and RB on nanostructured Al films were compared to a reference consisting of a silicon
substrate without metasurfaces coated with fluorophore. Figure 2 shows the obtained fluorescence spectra, with an inset graph
on a logarithmic scale illustrating the magnitude orders of the best enhancement result. The fluorescence enhancement depends
on spectral overlap between excitation/emission bands and plasmonic scattering/near-field response. For all three fluorophores,
nanostructured Al induced changes in fluorescence intensity without significantly affecting the characteristic spectral band
profiles. This indicates that the dominant interaction is photonic (near-field/plasmonic) and not a chemical modification of the
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fluorophore. Such behaviour is largely associated with MEF, in which local electromagnetic fields and modified radiative decay
rates can increase emission intensity without necessarily changing spectral maxima.

FL Imtansity (a.u.)
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Fig. 2. Fluorescence intensity spectra of a) CV, b) NR and c¢) RB on nanostructured Al films; dashed black: reference,
green/blue/red: 2/4/6 nm Al. Inset are the MEF with logarithmic y scale

The EF are calculated relative to the respective emission maxima of each fluorophore. The values vary depending on the type
of fluorophore — specifically, their quantum efficiency — rather than the layer thickness. For NR, we obtain a maximum EF of
approximately 3.2 when we use a thin film of 4 nm thickness. In the meantime, for CV and RB, we obtain maximum EF values
of 2.8 and 7.7, respectively, when we use a thickness of 6 nm.

Silver thin films with thicknesses of 15 nm, 20 nm, and 25 nm were deposited on silicon and subsequently subjected to
thermal annealing. This treatment induced the formation of metal aggregates, resulting in randomly distributed meta-atom
structures. Figure 3 show SEM images of the annealed Ag layers at all three thicknesses, revealing the morphology of the formed
nanostructures. SEM analysis demonstrates a systematic thickness-dependent morphological transition in the annealed Ag films.
The 15 nm film exhibits isolated, quasi-ellipsoidal nanoparticles with minimal inter-particle connectivity. At 20 nm, partial
aggregation occurs, forming bigger anisotropic islands with increased contact between adjacent structures. The 25 nm film
displays complete percolation, characterized by an interconnected spiderweb-like metallic network.

=125nmAg |
Mean = 234 nm
SD =57 nm

) 2 e ~ —
15 nm Ag > ) ‘o 4 20 nm Ag
Mean = 124 nm S i Mean = 189 nm
SD =34nm 2 A A o | SD =48 nm

Fig. 3. SEM micrographs showing the morphology obtained following the deposition of Ag layers structured by annealing: (a)
15 nm, (b) 20 nm, (c) 25 nm

Similar to Al films, the particle size statistics for Ag nanoaggregates (see inset in Figure 3) show an increase in mean particle
size with layer thickness: 124 nm for the 15 nm layer, 189 nm for the 20 nm layer, and 234 nm for the 25 nm layer. The
corresponding standard deviation increases as well, from 34 nm to 57 nm. Furthermore, the surface filling factor, which is
defined as the fraction of the substrate surface covered by Ag nanoparticles, increases with layer thickness. Specifically, it
increases from 32% for the 15 nm layer, to 37% for the 20 nm layer, and to 76% for the 25 nm layer. This increase in surface
coverage reflects the transition from isolated nanoparticle regimes toward a densely packed morphology, which is consistent
with enhanced surface diffusion, particle aggregation, and lateral growth during thermal treatment.

Figure 4 presents the fluorescence emission spectra of CV, NR, and RB fluorophores films deposited on thermally annealed
Ag nanostructures, in comparison with a reference substrate, with an inset graph on a logarithmic scale. The fluorescence
measurements reveal substantial intensity increases relative to the reference for all fluorophores, with EF dependent on Ag
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thickness and fluorophore: for CV the EF increases from ~6.8 (15 nm) to =10 (20 nm) and =19 (25 nm), for NR from =2.4 (15
nm) to =4 (20 nm) and ~4.4 (25 nm), and for RB from =2 (15 nm) to =4 (20 nm) and =6 (25 nm).
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Fig. 4. Fluorescence intensity spectra of a) CV, b) NR and c¢) RB on nanostructured Ag films; dashed black: reference,
green/blue/red: 15/20/25 nm Ag. Inset are the MEF with logarithmic y scale

Table 2 summarizes the fluorescence EF for CV, NR, and RB deposited on nanostructured Al and Ag films of varying
thicknesses. For Al substrates, moderate enhancement is observed, with EF values increasing with thickness for CV and RB and
showing an optimum at 4 nm for NR. In contrast, Ag films exhibit substantially stronger enhancement for all fluorophores,
particularly at larger Ag thicknesses. CV shows the highest enhancement overall, reaching EF = 19 on the 25 nm Ag film, while
RB and NR reach maxima of EF = 6 and EF = 4.4, respectively. These results indicate that Ag nanostructures support more
efficient plasmon-mediated fluorescence enhancement than Al under the studied conditions, with the degree of enhancement
strongly dependent on both the fluorophore and metal layer thickness. Furthermore, the highest EF are obtained when using the
25 nm Ag film. The high filling factor observed for this metasurface platform suggests the onset of particle percolation, which
influences significantly the plasmonic coupling. Additionally, the spiderweb pattern that forms after annealing—consisting of a
high number of sharp angles—significantly intensifies the localized electromagnetic field.

Table 2. Fluorescence enhancement factors for CV, NR, RB on nanostructured Al films (2, 4, 6 nm) and Ag films (15,
20, 25 nm).

Enhancement factor (EF) on specific layer
Fluorophore Aluminiutmhi(crlt(lszzst)equivalent Silver
2 nm 4 nm 6 nm 15 nm 20 nm 25 nm
Crystal Violet 1 2 3 8.6 10 19
Nile Red 3 32 23 24 4 4.4
Rose Bengal 1.2 3 7.7 2 4 6

4. Conclusion

In this study we presented a simple plasmonic metasurface approach for enhancing fluorescence of low quantum yield dyes
using thin film derived nanostructures. We performed thermal annealing on Ag films (1525 nm), and deposited mass equivalent
ultrathin Al films (2—6 nm) to develop large plasmonic metasurface platforms comprising of randomly configurate metallic nano-
aggregates. The native oxide of studied metals provides the separation required to partially mitigate the extreme near-field
quenching while enabling coupling to localized plasmonic fields from nanoscale features. We investigated the behaviour of the
fluorescence intensity for Crystal Violet, Nile Red, and Rose Bengal in the presence of metal nanostructures. The EF are



173
174
175
176
177
178
179
180
181
182
183
184
185
186
187
188
189
190

191

192

193

194
195
196
197

198

199

200

201

202
203
204
205

206

207
208
209
210
211

A. Author et al. : This is Article Title ...

calculated relative to the respective emission maxima of each fluorophore. The values vary depending on the type of fluorophore
— specifically, their quantum efficiency — rather than the layer thickness. For Al, promising results concerning fluorescence
intensity enhancement were obtained using 6 nm mass equivalent layers, with the best EF for Rose Bengal. At low thicknesses
(e.g., 6 nm), Al forms monodisperse, nearly periodic nanostructures with very low heights. This leads to a uniform distribution
of localized field enhancements. Since the structures are uniformly spaced, a large portion of the fluorophores can interact with
the plasmonic resonances, resulting in consistent enhancement.

For Ag the fluorescence measurements revealed substantial intensity increases, with EF dependent on Ag thickness and
fluorophore, the best result was obtained for Crystal Violet for 25 nm with an EF of 19. Silver forms large aggregates, evolving
from hemispherical shapes to percolated spiderweb at a thickness of 25 nm. The enhancement occurs via two mechanisms: 1)
height matching ensures most molecules are within the plasmonic interaction zone of the 25 nm structures, and ii) natural spacing,
where the native oxide layer prevents quenching by maintaining distance between the dyes and metal surface. Although
aluminium is suitable for thin layers, the taller percolated structures offered by annealed silver thicker films exhibit significant
enhancement of fluorescence emission.

The proposed low-cost, lithography-free platforms offer a versatile approach for enhancing the broadband spectral emission
of a variety of fluorophores without specifically tailoring the geometry for each chromophore, providing a scalable, morphology-
driven, plasmon-enhanced fluorescence. Furthermore, the fabrication method used in this study allows for nanostructuring large
wafers of various substrate - silicon, glass, or ceramics, for a multitude of hands-on applications requiring a rapid response (e.g.
refractive index-based sensors, fluorescence sensors, photocatalysis, etc.).
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