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Featured Application: Resorting to gold nanohole arrays, it is possible to engineer multiplexed, label-free
biosensing devices based on both plasmon-enhanced fluorescence and surface plasmon resonance detection
methods. This has to be done by properly optimizing the gold nanohole array plasmonic response in
combination with the fluorophore features, and consequently choosing the optimal measurement
configuration for both the sensing methods.

Abstract: Gold nanohole arrays are periodic metastructures gathering huge interest for biosensing applications.
The grating-like structure defines their plasmonic mode features and their angular dispersion can be used to
highlight efficiently their interaction with the fluorescence emission of a properly tuned fluorophore. Resorting
to a properly tuned/engineered/optimised plasmonic nanohole array and a commercial organic dye, we
performed an accurate resolved angle-resolved optical characterization. The plasmonic fingerprints was
consequently identified as a modification of the dye photoluminescence signal in terms of both spectral
redistribution and enhancement. Interestingly, by analyzing the results, an advantageous measurement
configuration can be identified to better engineer a suitable platform for efficiency maximization in plasmon-
enhanced fluorescence-based applications. Therefore, the coupling mechanism with the plasmonic modes, and
nanostructure properties can be carefully co-optimized.

Keywords: organic dye; plasmon enhanced fluorescence; angular dispersion spectroscopy

1. Introduction

The study of fluorescence and its dependence on the local environment has been investigated
for long time [1,2]. In particular, the deposition of a dye on a surface and its interaction with the
surroundings has been theoretically and experimentally investigated [3], for metallic surfaces [4].
This topic gathers a huge interest [5], in particular, thanks to the enhancement effects [6], crucial for
technologically relevant applications such as (bio)molecule sensing. In this framework, the concept
of optimal critical distance between the dye and the metal surface needs to be introduced: for small
distances, the Forster quenching process prevails suppressing the fluorescence signal, whereas for
large separation distances the enhancement is reduced until it is lost [6]. Nevertheless, in several
studies dealing with different metallic platforms, such a constraint has been put into discussion and
somewhere relaxed. [7-10]. As a result, beyond the field enhancement provided by the metal and
acting on the dye pumping and/or emission processes, the efficiency depends mostly on the coupling
between the plasmonic excitation with the far field radiation. In this regard, a wide amount of studies
and applications concerning plasmon-enhanced fluorescence (PEF) has been performed using
metallic nanoparticles, likely because plasmonic localized resonances can be easily optically excited
and detected [11-15]. Instead, the use of metallic surfaces poses many constraints regarding the
specific optical configuration to be used for exploiting the plasmonic resonances: in the case of thin
layers a prism must be used; for corrugated surfaces or gratings, the diffraction must be considered
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[5,16-19]. Nevertheless, several applications have been developed using gold nanohole arrays (GNA)
exploiting the capability of this particular kind of structure in tailoring the pumping and/or the
emission features [20-23]. Interestingly, the angular distribution of the fluorescence signal with
respect to the surface orientation has also been considered in some cases. Anyway, a complete study
of the connection between the angle-dependent plasmonic behavior either in the pump as well as in
emission, and the dye features has been performed in ref. [24] although it is focused on a single
plasmonic delocalized resonance. At the same time, the majority of the most recent papers on this
topic are focused on specific bio-detection problem with an empirical approach [13,25-28]. In this
view, the present work is aimed at verifying the suitability of a GNA for engineering a comprehensive
PEF platform. The GNA exhibits an optical response determined by a mix of either localized-, i.e.
localized surface plasmon resonances (LSPRs), or propagating-, i.e. surface plasmon polaritons
(SPPs), modes [29,30]. The GNA was developed by Plasmore Srl as a surface plasmon resonance
(SPR) sensor [31]. Within the EU Horizon2020 h-ALO project [32] the GNA has been considered for
the development of a double-detection sensor combining both SPR and PEF [33,34].

Therefore, we identified two main goals deserving our interest:
1. To analyze the spectral weight of fluorescence mediated by plasmonic resonance behavior and

its angular dispersion;
2. To define the enhancement factor for each measurement configuration.

2. Materials and Methods
2.2. Nanofabrication of the Plasmonic Metasurface

The PEF platform is the GNA consisting of an hexagonal array of PMMA/air nanoholes,
embedded in an optically thick gold layer deposited on a glass substrate [29]. The nanofabrication
protocol is based on a combination of colloidal lithography and plasma-based processes. Cleaned
SiO2 microscope slides were activated under glow discharge for 15 min, and then a silanization
process was performed. Thus, the silanized SiO: was coated with a 180 nm thick layer of polymethyl
methacrylate (PMMA) using a spin coater. Consequently, a monolayer of polystyrene nanoparticles
(diameter = 500 nm) was assembled and transferred on top of the PMMA layer using the Langmuir
Blodgett technique. This monolayer was then conditioned via Oz plasma etching to nanostructure the
underlying PMMA layer. Consequently, a gold layer was deposited by magnetron sputtering with
the same nominal thickness as the PMMA layer. The residual of the nanosphere mask was lifted off
resorting to an isopropanol bath under ultrasonication. Finally, thermal treatment at 300°C for about
one hour was performed to improve the stability of the gold layer. Surfaces fabricated have been
characterized by resorting to the SEM technique. The gold ring surrounding the top of each hole is
about 30 nm in height. A SEM image is reported in Figure 1, showing a very well ordered nanohole
array, with a pitch around 460 nm.
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Figure 1. Scanning electron microscope image of the plasmonic metasurface.

2.2. Dye Deposition

ATTO700 dye was selected to provide a distinct spectral overlap between the dye fluorescence
absorption and emission bands and plasmonic features observed [33,34]. The dye was deposited by
drop-casting on the GNA and, in parallel, on a bare SiO: slide taken as a reference. To provide both
uniformity and stability, alternating positively and negatively charged polyelectrolyte layers (PEL)
were deposited on the targeted surface before the dye deposition process.

Operatively, a poly(styrene) sulfonate at 2% and a poly(diallyldimethylammonium) chloride at
2% solutions are alternatively deposited on the plasmonic metasurface, as shown in Figure 1. After
each deposition step, the sample is washed with MilliQ water and dried under nitrogen flow. In this
way, the PEL layers are stacked on the sample surface. The substrate charge has been considered in
the deposition procedure: positive for the PEF platform and negative for the SiO2 one. Therefore, two
layers on the PEF platform were deposited and three in the SiO:z case. Consequently, the PEL coverage
thickness is estimated to be 4 nm for the PEF platform and 6 nm for the SiOz2sample.

Finally, an 80 uMol aqueous solution of ATTO700 is deposited by drop-casting [35,36]. In this
way, dye molecules are supposed to form a uniform single layer over the sample surface. Panel (a)
of Figure 2 reports the PEF platform stack layout.
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Figure 2. Panel (a): PEF platform stack layout and fluorescence measurement configurations. Panel

(b): Scheme of the custom optical setup for either pumping (a) or collection () angle-resolved
fluorescence measurements.

2.2. Experimental Optical Setups

A custom setup was realized to perform angle-resolved photoluminescence measurements for
four different pumping and collection configurations. To better distinguish the different
measurement configurations, two sides of the PEF platform are defined in panel (a) of Figure 2, i.e.
the front and back sides. A schematic of the setup is shown in panel (b) of Figure 2.

This setup includes two independent custom pump and sample holder that allows for the
autonomous selection of either the pumping or collection angles relative to the optical axis indicated
as a and {3 respectively in panel (b) of Figure 2.

Specifically, a 632nm continuous-wave (CW) He-Ne laser coupled to a standard multimode
optical fiber was employed as the source. The laser beam was focused on the sample's rotation axis
using a BK7 lens with a focal length of 5 cm resulting in a 1 mm? spot diameter with a measured
power of 10 mW.

Two BK7 lenses (Lens 1 and 2 in Figure 2) having the same focal length of 10 cm, were used to
collect the fluorescence signal over an angle of 15 degrees.

An Oriel Multispec spectrograph equipped with a 600 lines/mm grating and a Thorlabs LC-
100/M line camera was exploited for detection. To filter out the pumping laser line, a FELH0650
Thorlabs high-pass filter was placed before the 200 um spectrograph slit.

The fluorescence signal was collected following two different measurement schemes, where the
pumping angle alpha (a) and the collection angle beta (3) were changed. In the first one, a was varied
relative to the plasmonic surface normal axis, while ( was kept fixed. In the second scheme, $ was
spanned while maintaining o constant. In both configurations, the angle variation was set to 5°. To
improve the collection resolution, a measurement at a fixed pumping angle was performed by using
a single lens arrangement for the collection with an acceptance angle of 5°.
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The reflectance (R) and transmittance (T) data were collected using a commercial Fourier
transform spectrometer Bruker IFS66S coupled to a custom micro reflectometer. Broadband (500 nm
to 1000 nm) variable-incidence-angle R and T measurements were performed illuminating the sample
from both front and back sides with a resolution of 16 cm?. A Glan-Taylor polarized was used to
select the TE or TM spectral components.

3. Results

The measured fluorescence spectra of the PEF platform are presented in Figure 3. The
configuration with the pump on the front side, panels (a) and (b) of Figure 3, shows a systematically
higher intensity compared to pumping from the back side. By changing the pumping angle, the
spectra intensity varies, whereas the spectral shape is mainly unaffected. In fact, the fluorescence
maximum intensity is showing a decrease when pumping from the front side, Figure 3, panel (a);
when pumping from the back side, Figure 3, panel (c), the fluorescence maximum intensity increases
from 0° to 20° and then decreases. On the other hand, the spectral shape is mainly unaffected,
displaying an emission maximum around 730 nm, which conserves the spectral position
independently on the pumping angle.
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Figure 3. Variable-angle fluorescence spectra measured on the PEF platform by impinging and
collecting on opposite sides. Panels (a) and (b) report the spectra collected when illuminating from
the front side and collecting from the back one. Panels (c) and (d) refer to the pumping on the back
side and collection from the front one. Spectra are shown as a function of the pumping angle « in
panels (a) and (c), whereas of the collection angle {3 in panels (b) and (d).

On the contrary, considering the variation in collection angle, an evident reshape of the spectra
is observed. As shown in panels (b) and (d) of Figure 3, the fluorescence emission maximum exhibits
a progressive redistribution of the spectral shape towards lower wavelengths, together with an
intensity decrease. The effect is more evident regarding the configuration of pumping from the front
side and collecting from the back side.
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A consistent behavior of the fluorescence emission spectra is also observed when pumping and
collection both insist on the same side (front/front or back/back). Figure 4 reports the results obtained
for these configurations. In this case, the front/front measurements exhibit the largest fluorescence
intensities, whereas the back/back ones are roughly one-third lower in intensity. Also, in this case,
the spectral shape remains substantially unchanged when the pumping angle is varied, displaying a
maximum around 730 nm. Starting from the lowest collection angle of 10°, the fluorescence maximum
intensity monotonically decreases down to 45° for the front configuration (panel (a), Figure 4), while
maintains its value up to 30° to lower again for the back/back configuration (panel (c), Figure 4).
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Figure 4. Variable-angle fluorescence spectra measured on the PEF platform by impinging and
collecting from the same side. Panels (a) and (b) report the spectra corresponding to the front-side
measurements. Panels (c) and (d) report the spectra corresponding to the back side ones. Spectra are
shown as a function of the pumping angle ot in panels (a) and (c), whereas of the collection angle {8 in
panels (b) and (d).

A shift and a reshape of the spectral curves can be observed also in this case by varying the
collection angle. In fact, for both the front/front and back/back configurations, panels (b) and (d) of
Figure 4, respectively, the fluorescence spectra show a redistribution of their shape towards lower
wavelengths, exhibiting a blue shift of the fluorescence maximum. So, by comparing the results
corresponding to the different measurement configurations, it results that the side on which the
pumping occurs is determining the intensity of the response. Instead, the spectral shape is mainly
affected by the collection angle, independently of the chosen configuration.

The dispersion of SPPs can be identified by a comparison between the experimental R behavior
and the theoretical SPPs model (see Appendix A1), depicted by the dotted curves in Figure 6. Here,
the black lines in panel (d) can be ascribed to the SPPs related to the Au/SiO: interface and can be
clearly observed when measuring from the back.

To better highlight the complex plasmonic response of the GNA, that can be associated with
maxima and minima in the optical spectra, in Figure 5 are reported the second derivative of the
reflectance (R) spectra (see Appendix A2, Figure Al) as function of the incidence angle [30]. The first
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row of Figure 5 (panels (a) and (b)) result from the TE and TM R spectra acquired impinging and
collecting from the front side, while panels (c) and (d) from the back side, respectively. The dispersion
behavior of the spectral features can be clearly observed and several different polaritonic branches
can be recognized. The same behavior can be recognized also in transmittance (T), as shown in
Appendix Al.
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Figure 5. Second derivative of variable-incidence-angle R spectra for both TE and TM polarization.
Panels (a) and (b) display the curves resulting from the spectra measured by impinging from the front
side, while panels (c) and (d) from the back side, respectively. The red dashed line indicates the He-
Ne pumping at 632 nm. The black curves in panel (d) are the SPP dispersion branches calculated with
the model in Appendix A2 at the back side.

To identify the SPP dispersion, the calculated dispersion curves have been compared with the R
spectra measured in the TM configuration. On the other hand, the R spectra in TE configuration had
better show instead the LSPR modes. At the lowest angles, below 15°, a superposition of both LSPR
and SPP modes is noticeable, together with the photonic band gap opening at about 680 nm,
corresponding to a simultaneous minimum in T and a maximum in R. Besides, around 0° at 800 nm
an evident optical branch can be observed with almost no dispersion until 10° and an evolution that
coincides with the lowest SPP mode trend for larger angles. It is worth to notice how the laser
excitation wavelength, indicated with the dashed red line in Figure 5, is crossing the GNA plasmonic
modes around (15+20) ° and (30+40) °.
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4. Discussion

In consideration of the aforementioned optical behavior, a possible coupling between the GNA
plasmonic modes and the organic dye features has been analyzed. As a starting point the fluorescence
curves reported in Figure 3, panel (b), were plotted as a map considering the collection angle 3 and
shown in Figure 6, panel (a).

By analyzing the level lines, the main structure changes asymmetrically with respect to the peak
that is slightly blue shifting when increasing the angle 3. At the same time, a shoulder around 770
nm higher wavelengths redshifts along the angle increase.
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Figure 6. Fluorescence spectra maps measured by: (a) pumping at normal incidence from the front
side and collecting from the back side as a function of the collection angle 3; (b) pumping from the
front side and collecting from the back side; and (c) pumping from the back side and collecting from
the front side as a function of the pumping angle a.

Besides, looking at the pumping angle, no significant spectral changes in the curves are noted
and the level lines follow the intensity variation. This variation undergoes an interruption between
15° and 20° when pumping from the front while shows a maximum when pumping from the back,
Figure 6 panel (b) and (c) respectively. It is then clear that two different behaviors for the spectral
evolution can be defined with respect to the collection and pumping angle. To better understand the
dependence on the collection angle, the ratio of the fluorescence spectra at the different angles with
respect to the one at normal incidence (collected at 0°) was considered and their plot are gathered up
in a map reported in Figure 7, panel (a). For the sake of comparison, a subset of the second derivative
of the TE-component of the T map measured impinging from the front side (see Appendix A2, Figure
A2) is reported in panel (b) of Figure 7.
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Figure 7. Map of the fluorescence spectral ratios at the different collection angles with respect to the
one at normal incidence (collection angle 0°) for a pumping angle of 20°. In panel (a), second
derivative of the T spectra (TE-component) in the fluorescence range detection. In panel (b), angular
dependence of the absorbance evaluated at the pumping wavelength of 632 nm.

The dispersion of the spectral features can be identified in either the fluorescence or T maps
highlighting the interplay between the GNA plasmonic modes and the fluorescence emission. This
agrees with the literature where the explanation of the coupling mechanism is proposed in terms of
excitation transfer between plasmonic resonances and dyes. According to Lackoviz [7] the emission
efficiency is critically related to a direct interaction between the plasmonic modes with the far field
radiation, either in absorption or in emission [8-10]. In our case, the structure periodicity guarantees
the optical excitation and de-excitation of the LSPR and SPP plasmonic resonances.

Specifically, Chan et al. in reference [24] give an interpretation of the complexity of such an
interplay, going beyond the pure Purcell effect due to field enhancement also report the collection of
a fluorescence emission spectra showing the clear signature of a single plasmonic mode overlapped
with the dye emission spectral range. Consistently, also in our case several different plasmonic modes
contribute to reshape the fluorescence signal.

Instead, the influence of the pumping angle can be understood focusing on the absorbance (A),
defined as A = 1-R-T, evaluated at the pumping laser wavelength of 632 nm. In Figure 8, A is
presented for both front and back configurations as a function of the incident angle. For the sake of
completeness, the variable-incidence-angle A maps are reported in Appendix A2, Figure A3.
Regarding the front configuration, a tiny variation in A intensity is observed with a maximum in the
range (15+20) °. On the contrary, a relatively large variation occurs for the back configuration with a
monotonic growth until 20° and a subsequent slowdown in growth for higher angles.

This is perfectly in line with the fluorescence results, when considered together with the increase
in absorbance at 632 nm This can also be easily correlated to the crossing highlighted in Figure 5
between the laser excitation wavelength, with the GNA plasmonic modes around (15+20) °.

This represents the fraction of energy that is stored into the plasmonic modes excited with a
specific wavelength but different angles.
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Figure 8. In panel (a), second derivative of the T spectra (TE-component) in the fluorescence range
detection. In panel (b), angular dependence of the absorbance evaluated at the pumping wavelength
of 632 nm.

In addition, also when focusing on the pumping mechanism, the plasmonic contribution to
fluorescence is crucial. Remarkably, it can be noticed how the absorbance in the front configuration
is roughly twice in intensity compared with the back configuration one. Therefore, it is not surprising
that, as observed above, the largest fluorescence intensities are measured when pumping from the
front side. Furthermore, the pumping wavelength is set within the spectral region below the band
gap around 680 exciting selectively the plasmonic resonances lying down on the front surface, as
reported in refs. [33,34]. These modes are characterized by a higher efficiency with respect to
resonance centered around 780 nm (at 0°) thanks to a narrower bandwidth and a longer decay time
[24].

In fact, the fluorescence signal is systematically and significantly larger when pumping from the
front side. A contribution to the enhancement can be identified also in emission, in this case for
wavelengths above the band gap, but it is much less effective.

The synergic combination of all the listed contributions to both pumping and collection, leads to
an enhancement of the fluorescence signal. Figure 9 reports a comparison of the fluorescence signals
for each of the four measurement configurations. The enhancement was evaluated as the ratio of the
fluorescence spectra collected on the PEF platform with respect to the analogous measurement
performed on the ATTO700 directly drop-casted on a bare SiO: substrate with PEL layers and no
plasmonic metasurface underneath.

It can be clearly seen how the enhancement in the fluorescence signal for all the measurements
performed with the support of the PEF platform is constantly relevant. Consistently with our
findings, the highest enhancements are visible when pumping from the front, as visible in Figure 9
panels (a) and (b). In fact, the fluorescence signal collected from the PEF platform is enhanced roughly
40 and 60 times with respect to the bare glass reference considering the collection from the same side
(the front) and the back side, respectively. Remarkably, the fluorescence signal is also enhanced when
pumping from the back side and collecting from the back or the front sides, Figure 9 panels (c) and
(d), respectively, but less efficiently, roughly about 20 times with respect to the reference.
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Figure 9. Fluorescence spectra measured on the PEF platform and on the reference glass slide, the
signal is multiplied by a factor of 20, for the different measurement configurations. Pump and
collection from the front (a) and back sides (c), respectively. (b) Pump from the front side and
collection from the back side. (d) Pump from the back side and collection from the front side.

5. Conclusions

The combination of an off-the-shelf GNA, commonly used for SPR biosensing, and a commercial
dye has been studied. The analysis was carried out in terms of spectral overlap between the complex
(both LSPR and SPP) optical GNA response and the absorption and emission fluorophore features.
The shape of the fluorophore contribution mainly dominates the fluorescence emission spectra. The
signature of the underneath GNA can be anyway clearly recognized, particularly when considering
their angular evolution. In addition, a remarkable fluorescence enhancement has been detected,
depending on the specific measurement setup. Besides, the largest enhancement is observed by
pumping from the front side, since the pumping beam is resonantly coupled to the plasmonic modes
confined at the GNA-PEL interface, allowing the identification of a preferred measurement
configuration.
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Appendix A
Appendix A.1. Surface Plasmon Polariton Dispersion

The SPP dispersion relation were calculated using the simple theoretical model reported by
Giudicatti in [29]. The energies of the SPPs are determined by the following equation:

E(6, ®) = he |2224E* 2 11 (D) sin 6 + g M
£gotd(E)*&q

where &4 represents the permittivity of the dielectric medium interfacing with the gold surface, gmn
denotes the reciprocal lattice vectors for the hexagonal lattice (Figure A3), and ko sin0 is the in-plane
wavevector of the incident light. The azimuthal angle @ in this context accounts for the lattice
orientation.

Appendix A.2. Variable-Angle Spectra

Figure Al and A2 show the variable-angle R and T spectra, respectively, acquired by impinging
from the front side (panels (a), (b)) and from the back side of the sample (panels (c) and (d) for
different light polarization (TE or TM). Figure A3 reports the A maps calculated from the R and T
spectra. In both cases, the red line indicates the He-Ne CW laser line at 632 nm.

TE ™
500
60
2 600
= <
5 40 X
< 700 =
z
900
1000 0
500
60
£ 600
s =y
! 0 X
<L 700 =
g
3
= 800 20
900
1000 0
20 30 40 10 20 30 40
Incidence Angle (deg) Incidence Angle (deg)

Figure Al. Variable-incidence-angle R spectra for both TE and TM polarization. Panels (a) and (b)
display the curves resulting from the spectra measured by impinging with the white source from the
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front side of the sample, while panels (c) and (d) from the back side, respectively. The black dashed
line indicates the pumping laser line at 632 nm.
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Figure A2. Variable-incidence-angle T spectra for both TE and TM polarization. Panels (a) and (b)
display the curves resulting from the spectra measured by impinging with the white source from the
front side of the sample, while panels (c) and (d) from the back side, respectively. The black dashed
line indicates the pumping laser line at 632 nm.



Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 19 March 2024 d0i:10.20944/preprints202403.1082.v1

14

500
70
e 60
g 600 50
= <
= 10
g
< 700 =<
= 30
= 800 20
900 10
1000 0
500
70
60
R 50
= D T -
go 40 X
) <
S 700 30
z
= 800 20
900 10
1000 - 0
10 20 30 40 10 20 30 40
Incidence Angle (deg) Incidence Angle (deg)

Figure A3. Calculated variable-incidence-angle A spectra for both TE and TM polarization. Panels (a)
and (b) display the curves resulting from the spectra measured by impinging with the white source
from the front side of the sample, while panels (c) and (d) from the back side, respectively. The black
dashed line indicates the pumping laser line at 632 nm.
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