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Tuning of plasmonic surface lattice resonances: on
the crucial impact of the excitation efficiency of
grazing diffraction orders+
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Metallic nanoparticles exhibit remarkable optical properties through localized surface plasmon (LSP) reso-
nances. When arranged in arrays, nanoparticles form surface lattice resonances (SLRs) affected by inter-
particle distance. SLRs can offer narrower bandwidths and stronger electric field enhancements than LSP
modes, crucial for efficient optical device development. Among important aspects, grazing diffracted
orders crucially impact SLR properties, facilitating long-range nanoparticle interactions. This study
explores how these photonic modes propagating at the substrate surface influence SLRs, by using experi-
mental and theoretical approaches, including Finite Difference Time Domain simulations on gold disk
arrays. Results show SLR properties strongly rely on diffracted mode efficiency controlled by the grating
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constant along the incident polarization. Notably, large inter-particle spacing along the incident polariz-
ation can strongly reduce the SLR red-shift. Understanding and managing long-range interactions in
engineered plasmonic structures are highlighted, providing insights for enhanced performance in
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1 Introduction

Metallic nanoparticles (NPs) absorb and scatter light thanks to
their capability to sustain localized surface plasmon (LSP)
resonances.’™ These resonances correspond to the coherent
oscillations of surface conduction electrons in response to the
incident electric field of light, leading to the emergence of an
enhanced optical near-field.*® The increase of the local field
strength originates from significant dipole moment at optical
frequencies induced by the electron oscillation. The LSP fre-
quency of a metallic nanoparticle is closely linked to the
plasma frequency of the free electrons, a parameter deter-
mined by the particle’s size and shape, as well as the permittiv-
ity of the metal and the surrounding medium.”® When these
nanoparticles are arranged in a periodic lattice, their plasmo-
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advanced photonic and optoelectronic devices.

nic resonances can couple with each other, leading to the
emergence of new resonant modes called surface lattice reso-
nances (SLRs)."*™ SLR occurs if the diffraction order results
in a surface wave propagating in the plane of the grating,
known as the Rayleigh anomaly (RA).">'® In other words, SLR
originates from the coupling between localized surface
plasmon modes and grazing diffraction modes. Their fre-
quency is of influenced not only by the optical response of
individual nanoparticles but also by the lattice parameters
such as the inter-particle distance (grating constant) and the
array configuration. They may be characterized by a narrow
bandwidth implying a strong enhancement of the electric field
in the vicinity of the particles.’”'® In the far-field, this long-
distance coupling is evidenced by a red-shift in the wavelength
of SLR mode as the grating constant increases, reaching a
maximum of spectral shift for grating constant close to the
incident light wavelength. Collective effects in 2D periodic
arrays of nanoparticles have been investigated in numerous
studies for fundamental understanding of the SLR effect,'®*°
and more recently in order to improve optical responses that
are often not possible with single particles, such as high
quality factors.>’ > Indeed, such long-range interactions are
particularly interesting since it results in improved enhanced
light-matter interaction, compared to non-coupled nano-
particles, including enhanced light absorption, scattering, and
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confinement of electromagnetic fields within the structures
array, with distinct applications including sensing,>**
enhanced spectroscopy,>®*” and photonic devices.*® However,
no study has yet examined the impact of the efficiency of diffr-
acted orders in the substrate plane that facilitate coupling
between the particles at long distances. This aspect is of
crucial importance since it opens up the route for improve-
ments in the monitoring of the long-range interactions, in
terms of the SLR wavelengths and quality factors. Therefore,
this study addresses the following questions: is there a signifi-
cant impact of the efficiency of diffracted orders in the plane
of the substrate on the SLR properties? And as a possible con-
sequence, can we monitor the SLR properties through the
control of the photonic modes propagating in the plane of the
substrate?

To raise these questions, we propose in this article, to study
experimentally the SLR properties supported by regular arrays
composed of rectangular cells of gold nanoparticles, elabo-
rated by electron beam lithography® and theoretically through
Finite Difference Time Domain (FDTD) simulations.’*?!
Indeed, considering such configuration, will allow us to
analyze the efficiency of the diffracted modes by changing the
grating contant according to the direction of the incident
polarization, and see the impact on the SLR resonance along
the perpendicular direction, as schematized in Fig. 1. In doing
this, we will show for the first time that the grazing modes pro-
pagating perpendicularly to the incident light polarization, at
normal incidence, are strongly affected by the grating constant
according to the incident polarization using as model systems,
dielectric NPs. As a strong consequence, it is shown no red-
shift is observed for large inter-particle spacing according to
the incident polarization. Understanding and harnessing diffr-
action efficiency offer opportunities for developing advanced
photonic and optoelectronic devices based on SLR resonances,
with enhanced performance and functionalities.

Fig. 1 Scheme of the rectangular arrays of disks: low diffraction
efficiency (in blue box) vs. high diffraction efficiency (in red box) on the
surface of rectangular arrays of gold disks featuring a diameter (D) and a
fixed height (h). The grating constants in the x- and y-directions are
denoted as P, and P,, respectively. The gold nano-disks are deposited
onto a glass substrate coated with a thin layer of ITO. The polarization
set along x-direction enables the excitation of Rayleigh anomalies pro-
pagating along the y-direction. The grating effect on SLRs is more
efficient when the diffraction efficiency of the grazing orders is high, i.e.
more energy is channeled onto the surface, (obtained for small interpar-
ticle distances along the polarization direction).
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2 Results and discussion

To date, many fundamental and applied studies have been
investigated on surface lattice resonance (SLR) have, using
square, hexagonal or rectangular arrays of
nanoparticles.'"'*??73¢ QOthers have studied the impact on
coupling to the Rayleigh anomaly by modifying the size of the
nanoparticles, which can also alter the surface plasmon
response.’” !

To achieve our goal, we consider rectangular arrays of gold
nano-disks, and show that such configuration enables us to
elucidate the pivotal role of diffracted modes in SLR pro-
perties. Although many papers have addressed the use of rec-
tangular arrays made of disks or rods, non of them pointed
out the crucial role of the excitation efficiency of grazing diffr-
action orders on the SLR properties.!' 43233353642 The (djs-
tinct rectangular arrays of gold nano-disks are fabricated via
Electron Beam Lithography (EBL), featuring a diameter (D) of
150 nm and a fixed height (%) of 50 nm. The grating constants
in the x- and y-directions are denoted as P, and Py, respectively.
The gold nano-disks are deposited onto a glass substrate
coated with a thin layer of Indium Tin Oxide (ITO) measuring
80 nm in thickness. The superstrate considered in the present
studies is air. The structure is illuminated by a linearly polar-
ized plane wave along the x-axis from the substrate side. This
polarization direction enables the excitation of Rayleigh
anomalies propagating along the y-direction. The transmitted
signal is collected in the same direction in air, and it is pro-
cessed to determine the extinction spectra. This extinction is
evaluated as log;(1/Ty), where Ty is the specular transmission
of the structure. The investigation of the excitation efficiency
and its impact on the SLR properties is made possible by
simply varying P,, corresponding also the incident polariz-
ation, as depicted in Fig. 1.

To explore the influence of the grating constant aligned
with the polarization direction of the incident light (e.g., along
the x-axis) on the position of the SLR, we initially examined
two arrays, with identical nanoparticle (diameter D = 150 nm)
and a fixed y-axis period (P, = 450 nm), while possessing two
distinct x-axis periods (P, = 220 nm and P, = 400 nm). The
fixed value of P, at 450 nm is chosen strategically to align the
spectral position of the RAs (0, +1) closer to that of the LSP
resonance of the NPs, thereby entering the regime of long-
range interaction (or grating effect). Indeed, the slight dis-
parity between the LSPR and the Rayleigh anomalies (0, +1)
enhances the radiative coupling of LSP to grazing diffracted
orders. The experimental and FDTD extinction spectra of the
two arrays are recorded with a polarization along the x axis,
and presented in Fig. 2. Thus, polarization along the x-axis
induces a diffracted mode perpendicular to it, namely, along
the y-axis. The spectra show that the RAs (0, +1) interact with
the LSPR of the NPs, giving rise to an SLR mode, as antici-
pated. However, the experimental spectra, in close agreement
with FDTD simulations, evidence a higher red-shift in the posi-
tion of the SLR for P, = 220 nm, compared to that of P, =
400 nm. This discrepancy is surprising given that the grating

This journal is © The Royal Society of Chemistry 2024
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Fig. 2 SEM images of two rectangular arrays of gold disks with dia-
meter D = 150 nm, height h = 50 nm and y-pitch P, = 450 nm deposited
on a glass substrate coated by a thin ITO layer (middle). The image in the
red frame corresponds to P, = 220 nm, while the one in the blue frame
corresponds to P, = 400 nm. The curves in (a) are the experimental and
in (b) the calculated extinction spectra of the structures, recorded in air
(superstrate) when the structure is illuminated at normal incidence from
the glass substrate with an x-polarized plane wave. The red curves
correspond to P, = 220 nm while the blue ones correspond to P, =
400 nm.

constant along the y-axis (P, = 450 nm) remains identical for
both arrays.

To confirm the observation, the extinction spectra by
varying the grating constants along y-direction were recorded
for distinct values of P, with a polarization along the x-direc-
tion, varying from 220 nm to 600 nm: (a and a’) P, = 220 nm;
(b and b’) P, = 300 nm; (c and ¢’) P, = 400 nm and (d and d’) P,
= 600 nm, as shown in Fig. S1 and S2.} The experimental and
calculated diagrams of dispersion were deduced (see Fig. 3). In
all the presented cases, the FDTD calculations confirm and
closely match the experimental results. If the alignment
between simulation and experimental results is quite good for
the dispersion diagram at P, = 400 nm, with similar band
widths in both cases at other pitches (e.g., P, = 300 nm), the
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Fig. 3 (a—d) Experimental and (a'-d’) calculated diagrams of dispersion

disks (150 nm in diameter and 50 nm high), supported by a glass substrate,

direction of the normal incidence wave is along the x-axis. The Rayleigh
substrate.
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experimental SLR bandwidths are broader than predicted by
the FDTD method. This may be due to particle size polydisper-
sity, despite precise electron beam lithography (EBL) cali-
bration, and nanoscale surface roughness, which introduces
damping effects on plasmon excitation.*® Therefore, for identi-
cal values of P), the resonance wavelength—corresponding to
the peak of extinction—is more red-shifted, as P, decreases.
Furthermore, the slope of the resonance band, in the extinc-
tion diagram, increases and is red-shifted when P, increases
(prior to reaching strong long-range interaction). This shift
becomes particularly significant for small values of P,. On the
contrary, for very large P, values (for instance P, = 600 nm as
in Fig. 3(d and d")), the extinction band is almost flat indicat-
ing a very weak coupling regime between the RA and the LSP,
whatever the P, values. Same conclusions are observed by con-
sidering the similar lattice parameters, but for smaller NPs,
with a diameter of D = 100 nm, as shown in the diagram of dis-
persion in Fig. S3 and S4.1 Consequently, the grating constant
in the direction of polarization exerts a substantial effect on
the SLR spectral position even if the latter is linked to an
anomaly propagating in the perpendicular direction (here
y-direction). Consequently, the red-shift commonly observed
with an increase in the grating constant P, is influenced by the
values of P, when the incident polarization is along the x direc-
tion, as illustrated in Fig. S5.1 This figure presents the spectral
range of the red-shift in the SLR when varying the grating con-
stant P, for different P, values. It demonstrates that as P
increases, the magnitude of the SLR red-shift decreases with
variations in P,.

Note that the values of the gaps separating the nano-
particles in the x-direction considered in this work are large
enough to inhibit any near-field coupling, in this direction,
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showing the SLR wavelengths versus P, of the rectangular arrays of gold

and for fixed P, = 220 nm, 300 nm, 400 nm and 600 nm. The polarization
anomaly position is displayed in a white line for the (0, +1) orders in the
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due to the overlap of the energy lobes of the plasmon reso-
nances of the adjacent particles. As shown in Fig. S6,7 near-
field coupling only has an effect when the distance between
the particles is less than 40 nm and only becomes significant
when the distance is less than 20 nm. For distances between
40 nm and 60 nm, the position of the resonance shows a
plateau towards A = 607 nm, corresponding to the spectral
position of the LSP resonance of an isolated particle as shown
in the scattering efficiency spectrum of the isolated particle
(see Fig. S61). This demonstrates the quasi-absence of near-
field coupling by overlapping of the energy lobs for gaps
around 50 nm and obviously beyond.

In order to elucidate the role of the periodicity in the direc-
tion of polarization (here x-direction), the only credible
hypothesis is to attribute it to the excitation efficiency (ampli-
tude of the associated electromagnetic field) of the surface
wave that is the Rayleigh Anomaly that couples with the LSP
giving rise to SLR. To verify this hypothesis, while avoiding
absorption phenomena that could influence the amplitudes of
the various diffracted modes, we propose to consider a purely
dielectric structure. In fact, it is well-known that dielectric
nanoparticle arrays could support SLRs resulting from the
coupling between Mie resonances of individual particles with
the Rayleigh anomaly.**™° Nevertheless, for verification, we
investigate a grating composed of a rectangular array of dielec-
tric disks fabricated from a material with a high refractive
index (np = 4),">°° each with a diameter of D = 120 nm and a
thickness of 4 = 50 nm, deposited on a glass substrate. These
specific parameters were selected to ensure that the scattering
efficiency of an isolated disk (on a substrate) exhibits a Mie
resonance within the visible spectrum, as demonstrated in
Fig. 4a. This resonance is of the electric dipolar type, as can be
seen from the distribution of the normalized electric field
intensity shown in the inset of Fig. 4a. When transitioning to
the periodic structure, we set the period along the y-direction
to P, = 300 nm (perpendicular to the incident polarization) to
ensure the presence of resonant modes (RA) (0, +1) near the
isolated particle Mie resonance. Subsequently, these modes
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Fig. 4 Scattering efficiency of a single dielectric nano-disk of index np
= 4 in (a), and extinction spectra of dielectric nano-disks’ arrays of index
np = 4 in (b). The inset in (a) corresponds to the electrical intensity distri-
bution in the x—y plane, calculated just below the nano-disk, highlight-
ing the electrically dipolar nature of the Mie resonance. The geometrical
parameters of nano-disks are D = 120 nm as diameter and h = 50 nm as
hight. The lattice parameter P, is kept constant at 300 nm. Both the
single nano-disk and the grating are supported by a glass substrate
coated with a thin layer of ITO and surrounded by air as superstrate.

Nanoscale

View Article Online

Nanoscale

are coupled together to form a SLR. As expected, the extinction
spectra of Fig. 4b, obtained for different values of the P,
period show the excitation of such SLRs. As in the case of gold
nano-disks grating, these resonances are red-shifted compared
to the case of the isolated particle, and this shift is more
important when P, decreases. Now, let’s attempt to identify
the underlying cause of this phenomenon based on our earlier
assumption, which involves examining changes in the magni-
tude (efficiency) of the RA along the y-direction as the period
along the x-direction (P,) is varied. To this purpose, it is
necessary to quantify this magnitude as a function of P,. This
requires a configuration where the RAs are far from any inter-
action with the eigenmodes of the scatterers. The all-dielectric
grating offers us this possibility, since the Mie resonance is
strongly influenced by the dielectric index of the nano-
particle.>® Therefore, an optical refractive index of np = 2.2 for
the disk shifts the Mie resonance at around 200 nm (see
Fig. 5a), far from the (0, +1), RA’s wavelength which is 450 nm
when P, is fixed at 300 nm.

Fig. 5b shows the square modulus of the normalized elec-
tric field amplitude (zq = |Eq/Einc|®) of the whole diffracted
orders by the grating for different values of P,. This quantity
(zq) is calculated using relation: g = 1 — Ty — Ry, where T, and
R, are the specular transmission and reflection coefficients of
the structure, respectively. This formula is justified by the
inherent non-dissipative nature of our all-dielectric structure,
meaning that no energy is lost by absorption. In the case
where only the RAs (0, +1) are excited (no more diffracted
orders), this electric intensity corresponds to the one carried
by these grazing modes.
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Fig. 5 (a) Scattering efficiency of an isolated disk of index np = 2.2. (b)
Square modulus of the normalized electric field amplitude of the whole
diffracted orders (diffraction efficiency) of dielectric disks' arrays of
index np = 2.2 for different values of P, and for fixed value of P, =
300 nm. (c) Extinction spectra for the same arrays as considered in (b).
(d) Corresponding photonic band structure, calculated by N-order
FDTD, for one value of grating constant P, = 250 nm. The solid and
dashed white lines represent the RAs (0, —1) and (0, +1) respectively.
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Fig. 5c¢ shows the calculated extinction spectra corres-
ponding to the gratings considered in Fig. 5b. As can be seen,
the position of the extinction maxima coincides with the position
of the grazing order diffraction efficiency maxima and does not
change as a function of P,. This is not the case when the index of
the particle is high, here fixed at n;, = 4 (see Fig. 4b), where the
position of the resonance in extinction is shifted to the red as P,
decreases (due to the interaction of the anomaly with the Mie
resonance). This proves that for low nanoparticle index (np = 2.2)
there is no interaction between the anomaly and the Mie reso-
nance, which means that the missing energy in the far field (in
the spectra in Fig. 5c) is indeed diffracted on the surface and
quantified by the quantity z4.

The diffracted energy maximum, which is around 1 =
450 nm whatever the value of P,, corresponds to the fraction of
energy carried by the diffracted order just before it changes
from homogeneous (propagative) to evanescent at the wave-
length of the Rayleigh anomaly. This wavelength value is
obtained in the case of normal incidence from the formula
bellow:>!

2 27-1/2
Ira(l,m) = n{éﬂ%} (1)

Here [ and m are the diffracted wave orders along the x and y
directions, respectively and n is the optical index of the substrate.
Above Aga (0, £1), 74 decrease rapidly to zero for all values of P, as
seen in Fig. 5b. In this particular spectral range, only evanescent
waves are excited as predicted by the formula (1), but without car-
rying any energy. From these results, we can conclude that this
energy fraction associated with the RA (0, +1) is greater when P,
is smaller, i.e. when the disks come closer together along the
incident light polarization direction. The excitation efficiency of
these grazing orders is higher for smaller P,, which enhances
their coupling with the Mie resonance (or localized surface
plasmon resonance in the case of gold disks).

These observations are corroborated by a band structure
calculation carried out on the same structure when the value
of P, is fixed at 250 nm (see Fig. 5d). As can be seen in this
Figure, the two lower and upper branches are superimposed
on the (0, +1) and (0, —1) anomalies (shown as dashed and
solid white lines respectively). At the I" point they tend to the
same spectral position (450 nm) as that corresponding to the
excitation of the two grazing orders (0, +1) by a plane wave illu-
minating the structure at normal incidence (Fig. 5b). The spec-
tral position of the maximum diffracted energy, independent
of P, and located at the same position as that of the anomalies,
indicates the absence of any coupling with the Mie resonances
of the nanoparticle (Fig. 5b). This is also confirmed by the
absence of additional branches on the band diagram (Fig. 5d).

In a second step, we used the previous dielectric lattice to
study the interaction between the Mie resonance and the
Rayleigh anomalies by considering the nano-disk index np, = 4.
It is known that a sharp contrast index of the photonic crystal
induces the removal of degeneracy at the I" point, resulting in
the appearance of a photonic band gap.

This journal is © The Royal Society of Chemistry 2024
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The band calculations carried out on this structure and
shown in Fig. 6a and b indicate the presence of three branches
in the case of P, = 175 nm and four branches when P, = 270 nm.
In both cases, the lower and upper branches are tangent to the
(0, +1) and (0, —1) anomalies, shown as dashed and solid white
lines respectively. The central branch shown in the band diagram
in Fig. 6a and the branch just below the upper branch in Fig. 6b
correspond to the localized Mie mode supported by the nano-
disks. The intensity of the additional branch that appears just
above the lower branch (Fig. 6b), is relatively low, especially at
low K, values. Its position is around 405 nm, which corresponds
to the position of the anomaly (+1, 0) in the substrate when P, =
270 nm. It is independent of K, in our case, which makes this
branch horizontal. Note that this branch is not visible in Fig. 6a
corresponding to P, = 175 nm, because the position of the
anomaly (+1, 0) is located at about 262.5 nm.

Near the I' point, where the coupling is strong, the two
band diagrams show only two branches. In this zone, the Mie
mode couples with the anomalies, giving rise to two SLRs
whose spectral positions are redshifted with respect to the
anomaly wavelength. Similar results in relation to plasmonic
SLRs were also reported by Tretnak et al.>*

Outside the coherent coupling zone (ie. far from the I'
point) the three branches coexist. As we move away from the I'
point, the Mie branch tends to flatten out (more rapidly for
large P,), while the other two merge completely with the lattice
anomalies. It is important to note that the angular extension
(along K;) of the coherent coupling zone is larger the smaller
P, is. In addition, the redshift of the two SLRs near the I" point
is more pronounced when P, is small. Fig. 6¢c shows the spec-
tral energy density corresponding to a cross section at the T’
point of the band diagrams in Fig. 6a and b. As can be seen,
the redshift is greater for smaller P,. When compared with the
far-field extinction spectra (see Fig. 4), it can be seen that the
upper branch is a dark mode (absent in the extinction
spectra), while the lower branch is a bright mode (present in
the extinction spectra at the same wavelength).

In Fig. 7 we have superimposed the diffracted energies and
the extinctions calculated in the far field in the cases corres-
ponding to the absence (n = 2.2, Fig. 7a) and the presence (np
= 4; Fig. 7b) of the coupling. As can be seen in Fig. 7a, the lack
of energy transmitted in the far field, which results in a
maximum extinction, is carried on the surface by the grazing

[C I m—e—

430 10 150 160 170
Wavelength (nm)

Fig. 6 Photonic band structure calculated by N-order FDTD for the
dielectric structure of grating constants P, fixed at 300 nm and P, =
175 nm in (a) and P, = 270 nm in (b). The solid and dashed white lines
represent the RA(0, —1) and RA(O, +1), respectively. (c) Eigenmode calcu-
lation at I" point (k = 0).
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Fig. 7 Square modulus of the normalized electric field amplitude and
extinction spectra of dielectric disks’ arrays vs. light wave length when
the refractive index of the disk is set equal to 2, 2 in (a) and to 4 in (b).
The other parameters are diameter D = 120 nm, height h = 50 nm and
periods P, = 300 nm and P, = 175 nm. The substrate is glass of refractive
index n = 1.5.

orders (0, 1), as confirmed by the superposition of the
maxima of the extinction and diffracted energy spectra at wave-
length 450 nm. For scatterers index of np, = 4, the energy diffr-
acted at the surface is almost zero at about 450 nm, as shown
by the red curve in Fig. 7b. This is due to the radiative coupling
of the grazing modes with the Mie resonance giving rise to a
collective mode (SLR) (in blue in Fig. 7b). It can be concluded
that for tuning the wavelengths of the grating resonances, the
P, parameter, which is often neglected when the gratings are
illuminated by an x-polarised wave, is as important as the P,
parameter. The effect of P, on the SLR positions is due to the
in-plane diffraction efficiency of the (0, +1) orders, which is
more important when P, is small. The spectral position of the
SLR is therefore also tuned by the pitch along the propagation
direction of the anomaly P, (placing the anomalies close to the
single particle resonance) and more importantly, tuned by the
pitch along the polarisation direction P,.

3 Conclusion

In this study, we experimentally investigated SLR properties in
rectangular arrays of gold disk particles and complement our
findings with Finite Difference Time Domain (FDTD) simu-
lations. By varying the grating constant according to the inci-
dent polarization direction, we analyze the efficiency of diffr-
acted modes and their impact on SLR resonance. Our results
reveal a strong dependence of SLR properties on the grating
constant and incident polarization along the same direction.
These engineered devices can function as highly efficient
optical sensors, utilizing precise control over SLRs in metallic
nanoparticle arrays. By tuning the grating constant along the x
axis, the excitation efficiency of grazing diffraction orders can
be optimized, resulting in sensors with narrower bandwidths,
stronger electric fields, and enhanced sensitivity, offering
advanced and tunable nanoscale light manipulation. Overall,
understanding and manipulating these resonances offer
opportunities for developing advanced photonic and opto-
electronic devices with enhanced performance and functional-
ities, underscoring the significance of our findings in advan-
cing nanophotonic engineering.
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4 Methods

4.1 Electron beam lithography

The arrays were made by EBL, and were observed and charac-
terized by scanning electron microscopy (SEM) at 5 kV using
Zeiss Supra 40 MEB-FEG as instrument without metalliza-
tion.”® In the EBL procedure, a 100 nm thick layer of PMMA
(poly-methyl methacrylate) electron resist was spin coated on
glass substrates covered with a 80 nm layer of transparent con-
ducting indium tin oxide (ITO). In the exposure step, the
desired structures were exposed to an electron beam which
was scanned over the sample. Chemical development, thermal
vacuum coating with gold and a lift-off procedure followed,
which led to regular arrays of gold nano-disks of the desired
cross-section and widths, 50 + 5 nm height and 100 pm dia-
meter on top of the ITO covered glass-substrate. This method
allows us to control precisely the nanoparticle size, shape, and
interparticle distance between nanoparticles. We have thus the
ability to tune the plasmon resonance at any desired
wavelength.>*>3

4.2 UV-visible extinction spectroscopy

The LSP resonance of the samples were probed by far-field
visible-NIR extinction micro-spectroscopy in the range of
500-900 nm, with an irradiation by a halogen lamp from the
glass side at normal incidence. The spectrometer (LOT ORIEL
model MS 260i) was coupled to an optical microscope
(OLYMPUS BX 51) equipped with a 10x objective (numerical
aperture N.A. 0.25). The investigated area is a circle of approxi-
mately 80 pm diameter, which is smaller than the structures
array (100 x 100 um?).

4.3 Finite difference time domain (FDTD) calculations

Finite Difference Time Domain (FDTD) simulations were per-
formed using a developed 3D-code for the optical proprieties
investigation. The code takes into account the periodicity of
the structure in x and y directions via Bloch’s boundary con-
ditions®* and the upper and lower semi-infinite media in z
direction through Perfectly Matched Layers (PML) conditions
of Berenger.>* The implemented Critical Points Drude model®’
deals with the dispersive nature of gold and ITO using
different fitted parameters to match experimental values. The
structure is illuminated, with a plane wave, at normal inci-
dence from the substrate. In near field, the normalised electric
field intensity is calculated in the vicinity of the gold disks,
while the detector is placed far away from them for far field
simulations of extinction spectra.

Data availability

Data for this article, including SEM images, UV-Vis measure-
ments and raw data from FDTD calculations are available at
figshare at https://doi.org/10.6084/m9.figshare.26068189.v2.
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