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Abstract: Plasmonic arrays are grating-like structures able to couple an incoming electromagnetic
field into either localized or propagating surface plasmonic modes. A triangular array of elliptical
holes in a gold layer were realized resorting to displacement Talbot lithography. Scanning electron
microscopy was used to evaluate the geometrical features and finite time domain simulations were
performed to verify the consistency of the design. The optical response was characterized by angle-
resolved reflectance and transmittance measurements. The results demonstrate the good quality and
uniformity of the array. Furthermore, the study on the dependence of the optical response on both
the hexagonal lattice and the elliptical hole-defined symmetry properties was conducted allowing
the distinction of their effects on both the localized and propagating plasmonic modes. The results
indicate that the localized component of the plasmonic modes is mainly affected by the elliptical
shape, while the propagating part is influenced by the hexagonal lattice symmetry.

Keywords: plasmonics; gold nanohole arrays; optical characterization; elliptical symmetry

1. Introduction

Over the last 20 years, a great deal of research has been conducted on the interaction
of electromagnetic radiation with plasmonic nanostructures. Among them, plasmonic
arrays have gathered a lot of interest since they have proven to be a valuable tool for the
simultaneous excitation of both two main types of plasmonic modes: surface plasmon po-
laritons (SPPs) and localized surface plasmons (LSPR) [1]. They are electric charge density
oscillations that propagate or locally oscillate at the metallic/dielectric interfaces of the
plasmonic nanostructure [2]. The ordered array couples the SPPs via momentum matching,
while at the array unit’s location, which can be a nanohole, LSPR is excited. (Interestingly,
plasmonic nanoparticle arrays and plasmonic nanohole arrays have been shown to have
complementary optical properties [3]). The simultaneous excitation of SPP and LSPR results
in a mutual interaction that confers them complex physical properties [1]. Both types of
structures have been widely used for sensing applications, starting from surface plasmon
resonance [4-7], plasmon-enhanced fluorescence [8-13] or surface-enhanced Raman scat-
tering [14-16] up to color generation and filtering [17-19]. Nevertheless, high attention
has been drawn toward gold nanohole arrays, especially since Ebbesen and coworkers
observed the phenomenon of extraordinary optical transmission [20,21]. This effect was
attributed to the surface-plasmon-mediated light tunneling through periodical arrays of
subwavelength holes in a thick metal film [22-25]. In fact, in metal nanohole arrays it
is possible to couple the SPPs propagating at the opposite metal/dielectric interface of a
metal film thanks to the hole structure, giving rise to an enhanced transmission [24]. It
is important to note that the plasmonic properties strongly depend on the array- as well
as on the hole- geometrical features. As a matter of fact either the shape and the size of
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the hole play a role in relation to the array periodicity and the metal film thickness [26,27].
In particular, by a precise tailoring of these parameters, the optical response of plasmonic
arrays can be tuned at the desired wavelength, such as in color-generation/filtering ap-
plications [17]. Up to now, arrays based on circular or square-shaped holes have been the
most studied [25,28-30], but the advances in nanofabrication techniques have provided the
means for the realization of metal nanohole arrays of complex shapes [31,32]. As a matter
of fact, it has been shown that non-circular shaped holes dramatically influence the optical
properties, generating polarization-dependent behaviors and paving the way for advanced
sensing applications [18,33-35]. Gordon et al. [36,37] experimentally studied the optical
response of a square array of elliptical holes with different aspect ratios, observing strong
polarization selectivity. In these years, only a few studies have been conducted on the opti-
cal properties of elliptical nanohole arrays. Most of them have focused on the polarization
selectivity induced by the elliptical hole symmetry and shape, restricting the investigation
to normal-incidence measurements and only to extraordinary optical transmission-related
effects [38—40]. Some interest has been devoted to their use for specific devices aimed at
sensing applications [41,42] with polarization-based detection. As far as we know in the
literature, very few studies have been conducted on the effects of the lattice symmetry in
combination with the hole’s non-circular shape [38]. Nonetheless, the interest has been
growing in exploiting the interplay of the hole shape together with the lattice symmetry to
induce chirality and enhance circular dichroism for advanced sensing applications [43—45].
Moreover, due to the recent interest in the field of plasmonics, the topic of bound states in
the continuum could be also studied in elliptical hole arrays [46—48].

A common issue for all these potential applications and related studies relies mainly
on nanofabrication. Usually, these plasmonic arrays are fabricated by ion/electron beam
lithography, which provide high quality samples but is restricted to small dimensions and
not suitable for large-scale industrial applications. In the very recent years, the interest
in the recently developed technique called Displacement Talbot Lithography (DTL) [49]
has been growing thanks to the advantageous ratio between costs, scalability, and repro-
ducibility that it is able to provide [50]. In this work, we studied the optical properties
of an array of elliptical holes in a gold film nanofabricated by DTL. A comprehensive
optical characterization was performed in terms of Reflectance (R) and Transmittance (T)
measurements. The effect of hole shape on the surface plasmon excitation was investigated,
together with the lattice symmetry influence on the SPP coupling. Simulations have been
used to check the reliability of the results.

2. Materials and Methods
2.1. Nanofabrication

The plasmonic nanohole array was fabricated by displacement Talbot lithography [49].
An 80 nm Gold layer was deposited by thermal evaporation on a round polished glass
wafer. A positive photoresist was deposited by spin coating onto the Gold layer. At this
point, the sample was exposed to coherent UV light (377 nm) by irradiating a phase mask
patterned with a hexagonal array of circular holes with a 600 nm pitch. The movement
of the sample support stage allows the formation of holes with an elliptical shape. Argon
milling and then Oxygen plasma etching was used to open the holes and to remove the
residual photoresist, respectively. The final structure consists of a plasmonic nanohole
array made of air holes etched in a Gold layer onto a glass substrate. A SEM image of the
plasmonic nanohole array is reported in Figure 1. The estimated minor and major axis
lengths of the elliptical holes are 340 nm and 274 nm, respectively.



Optics 2024, 5

197

100 nm Mag= 15000 KX EHT=10.00kV SignalA=InLens WD= 27mm StwagearT= 0.0°  Time:11:45:01

Filke Name = kj230424_hexa_p600_Tepl_d70_30.4f Date :4 May 2023

Figure 1. Scanning electron microscope image of the plasmonic nanohole array.

2.2. Optical Characterization

The scheme of the plasmonic nanohole array structure and the sketch of the optical
configuration are reported in the left panel of Figure 2. For the measurement, the sample
was placed orienting the minor axis of the ellipses along the x direction (left panel of
Figure 2), defining the azimuthal angle ¢ equal to 0°.
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Figure 2. Left panel: a stack of the plasmonic nanohole array. The plane of incidence, together with
the incidence angle 6 and the azimuthal angle ¢ are defined. TM and TE polarization are indicated to
define the location of the electric field component in the plane and normal to the plane of incidence,
respectively. The in-plane wavevector component is indicated in blue. Right panel: scheme of the
optical configuration of the experiment with a homemade micro-reflectometer.

The optical characterization was performed using a commercial Fourier-Transform (FT)
spectrometer (Bruker IFS66s, Bruker Optics GmbH & Co. KG, Ettlingen, Germany) coupled
with a micro reflectometer allowing variable-angle R and T measurements. The scheme
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of the spectroscopic setup is depicted in the right panel of Figure 2. The electromagnetic
radiation exiting the FT spectrometer is collected by a mirror and focused onto a slit to
shrink the spot size down to tenths of microns. Then, a diaphragm selects the beam aperture
to be focused onto the sample, which is placed onto an XYZ translator (Mitutoyo, Kawasaki,
Japan) and a rotation stage at the same time. The rotation stage allows the variation of the
incidence angle 0 of the light beam.

The homemade sample holder also enables the rotation of the sample with respect
to the surface normal by an azimuthal angle ¢, defined in the left panel of Figure 2. The
sample surface is visualized by a camera, enabling the correct positioning of the sample
on the axis of rotation, and selecting the surface area to investigate. Then, the reflected or
transmitted beam is sent by a mirror on a Glan-Taylor polarizer (Thorlabs, Newton, NJ,
USA) to select TM (electric field in the plane of incidence) or TE (electric field normal to the
plane of incidence) polarization components, as depicted in Figure 2, and then sent to the
detector. The whole detection part is placed onto a rotation stage allowing the detection of
R in a specular-reflectance configuration.

For our study, a standard halogen lamp (Philips, Amsterdam, The Netherlands) was
used as a source and a liquid Nitrogen-cooled InSb detector (Teledyne Judson Technologies,
Montgomeryville, PA, USA) to measure the spectra in the range from 500 to 1400 nm with a
16 cm ! resolution. The size of the spot used to investigate the sample surface was roughly
300 x 300 um?, while the angular divergence of the light cone was 1°.

Normal incidence T and R spectral measurements were done by rotating the sam-
ple at different angles ¢ with TM-polarized light. Variable-angle R measurements were
performed for 6 from 3° to 45° with a 2° step for each of the azimuthal angles ¢ = 0°,
30°, 60° and 90° with TM-polarized light impinging from the sample SiO, substrate. This
configuration, which is leaving the active side of the plasmonic nanohole array free from
the light beam, is the one adopted to couple the plasmonic modes in a convenient way for
sensing applications [6].

Thanks to the surface periodicity, the electromagnetic radiation impinging on the
nanohole array is directly coupled with both surface plasmon polaritons (SPPs) and lo-
calized surface plasmons (LSPR) [21,24,51]. Their fingerprints can be recognized in the
reflectance (R) and/or transmittance (T) spectral features. By changing the incidence angle,
as defined in the left panel of Figure 2, the in-plane wavevector component is varied and
its energy dispersion can be mapped [20,38,52].

3. Results

Figure 3 reports the measured normal incidence (6 = 0°) T for azimuthal angle ¢
spanning from 0 to 90° with fixed TM polarization orientation. The rotation of the azimuthal
angles changes the direction of polarization of the electric field with respect to both the two
axes of the ellipsoidal holes and the orientation of the periodic arrangement, which has
instead a sixfold symmetry.

For this reason, we expect to observe distinct effects of the rotation of the electric field
on both the LSPR and SPPs due to their different nature.

A T minimum is observed near 800 nm in the whole set of data. This feature is
the fingerprint of the plasmonic band gap, and it is strictly determined by the array
pitch [20,24,38,52]. Instead, for both larger and smaller wavelengths absorption features
can be observed. Starting from 0°, the T spectral features experience a progressive shift of
the spectral weight towards lower wavelengths together with an intensity decrease. At
¢ = 0°, when the electric field component is aligned with the minor axis of the ellipse, a
peak at 940 nm is observed. On the other hand, when the electric field is polarized along
the major axis of the ellipse (at ¢ = 90°) the main resonance is located at 880 nm.
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Figure 3. Normal incidence (8 = 0°) T spectra acquired for different azimuthal angles ¢. The spectra
were acquired by impinging with light from the front side of the plasmonic nanohole array with
TM polarized light (electric field component in the plane of incidence). The red arrow indicates the
polarization of the electric field with respect to the ellipse axes.

As soon as the orientation is changed, moving from the minor- towards the major-
axis, the intensity of the peak at 940 nm decreases. A shoulder in T appears around 880 nm
at 50°, showing an increasing weight until the peak at 940 disappears when the electric field
is polarized along the major axis. This behavior can be ascribed to the different electromag-
netic features of the LSPR excited by the electric field oscillation along the ellipse axes with
the higher or lower dimensions. In fact, the hole shape and symmetry strongly influence
the LSPR spectral shape and position, as well assessed in the literature [36,37,39,40]. At
intermediate values of the azimuthal angle, when the electric field polarization angle lies
between the two-fold elliptical symmetry directions (0° and 90°), both LSPR modes can be
excited and a mixed response with two peaks can be observed.

The same effect can be found in the evolution of the near-normal incidence R spec-
tra as a function of ¢ and it is also confirmed by Finite-difference time-domain (FDTD)
simulations. In Figure 4 we report the experimental T and R spectra together with the
simulated ones (the details can be found in Appendix A). Good consistency can be found
between the experimental and simulated spectra apart from an overestimation of the T
intensity. The low T experimental values could be due to a non-totally etched hole in the
gold layer. As visible in Figure 4b, the R spectra exhibit complementary features to the T
ones. At ¢ =0°, a minimum in R, related to the LSPR excitation, is located near 940 nm. As
¢ is increased to 30°, which corresponds to the second azimuthal direction of the sixfold
hexagonal lattice geometry, the resonance position does not change, except from a slight
shoulder near 880 nm. When rotating the sample by other 30°, for ¢ = 60°, the R minimum
exhibits a marked blue-shift towards the second LSPR at 880 nm, and a bigger shoulder
can be noticed near 940 nm. Finally, for ¢ = 90°, the R minimum position is located at
880 nm. Overall, the observed behavior in the R and T spectra can be attributed mainly to
the orientation of the electric field with respect to the ellipse axes, whereas no signatures can
be retrieved related to the sixfold hexagonal lattice symmetry. In fact, the optical properties
related to the array symmetry should display a change every 30° and be retrieved every 60°.
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Figure 4. Experimental (panels (a,b)) and simulated (panels (c,d)) normal incidence T and near-
normal incidence (9 = 3°) R spectra for different azimuthal angles ¢ by impinging with light from the
SiO, substrate of the plasmonic nanohole array.

4. Discussion

To disentangle the effect of the hole shape-induced symmetry and the lattice symmetry
on the plasmonic response of the nanohole array, we decided to study the dependence of
the optical response on the incidence angle for different azimuthal orientations. In this
way, not only the orientation of the electric field with respect to both the ellipse axes and
the lattice symmetry directions is changed, but also the in-plane wavevector component,
enabling to look at the SPPs dispersion. In Figure 5 the maps of the R spectra as a function
of the angle of incidence are reported. The spectra were measured by impinging from the
substrate for the azimuthal angles corresponding to both the ellipse axes (0° and 90°) and
the ones of the 2D hexagonal lattice symmetry six-fold periodicity (30° and 60°).

If the electric field is oriented along the azimuthal direction of the hexagonal lattice
(¢ = 0°), several dispersive features in correspondence with the R minima can be rec-
ognized. They are the signature of the SPP resonant coupling at the Au/SiO; interface
of the plasmonic nanohole array. A main structure starting at normal incidence from
940 nm, is red-shifted at higher angles up to 1100 nm. Concurrently, other spectral features
with similar behaviour are present and they can be related to the different SPP branches
coupled by the hexagonal array reciprocal lattice vectors. To better recognize them, the
theoretical SPP dispersion curves have been superimposed on the data, according to the
selected azimuthal orientation. They were calculated resorting to the model in [52] with
the following equation:

Sgold(E) +é

E(6, =h
(0,4) =he ego1d (E)*€4

lko(d)sin 0 + quun| 1)

where ¢; represents the permittivity of the dielectric medium interfacing with the gold
surface, g, denotes the reciprocal lattice vectors for the hexagonal lattice, and ky(P)sind
is the in-plane wavevector of the incident light (Figure 2). Accounting for the degeneracy,
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for ¢ = 0°, the SPP branches are four [52]. As visible in Figure 5a, the theoretical curves
follow the R minima dispersion with a good agreement. The discrepancy, especially at
low angles, is related to the plasmonic band gap opening at the folding point (800 nm),
determined by the array pitch (600 nm) and by the superimposed LSPR resonance. As
a matter of fact, in this type of plasmonic arrays the LSPR and SPPs interact, generating
hybrid modes with a more localized or propagating component depending on the spectral
region under consideration [51]. The anti-crossing behavior occurring between 20° and 30°
of incidence angle around 800 nm is a consequence of such an interaction.
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Figure 5. (a—d) Variable-angle R spectra acquired impinging from the SiO, substrate with TM
polarized light rotating the sample by different azimuthal angles. The calculated SPP dispersions at
the Au/SiO; interface are superimposed on the spectra, together with the labels according to [52].

The low dispersion feature related to LSPR can be traced at about 940 nm at the
lowest angles (as observed before) and around 880 nm at the highest ones. When the
azimuthal orientation is changed to 30°, as reported in 5b, the contribution of such a
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localized resonance is only slightly modified consistently with our results presented in
Section 3, whereas the SPP branches reduce to three with a different energy dispersion.
Anyway, there is a good agreement between the theoretical curves and the evolution of the
spectral features. By moving to 60° (Figure 5c) several effects are worth noticing. Firstly,
at the lowest angles, the R minimum at normal incidence is blue shifted towards 880 nm,
and its intensity has lowered. Correspondingly, the LSPR feature at the highest angles is
broadened and blue shifted to 780 nm. On the other hand, the visible dispersive features
return to be four and the overall behavior is similar to the one at ¢ = 0°. The dispersive part
of the plasmonic response is recovered every 60°, consistently with the sixfold symmetry of
the hexagonal lattice which is responsible for the SPP grating coupling. In fact, by implying
an additional rotation of 30° and moving to 90°, the electric field polarization is oriented
with respect to the major ellipse axis (Figure 5d), resulting in a blue-shift of the LSPR
component at normal incidence. The SPP dispersion branches become three, as for 30°, the
polarization being oriented with respect to the second azimuthal direction of the hexagonal
lattice. As visible, even in this case the nondispersive structure arising in the plasmonic
band gap shows an anti-crossing behavior, near the angle of incidence 10°.

At this point, the attention has been drawn only to the SPPs propagating at the
Au/Si0O; interface of the plasmonic nanohole array, but these effects can also be studied
by looking at the Au/air polaritons. These modes can be better visualized in the spectral
features of variable-angle R impinging from the front side of the plasmonic nanohole array.
Their folding point according to Equation (1), with an array pitch of 600 nm, falls near
550 nm where the gold reflectivity is decreasing and the efficiency of the used InSb detector
is becoming poor. For this reason, their spectral fingerprints are not so marked with respect
to the Au/SiO, polaritons. To provide a better visualization of their dispersion, Figure 6
reports the second derivative of the R spectra as a function of the angles of incidence.
Figure 6a shows the spectra for the azimuthal direction corresponding to the electric field
polarization aligned with the minor axis of the ellipse, which also is the symmetry direction
¢ = 0° of the hexagonal lattice. A major SPP branch with corresponding g, indexes
(=1, —1) according to Equation (1), starting from 600 nm, is clearly visible in the maps. The
(—1,0), (0, —1) double degenerate branch, at higher energies, becomes more visible from
10°. Even if we expect to observe four branches, the two highest energy ones fall outside
the detection region. It is worth noticing that the Au/SiO, SPPs features are visible even if
the measurement is performed from the front side of the plasmonic nanohole array, starting
at the lowest angles at 940 nm. The plasmonic band gap related to the Au/SiO, polaritons
is still present at 800 nm, together with the four branches expected for ¢ = 0°. In fact, the air
holes in the plasmonic array enable not only the grating coupling of the SPPs, but also the
resonant interaction of the SPPs at the opposite interface [23]. If the sample is tilted by 90°,
the electric field becomes parallel to the major ellipse axis, and it also corresponds to the
second azimuthal direction of the hexagonal lattice (30°). Consistently and in analogy with
the results in Figure 5, in of Figure 6b we observe the (—1, 1), (0, —1) SPP branch of Au/air
polaritons. It becomes difficult to distinguish the other expected (1, 0), (—1, 0) central SPP
branch and the upper one due to the decrease in the R intensity in this spectral region. In
addition, the fingerprints of the Au/SiO, SPP can be traced also in this case together with
the LSPR resonance at the lowest angles at 880 nm, consistently with the findings in the
Results section.
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Figure 6. The second derivative of variable-angle R spectra for (¢ = 0°) acquired impinging from the
front side of the plasmonic nanohole array with TM polarized light. The calculated SPP dispersions
at the Au/air interface are superimposed on the spectra, together with the labels according to [52].

5. Conclusions

The complete optical characterization of a gold nanohole array fabricated by DTL
has been performed. The studied sample has been a triangular lattice of elliptical holes.
The results, compared with numerical simulations of an ideal structure, demonstrate
the good quality and uniformity of the array. The plasmonic effects related to the local
elliptical symmetry derived by the hole shape and the long-range one coming from the
hexagonal lattice have been disentangled and analyzed. The influence of the elliptical
hole shape is visible in the near-normal incidence reflectance and transmittance spectra,
showing a recurrent behavior consistent with the twofold symmetry. On the other hand,
the propagating part of the plasmonic excitation is mainly affected by the hexagonal
lattice symmetry. The dispersion features are in fact consistent with the hexagonal lattice
sixfold symmetry, independently on the alignment of the ellipse axes with the electric field
polarization. It is worth noticing that, to the best of our knowledge, such a comprehensive
analysis has been performed on the same sample in just one work. In addition, due to
the elliptical axes aligned along the symmetry axes of the array, only non-chiral and non-
dichroic effects were revealed. Then, these results represent a reference point for the future
study of non-isotropic effects, such as dichroism, in structures where this kind of alignment
is missing. By a careful tailoring of the alignment and shape of the holes with respect to
the lattice symmetry directions, made possible by the newly presented nanofabrication
technique, new potential cutting edge studies and applications could be explored, involving
enhanced chirality and moving towards plasmonic bound states in the continuum [46-48].
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Appendix A. Finite-Difference Time-Domain Simulations

The structural model of the plasmonic nanohole array was built in Ansys Lumerical
FDTD [53] resorting to nanofabrication parameters and SEM images. The gold film optical
properties were set as the built-in Johnson and Christy data from the material database,
while SiO; and air were modeled as perfect dielectric materials selecting a refractive index
of 1.5 and 1.0, respectively. A plane wave source embedded in the SiO; substrate was
employed to illuminate the structure at normal incidence within the wavelength range of
600 to 1200 nm. Two frequency-domain field and power monitors, positioned below the
Au/SiO; interface and above it, were used to calculate R and T spectra within the same
spectral range. Simulations were conducted for polarization angles of the electric field of
the source with respect to the x-axis at 0°, 30°, 60°, and 90°, which was aligned with the
major axis of the elliptical hole. The simulations were run on a liquid-cooled Intel® (Santa
Clara, CA, USA) Core 12th generation i9-12900K (16 core) with 128 GB of DDR5-RAM. An
average simulation time of about 3 min was required.
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