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Abstract: Arrays of nanoholes in metal are important plasmonic devices, proposed for applications
spanning from biosensing to communications. In this work, we show that in such arrays the symmetry
can be broken by means of the elliptical shape of the nanoholes, combined with the in-plane tilt
of the ellipse axes away from the array symmetry lines. The array then differently interacts with
circular polarizations of opposite handedness at normal incidence, i.e., it becomes intrinsically
chiral. The measure of this difference is called circular dichroism (CD). The nanosphere lithography
combined with tilted silver evaporation was employed as a low-cost fabrication technique. In this
paper, we demonstrate intrinsic chirality and CD by measuring the extinction in the near-infrared
range. We further employ numerical analysis to visualize the circular polarization coupling with the
nanostructure. We find a good agreement between simulations and the experiment, meaning that the
optimization can be used to further increase CD.
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1. Introduction

The physics of corrugated metal films has been attracting researchers for some decades now [1].
At the nanoscale, plasmonic arrays of nanoholes are able to couple light into plasmon oscillations
at the metal-dielectric interface, i.e., surface plasmon polaritons (SPPs) [2]. These specific resonant
electromagnetic excitations are strongly confined and lead to electromagnetic field enhancement at
the interface [3]. Their resonant optical response is strongly influenced by the choice of the patterned
metal, the materials surrounding it, and the periodicity of the array [4]. The unique coupling and
subwavelength confinement properties of nanohole-based plasmonic devices have already led to
many demonstrations and application proposals in subwavelength optics [5], surface enhanced
Raman spectroscopy [6,7], enhanced fluorescence [8], emission rate modification [9], polarization
conversion [10], and, in particular, chemical and biosensing [11-17].

One of the issues in plasmonic sensing is the ability to detect and characterize chirality, i.e.,
different interaction of the material with the left and right circularly polarized light (LCP and RCP,
respectively). This difference can be characterized as normalized absorption difference between LCP
and RCD, i.e,, circular dichroism (CD). Chirality is a property of materials that lack mirror symmetry,
and it is largely present in the molecules of many drugs. The two non-superimposable images of the
same drug (so called enantiomers) are physically equal, but can have drastically different interactions
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with the human body: while one acts as a drug, another can be toxic [18]. Therefore, one must be able
to distinguish and eventually separate the “good” enantiomer from the “bad” one. Nowadays, the
pharmaceutical industry could largely benefit from the improvements in chiral sensing that regard high
sensitivity and low material waste. Plasmonics is promising for that matter as it can enhance interaction
with electromagnetic fields at the nanoscale. Chirality can be designed [19] by breaking the symmetry
in plasmonic nanomaterials during their fabrication, or with a proper oblique incidence set-up, as it
was experimentally observed previously [20-24]. When a sample exhibits CD at normal incidence,
it is said to be intrinsically chiral; on the contrary, in achiral samples the symmetry breaking can be
induced by properly tilting the experimental set-up (extrinsic chirality). Furthermore, the enhanced
enantioselectivity due to the enhanced near chiral fields was theoretically proposed in [25,26] and
observed in the interaction with plasmonic substrates [27,28]. For this purpose, we previously proposed
single hybrid GaAs-Au nanowires [29,30], periodic arrays of high refractive index nanowires [31],
and arrays of Al nanopyramids [32]. Moreover, chiroptical responses were studied in simple 1D
metal grooves [33] and nanohole arrays [34]. Most of the chiral nanostructure fabrication involves
sophisticated, challenging and expensive techniques; however, authors in [35-37] showed that complex
chiral shapes can be produced in silver films by a conventional single-pass focused ion beam technique.

In this work, we demonstrate that a low-cost nanosphere lithography (NSL) can be used to
produce simple, yet intrinsically chiral, plasmonic nanohole arrays (NHA) in Ag. Starting from a
self-assembled 2D metasurface of polystyrene nanospheres (PNSs), many high quality plasmonic
nanostructures were fabricated [9,38-42]. Recently, we showed that the NSL approach combined with
tilted metal deposition can lead to extrinsic chirality in hybrid polystyrene-metal metasurfaces [43],
while authors in [44] used NSL to obtain giant CD in plasmonic nanocrescents. In [43] we noted that
in the case of an Ag-polystyrene metasurface, a small in-plane tilt leads to a measurable CD, even
at normal incidence. We further proposed PNS removal for the CD investigation in titled elliptical
nanoholes. Therefore, in this work we study an Ag nanohole sample (Ag-NHA) where the PNSs were
removed, leaving the elliptical nanohole array with triangular symmetry. We report on the CD in
extinction in the 680-1000 nm range. We further fit the experimental data by numerical analysis and
visualize the electromagnetic confinement in the nanohole vicinity. We believe that such a simple
system can be further optimized to provide higher CD, and that the chiral molecules can be easily
coupled with it for enantioselectivity measurements.

2. Materials and Methods

2.1. Fabrication

A 2D array of nanoholes in Ag with triangular symmetry was fabricated in a four-step process
involving NSL and symmetry breaking. First, commercial PNSs (Microparticles GmbH, Berlin,
Germany) with diameters of 518 nm were self-assembled into an ordered array on a glass substrate.
The starting diameter defines the lattice periodicity of the final plasmonic structure. Next, reactive ion
etching (RIE) with an Ar:O; mixture was used for the reduction of the initial PNS diameter to 356 nm,
while preserving the ordered arrangement. This reduced diameter defines the short axis length of the
final nanoellipse. Then, a layer of 55 nm of Ag was deposited by magnetron sputtering under an angle
of 45°; an additional in-plane tilt of 28° was also introduced during this step. The Scanning Electron
Microscopy (SEM) image of this sample is shown in Figure 1a. In [43] we characterized the chiral
behavior of similar samples by means of photo-acoustic spectroscopy; moreover, we calculated the CD
signal for the same geometry without PNSs with Ag semishells, and noticed CD improvement. This is
due to the asymmetric shadow formed on the substrate during the oblique and tilted Ag deposition.
Therefore, in the final step we removed PNSs by means of their dissolution in toluene; the SEM image
after this step is shown in Figure 1b. The symmetry breaking in these arrays happens because of two
effects: first, oblique metal deposition leads to the elliptical shape of the final nanohole, compared to
the circular one with usual deposition (in the direction of the surface normal); second, the in-plane
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tilt moves the ellipse axis away from the lines of hexagonal symmetry, as shown in the schematic
in Figure 1c. The first effect is responsible for linear birefringence of the array of elliptic nanoholes,
but it alone cannot lead to CD at normal incidence; if the elliptical axis is along the line of the lattice
symmetry, such sample does not distinguish LCP from RCP. For CD we need an additional in-plane
tilt, hence both first and second effects of the tilted Ag deposition. Moreover, we characterized the
optical properties of the Ag layer by ellipsometric measurements, Figure 1d. As a reference for CD
measurements, we also used a part of the sample that did not have PNSs, and this is why it contained
only a flat layer of Ag (Ag-flat) on glass.
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Figure 1. SEM image of the sample (a) before, and (b) after the PSN removal. (c) Schematic of the
asymmetry due to the in-plane tilting of the elliptical nanoholes. (d) Ellipsometry characterization of
the reference Ag film.

2.2. Measurements

The sample was characterized by using a widely tunable near-infrared laser (Chameleon Ultra II
by Coherent Inc., Santa Clara, CA, USA). The pulse duration of this laser is 140 fs, with the repetition
rate of 80 MHz. For linear characterization, we used a mechanical chopper at 70 Hz. Before impinging
on the sample, the power was decreased by a beam-splitter (taking 4% of the output laser power)
and a neutral density filter of 1.62. In Figure 2a the simplified experimental set-up is shown. The
measurements are done at normal incidence, with laser light polarized in x-direction. The sample was
aligned to have the short nanoellipse axis in x-direction, while the long axis (the Ag flux direction,
projected in the xy-plane), was in y-direction. A quarter-wave plate was put on the light path before
the sample in order to obtain circularly polarized light; the angles of its fast axis with respect to the
y-direction were 0°, +45° and —45°, corresponding to linear polarization (x-polarized), RCP and LCP,
respectively. The transmission was measured by a Si photodiode, and normalized to the one without
the sample and quarter-wave plate. The results for the RCP and LCP circular polarizations incident
upon Ag-NHA and Ag-flat are shown in Figure 2b; in the inset we show the response for linearly
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polarized excitations (a y-polarized excitation is obtained by rotating the sample around z-axis for
90°). The laser power fluctuations were less than 0.5%, but a fixed part of the laser power (about 4%)
was continuously (in real-time) monitored by using a beam splitter, in order to overcome fluctuation
problems by using this part as a reference. In the short-wavelength and central zone of the spectrum
(680-1000 nm), which is of interest for CD measurements in our sample, we also checked for a possible
saturation effect of the detector, by measuring with different intensities of the laser, by using either
neutral density 1.00 filter or neutral density 1.62 filter. The results were fully equivalent.
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Figure 2. (a) Sketch of the experimental set-up; (b) Zero-order transmission spectra of the RCP and
LCP light, exciting Ag-NHA and Ag-flat; inset: zero-order transmission spectra of linearly polarized
light in x- and y-direction, exciting Ag-NHA and Ag-flat.

2.3. Simulations

The electromagnetic behavior of elliptic nanoholes was numerically investigated by the 3D Finite
Difference Time Domain (FDTD) method by Lumerical [45]. To simulate the periodic array with
triagonal symmetry, the unit cell was surrounded by periodic boundary conditions in the x- and
y-directions, while perfectly matched layers were used in the z-direction. The lattice periodicity was
fixed to a = Dy = 518 nm, ellipse short diameter to D = 356 nm, and the ellipse was tilted for the
in-plane angle from the triangular symmetry. NHA lay above a glass substrate, which was simulated
as semi-infinite and lossless, with a refractive index of 1.517. As in the experiment, the excitation of the
nanostructure was from the air-side, by two linearly polarized plane-wave sources; one was polarized
in the direction of the long ellipse axis, and the other in the direction of the short one. To simulate RCP
(LCP), a phase difference of 7 (—7) was defined between the sources. We further performed the same
simulations for a flat Ag layer on glass.

3. Results

In the zero-order transmission (Figure 2b), there is a clear resonant dip around 693 nm, followed
by a region of higher transmission for both circular and both linear polarizations. In the case of
linearly polarized light, one can apply the formula for the SPPs between Ag and glass for the trigonal
symmetry [14]. Considering the experimental values of Ag permittivity, we find that the transmission
dip closely coincides with the lowest order Ag-glass SPP (~695 nm), while it is slightly red-shifted
from Wood’s anomaly. Strong interaction of this SPP with the lattice diffraction mode resulted in
transmission minimum [46]. As can be noted from the inset of the Figure 2b, two perpendicular linear
polarizations differently interact with Ag-NHA, which is expected due to the elliptical shape of the
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nanoholes. However, this linear dichroism is a necessary, but not sufficient, condition for CD, which
can eventually be enabled by the nanohole tilt. Both RCP and LCP spectra “carry” the resonance of the
x- and y-polarized excitations, as they are partially excited by the light coupled to the aforementioned
mode. Moreover, we note some differences between LCP and RCP transmission in the 800-860 nm
range. However, chirality and CD are usually characterized as the difference in absorption, or, in our
case, extinction (Extrcprcp = 1 — Treprcp)- In Figure 3a we report on the experimental extinction for
LCP and RCP excitations, for Ag-NHA and Ag-flat. We further define CD as the normalized difference
in the extinction between LCP and RCP:
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Figure 3. Experimental results for Ag-NHA and Ag-flat: (a) extinction spectra for RCP and LCP
excitation, and (b) CD. Simulations for Ag-NHA and Ag-flat: (c) extinction spectra for RCP and LCP
excitation, and (d) CD.

Spectral characterization in Figure 3b shows that CD for Ag-NHA has a maximum of ~5% around
825 nm, and while approaching the resonance it decreases close to 0. This is due to the normalized
extinction differences: close to the SPP resonance, both RCP and LCP at normal incidence have a high
extinction peak, so that their normalized difference tends to be zero. In the range of low extinction, the
differences are noticeable, thus enhancing the CD. As expected, Ag-flat does not distinguish between
RCP and LCP, giving CD = 0 in the whole spectral range. Simulated extinction for Ag-flat and Ag-NHA
in Figure 3c gives good agreement with the experiments reported above in terms of the shape and
intensities. However, the discrepancy is notable as the simulation assumes a perfectly uniform periodic
structure with well-defined nanoellipse, while from SEM measurements (see Figure 1b) we note size
and shape variations of the nanoholes. We believe that the reason why in the experiment the spectra
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are flatter (without multiple features) could be as a result of the averaging of the responses of slightly
different nanoholes. Figure 3d shows that the ideal simulated case leads to CD that closely resembles
the measured one in Figure 3b.

It is important to numerically investigate the origin of the CD behavior. The electromagnetic field
behavior can be visualized as a 3D absorption density p,, in the unit cell [43]. In Figure 4, the extinction
maximum wavelength is investigated, i.e., 693 nm. As expected, the electromagnetic field is enhanced
and confined at the interface between the nanoholes and the glass substrate, but the absorption density
does not show an evident difference between RCP and LCP. The same color scale is kept and p,s is
visualized at CD maximum wavelength of 825 nm. First, it is evident that the overall absorption is
lower for both excitations compared to the previous, resonant one; moreover, the field is not confined
to the glass-Ag interface. However, here the LCP excitation gets more absorbed, as it is evident from
the rims of the nanoholes in the bottom right corner of Figure 4. It therefore gives a positive CD, as seen
from Figure 3. For future work, CD in absorption will be monitored by photo-acoustic spectroscopy,
which we previously applied for the characterization of SPPs in achiral nanohole arrays in gold [47].

ARCP = 693nm ALCP = 693nm

min

Figure 4. Simulated absorption densities for RCP and LCP excitations at the resonant wavelength (693
nm) and the maximum CD wavelength (825 nm). The color scale is equal for all distributions.

4. Discussion

We highlight that the spectral characterization of CD is needed in order to visualize resonant and
non-resonant contributions in the nanomaterials with broken symmetry. Even though our sample
was produced by a low-cost, self-assembling technique, the overall uniformity provided non-zero
CD signal at normal incidence. Once the nanostructure is simulated and a good agreement with the
experiment is found, one can optimize the unit cell geometry and materials to provide CD in the specific
wavelength range, and of higher absolute value. We believe that bringing together the advantages of a
low-cost fabrication technique and chirality in simple nanohole samples could lead to easier coupling
of plasmonic substrates and chiral molecules, and hence enrich the world of chiral sensing.
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