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Abstract
Plasmonic nanostructured materials made of nanohole arrays in metal are significant plasmonic devices
exhibiting resonances and strong electromagnetic confinement in the visible and near-infrared range. As
such, they have been proposed for use in many applications such as biosensing and communications. In
this work, we introduce the asymmetry in nanoholes, and investigate its influence on the electromagnetic
response by means of broadband experimental characterization and numerical simulations. As a low-
cost fabrication process, we use nanosphere lithography, combined with tilted silver evaporation, to
obtain a 2D hexagonal array of asymmetric nanoholes in Ag. Our experimental set-up is based on a laser,
widely tunable in the near-infrared range, with precise polarization control in the input and in the output.
We next resolve the circular polarization degree of the transmitted light when the nanohole array is
excited with linear polarization. We attribute the disbalance of left and right transmitted light to the
asymmetry of the nanohole, which we support by numerical simulations. We believe that the optimization
of such simple plasmonic geometry could lead to multifunctional flat-optic devices.

1 Introduction
Over the past three decades, researchers have become increasingly interested in the physics of light-
matter interaction metal films, corrugated in a periodic manner. Periodic arrays of nanovoids, such as
nanohole arrays (NHA), can couple light to surface plasmon polaritons (SPPs) (Barnes et al. 2003) and
exhibit extraordinary optical transmission (EOT) (Ebbesen at al. 1998; García de Abajo 2007), at the same
time leading to electromagnetic confinement at the nanoscale. The electromagnetic field is enhanced at
the metal-dielectric contact as a result of these particular resonant electromagnetic excitations, which are
tightly spatially restricted. The periodicity of the array, the materials surrounding the patterned metal, and
the materials used to create it all have a significant impact on the resonant optical response of the
system. This enabled many demonstrations and application proposals in subwavelength optics (Barnes
et al. 2003; Ni et al. 2013), surface enhanced Raman spectroscopy (Luo et al. 2019), and emission rate
modification (Michieli et al. 2018), chemical and biosensing (Escobedo 2013; Couture at al. 2019; Vala et
al. 2019)

Additional degree of freedom is enabled when the symmetry of the NHA-light interaction is broken, which
opens the possibility to obtain optical chirality at the nanoscale (Valev et al. 2013; Hentschel et al. 2017;
Schäferling et al. 2012). NHA can differently interacts with circular polarizations of opposite handedness,
leading to important consequences at both near- and far-field spatial scales. Anisotropy in the planar
nanohole shape naturally gives rise to polarization-dependent EOT (Di Maio et al.2006; Ai et al. 2017) as
well as in the near-field chirality (Triolo et al. 2019), while 3D anisotropy leads to true, giant chiral signals
(Kondratov et al. 2016; Ai et al. 2020). A simple approach to obtain an in-plane asymmetry which still
leads to chiral properties is to tilt the elliptical nanohole from the symmetry lines of the array; such
elliptical nanohole arrays (ENHA) were first numerically predicted to give differential absorption for left
and right circularly polarized excitation (LCP and RCP, respectively), i.e. circular dichroism (CD)
(Petronijevic et al. 2019). Petronijevic and co-authors then experimentally showed that an ENHA in metal
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can lead to a low extinction CD at normal incidence (Petronijevic et al. 2020a). And further numerically
optimized it in the near-infrared range (Petronijevic et. 2020b).

Inspired by the previously shown chiral properties in the ENHA extinction, in this work we investigate
polarization properties of the light transmitted through asymmetric ENHA; we excite the sample with
linear polarization and investigate the transmitted polarization. We use the ENHA patterned in Ag,
obtained by means of inexpensive nanosphere lithography (NSL), combined with asymmetric Ag
deposition. We measure optical properties across the near-infrared range by exciting the sample with a
widely tunable laser (700–1000 nm range). Even though the inherent chirality of our ENHA is minimal, the
intrinsic asymmetry still leads to the disbalance between LCP and RCP in the transmitted signal, in a wide
range of incidence angles and excitation wavelengths. We further employ numerical simulations to gain
more insight into the origin of chiro-optical disbalance of the transmitted signal. We finally propose how
such simple and low-cost geometry can be optimized at a given wavelength to work as a circularly
polarizing device.

2 Materials And Methods

2.1 Fabrication
Plasmonic NHA and other plasmonic shapes can be made by means of self-assembling, low-cost and
time-efficient NSL (Michieli et al. 2018; Petronijevic et al. 2020a; Murray-Methot et al. 2008; Belardini et al.
2014; Cheng et al. 2012; Zhang et al. 2022; Petronijevic et al. 2021a; Leahu et al. 2021), providing large-
area plasmonic samples with hexagonal unit cell. In this study, we use a self-assembled 2D meta surface
of polystyrene nanospheres (PSN) with starting diameter of 518 nm; the initial diameter determined the
final plasmonic structure's lattice periodicity. After that, the initial PNS diameter was decreased to 356 nm
using reactive ion etching (RIE), while keeping the ordered arrangement. The short axis length of the final
nano ellipse is determined by this reduced diameter . Then, a layer of 55 nm Ag was deposited by 45°
angled magnetron sputtering, introducing an additional in-plane tilt (Petronijevic et al. 2020a). The angled
Ag sputtering results in the asymmetric shadow on the substrate, which elongates one of the nanohole’s
diameters ( ). In order to obtain ENHA, as the final step we removed PSNs by dissolving them in
toluene; the Scanning Electron Microscopy (SEM) image of the resulting sample is shown in the inset of
Fig. 1.

2.2 Measurements
In the previous work (Petronijevic et al. 2020a) it was shown how the symmetry breaking in these arrays
happens because of combining effects: elliptical shape of the nanohole, and a slight in-plane of the
ellipse axis with respect to the lines of hexagonal symmetry. These effects led to a rather low extinction
CD in the near-infrared range, as the ENHA shape parameters were not optimized. Here, we investigate
how the asymmetric shape of the nanohole influences the output beam polarization. Figure 1 shows the
experimental set-up with the following components: a broadly adjustable near-infrared laser (Chameleon
Ultra II from Coherent Inc, Santa Clara, CA, USA), a linear polarizer (LP), a rotation stage with the sample,
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a quarter wave plate (QWP) and another LP for the output beam, and, finally, a Si photodiode (PD). We
measure wavelengths ranging from 700 nm to 1000 nm. The pulse length of this laser is 140 fs, with a
repetition rate of 80 MHz. We employed a mechanical chopper at 70 Hz to obtain the linear
characterization mode. A beam-splitter (using 4% of the output laser power) and appropriate natural
density filters reduced the power before impinging on the sample. The LP and QWP components were
optimally chosen for the investigated near-infrared range. The linearly polarized field (p-polarization)
impinges on the sample at various angles of incidence θ, by rotating the sample between − 45° and 45°.
The polarization of the transmitted light is then resolved by rotating QWP (from − 90° to 90°) and passing
such beam through the second LP. The measurements are done at room temperature.

3 Results

3.1 Experiments
In Fig. 2a, we show the wavelength-incidence angle map when the sample is excited with linearly p-
polarized light, and the QWP angle in the output is set to zero (linearly polarized output). We notice
transmission minima features, strongly dependent on the incidence angle, which correspond to coupling
of the light to surface plasmon polaritons (Petronijevic et al. 2017). When the sample is fixed at the angle
of θ = 0°, the transmission intensity is moderately high for longer wavelengths, with specific transmission
dip around 700 nm. Then, as the sample angle is gradually altered, the transmission decreases
significantly. Note that here only the zeroth order of transmission is resolved, while other techniques such
as photo-deflection can be used to monitor the diffraction effects in such asymmetric samples (Leahu et
al. 2021). At 800 nm, we choose three angles of incidence (indicated by stars), and further study how the
transmitted intensity changes with QWP rotation.

Hence, we fix the excitation wavelength at 800 nm, and we rotate the QWP, at three chosen points of
incidence. Figure 2b shows the transmission intensity dependance on the QWP rotation at -25°, 0° and
25° angles of incidence, where all the results are normalized to the respective maximum value; -45° and
45° of the QWP angle correspond to LCP and RCP, respectively. We note that light is transmitted to LCP
more than to RCP, with the difference of around 0.15. This means that the sample introduces a
disbalance in the outgoing optical field polarization, which does not exit the sample with the linear
polarization, even though it is excited with p-polarized light. Moreover, LCP to RCP difference does not
invert with the inversion of the incidence angle, which would be a feature of extrinsic chirality (Leahu et
al. 2017). Next, we perform the complete spectral characterization at constant QWP angles corresponding
to LCP and RCP. Figure 2c-d shows that over a broadband range, and at various incidence angles, light
gets transmitted to LCP more than to RCP. All the transmission maps are normalized to the signal
obtained with QWP at 0° without the sample.

Next, we plot the difference of the signal transmitted to the LCP and RCP, defining it as 
; the results are shown in Fig. 3a. In the shortest wavelength range (700–720

nm), around normal incidence, the light gets transmitted into linear polarization, as the difference
ΔT = TtoLCP − TtoRCP
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between LCP and RCP drops to zero; going to the oblique incidence,  increases. On the other side, at
all near-infrared ranges, transmission to LCP prevails, and the difference decreases for oblique incidence.
There are no specific resonant features in ; interestingly, this sample showed only a low extinction CD,
which was attributed to the unoptimized geometric parameters in ref. (Petronijevic et al. 2020a). In
Fig. 3b, we display spectra at oblique incidence θ = 25° for a full rotation of QWP of -90° to 90°; results are
normalized to the spectrum of the sample at θ = 25° with QWP at 0°. A stronger transmission at RCP with
respect to LCP appears throughout the whole spectrum.

3.2 Simulations
To gain more insight into the origin of the measured asymmetry, we further perform numerical
simulations using the 3D Finite Difference Time Domain (FDTD) method by Lumerical commercial
software (Lumerical Solutions, Inc). The chiro-optical properties of elliptic Ag-NHAs were numerically
investigated by defining a rectangular unit cell (𝑎 and 𝑎√3, where 𝑎 = 518𝑛𝑚), representative of the
hexagonal nanoholes base cell, with Bloch boundary conditions in the xy-plane, and perfectly matched
layer boundary conditions in the z-direction. In the upper part of Fig. 4a we show the xy cross-section of
the simulated cell. A semi-infinite rectangle is first defined to simulate the glass substrate with a refractive
index of 1,5 covered with 55 nm thick silver film (the complex refractive index of Silver is taken from the
ellipsometry measurements in ref. (Petronijevic et al. 2020b). The nanoellipse hole in the metal layer is
defined with long and short diameters  and , and with the tilt  of the long diameter with respect the
hexagonal symmetry axis; this shape “etches” the Ag layer at positions forming hexagonal symmetry. In
the bottom part of Fig. 4a, we show 3D sketch of the simulation set-up which mimics the experimental
set-up. We excite the sample from the air with a linearly (p) polarized source; note that we set this
polarization to be always in the x-direction of the simulation set-up, while we can change the nanoellipse
tilt angle . Therefore, the linearly polarized light excites the ENHA, and the transmitted field impinges on
the polarization ellipse analysis group, which resolves the polarization and ellipticity of the outcoming
beam (the script can be found in “polarztn_ellipse” details of the solver). As in the experiment, we focus
only on the zeroth order. The result of this analysis is the plot of the polarization ellipse, which is defined
by the major and minor axes, angle  (which describes the tilt of the major axis with respect to the p-
polarized direction), and handedness. Another feature investigated by this simulation set-up is the
absorption CD; in this case, to simulate circular polarization, two linear x- and y-polarized plane-wave
sources were made with a phase difference of 90° and − 90° corresponding to RCP and LCP polarizations,
respectively. The total absorption by the silver ENHA is calculated by integrating the absorption density 

 over the unit cell volume.

We start by simulating the ENHA with , and , as such low difference in the
ellipse axes corresponds to the real sample investigated here. In Fig. 4b we show the output polarization
ellipse, i.e. the ellipse described by the electric field vector in time, when the ENHA is excited at 800 nm,
and  is varied. For , only linear dichroism exists in such sample; therefore, the x-polarized
incident light keeps this polarization when transmitted to the glass. However, a tilting of the sample to 

, and  introduces an increasing ellipticity. Next, we set  (Petronijevic et al.
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2020a), and we investigate the influence of the changing  starting from a circular NHA (
). As expected, the circular shape does not change the polarization, while 

 introduces a considerable ellipticity of the output polarization, Fig. 4c.

We next investigate the wavelength dependence of the ellipse parameters which will lead to the
optimization of the sample geometry. At normal incidence, the polarization ratio is defined as the ratio of
the power transmitted to the x- and y-directed polarizations, respectively (i.e. the ratio between p- and s-
polarizations). High polarization ratios mean that the ENHA does not change the incident polarization,
while the polarization ratio approaching 1 means that the ENHA transmits linear to circular polarization.
In Fig. 5a, we show the extracted values of the polarization ratio for different ENHA. For the unoptimized
ENHA, as in our sample, the parameters are , , and . The minimum
polarization ratio (~ 7) lies around 690 nm, just below our measurement range, and strongly increases to
15 around 700 nm. This agrees well with the  drop in the short wavelength range (no considerable
difference between LCP and RCP in the output). Next, we perform the first optimization to lower the
polarization ratio minimum; we use the ENHA analysis from ref. (Petronijevic et al. 2020b; Petronijevic et
al. 2021b), where absorption CD of ENHA was studied in detail. In those works, ENHA showed strong
chiral behavior when diameters scaled as , and , while the tilt angle was kept at

, and the metal thickness was 100 nm. Scaled with , we calculated the polarization
ratio for such strongly elliptical ENHA. The first optimization leads to the polarization drop to 1.5 at 690
nm (blue line in Fig. 5a). Note that this scaling of parameters was first investigated in Au-ENHA in
(Petronijevic et al. 2020b), and then applied to Ag-ENHA (Petronijevic et al. 2020b). Therefore, we perform
Optimization 2 for Ag to shift the optimal lowest polarization to the range of our measurements. To this
end, we optimize absorption CD in terms of , ,  and Ag thickness in the near-infrared range. The
resulting parameters are , , , and the Ag thickness of 55 nm. The
optimum polarization ratio is as low as 1.1 at 750 nm (red line in Fig. 5(a)). Away from the resonant
features (where also absorption CD drops), the polarization ratio increases, meaning that the polarization
state of the input beam does not get significantly altered.

In Fig. 5b-d we show the resulting polarization ellipses for the three Ag-ENHA, at the wavelengths of the
polarization ratio minima. As expected, the unoptimized sample gives the elliptical polarization mostly in
x-direction when excited by x-polarized light at 690 nm, Fig. 5b. On the other hand, Optimization 1 leads to
the transmission of x-polarized light to a left elliptical polarization which approaches LCP, Fig. 5c. Finally,
Optimization 2 moves the polarization ratio minimum to 750 nm, when the linearly polarized excitation is
transmitted to almost perfect LCP. We conclude that the strongly elliptical shape and proper in-plane tilt
cause this simple geometry to work as a resonant circular polarizer within tens of nm of metal, Fig. 5d.

4 Conclusion
In this paper, we reported on the asymmetric transmission of low-cost nanohole arrays in silver, by means
of experimental and numerical methods. The investigated sample was fabricated by a low-cost, self-
assembling NSL, and a tilted angled deposition led to a slightly elliptical and asymmetric shape of the

Dl
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nanoholes. We then excited the sample with the linearly polarized beam and measured the transmission
to the LCP or RCP, by placing the polarizing components in the output before the detector. We performed
broadband characterization in the near-infrared region, which showed the difference between LCP and
RCP in the output. We then applied numerical approach to understand how the ENHA shape influences
this difference. Finally, we showed that this simple geometry can be optimized in the near-infrared range,
for linear-to-circular polarization conversion.
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Figures

Figure 1

Sketch of the experimental set-up; inset: SEM image of the sample
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Figure 2

a Experimental λ-θ Transmission map for linearly polarized excitation; stars denote chosen incidence
angles at 800 nm, for the following investigation of QWP rotation dependence; b The transmission
dependence on QWP rotation at λ=800nm, at -25°, 0° and 25° angles of incidence, normalized to their
respective maxima; c and d Experimental λ-θ Transmission maps for LCP, and RCP excitations
respectively.
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Figure 3

a Experimental λ-θ map of the ΔT difference of the light transmitted to LCP and RCP output, respectively;
b Experimental map of the transmission spectra at varying QWP rotation at θ=25°, normalized to the
sample transmission to QWP angle 0° (at θ=25°).

Figure 4
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a Simulation set-up in xy and xz cross-sections; b Polarization ellipse for  Dz  =  356 nm, and D1 =  356
nm, as the tilt angle  Φ  changes; c Polarization ellipse for  Dz  =  356 nm, and  Φ =28°, for different D1.

Figure 5

a Polarization ratio for three different Ag-ENHA: the unoptimized sample from this work (cyan), the Ag-
ENHA sample with scaled parameters from refs. (Petronijevic et al. 2020b; Petronijevic et al. 2021b)
(blue), and the new optimization of Ag-ENHA (red). b-d Resulting polarization ellipses at the wavelengths
of the minimum polarization ratios for the ENHA b without optimization, cafter Optimization 1, and d
after Optimization 2.


