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Abstract: The highest resonant transmission through an array of holes perforated in metallic screens occurs when the
dielectric constant of the substrate, the superstrate and the hole are the same. Changes in the refractive index of the
homogenous environment also produce the largest shift in resonances per refractive index unit. In this report, we first
propose and apply a technique in realization of free standing bi-periodic array of holes perforated in a silver film. We
then show both numerically and experimentally that shifts in (1,0) and (0,1) modes in response to changes in the
refractive index of the surrounding dielectric provide a mechanism for realization of a miniaturized tunable quarter
waveplate that operates in extraordinary optical transmission mode with a high throughput and a near unity state of
circularly polarized light.

Some plasmonic devices such as quarter wave-plates [1-3] and frequency dependent optical beam steers [4] rely on
two carefully spaced orthogonal modes to achieve their primary objectives. Arrays of cylindrical holes are relatively
simpler to fabricate in comparison to those that rely on shape resonances. Previously, the wave-plate functionality of
a bi-periodic array of cylindrical holes was demonstrated at a design wavelength [5]. It is highly desirable, however,
to make such devices tunable without fabricating numerous arrays with different dimensions that operate at other
wavelengths. Refractive index based plasmonic sensors rely on the shift in surface plasmon resonance (SPR) in
response to a change in the surrounding dielectric environment making them ideal for the next generation of
miniaturized sensing devices [6-8] and spectroscopy[9-11]. SPRs are also the fundamental reason behind other effects
such as the color filter functionality [12]. Considering optical filters and waveplates, devices that operate in
Extraordinary Optical Transmission (EOT) mode are analogues to their classical counterparts where the properties of
an incandescent light passing through an optical element are altered on transmission, hence more suitable for
miniaturization. In accordance with Krishnan et al.[13], our numerical analysis confirmed that the highest resonant
transmission through an array of holes perforated in metallic screens occurs in a symmetric setting where the dielectric
constant of the substrate, the superstrate and the hole are the same. Changes in the refractive index of the environment
also produced the largest shift in resonance in comparison to other scenarios where the substrate differed from the
superstrate. Here, we investigate the possibility of the shift in resonances observed in refractive index based sensors
being applied to a bi-periodic array of holes surrounded by a homogenous dielectric environment. The proposed
device operates in EOT mode, hence achieving a miniaturized tunable quarter waveplate by means of controlling the
polarization of the incident light as well as the dielectric medium surrounding the array homogeneously.

A unit cell of the previously reported bi-periodic array [5] was modelled in a homogenous environment using Finite
Element Method (FEM). Film surface was set parallel to the x-y plane with Py and Py being aligned with the x and the
y axes respectively. The device was normally illuminated with a linearly polarized light propagating in the +z
direction, (with the polarization angle, o, measured with respect to the x-axis). Periodic boundary conditions were
implemented to extend the lateral dimensions of the array to infinity and scattering boundary conditions (SBC) were
set to minimize the back scattered light from the top and the bottom boundaries of the model. Redshifts in (1,0)SPP
and (0,1)SPP resonances vs. the change in the refractive index were calculated to be Aloy/An = 458 nm per refractive
index unit (RIU) and AXoy/An =496 nm per RIU for P, and Py respectively, see Fig. 1. A high transmission of
0.81 < Tn <0.89 was maintained at A¢10) and A1) With variations in the maximum transmitted power vs. the change
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in the refractive index being AT/An = (T1 - T152)/0.52 = +0.15. The shift from Aq10) to A1) VS. a was found to be
~no.3s RIU nm/degree. Degrees of circularly polarized light (CPL) were calculated on transmission using:
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where Ei and Ey are the x and the y components of the transmitted electric field. Stokes parameters were found to
be S3=0.91 at 512 <Acp. <518 nm and S3=0.95 at 756 < AcpL < 766 nm for n = 1 and n = 1.52 respectively, with
optimum incident polarization angle being in the range of 50° < o <60° in both cases. Transmission near unity are
attributed to the interaction between the Fabry-Pérot (FP) oscillations inside the holes and the propagating SPPs on
the surface. This implies that the transmission at A(1,0) (or A(,1)) is dictated by the offset between the surface mode and
the FP resonance. The fundamental SPP mode at A¢o,1y = 790 nm for n = 1.52 with a transmission of 0.89, for example,
is attributed to the coupling of the FP mode inside the cavities to the SPP waves on the film. Such a high transmission
depends on the film thickness, array periodicity and the diameter of the holes and the surrounding dielectric, hence
the Fabry-Pérot Evanescent Wave (FPEV)[14]. Observation of such a high transmission is remarkable given that the
only structural related variable here is the surrounding dielectric.
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Fig. 1: Numerical results for a bi-periodic array of holes, having diameters d = 180 nm with periodicities Px = 366 nm and Py = 417 nm,
perforating a 80 nm silver film, when excited with a normally incident field. (a) Normalized transmission vs. the wavelength for n = {1, 1.2,
1.4, 1.52}. (b) Normalized transmission vs. the wavelength at various incident polarizations 0° < a < 90° for (b) n =1 and (c) n = 1.52. Stokes
parameter for circularly polarized light, S3, vs. the wavelength at various incident polarizations 0° < o <90° for (d) n =1 and (e) n = 1.52.

Realization of such array posed a challenge. There are no known techniques (at least to the authors) for
fabricating, handling and characterizing an array in a free-standing 80 nm thin silver film. With silver being
impervious to hydrofluoric (HF) acid etchings [15], however, it was envisaged that immersing the prefabricated array
(supported on a glass substrate) in a HF solution, would result in the HF penetrating through the holes, etching the
glass substrate just under the array while leaving the rest of the silver film attached to the glass. The array was initially
etched in a 30% HF solution for 30 sec followed by a rinse and a spectral measurement. This process was then repeated
until the (0,1) and (1,0) modes associated with the glass/silver interface disappeared from the spectrum and the (0,1)
and (1,0) modes at the air/silver interface gained their full strength. This resulted in an array surrounded by a
homogenous environment with a refractive index n = 1, Fig. 2 shows the schematics. Once the measurements were



concluded for n =1, a single drop of optical immersion oil with a refractive index matching that of the glass was
placed over the device and left overnight to allow the oil to penetrate the holes, filling the space beneath the array as
well as the cavities. A microscope cover slip was placed on top of the device to flatten the convexed excess oil. This
represents an array in a homogenous environment with a refractive index n = 1.52. Measurements were repeated and
upon completion, excess oil was partially removed and a cross-sectional image was produced using a dual-beam,
focused ion beam and scanning electron microscope (FIB-SEM), see Fig. 2(c) and (d).

(a)

(b)

Fig. 2: Cross-sectional schematics of the array (a) before and (b) after etching with HF. (c) cross-sectional SEM image of the freestanding
array in a homogenous dielectric environment (immersion oil). (d) Close-up of (c).

In both cases normalized transmissions were measured using the previously reported technique [5]. The degree
of transmitted circularly polarized light, S3, was obtained using the technique suggested by Kihara [16] that takes
into account the phase difference error using:

_[1(0°,45%) — 1(0°,135°) ]+ S, sin(A)
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where S; = [1(45°,45°) - 1(135°,135°)] and A =sin-1[ 1(0°,135°)ini - 1(0°,45°)ini ]. Note that 1(52, a2) is the light
intensity emerging from the analyzer towards the spectrometer with o, and 2 being angles that transmission axis of
the analyzer and the fast axis of the quarter waveplate (not to be mistaken with our device) makes with the x-axis
respectively. 1(0°,135%in and 1(0°,45°)in intensities are to be measured with a = 45° in the absence of our array. Being
an argument to an arcsine function, (52, a2)ini must be normalized to the incident intensity. Fig. 3 depicted the
experimental results.
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Fig. 3: Experimentally obtained results for incident polarization 0° < o < 90°. Normalized transmission vs. the wavelength for (a) n =1 and
(b) n =1.5. Sz vs. the wavelength for (c) n =1 and (d) n = 1.52.

Sensitivities measured Aox/An = 436 nm per RIU and Akoy/An = 476 nm per RIU for Py and Py respectively. An
average of ~70 nm constant excess redshift in (1,0)ser and (0,1)see modes observed experimentally (in comparison to
those obtained numerically) may be attributed to various factors such as the effect of temperature rising during the
measurements[17-20], surface roughness in the film[21-23], use of refractive index data for bulk silver in modelling
nanoscale features[24] and fabrication defects. In the case of n = 1, experimentally obtained transmission of 0.38 (vs.
the simulated peak transmission of ~0.81) is due to the presence of the glass substrate beneath the air gap that results
in internal reflections, hence reducing the coupling between the light and the SPPs. The 100% transmission at
Mo = 874 nm observed for n = 1.52 is attributed to the perfect alignment between the FP resonance and the (0,1)
mode. To the best of our knowledge, this is the first experimental demonstration of Fan’s predictions [25-27], that no
matter how small the cylindrical hole, at some wavelength near-complete optical transmission occurs. This is
significant given that it occurs for d/Ap1) = 0.2. Experimentally measured S3 parameters revealed a high degree of
CPL being transmitted with « = 50° in both cases, with Sz = 0.99 at Acp. = 587 nm and Sz = 0.98 at Acp = 828 nm for
n=1 and for n=1.52 respectively. These are near-perfect states of CPL being transmitted, and have potential
applications in novel displays, sensing devices, optical communication systems and microscopy. With a simple planar
geometry and well defined Fano resonance line shapes, such a device is an attractive platform for implementing
miniaturized refractive index sensors, tunable color filters and tunable quarter waveplates covering the visible and the
near-IR regions. This simple design is also very suited to nano imprint lithography [28] making it cost effective for
mass production.
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