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Abstract

Plasmonic L-shaped antennas are an important building block of metasurfaces and have been
used to fabricate ultra-thin wave plates. In this work we present principles that can be used to
design wave plates at a wavelength of choice and for diverse application requirements using
arrays of L-shaped plasmonic antennas. We derive these design principles by studying the
behavior of the vast parameter space of these antenna arrays. We show that there are two distinct
regimes: a weak inter-particle coupling and a strong inter-particle coupling regime. We describe
the behavior of the antenna array in each regime with regards to wave plate functionality,
without resorting to approximate theoretical models. Our work is the first to explain these design
principles and serves as a guide for designing wave plates for specific application requirements
using plasmonic L-shaped antenna arrays.

Keywords: optical design, metamaterials, plasmonics, birefringence, wave plate, nanophotonics

(Some figures may appear in colour only in the online journal)

1. Introduction

Wave plates are ubiquitous elements in optics, with conven-
tional applications to polarization rotation and with more
recent applications to Pancharatham—Berry phase optical
elements (PBOESs) such as the g-plate [1]. With the advent of
nanophotonics, there has been an increasing interest in
manipulating the phase and polarization of light at the
nanoscale using surface plasmons [2—12]. As such, substantial
work has been done in realizing plasmonic wave plates, often
based on structures which support two orthogonal plasmonic
eigenmodes [13-21]. The symmetry axes of these eigen-
modes play the role of the principal axes of birefringent media
used to make conventional wave plates. They are thus tailored
to scatter light with equal amplitude and an appropriate phase
difference, such as 7w for a half-wave plate, at the desired
excitation wavelength. However, due to the finite linewidth of
these eigenmodes, plasmonic wave plates often have a limited

2040-8978/17,/035001+-09$33.00

bandwidth. They traditionally also have low efficiencies due
in part to inherent dissipative effects in plasmonic structures.
For instance, the best reported half-wave plate efficiency, for
single-layered planar plasmonic structures less than 100 nm
thick, is 20% [16]. More recently though, multi-layered
plasmonic structures have been demonstrated that work as
broadband, high-efficiency wave plates and are well suited for
applications that work in reflection [22-25]. However,
working in reflection is not suitable for some applications. In
addition to the above, there have been recent developments to
realize optically active plasmonic metasurfaces [26-28].

A structure of considerable interest for ultrathin, single-
layered plasmonic metasurfaces is the L-shaped nanoantenna
[29-37]. It supports two orthogonal eigenmodes, which are
identified in figure 1 as the symmetric mode and the anti-
symmetric mode. The symmetric mode is excited by light
polarized along the symmetric axis and supports dipolar
currents along each arm of the antenna. The antisymmetric

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. The excitation axis (dotted arrow) and dipolar currents (solid arrows) for (a) the symmetric eigenmode and (b) the antisymmetric
eigenmode. The field distribution on an individual antenna for (c) the symmetric eigenmode and (d) the antisymmetric eigenmode. (e)
Transmission spectrum, 7 (solid line) and phase, ¢ (dotted) of the symmetric (red) and antisymmetric (green) eigenmode. (f) The phase
difference, A®, between light scattered from each eigenmode. The shaded region in (e) and (f) indicates the spectral region between the two

resonances, in which a phase difference can be incurred.

mode is excited by light polarized along the antisymmetric
axis and supports dipolar currents which span across both
arms of the antenna. The eigenmodes introduce a phase shift
between the incident and scattered fields. The phase differ-
ence, A®, between the fields scattered from the eigenmodes,
peaks between their resonance centers, hitherto referred to as
the overlap region and shaded gray in figure 1(e). Hence the
spectral gap between the resonances affects the width and
magnitude of the A® profile.

The anisotropy of these antennas was first demonstrated
by Xu et al [29] and has been used to realize wave plates [30—
32], phased arrays [33] and plasmonic g-plates [34, 35].
Theoretical models for the amplitude and phase response of
these antennas have been proposed. However, these consider
a thin-wire approximation [36], which is not always accurate
for ‘fat’ antennas having a small ratio of arm length to width.
Moreover, they do not consider strong inter-particle coupling
between antennas in an array [36, 37], which is an important
regime to consider for metasurface-based wave plates [26].
Also, previous works on L-shaped antennas do not consider
the effect of varying array parameters, such as the lattice
constant and the array topology, on wave plate functionality.

In order to study the response of these antenna arrays
while fully utilizing their vast parameter space, a full vectorial
wave solution, such as the finite difference time domain
method (FDTD), is required. This is particularly important
when studying arrays with strong inter-antenna coupling and
antennas with small arm length to width ratio, for which
simplified theoretical models are inadequate. However, due to
the fine mesh resolution required to accurately model plas-
monic structures using numerical methods, designing ultra-
thin plasmonic wave plates using the vast parameter space of
L-shaped nanoantennas can be time consuming. It is therefore
very important to have design principles that guide the design
of wave plates with desired performance characteristics. In

this work, we report design principles for periodic arrays of
L-shaped nanoantennas to realize plasmonic half-wave plates
in transmission. We derive these principles after explaining
the behavior of the parameter space of these antenna arrays,
which helps the reader develop insights into the properties of
these antenna arrays. The principles we present can be used to
quickly design for a desired wavelength region, for specific
application requirements or available fabrication processes.
The parameter space we explore in this work includes the
length, L, and width, w, of each arm of the antenna. Since
practical plasmonic wave plates require arrays of nanos-
tructures, we also explore the array parameters, specifically
the lattice constant, a, and the array topology quantified by
the angle 6 (see figure 2).

While half-wave plate metasurfaces based on the
L-antenna arrays we consider are less efficient as compared to
quarter-wave plates, we performed this study for the former
because of their application to g-plates and other PBOEs,
which are of particular interest to the optics community
[34, 35, 38—41]. However, the principles we present here are
easily applicable to quarter-wave plate metasurfaces.

We use a commercial FDTD solver (Lumerical FDTD)
[42] for our investigation. The structure we consider is a two
dimensional, periodic array of 40 nm thick gold antennas on a
semi-infinite glass substrate, where the dielectric constants of
the gold and glass are taken from [43] and [44] respectively.
The angle between the antenna arms is fixed at 90°. A mesh
step of Ax = 5nm, Ay = 5nm and Az = 3 nm is used for
the span of the antenna. These settings provide mesh conv-
ergence (1% for transmission and 6% for the resonance
wavelength).

Since half-wave plates invert the handedness of incident
circularly polarized light, we assess the performance of our
designs in transmission by defining as follows the purity, p,
and the efficiency, 7, for a right circularly polarized plane
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Figure 2. Parameters considered for our study. (a) The arm length L, the arm width w and the lattice constant a. (b) Topology quantified by

angle 6 from horizontal to symmetric axis (red arrow).

wave input at normal incidence:

PLc
= —, 1
P="p, (D
PLc
=== = 9T, 2
n=po = ©))

where Py c, Pr and P; correspond to the left circularly
polarized scattered power, the total scattered power and the
incident power respectively, and T = % is the transmittance.

The purity, p, is a measure of thé extent to which the
handedness of the scattered light is inverted with respect to
the incident right circular polarization [45]. As such, it
denotes how ‘pure’ the scattered light is in terms of the
inverted polarization handedness. For instance, p = 1 when
the handedness of scattered light is completely inverted to left
circularly polarized light, and p = 0 when the handedness of
the scattered light is not inverted at all. The purity depends on
both the scattering cross-section and phase of each eigen-
mode, and is unity when the scattered powers are equal and
the phase difference, A®, is 7.

For each design, we ran separate simulations with the
source polarized along each eigenmode axis of the antenna.
The fields transmitted by the array were recorded 4.2 um
above the plane of the antenna array. We combined the field
components with the appropriate phase shift to calculate the
equivalent response to a right circularly polarized input. We
then projected the polarization of the combined response on
left circular polarization to calculate p and 7. In the following,
we discuss the impact of varying the design parameters on p
and 7.

2. Effect of varying the parameters
For the following discussion, the topology parameter 6 is set

to 45° unless noted otherwise. We divide the discussion of the
effect of varying each parameter into two domains, depending

on the strength of inter-antenna coupling, which critically
depends on the inter-antenna spacing. We define the weak
inter-particle coupling domain, within which changing a does
not significantly shift the resonance wavelength of each
eigenmode, and the strong inter-particle coupling domain,
where the resonance wavelengths do shift when changing a.
We also assume that A® is smaller than 7 and therefore aim
to maximize A®. We study the behavior of the parameter
space systematically by varying one parameter at a time.

2.1. Effect of changing the lattice constant (a)

In the weak inter-particle coupling domain, increasing a does
not significantly shift the resonance wavelength of the
eigenmodes as shown in figure 3. Hence the A® and p pro-
files do not spectrally shift. Since the inter-antenna coupling
weakens due to the increased inter-antenna spacing, the
damping is reduced and the resonance linewidth narrows.
Consequently, the phase shift imparted by each eigenmode is
reduced in the overlap region, reducing A® and hence p, as
shown in figures 3(b) and (c). Moreover, the width of the A®
profile remains the same, since it depends on the spectral gap
between the eigenmodes. Hence the width of the p profile
does not change significantly either.

In the strong inter-particle coupling domain, however,
increasing a not only reduces the damping, it also results in a
blue-shift of the resonance frequencies towards those of the
isolated antenna, due to the near-field coupling present in this
regime [46], thereby blue-shifting A® and p. We observe that
the symmetric resonance blue-shifts more than the antisym-
metric one. This is because the symmetric resonance has
stronger fields on the corners of the antenna (figure 1(c)), and
hence is more strongly coupled to the neighboring antennas.
The discrepancy in the spectral shift of each resonance
increases the spectral gap between them, and thus broadens
and reduces both A® and p, as shown in figures 3(e) and (f).
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Figure 3. (a)—(c): Effect of increasing the period, a, in the weak inter-particle coupling domain. 7, A®, and p are shown for a = 200 nm
(dotted lines) and @ = 280 nm (solid lines). Other antenna dimensions are L = 140 nm, w = 40 nm. Each resonance narrows but its central
wavelength does not change. Consequently, the width of A® and p does not change. Due to narrower resonances, A® and hence p reduces.
(d)—(f): Effect of increasing the period in the strong inter-particle coupling domain. 7, A® and p for a = 160 nm (dotted lines) and

a = 200 nm (solid lines). Other antenna dimensions are L = 140 nm, w = 40 nm. Increasing the period blueshifts the symmetric eigenmode
more than the antisymmetric one, thereby increasing the spectral spacing between the two resonance centers. The resonances also become

narrower. Both of these effects reduce A® and hence p.

Moreover, the resonances become narrower which also con-
tributes to reducing A® and p.

For very small inter-antenna gaps the resonances are very
broad due to very strong inter-antenna coupling, and they
narrow as the lattice constant is increased. For instance,
figure 3(a) shows that increasing the lattice constant by 80 nm
in the weak inter-particle coupling domain decreases the full-
width-half-maximum (FWHM) roughly from 33 to 30 nm for
the symmetric mode and from 44 to 39 nm for the antisym-
metric mode, whereas in the strong inter-particle coupling
domain increasing the lattice constant by just 40 nm decreases
the FWHM roughly from 42 to 33 nm for the symmetric mode
and from 93 to 44 nm for the antisymmetric mode. The broader
resonances in the strong inter-particle coupling domain lead to
an increased spectral overlap of the two eigenmodes, thereby
providing a larger A® and p. Consequently, the strong inter-
particle coupling domain generally affords a larger p as com-
pared to the weak inter-particle coupling domain.

2.2. Effect of increasing the antenna’s arm length (L)

In either domain, increasing L gives rise to two contrary
effects on AP and p. Since the resonance wavelength scales
with the arm length [33], increasing L red-shifts the reso-
nances. Consequently, the spectra of A® and p red-shift.
Since the antisymmetric eigenmode spans across both arms of
the antenna, whereas the symmetric eigenmode spans across
only one, the antisymmetric resonance red-shifts more than
the symmetric one (figure 4). Hence, the spectral spacing

between these resonances increases, which reduces and
broadens A® and p. However, a larger L reduces the inter-
antenna spacing, which broadens the resonances and thus
increases A®. These are competing effects and thus the net
change in A® and p depends on which effect dominates for a
given set of antenna dimensions.

In the strong inter-particle coupling domain (figures 4(d)—
(f)), we observe that each eigenmode red-shifts more than in
the weak inter-particle coupling domain for the same increase
in L. This is because in the strong inter-particle coupling
domain the increase in L leads to stronger inter-antenna cou-
pling that also contributes to the red-shift of the resonances. As
explained earlier, the inter-antenna coupling shifts the sym-
metric resonance more than the antisymmetric one. Conse-
quently, the increment in the spectral spacing between the
resonances is less pronounced as compared to that in the weak
inter-particle coupling domain. Hence, decrease in A® and p
due to an increase in the inter-resonance spectral spacing is less
pronounced in the strong inter-particle coupling domain. On
the other hand, the resonances broaden more, for the same
reduction in inter-antenna spacing, due to the very strong near-
field coupling (figure 4(c)). This gives a large positive
contribution to AP and p. Consequently, a larger AP and p
can be obtained in the strong inter-particle coupling domain.

2.3. Effect of increasing the antenna’s arm width (w)

Increasing w for a fixed L makes the L-antenna more like a
square, for which the spectra of the two orthogonal eigenmodes
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Figure 4. (a)—(c): Effect of increasing the arm length, L, in the weak inter-particle coupling domain. 7, A®, and p for L = 140 nm (dotted
lines) and L = 180 nm (solid lines). Other array dimensions are w = 40 nm and a = 280 nm. The symmetric resonance redshifts more than
the antisymmetric one. This increases the spectral spacing between them, and thus broadens A® and p. The resonances broaden and in this
case the increase in A®, due to the broadening, dominates, resulting in an increased p. (d)—(f): Effect of increasing the arm length in the
strong inter-particle coupling domain. 7, A® and p for L = 150 nm (dotted lines) and L = 190 nm (solid lines). Other array dimensions are

w = 40 nm and a = 200 nm. Both eigenmodes red-shift more than in the weak inter-particle coupling domain for the same increase in
length. Resonances are much broader. A high A® and p are obtained.
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Figure 5. (a)—(c): Effect of increasing the arm width, w, in the weak inter-particle coupling domain. 7, A® and p for w = 40 nm (dotted lines)
and w = 80 nm (solid lines). Other array dimensions are L = 140 nm and a = 280 nm. The symmetric resonance blue-shifts negligibly,
whereas the antisymmetric resonance blue-shifts significantly. This reduces the spectral spacing between them and thus increases, and
narrows, A® and p. (d)-(f): effect of increasing the arm width in the strong inter-particle coupling domain. 7, A® and p for w = 40 nm
(dotted lines) and w = 80 nm (solid lines). Other array dimensions are L = 170 nm and a = 200 nm. Both eigenmodes blue-shift and
broaden more than in the weak inter-particle coupling domain, for the same increase in width. A high A® and p are obtained.
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figure 6(b)). The resulting A® and p broaden while roughly maintaining the same maximum value. Other array dimensions in (a)—(c) are

L = 150nm, w = 40 nm and a = 200 nm.

overlap perfectly. Therefore, in either coupling domain,
increasing w decreases the spectral separation between the
resonances as shown in figure 5. This reduced separation
between the resonances narrows and increases A® and p. Thus
w can be used to trade-off between the bandwidth and p of the
device. Moreover, the resonances blue-shift in either domain
with increasing w. This is because the surface currents can
deviate more from the arm axis and hence oscillate along
shorter paths.

In the weak inter-particle coupling domain, the anti-
symmetric resonance blue-shifts significantly whereas there is
a negligible blue-shift in the symmetric resonance, as shown
in figure 5(a). This shows that the antisymmetric resonance
condition for ‘fat’ antennas is not accurately described by
models based on a thin-wire approximation [36], which by its
very nature cannot be used to model the effect of increasing w
for a fixed L. In the strong inter-particle coupling domain, the
stronger near field coupling results in a greater spectral shift
and spectral broadening of both eigenmodes for the same
increase in arm width, as shown in figure 5(d). A high A®
and p are obtained.

2.4. Effect of varying the array topology parameter (6)

In the weak inter-particle coupling domain, the arrangement
of the antennas relative to each other, and hence 6, only
effects the linewidth of the eigenmodes. However, in the
strong inter-particle coupling domain we observe that the
antisymmetric resonance red-shifts and broadens as we
increase 6 from 45° (see figure 6(a)). This is because the ends
of the neighboring antennas, which exhibit the strongest field
localization for the antisymmetric mode (we refer back to
figure 1(d)), move closer to one another. On the other hand,
the symmetric resonance does not show a significant overall
change as 6 is varied (see figure 6(b)). The topology para-
meter can be tuned such that the antisymmetric resonance red-
shifts and broadens due to stronger inter-antenna coupling
while the symmetric resonance undergoes a negligible overall
change, thereby providing a design parameter to increase the

bandwidth without significantly decreasing the maximum
purity. In figure 6(c), we illustrate a specific example of this.

3. Results and discussion

Based on the effects of varying the design parameters as
described above, we present a design methodology for
moving the operating regime of a half-wave plate to a longer
wavelength starting from any existing design. We focus on
the weak inter-particle coupling domain, since it affords a
larger inter-antenna spacing and hence more relaxed fabri-
cation requirements.

To shift the eigenmodes, and hence p, to a longer
wavelength, L has to be increased. However, this will reduce
the inter-antenna spacing. Therefore, to increase L without
departing from the weak inter-particle coupling domain, a
should also be increased. This would maintain the width and
spectral range of p but reduce its magnitude. Therefore a
should not be made unnecessarily large. Next, L and w should
be scaled up together to red-shift and increase p. Finally, w
can be adjusted to trade-off the bandwidth with the maximum
p. A larger w will narrow, increase and blue shift p. An
example of the above recipe is presented in figure 7(a).

The above methodology also affords the possibility of
designing an array having larger dimensions, and hence with
more tolerance to fabrication constraints, but with the same 7
at a fixed design wavelength. While the center of the p and
profiles red-shift using the above methodology, their finite
width can enable the final design to give the same 7 as the
initial design at a fixed target wavelength. As an illustration,
in figure 7(b) the final design has much larger antenna
dimensions and inter-antenna spacing, but the same efficiency
at 920 nm wavelength. We note that the peak efficiency of our
design is comparable to the best reported half-wave plate
efficiency for an ultrathin, single-layered planar plasmonic
metasurface [16].

A similar design methodology can be used to design at a
longer wavelength in the strong inter-particle coupling
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inter-particle coupling domain. p is shown for L = 140 nm, w = 40 nm, a = 150 nm (dotted line) and L = 290 nm, w = 60 nm,

a = 300 nm (solid line).

domain. This is viable when sophisticated fabrication pro-
cesses are available. L needs to be increased to red-shift the
eigenmodes and p. However, to increase L without touching
the neighboring antenna, first a should be increased. This will
blue-shift and reduce p. Increasing L will then red-shift and
increase p. Finally, w and 6 can be tailored to trade-off p with
the bandwidth. As mentioned before, a higher p is obtained in
this domain as compared to that in the weak inter-particle
coupling domain. This recipe is illustrated in figure 7(c). We
note that the recipes presented above are easily applicable to
the design of quarter-wave plates as well.

We now discuss the practical utilty of our results in terms
of current fabrication processes. The smallest antenna feature
size we consider in this work is 40 nm, whereas the smallest
inter-antenna gap we consider in our discussion of the weak
inter-particle coupling domain is of 60 nm. These feature
sizes can be easily realized through standard electron beam
lithography (EBL). In the strong inter-particle coupling
domain, the smallest inter-antenna gap we utilize is of 10 nm.
This gap size can be reliably fabricated using focused ion
beam lithography, but it is an expensive process and is thus
applicable only to small area metasurfaces. However, gap
sizes of 20 nm have been realized with EBL [47], and our
discussion of the strong inter-particle coupling regime is valid
at this gap size. Finally, we note that the difficulty of fabri-
cating very small features signifies the methodology we pre-
sent above, where we design arrays with larger dimensions
but with the same efficiency at a desired wavelength.

4. Conclusion

In this work we have presented principles that can be used to
design wave plate metasurfaces at a wavelength of choice and
for diverse application requirements using arrays of L-shaped
plasmonic antennas. We derive the design principles by
studying the behavior of the vast parameter space of these
antenna arrays, and demonstrate the importance of utilizing

the array properties in the design process. We demonstrate the
application of these principles through three examples: a
wave plate design tailored to available fabrication capabilities
and an adaptation of a design to a new operating frequency in
each of the weak and strong inter-particle coupling regimes.
In all cases we design for operation at a desired wavelength
while having control over multiple device performance
characteristics—the purity, the efficiency and the operating
bandwidth. The results we present here are also applicable to
designing quarter-wave plates, and can be extended to
incorporate other parameters such as antenna thickness. This
work will help readers develop insights into the properties of
L-antenna arrays and enable a more effective design process
for ultrathin wave plates.
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