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Abstract

L-shaped resonant optical antennas (ROAs) are low-symmetry plasmonic nanostructures
with the unique ability to show two tunable resonances in the optical and near-infrared
wavelength regions. The plasmon length of the so-called longitudinal dipolar fundamental
plasmon mode of these asymmetric L-shaped ROAs can be used as plasmon resonance
building blocks to design polarization-sensitive devices. This paper introduces and numeri-
cally analyzes a novel design of asymmetric L-shape ROAs. The reported design offers
two resonance modes, i.e., bimodal longitudinal antenna resonance behavior with a high
enhancement factor. These two resonances can be selectively excited by changing the linear
polarization angle. It is found that the coupled L-shaped ROA with a very small 2 nm gap
width exhibits field enhancements 40 and 147.3 on scale |E;;|/|Ey| for the high energy
and low energy resonance, respectively. The obtained results and the analysis open a new
route for multiple plasmon resonance devices with ultra-high field enhancement that can
be easily integrated with future nano-optical circuits with multiple operational frequencies.
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1 Introduction

In the last couple of years, there is a growing interest in the field of light-matter interac-
tion with novel applications of the electromagnetic properties of nanoscale metals, such
as resonant optical antennas (Miihlschlegel et al. 2005; Bharadwaj et al. 2009; Novotny
and van Hulst 2011; Biagioni et al. 2012; Kern et al. 2015; Curto et al. 2010; Feichtner
et al. 2017; Giannini et al. 2011) and metamaterials (Veselago 1968). Due to the collec-
tive oscillations of the free carriers confined to the metal particle volume or so-called
localized surface plasmon resonances, noble metal nanoparticles are prominent for their
volume-dependent scattering and absorption properties that furthermore can be tuned
throughout the visible and NIR wavelength range by shaping their specific geometry,
their materials composition properties and their environment (Kelly et al. 2008). As a
result, the optical response function in the vis/NIR-wavelength region and the locally
enhanced fields can be tuned according to the application needs. Therefore, resonance
design toolbox parameter so-called plasmon length is introduced. It can be described as
the length scale over which the free electron oscillation takes place (Ringe et al. 2012).
Highly localized near-fields at certain frequencies together with specific light polariza-
tion conditions are essential for new nonlinear optical effects, such as nonlinear plas-
monics via four-wave mixings (Palomba and Novotny 2008) or the increasing sensitivity
and selectivity demands for surface-enhanced Raman micro-spectroscopy down to the
single molecule limit (Kneipp et al. 1997).

In the field of resonant optical antennas (ROAs) (Miihlschlegel et al. 2005), the scal-
ing laws for their antenna resonance frequency have been motivated by the RF-antenna
community design and tools (Novotny 2007). V-shaped ROAs (Zhag and Yang et al.,
2007),”bowtie” ROAs (Fromm et al. 2004), and Yagi-Uda ROAs (Kosako et al. 2010) have
been investigated numerically. Expanding the ROA architecture towards L-shaped con-
figurations opens pathways for polarization-sensitive plasmon resonance frequencies with
fundamental dipolar mode together with the so-called three-pole resonance, which origi-
nates from the symmetric current mode running along the antenna arm of the asymmetric
L-shape. Symmetric L-shaped nanostructures as ROAs have been extensively studied and
proposed (Yang and Zhang 2011, 2013; Jing et al. 2009; Seo et al. 2010; Bai et al. 2015;
Tahir et al. 2017; Miao et al. 2022). Also, it had been investigated coupling of L-shaped
nanodimers (Black et al., 2015) as a part of efficiency investigation of second harmonic
generation over the transition from capacitive to conductive coupling. Furthermore, dif-
ferent polarization conditions for symmetric L-shaped structures are studied (Wang et al.
2015) in order to design ultra-thin optical vortex phase plate (VPP) which can generate the
optical vortex beams with different topological charges. Finally, L-shaped slot antennas are
explored and used as a nano-router (Xu et al. 2021). In contrast, the literature lacks numeri-
cal studies on the performance of asymmetric L-shape designs.

We introduce two novel designs of ROAs based on asymmetric L-shapes with plasmon
length tuning and high-electric field enhancement. The performance of the reported design
is numerically investigated via finite element method. The suggested ROAs offer two
resonances or a bimodal longitudinal antenna resonance behavior. These two resonances’
excitations can be controlled by changing the linear polarization angle. The asymmetric
L-shaped single ROAs resonances can be interpreted conceptually as tuning the plasmon
length accordingly by "fusing" rod-like single particles. This analysis opens a design route
for multiple plasmon resonances that match the conditions for future nano-optical active
circuits. Table 1 summarizes the current study with the previous work.
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Table 1 Comparison of current study with similar structures

Reference Structure No of peaks EF factor
Khalil et al. (2021) Triple layer structured 3 35,5,82
Lietal. (2012) Plasmonic staircase nanoantenna 1 32
Sederberg and Elezzabi (2011) Sierpi nski fractal plasmonic bowtie 2 7,43
Sederberg and Elezzabi (2011) Triangular counter bowtie 1 37
Yue et al. (2017) Triangular bowtie antenna 1 34
Yue et al. (2017) Dimer 1 12

This work 2 40,147.3

The paper is organized as follows. Section 2 presents the simulated structures and
explains the strategy to identify the plasmon length for size-evolving asymmetric L-shaped
ROAs. Section 3 interprets those findings with plasmon length tuning as tools for multi-
ple plasmon resonance ROAs and the detailed simulation results for the reported designs.
Finally, conclusions will be drawn in Sect. 4.

2 Geometric parameters and simulation strategy

Figure 1 shows the reported asymmetric L-shaped nanoantennas design in top and 3D
views. In this study, the height (H) and the width (W) are kept constant at 30 nm and
20 nm, respectively. All antennas can be fabricated by lithographic techniques reported in
(Wissert et al. 2009; Dopf et al. 2015; Schwab et al. 2013). The nanoantenna arm length
varies from 20 to 80 nm in steps of 20 nm. All simulation studies are carried out using
the Finite Element Method (FEM) (Zienkiewicz et al. 2005) via the commercial software
package COMSOL Multiphysics Software (https://www.comsol.com). A maximum mesh
element size of 6 nm is used for the L-shaped ROAs which are comprised of rod like
antenna arms as rectangular geometric blocks with rounded corners to avoid electromag-
netic field singularities. In the remaining area surrounding the nanostructure, the maximum
mesh element size is 80 nm. The dielectric constants for gold are taken from (Johnson and
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Fig.1 a Top view of a single L-shaped ROA (x—y plane) with the antenna arms termed A and B in two
configuration (I, IT) with respect to the linearly polarized plane wave excitation; b 3D scheme of gold
L-shaped ROA on glass
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Christy 1972). The simulation domain has a spherical shape with a radius of 600 nm. All
ROA models are surrounded by a sufficient number of perfectly matched layers (PMLs) in
X, y and z directions. The numerical models include the ROA supporting layers, such as
glass and 50 nm thick ITO (indium tin oxide). The optical response such as the absolute
scattering and absorption cross-section as a function of varying arm length is calculated
in the wavelength range from 500 to 1000 nm. Furthermore, the 3-D Maxwell solution of
our model gives the quantities of the current distribution with its vector representation over
the entire volume of the ROA as a function of wavelength. The designed nanoantennas
are illuminated by an electromagnetic plane wave propagating from the substrate side with
linear polarization properties as indicated in the following. In all simulation results in this
paper absorption and scattering cross sections are calculated according to classical antenna
theory (Balanis, C.A., 2005).

3 Results and Discussion

a. L-shape results

The analysis started with the two principal configurations as indicated in Fig. 1a). The
asymmetric L-shaped ROA arms are co-aligned (lengths here termed: A, B) with the Car-
tesian coordinate axes (x,y). The linear excitation polarization of the electromagnetic plane
wave is set parallel to the y-axis. For each wavelength, as is indicated above, one of the
ROA arm’s lengths is increased from 20 nm up to 80 nm individually in steps of 20 nm
while the corresponding other ROA arm is held constant at 60 nm. By this method, we
generate a set of four ROAs with two orthogonal configurations of rod-like antennas (here
termed: I, ROA starting geometry being parallel to the linearly polarized wave and II, ROA
starting geometry being perpendicular to the linearly polarized wave) with respect to the
linearly polarized plane wave excitation. Thus, the typical antenna parameter L/A (arm
length/wavelength) is evolved as a figure-of-merit not only to derive the ROA resonance
scaling, but also to investigate the associated ROA current mode development. Having sim-
ulated numerically the far field optical properties of asymmetric L-shaped ROAs, the ROA
configuration I as indicated in Fig. 1 is analyzed first.

A =20 nm corresponds to a pure nanorod like ROA. It can be noted that a monomodal
longitudinal ROA antenna mode in the absorption as well as in the scattering spectra that
originates from the ROA with B=60 nm. The particle plasmon resonance property of a
gold nanorod with an aspect ratio B/A = 3 agrees with the previous results already pub-
lished (Bohren and Huffman 1983). This particular ROA geometry with its associated par-
ticle plasmon resonance is an excellent example for the relevance of the plasmon length.
The longitudinal current mode here shows that its oscillation is pinned to the physical
dimension with well-defined nodes at the nanorod’s ends. Increasing the ROAs arm length
A and thus breaking the nanorod symmetry leads to the development of bimodal ROA
resonance behavior (Fig. 2). When we increase just the length of one ROA arm, we there-
fore observe two new ROA resonances that shift both to the low energy side of the spectral
bandwidth shown here, but with increasing wavelength separation between the bimodal
resonance wavelengths. We now switch to the simulation of the abovementioned ROA
configuration II. For the rod-like ROA (B=20 nm), a resonance peak in the absorption
spectrum at 540 nm is observed that can be interpreted as the transversal particle plasmon
resonance which is supported by the vector representation of the volume current mode. It
is worth mentioning that, by lowering the symmetry of the rod-like ROA while increasing
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Fig.2 Far field optical properties of single L-shaped ROAs with increasing arm length, respectively. a
absolute absorption cross section of ROA for configuration I from Fig. 1a; b absolute scattering cross sec-
tion of ROA for configuration I from Fig. 1a; ¢ absolute absorption cross section of ROA for configuration
II from Fig. 1a; d absolute scattering cross section of ROA for configuration II from Fig. 1a

just the antenna arm length B from 20 to 80 nm, we observe a bimodal ROA resonance
property for both the absorption and the scattering spectra that develops its frequency shift-
ing and increasing wavelength separation between the two ROA resonances similar to the
case of ROA L

The interesting point here is that this development starts with a transversal particle plas-
mon mode, and from symmetry considerations concerning the ROA above configuration 1.
It develops into two longitudinal ROA modes with a high-frequency resonance component
and a low-frequency resonance counterpart. This analysis is supported by the current mode
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representation of the asymmetric L-shaped ROAs depicted in Fig. 3 which shows the cur-
rent density of the bimodal ROA resonances for the two configurations I and II at the two
wavelengths of A=634 nm and A =843 nm, respectively.

It can be seen from this Fig. that for both configurations I and II, two distinct modes
linked to the bimodal resonances of the L-shaped ROA are evident from the vector rep-
resentations of the current densities. The signatures of both configurations I and II have
the same qualitative current mode pattern. The low-frequency ROA (eigen mode) can be
assigned to a slightly perturbed — bent — longitudinal current mode-giving rise to the ROA
resonance at 843 nm, whereas the high-frequency ROA resonance at 634 nm has a current
mode signature of an out-of-phase longitudinal resonance oscillating along each individual
ROA antenna arm A and B. It is interesting to note that despite the polarization mismatch
of the asymmetric L-shaped ROA concerning the linearly polarized excitation plane wave,
the highest current density amplitude is exclusively located at the shorter ROA arm of the
L-shaped antenna giving rise to the 634 nm ROA resonance.

More insight into the ROA performance is gained from analyzing their specific polarization
dependence as a function of frequency. Figure 4 illustrates the variation of the absorption and
scattering cross sections with the incident wave polarization. It can be seen from this figure
that the optical far-field response function (absorption cross section and the scattering cross
section) can be finely tuned by varying the polarization angle to be maximized on the high-
frequency ROA resonance or the low-frequency ROA resonance. The asymmetric L-shaped
ROA shows a bimodal wavelength-dependent polarization property. As depicted in Fig. 4, for
the linear excitation polarization oriented 90° with respect to the Cartesian coordinate system,
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Fig.3 Current density of the bimodal ROA resonances. Arm lengths are A=80 nm and B =60 nm. Color
bar is J (current density) with the vector representation of the current modes for ROA configuration from
Fig. 1. a and ¢ ROA resonance wavelengths are 634 nm and 843 nm for polarization direction along x-axis;
b and d ROA resonance wavelengths are 634 nm and 843 nm for polarization direction along x axis
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Fig.4 Electromagnetic plane wave excitation dependence of the scattering and absorption cross section as
a function of the polarization angle for an asymmetric L-shaped ROA with arm lengths A=60 nm and
B =90 nm; a absorption cross section with a set of varying linearly polarized plane waves; b scattering
cross section with a set of varying linearly polarized plane waves; ¢ absorption polar diagram of the two
asymmetric L-shaped ROA longitudinal resonances for wavelengths 639 nm and 874 nm

both bimodal ROA resonances can be excited. By hitting the internal symmetry main axis of
the asymmetric L-shaped ROA as being close to the 30° or 120° (with respect to the x-axis)
either the high-frequency ROA mode or the low-frequency ROA mode can be selectively
addressed.

Empirically, these specific light polarization states match the effective dipole orientation
angles a of the two resonances for the asymmetric L-shaped ROA which can be approxi-
mated by the analytical relation:

A-Y

2
W )]
2

QHIGH_FREQUENCY = Arctg

and

w

n 2
LOW_FREQUENCY = 7 +arctg B 2)
2

assuming an analytically single current mode for those resonances. We therefore neglect the
influence of the finite width of the ROA arms. These Eqgs. (1) and (2) are derived from the
geometry sketched in Fig. 5. When the polarization orientation angle i8 aycy rreguENCY

@ Springer



824 Page 8 of 15 N. Bralovi¢ et al.

>

-

v

i

D
a

'\ .
A-WN2 == A+B-W W

B-W/2
=

POLARIZATION

Fig.5 Representation of the rod-like antenna and L-shaped antenna with the same effective length (or the
same volume)

the electric field is polarized along the blue line in Fig. 5 while it is polarized along the
green line for a polarization orientation angle ;o rreouency-

According to Mie theory, the scattering cross section is a function of the volume of the
metallic nanoparticle [30]. It is worth mentioning that we compare spectral properties of
single rod-like ROA and L-shaped ROAs which have the same volume. If the width and
the height are kept constant (W =20 nm, H=30 nm) the same volume could be interpreted
as a same effective length of the ROA. As indicated in Fig. 5, for an L-shaped antenna
which has antenna arm lengths A and B, an appropriate rod with equal volume has a length
L=A+ B—W. This equation is the result of our approximation that the red line stands for a
virtual single electron path for the electrons which travel from end to end of the nanoparti-
cle and represents a longitudinal mode. At the beginning, a rod-like ROA with a length of
100 nm is chosen. The simulation started with a new set of ROAs to investigate the scat-
tering properties for several L-shaped antennas with the same volume. According to the
equation L=A+B—W and values L=100 nm and W =20 nm, the sum of the L-shaped
antennas arm lengths needs to be A+B =120 nm. For several L-shaped antennas whose
arms fulfill this condition, we calculated the scattering responses for the case of polariza-
tion in the y-direction. The results in the form of far-field properties are shown in Fig. 6. As

Fig. 6 Far field scattering proper- x1 0-15
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shown in Fig. 6, shortening the length of the arm B and increasing the length of ROA’s arm
A leads to shifting the high-energy ROA resonance to the high-energy side. On the other
hand, we also observe a shift of the low-energy ROA resonance to the low-energy side of
the spectral bandwidth (the exact data for D and 4, oy rreouency are given in Fig. 6 and the
behavior of the high-frequency resonant peak wavelength is shown in Fig. 7. This behavior
agrees with the general dependence that the blue line gets shorter while the green diagonal
line becomes longer when A + B is kept constant while B is reduced.

Analyzing the solutions of the 3D-Maxwell solver in terms of the vector representation
of the current flow together with the amplitude of the current modes as depicted in Fig. 3
for the two fundamental ROA resonance frequencies, we deduce that a linear combina-
tion of two plasmon length basis functions are sufficient to reconstruct the eigenmodes of
the asymmetric L-shaped ROAs. In this sense, a hypothetical hybridization model shall
be evaluated, as depicted in Fig. 8. We start with the plasmon length of a short gold nano-
bar with a dimension of 120 nm. The physical size/dimension of this single gold nanorod
represents the base function of the independent plasmon length since the current oscil-
lation at this longitudinal eigenfrequency is confined to the end-to-end phase condition.
Nanorods with a length of 120 nm can be bent in the form of an L-shaped nanoparticle
with arms 80 nm and 60 nm. This corresponds to the effective length of this L-shaped
nanoparticle as it already comprises the additional of the width of 20 nm (80 nm+ 60 nm
— 20 nm=120 nm). For the 120 nm gold nanorod ROA with a longitudinal resonance
eigenmode energy of 1.44 eV (corresponding to a wavelength of 862 nm) and the 60 nm
gold nanorod with the according resonance at 1.88 eV (corresponding to a wavelength of
658 nm). These L-shaped nanostructures have high and low energy resonances at 634 nm
and 843 nm with corresponding energies of 1.96 eV and 1.47 eV, respectively. Asymmet-
ric L-shaped ROAs can be constructed to be linear combinations of two resonances. For
further analysis is very important to understand Fig. 6 where resonant wavelengths are cal-
culated for different combinations of arm lengths. Therefore, Table 2 discusses the high
energy and low energy resonant wavelengths for different combinations of arms A and B of
L-shaped ROA, all having the same effective length (A +B-W =120 nm). Figure 6 shows
that while the length of the shorter arm decreases, the high energy resonance is shifting
blue. The same behavior can be seen in Table 2, columns 2 and 5. This is in strong correla-
tion with the abovementioned behavior from Fig. 3 where it is pointed out that the highest
current density amplitude is exclusively located at the shorter ROA arm of the L-shaped

(a) (b)
610 610 f
) 5
S :
=) S
% 590 S 590
=
s 3
E 570 E 570+
= =
< <
550 S— 550 —
10 20 30 40 135 150 165 180
h/nm '/ degrees

Fig.7 Relation between high energy mode wavelength and: a height of the single L-shaped ROAs (see
Fig. 5); b angle « of single L-shaped ROAs (see Fig. 5)
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Fig.8 Energy reconstruction of the asymmetric L-shaped ROA made from single rod-shaped antenna with
length 120 nm

antenna giving rise to the high energy resonance. Regarding the low-energy resonance,
Table 2 (columns 3 and 6) shows that for a constant effective length of L-shaped anten-
nas (120 nm in this case) and every combination of arms’ lengths, the low-energy reso-
nance remains almost stable, except for a small red-shift which is related to the change of
the diagonal of the L-shaped nanostructure already analyzed in Figs. 5 and 6. Moreover,
it can be seen in Fig. 8 that the plasmon length of the L-shaped ROA defining the low
energy eigenmode is shorter than the 120 nm individual gold nanorod, which has the same
volume as the given L-shaped ROA. This low-energy ROA resonance does correlate to a
plasmon length of 112 nm, which we confirmed via numerical simulations for a single gold
nanorod with this particular physical length. But, if A and B are 90 nm and 50 nm, 95 nm
and 45 nm, etc., that rule does not apply anymore. Therefore, it is much easier to esti-
mate an L-shaped antenna’s low energy resonance position based on the effective length
of the L-shaped nanoantenna than to estimate the high energy resonance position. The two
fused ROA arms of this eigenmode solution are oscillating out-of-phase along each’ indi-
vidual’ arm of the L-shape with a well-pronounced current amplitude located at the short
axis of this entity (Figs. 3 and 8). This hybridization picture of plasmon length from indi-
vidual longitudinal, unperturbed plasmon resonators finds analogies in the field of molec-
ular orbital hybridization of binuclear atomic species A and B, where the hybridization
eigenvalues of the symmetric and antisymmetric linear combinations give rise to highly
polarized two-center-two-electron covalent bindings. This analogy picture even holds for
the symmetric L-shaped ROA (e.g., antenna arm A =60 nm; B=60 nm), where the eigen-
mode energy separation of plasmon length linear combination is symmetrically spread
around the plasmon length basis function for the 60 nm gold nanorod (here, 1.88 eV).
The design of multiple resonance optical antennas can benefit from the ‘fused’ plasmon
length concept. Thus, broadband ROA devices with well defined tailored resonances can
be engineered by tuning the individual plasmon length of each contributing antenna arm.
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Furthermore, the polarization of the re-emitting light can be analyzed in terms of the effec-
tive internal dipole of the specific ROA resonance frequency. Therefore, mono-modal ROA
resonance scattering and absorption can be accomplished even with a bi-modal asymmetric
L-shaped ROA through the polarization control of the external linearly polarized excitation
source.
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Fig.9 a Top view of a coupled L-shaped ROA (x—y plane) with antenna arms termed A and B where B
varies from 50 to 80 nm and A is kept constant at 60 nm; b and ¢ Absorption and scattering cross section;
d) Field enhancement in the gap center at different values of B;
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b. Coupled L-shaped Results

In order to calculate the electric field enhancement, a second L-shaped antenna has been
added. Figure 9a shows the top view for the reported coupled L shaped nanoantenna
design, while Figs. 9b and c show near and far field properties of coupled L-shaped struc-
tures. It can be seen from these Figures that the absorption and scattering cross sections
for coupled L-shaped antennas have very similar nature as the single L-shaped antennas
shown in Fig. 2. When increasing the arm’s length B, there is a red shift of low and high
energy resonances and the second resonance amplitude is increased. Figure 9d displays the
field enhancement for the coupled L-shaped design.

Here, it is crucial to investigate the behavior for a very small gap of 2 nm width. Regard-
ing near-field behavior, we measure field enhancement in the center of the gap as shown in
Fig. 9a. It is worth mentioning that, in this study, the scale for field enhancement here is
|Ezor|/|Ey|- For the antenna arm lengths A=60 nm and B=80 nm, the field enhance-
ments in the gap amount to 40 and 147.3 for the high energy and low energy resonance,
respectively. What can be noticed in Fig. 9d is that by increase of arm length B, there is a
visible but small red shift of the high energy resonance, but there is no big change of field
enhancement. On the other hand, by increasing the length of arm B, there is a significant
red shift of the low energy resonance and also a huge increase in field enhancement. We
conclude that with the suggested design in Fig. 9a we are able to control field enhancement
properties, especially for the low energy resonance.

4 Conclusion

In this paper, a novel design based on L-shaped nano-antennas is proposed and numerically
investigated via the finite element method. The reported designs exhibit monomodal and
bimodal resonance behavior with a high field enhancement of 40 for high energy and 147.3
for low energy resonance. By changing the length of the antenna, the mode resonances can
be tuned. The obtained results and the analysis pave the road for multiple plasmon reso-
nances devices with ultra-high field enhancement that can be integrated with optical nano-
circuits with multiple operational frequencies, e.g., frequency conversion devices.
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