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A B STR A CT

We have demonstrated that plasmonic metasurfaces composed of arrays of Au bowtie nanoantennas can support an infrared bidirectional
superscattering state. This state arises when the nanoantennas are coherently coupled together, forming a surface lattice resonance that
efficiently guides the infrared range (1–1.6 lm) of incident broadband white light along the plane of the arrays. This process exhibits strong
polarization dependence, offering an “OFF” state where a 90 rotation of the incident light polarization effectively suppresses in-plane scat-
tering from all sides. Stokes parameters analysis is used to study the states of polarization of the scattering, demonstrating transformation into
a complete depolarized state. The results emphasize the significant influence of the multipolar modes of these nanoantennas on the
interference processes associated with such scattering phenomena, and their potential applications in polarization optical switching and
unique beamsplitting.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0159295

Periodic arrays of metallic nanoantennas can support hybridiza-
tion of their localized surface plasmon resonances (LSPRs) with the
diffraction modes of the arrays, forming surface lattice resonances
(SLRs).1–6 Such resonances offer a coherent process wherein the
LSPRs of the nanoantennas are excited in phase.7 These resonances
have been studied under the weak and strong regimes of exciton-SLR
coupling5,8 and are widely used for biological and chemical sensing
applications.9–13 Additionally, owing to their collective nature and
sharp spectral features, SLRs have been investigated for excitonic laser
systems,14–16 design of optical filters,17 study of Rabi splitting, dressed
states, and exciton polaritons in monolayers of transition metal dichal-
cogenides.18,19 Combination of SLRs and LSPRs is also considered for
coherent transport of energy between two very dissimilar quantum
dots20 and the formation of photonic-plasmonic paths for transfer of
energy from quantum dots to metallic nanoantennas.21 In addition,
recent reports have considered the impact of SLR in magnetoplas-
monic crystals,22 investigating magnetoplasmonic sensors and beam
steering by adding magnetic materials to the structures that support
SLRs.23,24

Investigation of SLRs based on various types of metallic nanoan-
tennas can offer a wider range of plasmonic metasurfaces with various
applications. These nanoantennas include split-ring resonators,25

nanorods,26 nanodisks, and dimers.7,25 Periodic arrays of Bowtie

Appl. Phys. Lett. 123, 051702 (2023); doi: 10.1063/5.0159295

Published under an exclusive license by AIP Publishing

nanoantennas (BTs) and their SLRs have also been utilized to tailor
the interaction of light with MoS2 monolayers.27,28 Additionally,
strong exciton-plasmon interaction supported by BT arrays and their
nanoscale gaps have been used to demonstrate anticrossing behaviors
and Rabi splitting.29,30 BTs have also been investigated as receiving
and transmitting nanoantennas31     and for sensor applications.32

Optimization of nanogaps in BTs for plasmonic enhancement factor
has also been studied.33

Previous studies on surface lattice resonances (SLRs) in bowtie
(BT) arrays have primarily focused on the visible range, around
600 nm.27–30 In this paper, we investigate a BT array design capable of
supporting an infrared SLR [Fig. 1(a)]. We demonstrate that such an
SLR can strongly control the in-plane scattering of the array, resulting
in an infrared bidirectional superscattering state. This state occurs for a
specific polarization of the incident light and enables efficient routing of
the infrared (IR) range (1–1.6 lm) of a broadband white light
source into the plane of the arrays [Fig. 1(b)]. We show that IR SLRs
in BT arrays offer an effective means of switching in-plane scattering.
This includes achieving an “OFF” state where in-plane scattering is
significantly suppressed in all four directions over a broad range of
0.5–1.6 lm [Fig. 1(c)]. The results highlight the conditions under
which a purely linearly polarized incident light becomes depolarized
or maintains its polarization state at nearly 100%. These findings
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FIG. 1. (a) Schematic of the in-plane scat-
tering measurement setup for BT arrays.
(b) and (c) The superscattering and OFF
states of these arrays. In (b) and (c), the
red arrows refer to the polarization of the
incident light along the y- and x-axis,
respectively.

provide unique applications of plasmonic metasurfaces, including
polarization optical switching and broadband beam splitting.

Note that, recent reports have highlighted the significance of
in-plane (side) scattering of single and arrays of nanoantennas as a
capable technique to investigate interference processes associated with
plasmonic resonances.34,35 For the case of single nanoantennas, this
technique has been used for spin control of quantum emitters34 and
in-plane nanoantennas scattering via multipolar plasmon resonan-
ces.36,37 The in-plane scattering of arrays of V-shaped nanoantennas
has revealed the formation and transition between plasmonic bracket
supercells.38 Recent reports have also shown that in-plane scattering
can demonstrate interference among the electric dipole, quadrupole,
and magnetic dipole moments of a split-ring resonator37 and can be
used for lasing action based on strongly coupled plasmonic nanocavity
arrays.39 Control of such a process via the interference process has
been examined in detail via alignment of arrays of dipoles associated
with polarization-sensitive apertures in a gold film.35 In-plane scatter-
ing is also uniquely useful for applications of SLRs, including laser sys-
tems,40–42 investigation of diffractive coupling in the plane of the
arrays,43 and control of in-plane scattering using SLRs and localized
surface plasmon resonances (LSPRs).44

To measure in-plane scattering, we used a setup consisting of an
objective to focus the light on the sample (objective 1) and a second
objective (objective 2) to collect the light along the edge of the glass
substrate supporting the arrays [Fig. 1(a)]. For numerical simulations
and mode analysis, we used the finite-difference time-domain (FDTD)
technique provided by the Device Multiphysics Simulation Suite of
Lumerical (2020a).

E-beam lithography was employed to fabricate bowtie (BT)
arrays with lattice constants ax ¼ ay ¼ 1 lm, as highlighted in Fig.

S1(a) of the supplementary material, which also includes some details
of the fabrication processes. The scanning electron microscopy (SEM)
image of the arrays is shown in the inset of Fig. 2(a). The bowties had
lengths (L) and widths (W) of approximately 610 and 400 nm, respec-
tively. They were located in regions with 200 200 lm2 dimensions at
about center of the square glass substrates with 20 mm sides. A trans-
mission setup was used to measure the extinction spectra of these
arrays under superstrate conditions of air. The results depicted in Fig.
2(a) illustrate the polarization dependence of the extinction spectra
when the incident light was polarized along the x axis (x-pol) and the y
axis (y-pol). The solid line corresponds to x-pol, whereas the dashed
line represents y-pol. The findings indicate that for x-pol, the spectrum
exhibits a prominent peak at around 800 nm, while for y-pol, the spec-
trum displays peaks at approximately 750 and 1050 nm and a shoulder
at 1400 nm.

Figure 2(b) displays the dark field backscattered spectra of the BT
array, detected perpendicular to the plane of this array, in the visible
range using different microscope objectives. The results demonstrate
significant variations attributed to the mode excitation and collection
efficiency supported by the objective and dark field filter.45 The insets
in Fig. 2(b) provide microscope images of the BT arrays captured
using the 20, 50, and 100 objectives. Previous reports have indi-cated
that objectives with smaller magnifications can support a near-normal
incidence approach, reducing the effects of retardation fields.46,47

It should be noted that in this paper, we specifically study the
scattering processes that occur perpendicular to the back scattering with
long range scanning capability. This offers a less dependency on the
collection optics.

The results for in-plane scattering along all four sides of the glass
substrate supporting the BT arrays are shown in Figs. 3(a)–3(d).

FIG. 2. (a) Extinction spectra of the BT
arrays for x-pol (solid line) and y-pol
(dashed line). The inset shows the top
SEM image wherein L  613 and W
400 nm refer to the width and length of the
BT nanoantennas, respectively. (b) Dark
field backscattered spectra of the BT arrays
with 20 (solid line), 50 (dashed line), and
100 (dashed-dotted line) microscope
objective. The insets in (b) show
microscope images associated with these
objectives.
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FIG. 3. In-plane scattering of the BT
arrays when it is detected along the x axis
[(a) and (b)] and y axis [(c) and (d)]. In
cases (a) and (c), the incident light has
x-pol, and in (b) and (d), it has y-pol. (e)
S1 associated with the scattering along
the y-axis in the 1–1.6 lm range. (f)
Schematics of the complete polarization
reserved scattering process. In (f), the
horizontal red arrow shows polarization of
the incident light along the y-axis, and the
vertical red arrows refer to that of scat-
tered light along the z-axis.

Overall, these figures reveal several interesting features. One is the rela-
tively low scattering counts when the scattering was detected the x-
axis of the array for both x-pol and y-pol [Figs. 3(a) and 3(b)]. This is
a unique feature compared to arrays of nanorods or V-shaped nano-
antennas, where the relative scattering along this axis can be signifi-
cant.38,44 The prominent feature, however, is the ultrahigh efficient
scattering along the y axis, when the incident light is polarized along
the same axis, i.e., y-pol [Fig. 3(d)]. Such a superscattering state occurs
in the 1–1.6 lm range, indicating a bidirectional spectral filtering pro-
cess along the y-axis [Fig. 1(b)]. The significant amount of scattering
observed in Fig. 3(d) suggests that this process is a prominent factor in
the reduction of the extinction of the BT arrays in the 1–1.6 lm range
for transition from the y-pol to x-pol [dashed and solid lines in Fig.
2(a)]. Furthermore, comparing the results in Figs. 3(c) and 3(d) sug-
gests that this superscattering state can be turned off by rotating the
polarization of the incident light by 90, i.e., forming the OFF state
[Fig. 1(c)]. When in this state, the whole scattering process along all
side is suppressed, as indicated by Figs. 3(a) and 3(c). This process
offers an infrared switching process. It also suggests a polarization
beamsplitting based on metallic metasurfaces. As highlighted in Fig.
3(f), such an application is related to the fact that the scattering process
is bidirectional. Figure S2 shows the results confirming that in the OFF
state, the extinction of BT arrays is nearly zero for a laser with
1290 nm wavelength, indicating lack of dissipation and scattering.

In order to investigate the polarization states of the in-plane scat-
tering, we analyzed the three components of its Stokes parameters (S1,
S2, and S3). Here, S1 represents the degree of horizontally and vertically
polarization, S2 that of L 6 45, and S3 the degree of circular polariza-
tion of the scattered light. Initially, we examined this for the in-plane
scattered light in the 0.5–1 lm range. For the case of 1–1.6 lm IR
range, however, we only measured S1 and S2 due to limitations of our
broadband quarter-wavelength plate. Nevertheless, as demonstrated
later, our understanding of the 0.5–1 lm range can be extrapolated to
gain insights into the 1–1.6 lm range.

The results in Fig. 4 show variations of normalized Stokes param-
eters, i.e., S1 ¼  S1=S0 (a), S2 ¼  S2=S0 (b), and S3 ¼  S3=S0 (c) for the
scattered light detected along the x-axis (S0 ¼ S2 þ  S2 þ  S2). In
Fig. 4, hp refers to the incident light polarization, with hp ¼  0 corre-
sponding to x-pol and hp ¼  90 corresponding to y-pol. The degree of
the linearly polarized component, represented by S1 [Fig. 4(a)],
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exhibits a clear transition from a horizontally polarized state (S1 ¼ 1)
to a vertically polarized case (S1 ¼ ÿ1).  However, this transition
depends on the wavelength of the incident light. Around 750 nm, this
transition occurs at hp  60, while for 900 nm, it happens at hp

40. The results for the degree of L þ 45 and L ÿ 45 (S2) and right and
left circularly polarized (S3) components show some fluctu-ating
features [Figs. 4(b) and 4(c)]. These results suggest that the hori-
zontally and vertically polarized components of the in-plane scattering
are dominant. Similar results are observed for the scattering along the y
axis [Figs. 4(a0)–4(c0)]. These findings highlight an important feature,
indicating that the scattered light remains predominantly linearly
polarized either horizontally or vertically. This suggests that for hp

values where S1 becomes zero [black lines in Figs. 4(a) and 4(a0)], the

FIG. 4. Stokes parameters for in-plane scattering in the range of 0.6–1 lm. (a)–(c)
For scattering detected along the x-axis, and (a0)–(c0) scattering detected along the
y-axis. The black lines in (a) and (a0) refer to the cases of S1 ¼ 0.
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in-plane scattered light becomes effectively unpolarized. Such a depo-
larization process can be attributed to the combined effects of BT exci-
tation along the x- and y-axes,48 and the degree of coupling of
different polarization components to the glass substrate. Note that the
results for the un-normalized Stokes parameters for the visible range
(Fig. S3) and IR range (Fig. S4) show how variations of hp change the
overall intensity of scattered light (S0).

In the range of 1–1.6 lm, the in-plane scattering along the x axis
was found to be insignificant. Similarly, as observed in Fig. 4 for the
0.5–1 lm range, the values of S2 were also negligible. Figure 3(e)
presents the results of S1 for scattering along the y axis. These findings
indicate that for hp ¼  90, the in-plane scattering is predominantly
vertically polarized, as the value of S1 is close to unity. As hp decreases,
S1 gradually declines and reaches zero at certain angles [indicated by
the black line in Fig. 3(e)]. The results reveal that for hp ¼  30, S1

approaches zero within the 1.1–1.5 lm range. This suggests that at this
angle, a spectrally wide range of unpolarized IR scattering can emerge
from the edge of the substrate. As we approach the OFF state with
smaller hp values, the intensity decreases, and S1 exhibits fluctuating
behavior. Fluctuations of S1 can be associated with the variations in
size and shape of nanoantennas, causing random phase and amplitude
variations in the scattering, and to wavelength-dependent plasmon
modes of the BT nanoantennas.

To investigate the mechanism behind the superscattering state
and the OFF state presented in Fig. 3, we studied the plasmonic mode
properties and IR SLR in the BT arrays by rotating the sample along
the x- and y-axes for x-pol and y-pol, respectively. A significant effect
of this rotation is the elimination of the degeneracy of the Rayleigh
Anomaly (RA) and the variation of transverse and longitudinal modes
of the BTs as the angle of the incident light wavevector is changed. We
initially examined the case of x-pol with rotation along the x-axis. In
the following analysis, b denotes the angle between the incident light
wavevector and the normal of the array [as shown in the inset of Fig.
5(a)]. The results in Fig. 5(a) demonstrate that, for x-pol and rotation
along the x-axis, increasing b from 0 (red solid line) to 15 (black dot-
ted line) leads to a spectral transition from a spectrum with a peak at
800 nm and a kink at 918 nm, into another spectrum with a kink at
800 nm and a peak at 918 nm. Beyond 15, the spectra primarily
exhibit amplitude suppression (indicated by the solid lines marked
with numbers 20 and 25). These results primarily reflect the variations
of LSPRs of individual BTs with rotation along the x axis, while the
length of the BT remains unchanged.

When we kept the incident light polarization unchanged (x-pol)
but rotated the samples along the y-axis, the results changed signifi-
cantly. Figure 5(b) shows the formation of several peaks, particularly
at 806, 940, and 1210 nm when b ¼  15 (dotted line). As b increases,
the overall amplitudes of these peaks decrease. The vivid distinction
between the results in Figs. 5(a) and 5(b) can be attributed to the
impact of the rotation along the y axis on exciting multipolar plas-
monic states of BT for x-pol.

For y-pol and rotation along the y axis, as b increases, the BT
arrays show that the peak at about 1100 nm (peak s) starts to reduce in
amplitude while the kink at 1300 nm (h) increases [Fig. 5(c)]. For
b ¼  20 and larger, one mostly sees amplitude reduction. For y-pol
and rotation along the x-axis, the results become quite unique. As
shown in Fig. 5(d), an increase in the value of b allows peak s (circle)
and kink h (square) to become closer to each other. For b ¼  10

Appl. Phys. Lett. 123, 051702 (2023); doi: 10.1063/5.0159295
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FIG. 5. Variations of the extinction spectra of the BT arrays when they are rotated
along the x-axis [(a) and (d)] and the y-axis [(b) and (c)]. In (a) and (b), the incident
light has x-pol, and in (c) and (d), it has y-pol. The red solid, blue dashed, green
dashed-dotted, and black dotted lines refer to b ¼  0, 5, 10, and 15, respec-
tively. Lines highlighted with numbers 20 and 25 refer to b ¼  20 and 25, respec-tively.
The inset in (a) shows the geometry of the rotation wherein the green arrow refers
to the incident line direction and the red arrow to the normal of the array. Here, the
black one-sided arrows refer to the axes of the rotation, and the red two-side arrows
to the polarization directions.

(dashed-dotted line), they merge together, and for b ¼  15, they over-lap
well with each other, forming a single, relatively higher amplitude and
narrower peak (dotted line). With a further increase in b, the
amplitude of this peak reduces as it becomes broader.

To analyze the results in Figs. 5(a)–5(d), it is important to note
that the BT arrays have a square lattice, with ax ¼ ay ¼ 1 lm.
Therefore, they can support two Rayleigh Anomaly (RA) wavelengths:
one associated with the substrate, which has a refractive index (nsub) of
1.5 (glass), and the other associated with the superstrate, which has a
refractive index (nsup) of 1 (air). As a result, the first-order RA
wavelength for the superstrate is 1 lm, while for the substrate, it is
1.5 lm. Therefore, both the substrate and superstrate can support a set
of (61, 0) RA modes. The results shown in Fig. 5(d) suggest that peak
“s” (circle) is associated with the (61, 0) mode of the superstrate, while
kink “h” (square) is related to the (61, 0) mode of the substrate. As
the angle b increases, the (þ1, 0) mode of the substrate starts to red-
shift, while the (ÿ1, 0) mode becomes less visible. Conversely, for the
superstrate modes, the (ÿ1, 0) mode blueshifts, while the (þ1, 0)
mode is mostly smeared out.4 The weakness of the RA modes, i.e.,
(ÿ1, 0) of substrate and (þ1, 0) of the superstrate, can normally be
associated with the detuning of the RA wavelength from the LSPRs.49

The results represented in Fig. 5(d) point toward the prominent
impact of IR SLR on the results shown in Fig. 3, suggesting that the
efficient channel of in-plane scattering in the case of the BT arrays is
the coherently driven one. To further investigate this, simulations were
carried out using the FDTD technique. The incident light was
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FIG. 6. (a) Simulation structure of the
arrays of BTs as in sample A. (b) The
spectra of the array for x-pol and y-pol of
the BT arrays (sample A). (c)–(f) The
spectra for sample field enhancement pro-
files in the x–y plane for y-pol at 606, 712,
1045, and 1474 nm, respectively.

considered planar, reaching the sample along the z-axis with either x-or
y-pol [Fig. 6(a)]. A monitor was placed on the other side of the
structure, after the substrate, to find the transmittance (T). The extinc-
tion was then calculated using 1ÿT. Numerical studies of the modes of
BTs and their arrays have been conducted in the past in the visible
range.27 Here, however, the simulation structures were designed to
imitate the BT arrays shown in the inset of Fig. 2(a), which supports
IR SLR. Figure 6(b) shows the simulation results for the extinction
spectra for x-pol (solid line) and y-pol (dashed line). These results sug-
gest that for x-pol, some small amplitude peaks are generated. For y-
pol, however, we see the formation of a dominant broad peak at about
1080 nm and a much smaller amplitude peak at 718 nm [Fig. 6(b)].
This spectrum seems to support a small kink at about 1400 nm.

Mode analysis using FDTD simulations was used to reveal the
near-field properties of the BT arrays when the superscattering state
occurs. In particular, to study the mode properties associated with the
optical features seen in Fig. 6(b) (dashed line), we analyzed the field
enhancement mode profiles, defined as the square of the field in the
presence of the arrays compared to that in their absence, at different
wavelengths for y-pol. The results suggest a transformation in the mul-
tipolar modes of the BTs. At 606 nm, we mostly see the modes at the
flat edges of these nanoantennas [Fig. 6(c)]. At 712 nm, these modes
are smeared out, and the near-field is more enhanced in the middle
curved regions [Fig. 6(d)]. However, at 1045 nm, we can see a strong
near field and optical field associated with SLR [Fig. 6(e)]. This reveals
that the superscattering state can be attributed to the excitation of a
transverse dipolar mode in the BTs at around 1 lm, which leads to
enhanced scattering and coherent coupling with the neighboring BTs.
The wavelengths associated with the SLR can be traced to kRA¼1 lm
(RA wavelength), suggesting that it is a SLR peak associated with the
orthogonal hybridization of the LSPRs of the BTs with RA in the
superstrate. Additionally, at longer wavelengths, the modes are
changed, and the optical fields between them disappear [Fig. 6(f)].

Note that the dipolar mode observed in Fig. 6 is highly dependent
on the polarization of the incident light. In fact, in the case of x-pol
(Fig. S5), the results indicate a transition between multipolar modes,
mostly along the curved lengths of the nanoantennas, in the absence

Appl. Phys. Lett. 123, 051702 (2023); doi: 10.1063/5.0159295
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of inter-nanoantenna optical coupling. Consequently, the superscatter-
ing effect is only observed for y-pol. An important observation from
these findings is that in the case of x-pol, the absence of SLRs leads to
the system entering an OFF state, where the in-plane scattering along
the four sides of the arrays remains relatively low. This process high-
lights the potential applications of plasmonic metasurfaces in polariza-
tion switching and beam splitting, as illustrated in Fig. 1(c).

In conclusion, we have demonstrated the efficient routing of light
in the 1–1.6 lm range through coherent excitation of multipolar plas-
monic resonances in BT arrays. Our study revealed that BT arrays can
exhibit strong in-plane scattering and act as infrared superscatters
when they support SLRs in the infrared range. The coherent scattering
between the multipolar plasmonic modes of the BTs drives the in-
plane scattering for y-pol polarization. Conversely, the absence of SLR
formation for x-pol polarization suppresses in-plane scattering, result-
ing in an OFF state. These findings hold promise for applications in
polarization switching, beam splitting, and sensing.

See the supplementary material for details of fabrication and sim-
ulation, demonstration of zero dissipation and scattering for the OFF
state, results for un-normalized Stokes parameters, and simulation
results for x-pol of the BT arrays.
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