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ABSTRACT Realizing electromagnetic transparency in the visible light regime and beyond is an important
challenge in both fundamental electromagnetics and angular-independent spectral filters for 6G com-
munication and military applications. A conventional way of achieving electromagnetic transparency is
based on Surface Plasmon Resonances (SPRs) of symmetric metallic spherical or cylindrical structures.
However, symmetric objects have a constraint on their shape tunability, limiting them to visible wavelength
applications. In this work, we address the limitation by designing floating nano-chips with a broken
symmetry using a cluster of silver ellipsoids. We combine Bohren and Huffman analytic solutions and
particle swarm optimization to accelerate the discovery of the optimum ellipsoid designs. The optimized
nano-chips demonstrate clear angle-independent transparency at the 1450-1500nm wavelength window.
This result is validated in full-wave Maxwell’s solution via three-dimensional finite-difference time-domain
method. The proposed design method can be extended to electromagnetic applications that require a design
and optimization of small objects (< A/200) compared to their operating wavelength.

INDEX TERMS Finite-difference time-domain (FDTD) method, particle swarm optimization (PSO),

plasmon induced transparency.

I. INTRODUCTION

Manipulating optical response with nanostructures has been
studied through multiple platforms such as metamateri-
als [1]-[4], metasurfaces [5]-[8], and plasmonic nanos-
tructures [9]-[15]. Among them, achieving narrow-band
electromagnetic transparency becomes attractive for both
fundamental electromagnetics and angular-independent spec-
tral filters for 6G communication and battlefield electro-
magnetic environment. Most studies related to achieving
narrow-band electromagnetic transparency employ Extraor-
dinary Optical Transmission (EOT) [16]-[18], plasmonic
nano-particles [19], [20], and others [21]-[23]. Both EOTs
and surface plasmon resonance (SPR)-based transparency
show either highly angle-dependent characteristics or a
limited operation band (mainly to the visible wavelength)
[24]-[26]. The latter primarily utilizes symmetric objects
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(e.g., cylindrical or spherical symmetries [27]-[29]) for
achieving angle-independent responses, which restricts a tun-
ability regarding the resonance frequency. Therefore, real-
izing electromagnetic transparency in an infrared regime or
beyond is still challenging.

In this work, we numerically demonstrate angle-
independent electromagnetic transparency at 1450-1500nm
wavelength regime through floating nano-chips in the form
of a silver ellipsoid cluster attached to a SiO, substrate.
The designing cluster of nano-particles is a particular prob-
lem in the infrared regime because an operating wave-
length is much longer than the size of the nano-particles.
Specifically, for 2000nm wavelength, 10-nm-radius of the
ellipsoid may require a simulation grid spacing of Ax =~
A200 or less, where a typical Finite-Difference Time-
Domain (FDTD) requires at least A/10 grid spacing [30], [31]
to satisfy an accuracy and numerical stability condit-
ions [32]-[35]. This corresponds to an increase in simulation
time by 20* (= 160,000) in 3D simulations. We propose
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FIGURE 1. (a) A schematic diagram that demonstrates floating nano-chips enabling a selective light transmission. Incidence electromagnetic waves
pass through multiple nano-chips, which filter out waves with nontarget wavelengths. Potential applications of (b) electromagnetics shielding in
High-Power EM (HPEM), (c) selective communication in battlefield environment, (d) angular-independent spectral filters in 6G communications.

a novel optimization framework that combines a Particle
Swarm Optimization (PSO) [36] and Bohren, Huffman’s
analytic solution of nano-particle scattering [37] to address
this issue. The proposed method enables the design of float-
ing nano-chips to realize angle-independent electromagnetic
transparency in the infrared regime. The optimized nano-chip
shows transparency between 1450-1500nm wavelength over
a short-wavelength infrared regime for normal and oblique
incidence waves.

Our work is written as follows: we compare and vali-
date the absorption spectrum of silver ellipsoids in analytic
prediction (BH model) and numerical calculations (FDTD).
Then, we combine the BH model and PSO to determine
the optimum designs of the silver ellipsoids. The optimum
floating nano-chip is validated in full-wave Maxwell solu-
tion (FDTD) for normal and oblique incident waves. Finally,
we assume multiple transmission events of the floating
nano-chips to demonstrate electromagnetic transparency in a
short-wavelength infrared regime.

Il. METHOD

Typical metasurfaces for perfect absorption consist of peri-
odic unit-cells [19], [26], [28], [38]-[43] that may suffer
from wavelength and angle-dependent characteristics due
to the nature of periodicity. To avoid the angle-dependent
issue, symmetric objects (e.g., spheres, cylinders) have been
studied for the angle-independent response of the metasur-
face [25], [44], [45]. However, their absorption mechanisms
mostly rely on surface plasmons, where absorption peaks
occur only at the resonance frequencies. As an alternative,
a hybrid approach, where periodic unit cells have asym-
metric rectangular-hole dimers creating Fano resonance, has
been suggested [20]. This approach successfully creates two
resonance peaks in the 3.54 GHz regime. In our work,
we fully explore the broken symmetry of the metallic objects
for achieving electromagnetic transparency in the infrared
regime. A major obstacle in studying multiple nano-particle
systems in an infrared regime is a computational complexity,
which arose due to the considerable difference between
operating wavelengths (a few thousand nanometers) and
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nano-particle size (few tens nanometers). This may
require a simulation grid spacing around A/200, which
requires (20)* fold simulation time compared with a typ-
ical grid spacing (A/10) used in FDTD. Optimizing those
nano-particles is even more difficult, as it requires hundreds
to thousands of simulations. We combine global optimization
(PSO) [36] with an analytic solution (BH model) [37] of
nano-particle response to address this computational issue.
The BH model basically predicts the absorption and scatter-
ing of small particles in a much faster manner. We extend
the use of the BH model for predicting the absorption of
multiple ellipsoids and then validate it against numerical
calculations. Specifically, we assume that the surface plas-
mon near the metallic ellipsoid may not interact significantly
with neighboring ellipsoids if they have enough distance
among them. This assumption will be validated with FDTD
simulations [31]. We use Meep [32], an open-source software
library for electromagnetics simulation via FDTD.

To validate our hypothesis, we first compare absorption
spectra of different sizes of the silver ellipsoids whose long
and short axes are a and b, respectively, as shown in Fig. 2.
The dielectric constants of silver and SiO; used in this work
are obtained from Ref [46]; then, we numerically model the
dielectric constants using a Drude-Lorentz dispersion equa-
tion [32], [46]. The curves in Fig. 2 indicate an analytic
absorption spectrum predicted by the BH model [37]; the
dots mean absorption spectrum calculated by Meep. The
BH model predicts absorption and scattering of each ellipsoid
with given equations [37]:

2
ezzl—Z—z (1)
Li+L+13=1 2)
2
lele; (—l—i—ilnii—Z) 3)
L2=<1_L1> )
2
Ly = Lo, ©)

where ‘a’ and ‘b’ indicate the lengths of the long and short
axis of the ellipsoid, respectively. e is an eccentricity of
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FIGURE 2. Normalized absorption calculated via Finite-Difference Time-Domain (FDTD) method (dots) and the Bohren and Huffman (BH)
analytic model [37]. ‘a’ and ‘b’ indicate a long axis and a short axis of the silver ellipsoid, respectively. The absorption spectra calculated by
the FDTD and the BH model are normalized against their maximum values for better visibility. The absorption spectra agree well for analytic

calculation and numerical validation.

ellipsoid defined by ‘a’ and ‘b’, and also L; is a geometrical
factor defined by eccentricity. (i = 1, 2, 3)
X € — 1
g == ©)
Li+1 Li+1
where «; is the polarizability of an ellipsoid in a field parallel
to each axis expressed by geometrical factor (L;) and relative
permittivity (&,).

1
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where V is a volume of an ellipsoid, and Qups, Oscqr are
respectively the efficiency per volume of each response
defined by factors and parameters such as k, which is the
wave vector.
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We fix a short axis (b) as 10nm and vary a long axis
(a) to validate the analytic prediction versus simulations.
The comparison shows that they match well in the infrared
regime, as depicted in Fig. 2. Thus, in the next step, we use
the BH model to calculate the absorption spectrum in the
PSO method in a much faster way. Figure 2 also shows that
a combination of well-designed silver ellipsoids may create
the desired absorption spectrum because the absorption peaks
can fully cover our designated wavelength range. We choose
PSO to explore the best possible combination of the silver
ellipsoids. The fitness function (F) of the PSO is given by

)‘max
F=

Amin

I{ZABH,n(?»)} — Awr(M)d2, &)

where Amax 1S 2200nm, Amip is 1000nm, Apg,, 1S an absorp-
tion spectrum of the ny, ellipsoid predicted by the BH model,
Agar 15 a target absorption spectrum which is a step function
where it has zero values between 1450—-1500nm while it has
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FIGURE 3. A schematic diagram of the optimized nano-chip that consists of 12 silver ellipsoids and SiO,-based substrate. Particle swarm
optimization is used to discover an optimal absorption spectrum where the absorption has multiple peaks except a single transmission window
around 1450-1500nm. In order to predict the total absorption spectrum of the ellipsoid array, a single absorption spectrum predicted by the

BH model is linearly added up for 12 ellipsoids. (b) The absorption of the optimized nano-chip is validated between the linear summation of the

BH model and the numerical simulation result (FDTD).

unity values in the other wavelengths. The PSO algorithm
utilizes individual particles to explore an optimum solution
through cognitive behavior and social behavior of a bird flock
or bees [36]. It has been widely used in solving electromag-
netic problems [47], [48] since first introduced by Kennedy
and Eberhart. Notably, it is powerful when there is no way to
obtain derivatives of a figure of merits. The velocity update
equation of the PSO is given by

vi=W-vi+cy-r-(pbest; — x;) + c2 - 12 - (gbest; — x;),
(10)

where v; is the velocity of the particle in the iy, dimension,
W means an inertia, ¢; and ¢ are cognitive and social fac-
tors, respectively. ‘pbest’ indicates the location with the best
fitness value discovered by a single particle, ‘gbest’ indicates
the location of the best fitness found among whole particles.
11, 7 are random number generation functions, x; is the cur-
rent location in the iy, dimension. The algorithm works as fol-
lows: (1) set the locations of each particle, which are the a/b
ratio of the silver ellipsoids; (2) evaluate the fitness based on
the linear summation of the absorption spectrum computed by
the BH model; (3) check the terminate condition; (4) update
pbest and gbest; (5) update particle locations and speeds. The
PSO iteratively solves the optimization problem with the cog-
nitive and social behavior of the particles. Figure 3(a) shows
the optimized silver ellipsoids on the SiO, substrate discov-
ered by the PSO algorithm. A few ellipsoids have a/b ratio
less than or equal to 13, while the others have a ratio greater
than or equal to 17. This implies that the ellipsoids, which
have a/b ratio close to 15, may create absorption peaks near
1400-1500nm wavelength. The PSO algorithm also discov-
ered an appropriate number of ellipsoids that create enough
absorption spectrum at the non-transparent wavelengths.
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Figure 3(b) shows the optimized absorption (red curve)
obtained from the linear summation of the BH equations;
the red dots indicate a simulated absorption, which includes
optimized ellipsoids distributed over 1200nm x 300nm x
540nm (W x L x T) size SiO; substrate. The substrate is
pre-optimized using a multiple reflection theory [49] to create
a minimum reflection near 1500nm. The electric field polar-
ization of the incidence wave is intentionally set to match
with the long axis of the ellipsoids to create a maximum
possible absorption of the optimized nano-chip. The simu-
lated absorption matches well with the analytic prediction,
even though the analytic calculation can only predict a single
particle response. This reveals that the BH model can be
extended for predicting many-particle problems when their
spacing is large enough. In the next section, the optimized
single nano-chip will be further studied in a more realistic
environment.

Ill. RESULT

The ultimate goal of this work is to design floating nano-chips
that create angle-independent transparency at the infrared
regime. An optimized single nano-chip was validated at
normal incidence in the previous section. Here, we validate
the optimized nano-chip for (1) broad incidence angles, and
(2) multiple-transmission scenarios. The optimized nano-chip
can be applicable to selective electromagnetic shielding,
where thousands of nano-chips float over air (or liquid).
In this environment, the incidence wave is unpolarized;
therefore, ellipsoids strongly interact with the incidence
wave when the polarization of the incident wave is close
to the ellipsoid’s long axis. The optimized silver ellipsoid
nano-chip was designed based on the global optimization
method [50] combined with an analytic prediction. Then, the
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FIGURE 4. (a) A schematic diagram of angle-dependent response of the optimized nano-chip. The incidence angles sweep over 6 and ¢ to
investigate the angle-dependent response. The optimized nano-chip shows a transparent window between 1450-1500nm wavelength for

whole azimuthal and polar angles. (b) 6 = 15°, (c) 6 = 30°, (d) 6 = 45°.

analytic predictions were validated against normal incidence
only. In this section, we also numerically study and validate
the performance of the optimized floating nano-chips over
a broad angle, and broad-wavelength in FDTD. We use
perfectly matched layer boundary condition [31], [51] for
all directions. 5-nm minimum grid spacing is used with
sub-pixel smoothing which greatly improves accuracy of
the curved objects [32], [33] in FDTD simulations. The
FDTD captures a broad-wavelength response at one simu-
lation with proper time-domain modeling of the dispersive
material [52]-[58] (e.g., silver nano-particles in this work).
To utilize this advantage, we run multiple simulations
with different wavenumbers (ky, ky), which represent dif-
ferent oblique incidence angles for different wavelengths.
To explore both entire angles and broad wavelength response,
we interpolate these simulation results as shown in Fig. 4.
The optimized nano-chip creates a transparent window
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at 1450-1500nm for whole angles (6, ¢) for a single trans-
mission scenario. As shown in Fig. 4(b)-(d), the optimized
nano-chip does not have a significant 6-dependency due to
the cylindrical symmetry of the ellipsoids. The 540-nm-thick
Si0; substrate has a slight 8-dependent response which could
be negligible due to the low absorption coefficient of the
SiO,. We intentionally allow the ¢-dependent characteristic
of the optimized nano-chip because we do not expect to align
the polarization of the incidence light with the direction of
the ellipsoids in a real environment. However, it is essential
to have ¢-independenttransparency at the target wavelengths
(1450-1500nm) as validated in Fig. 4(b)-(d). Once we secure
this transparency window at the target wavelength, any inci-
dence light (including unpolarized wave) may experience
floating nano-chips multiple times. Multiple transmissions
may eventually absorb the electromagnetic waves whose
wavelength does not match the target wavelengths.
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FIGURE 5. (a) Angle-averaged transmission (red curve), reflection (blue curve), and absorption (black curve) spectra of the optimized nano-chip
shown in Fig. 3. (b) Incidence waves may experience multiple floating nano-chips in the air (or liquid). The resulting transmission rate of the
multiple nano-chip scenarios can be approximated by the power of the transmission calculated for a single nano-chip. The sky-blue area indicates

a transparent window between 1450-1500nm wavelength.
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FIGURE 6. (a) Transmission (red curve), reflection (blue curve), and absorption (black curve) spectra of the optimized nano-chip shown in Fig. 3.
(b) Incidence waves may experience multiple floating nano-chips in the air (or liquid). The resulting transmission rate of the multiple nano-chip
scenarios can be approximated by the power of the transmission calculated for a single nano-chip. The sky-blue area indicates a transparent

window between 1450-1500nm wavelength.

Next, we study the optimized nano-chip in a multiple
transmission scenario. As shown in Fig. 6, assuming that the
optimized nano-chips are floating in air or liquid, we calculate
a total transmission of the incident wave. Figure 6(a) shows
the transmission, reflection, and absorption of the optimized
nano-chip calculated in FDTD with a normal incidence wave.
The multiple floating nano-chip scenarios can be approxi-
mated by calculating the power of the single transmission,
as shown in Fig. 6(b). This scenario is the ideal case where
(1) the polarization of the incident wave matches with the
long axis of the ellipsoids; (2) the transmitted wave also has
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the normal incidence angle. We presume that this ideal case
is the upper limit of the nano-chip response for < 10 trans-
mission events.

A more realistic case would be (1) unpolarized incidence
waves, (2) randomly aligned ellipsoids, and (3) unpolar-
ized transmitted waves. We simulate this case by averag-
ing over the broad-angle response and then calculating the
power of the averaged transmission as shown in Fig. 5. The
angle-averaged response shown in Fig. 5(a) has slightly lower
absorption compared with the normal incidence case. This
eventually flattens the transmission curve of the multiple
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floating nano-chip scenarios shown in Fig. 5(b). However,
the transparent characteristic is still maintained at the target
wavelength.

IV. CONCLUSION

This work numerically demonstrated floating nano-chips
that have electromagnetic transparency in the infrared
regime. We proposed a fast optimization strategy that com-
bines global optimization and analytic prediction of the
nano-ellipsoid response. The proposed method efficiently
discovers a collection of nano-ellipsoids that can block elec-
tromagnetic waves that do not fit into the target wavelength
regime (1450-1500nm in this work). The optimized floating
nano-chip has a 540-nm-thick SiO, substrate with 12 silver
ellipsoids with a fixed radius of the short axis and differ-
ent long axes. We numerically validate the angle-dependent
characteristic of the nano-chip. Then, in a more realistic
case, (1) unpolarized incidence waves, (2) randomly aligned
ellipsoids, and (3) unpolarized transmitted waves, have been
studied by averaging over the broad-angle response and then
calculating the power of the averaged transmission. The opti-
mized nano-chip still maintains electromagnetic transparency
in the infrared regime for multiple-transmission, angle-
averaged calculations. The proposed strategy can be extended
to a long-wavelength infrared regime by utilizing multi-shell
nano-particles or different materials. Electromagnetic trans-
parency proposed in this work can be applied to fundamental
electromagnetic research and angular-independent spectral
filters for 6G communication and battlefield electromagnetic
environment.
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