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Abstract

We present computational analysis of nanoantenna arrays
for imaging and sensing applications at optical frequencies.
Arrays of metallic nanoantennas are considered in an accu-
rate simulation environment based on surface integral equa-
tions and the multilevel fast multipole algorithm developed
for plasmonic structures. Near-zone responses of the de-
signed arrays to nearby nanoparticles are investigated in
detail to demonstrate the feasibility of detection. We show
that both metallic and dielectric nanoparticles, even with
subwavelength dimensions, can be detected.

1. Introduction

In recent years, the increasing interest in plasmonics has
been supported by rapid developments in fabrication tech-
niques, leading to a widespread study of unique charac-
teristics of nanostructures [1]. Thanks to their extensive
ability of trapping and focusing electromagnetic waves in
subwavelength regions, nanoantennas have been among the
most attractive of such metallic structures to manipulate
light [2]. Plasmonic nanoantennas can be used in many ap-
plications, such as energy harvesting [3, 4], nano-optical
focusing [5, 6], nano-optical wireless networks [7, 8], as
well as bio-sensing [9, 10, 11, 12]. As shown in this study,
nanoantennas can be excellent tools to detect metallic and
dielectric nanoparticles for imaging and sensing applica-
tions. Specifically, with their strong near-zone coupling
properties, nanoantennas may enable tracking nanoparti-
cles, even of subwavelength sizes at optical frequencies.
Since optimal arrangements of nanoantennas in terms of
cost, detection reliability, and fabrication feasibility are not
well known, extensive studies are needed to design nanoan-
tenna arrays for effective nanoparticle detection.

Optimal arrangements of nanoantennas strongly de-
pend on the selected shape, size, and material, as well
as the operating frequency. Due to their easier fabrica-
tion, basic bowtie structures are frequently used in the lit-
erature. In fact, despite their relatively simple geome-
tries, bowtie nanoantennas can create intense hot spots at
their feed gaps [13]. The chosen material and the size of
nanoantennas are responsible for the resonance frequency
range, where electromagnetic fields are strongly focused.
In addition, the periodicity in the arrangements of multi-
ple nanoantennas is one of the most important factors when

designing effective arrays for detection. This study is de-
voted to the design of such arrays that have distinguishable
responses to nearby particles. Once a nanoantenna design
is fixed based on the geometry and material, we investigate
distances between nanoantennas to construct small-scale ar-
rays. Then, the electromagnetic responses of the designed
arrays to different particles in diverse scenarios are rigor-
ously investigated using a very accurate simulation envi-
ronment.

Their sensitive responses to electromagnetic waves
make nanoantennas challenging to analyze via computa-
tional methods [14]. In this work, the fast and accu-
rate implementation to analyze nanoantenna arrays and
nearby particles is based on a modified combined tangen-
tial (MCTF) formulation [15, 16] in the frequency domain.
The effective complex permittivity values for metals are
extracted from Lorentz-Drude models or measurement re-
sults [17]. Constructed matrix equations via discretization
are solved by using the multilevel fast multipole algorithm
(MLFMA) [18] that is developed for plasmonic media [19].
By means of accurate simulations, various imaging and
sensing scenarios are investigated in detail to demonstrate
the feasibility of particle detection with nanoantenna arrays.

In the next section, we present the details of the numer-
ical solver. Then, Section 3 includes the design of nanoan-
tenna arrays for particle detection, followed by numerical
results in Section 4 and concluding remarks in Section 5.

2. Accurate Simulation Environment

Electromagnetic problems involving nanoantenna arrays
and particles (to be detected) are solved in the frequency do-
main. We particularly use MCTF [15] that is suitable to an-
alyze metallic objects in wide ranges of optical frequencies.
MCTF is discretized with the Rao-Wilton-Glisson (RWG)
functions, leading to dense matrix equations. For a com-
posite problem involving U + 1 regions labeled as D,, for

u=0,1,---,U, including the host medium (vacuum) D,
matrix equations can be written as
?11 ?12 L N (1)
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Figure 1: (a) The bowtie geometry for nanoantennas con-
sidered in this paper. (b) An arrangement of 5 X 5 nanoan-
tennas with 475 nm periodicity and a spherical particle lo-
cated in the vicinity. (c) Side view of the 5 x 5 array and
the particle located above it.
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In the above, x and y are arrays of expansion coefficients
for equivalent electric and magnetic currents, respectively,
while 7, = \/ftu//€u is the characteristic impedance of
medium u. In addition, u’ represents the domain that is
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Figure 2: Power enhancement factor at the gap of an Ag
bowtie nanoantenna, when another identical nanoantenna
is placed at different nearby locations.

sharing the interface with domain u, at which the testing op-
eration is applied. Electromagnetic interactions (discretized
operators) are derived as

Tl n] = &b /3 drtn(r) - Tolba}(r) ()

Ku[m7 n] = fm,ugn,u/s d’l“tm(T) ' ’Cu{bn}(T)a (6)

where t,, and b,, represent testing and basis functions,
&nu,&mu = =1 represent orientations of testing/basis
functions with respect to domain w, while the integro-
differential operators can be written as

T {X}(r) = iku/dr'X(r')gu(r,r’)
+ é/dr'V’-X(r’)Vgu(r,r’) (7
KX (r) = /Pvdr’X(r’) < Vga(r.t)). @)
These operators involve the Green’s function g, (r,r’) =
exp(iky|r — r'])/(47|r — r'|) and the wavenumber k,, =

wy/py/€ with angular frequency w. Finally, contributions
to excitation vectors for MCTF are derived as

Vy = —fmm/ drt,,(r) -Efc(r) 9)
S’Yl
Wy = _nunu’fm,U/ drt,,(r) - Hiz?c("')v (10)
S"’L

where E™(r) and H™™(r) represent the incident elec-
tric/magnetic field intensity created by external sources lo-
cated inside D,,.
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Figure 3: Power enhancement factor at the gap of an Ag
bowtie nanoantenna in an arrangement of 2 X 2 nanoanten-
nas with different periodicities.

In the examples of this paper, we consider nanoantenna
arrays, typically made of Ag. The complex permittivity
of Ag depending on the frequency is extracted from the
Lorentz-Drude model. In some cases, the particle to be de-
tected is also Ag, leading to a problem with U = 1 to be
formulated with MCTF as in [15]. In other cases, dielectric
particles are considered with a fixed permittivity, leading to
three-region composite problems (U = 2). The developed
formulation allows the use of U > 2, while such cases are
beyond the scope of this paper.

Matrix equations derived from the discretization of
MCTF are solved iteratively by using MLFMA. For inter-
actions inside metallic objects that are modeled as pene-
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Figure 4: Power enhancement factor at the gap of an bowtie
nanoantenna when different materials are used.

trable bodies, interaction truncation is applied as described
in [19]. Once the expansion coefficients are found, the elec-
tric field intensity and the magnetic field intensity at an ob-
servation point 7 located inside D,, are computed as

E(r) = E}*(r)
ik 3 2 /S dr'b (1) g (r, )

R
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where summations include all basis functions b,, located
on the surface of the domain. Then, the power density is
obtained as

Zy[n]fnu/s dr'N' b, (P )V gu(r,7)

dr'b, (') x V'g,(r, '),

n

12)

S(r) = B(r) x [H(r)]", (13

where * represents complex conjugate. We also compute
pointwise enhancement factor (scaled power density) as
|S(r)l 1S(r)l

e(r) = inc = inc inc x|
1Su ()l [ELS(r) < [HES ()]

(14)
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Figure 5: Near-zone characteristics of an array of 3 X 3 nanoantennas when Ag particles with different sizes are located in the
array plane. The periodicity of the array is 500 nm, while the particle diameter changes from 50 nm to 300 nm (for the first
three locations) or from 50 nm to 250 nm (for the last two locations).

As atypical excitation, we use 1 V/m plane wave in the host
medium (vacuum D), which corresponds to the incident
power density value as [S§¢(r)| ~ 2.65 x 1073 W/sm.

3. Nanoantenna Arrays for Particle Detection

In this paper, we consider arrays of nanoantennas particu-
larly with bowtie shapes as the most common types used in
the literature. With the dimensions given in Fig. 1(a), these
structures exhibit relatively high power enhancement fac-
tors (if suitable metals are used) in the 400-500 THz range.
We arrange multiple nanoantennas, often periodically with
a fixed distance between consecutive elements, leading to
two-dimensional arrays. For example, a 5 x 5 arrangement
is depicted in Fig. 1(b) when the periodicity is 475 nm. As
also shown in Figs. 1(b) and (c), a particle to be detected is
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located in the vicinity of the array, while the entire structure
is excited by a light source (modeled as a plane wave) from
the top.

3.1. Periodicity of Elements

Since array elements (bowtie nanoantennas) strongly in-
teract with each other, distances between them are criti-
cal for their performances. Placing nanoantennas far away
from each other would reduce the interaction between them,
while this decreases the reliability of the particle detection,
especially for small-scale objects. In fact, electromagnetic
interactions between nanoantennas can be employed in a
useful way to improve the performances of individual ele-
ments. As an example, Fig. 2 presents the power enhance-
ment factor at the gap of an Ag bowtie nanoantenna, when
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Figure 6: Movement of a spherical particle of diameter
600 nm above a 5 x 5 array of nanoantennas with 475 nm
periodicity. (a) Moving on a path between two rows. (b)
Moving on a path above the first row of nanoantennas.

another identical nanoantenna is placed at different loca-
tions. The results show that the enhancement factor is quite
sensitive to the distance between the nanoantennas when
they are vertically aligned. Specifically, the enhancement
factor can exceed 65, which is higher than the enhance-
ment by a single nanoantenna (50-55), when the center-
to-center distance is 475 nm. It is remarkable that placing
nanoantennas horizontally always deteriorates the enhance-
ment factor, which must be considered in two-dimensional
arrangements. As shown in Fig. 3 for a 2 x 2 array of Ag
nanoantennas, the enhancement factor can be kept above
60 at around 445 THz, if the periodicity (in horizontal and
vertical directions) is fixed to 450-500 nm.
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3.2. Material of Nanoantennas

As it is well known, the material type is a crucial factor for
the enhancement ability of a nanoantenna. For the nanoan-
tenna geometry depicted in Fig. 1(a), the effect of the mate-
rial is briefly considered in Fig. 4. The enhancement factor
is found at the gap of a single nanoantenna, when the ma-
terial is selected as Ag, Al, Au, Cu, and Pt. Without strong
plasmonic responses, Al and Pt are not very suitable to ob-
tain high power enhancement factors, while the best per-
formance in terms of achievable maximum enhancement is
obtained with Ag. We note that, Au may be preferred de-
pending on the frequency, e.g., it provides more than 40
enhancement factor at 400 THz, while the corresponding
value is around 30 if Ag is used at the same frequency.

4. Detection of Particles

After numerous numerical analysis, some of which are
shown above, the bowtie geometry in Fig. 1(a) is used in
array configurations for the detection of particles. The ma-
terial is selected as Ag, while the detection is considered
at 450 THz, i.e., when the wavelength in the host medium
(vacuum) is approximately 666.2 nm. The periodicity in
array configurations is selected as 475-500 nm.

4.1. Effect of Nearby Particles

As the first set of results about particle detection, we con-
sider spherical Ag particles with different diameters from
50 nm to 300 nm. The particles are located in the plane
of a 3 X 3 nanoantenna array, as depicted in Fig. 5. In
addition to different sizes, we consider different locations
for the particles in order to investigate their effects in the
near-zone characteristics. Fig. 5 presents the electric field
intensity ([—10,20] dBV/m range), the magnetic field in-
tensity ([—60, —30] dBA/m range), and the power den-
sity ([—40,—10] dBW/sm range), as well as the point-
wise power enhancement factor distributions for 25 differ-
ent cases. The near-zone samples are selected in the array
plane (2 = 0) so that the particles are also seen as dark cir-
cles, while this does not directly mean detection since the
sampling plane (that cuts the particles) may not be realistic
for a detection application. On the other hand, our aim here
to observe the response of nanoantennas to the existence of
particles. We note that the smallest particle with 50 nm di-
ameter does not lead to any visible response (first column
in each panel), while near-zone field and density distribu-
tions significantly change as the particle size grows. This
is particularly seen in the near-zone electric field intensity
plots, where the coupling between the particles and nearby
nanoantennas is observed as relatively large fields. In the
power enhancement plots, nanoparticles lead to decreased
enhancement values (faded hot spots), which can be inter-
preted as shadowing depending on the particle size.
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Figure 7: Near-zone characteristics of an array of 5 X 5 nanoantennas when an Ag particle of diameter 600 nm moves above
the array as described in Fig. 6(a). The periodicity of the array is 475 nm. The bottom of the particle is 10 nm away from the
top surface of the nanoantennas.
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Figure 8: Near-zone characteristics of an array of 5 X 5 nanoantennas when an Ag particle of diameter 600 nm moves above
the array as described in Fig. 6(b). The periodicity of the array is 475 nm. The bottom of the particle is 10 nm away from the
top surfaces of the nanoantennas.
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Figure 9: Near-zone characteristics of an array of 3 x 3 nanoantennas when dielectric particles of diameter 300 nm are
located above the array. The periodicity of the array is 475 nm. The particles are 90 nm away from the top surfaces of the

nanoantennas.

4.2. Detection of Moving Particles

Next, we consider more realistic cases, where a spherical
particle is moving above a 5 x 5 array of nanoantennas.
Fig. 6 presents two different scenarios for the movement of
a spherical Ag particle of diameter 600 nm. The bottom of
the sphere is 10 nm away from nanoantenna surfaces. Fig. 7
presents the electric field intensity, the magnetic field inten-
sity, the power density, and the pointwise enhancement fac-
tor in the array plane, when the particle moves as depicted
in Fig. 6(a). The movement of the particle is clearly ob-
served as deteriorated near-zone distributions, particularly
as shadowed nanoantennas. This shadowing effect is sig-
nificant especially in the enhancement plots, where dark ar-
eas occur depending in the location of the particle. Fig. 8
presents similar results when the movement of the particle
is as described in Fig. 6(b). In addition to the successful
tracking of the particle, it is remarkable that the results in
Fig. 8 differ from those in Fig. 7, i.e., the vertical location
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of the particle can also be identified from near-zone distri-
butions.

4.3. Detection of Dielectric Particles

The results so far involve metallic particles, specifically
made of Ag, which are generally easier to detect. As the
next set of results, we consider dielectric particles with
various permittivity values. Fig. 9 presents intensity, den-
sity, and enhancement distributions in the array plane when
spherical dielectric particles of diameter 300 nm are located
above a 3 x 3 array of nanoantennas. The distance be-
tween spheres and nanoantenna surfaces is set to 90 nm.
The relative permittivity (e,.) is changed from 2.0 to 20.0.
We observe that the sphere with 2.0 relative permittivity
has little effect on the near-zone distributions, while the
detection becomes easier as the relative permittivity in-
creases towards 9.0. Interestingly, the effect of the parti-
cle is not significant for some higher contrasts, particularly
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Figure 10: Near-zone characteristics of an array of 3 x 3
nanoantennas when dielectric particles with different sizes
(25-300 nm diameter) and permittivity values of 4.0, 6.0,
and 8.0 are located above the array. The distance between
the particles and surfaces of nanoantennas is 20 nm.

when e, = 11.0-13.0 and £, = 17.0-19.0. Hence, higher
permittivity/contrast values do not necessarily indicate eas-
ier detection. Fig. 10 presents another set of results, where
particles with different sizes and permittivity values of 4.0,
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6.0, and 8.0 are considered. Specifically, in these results,
the diameter changes from 100 nm to 300 nm, while the dis-
tance between spherical particles and nanoantenna surfaces
is selected as 20 nm. The results show that the detection is
easier when the particle size 200 nm or larger for all three
permittivity values.

4.4. Visualization at Other Planes

As shown above, some dielectric particles, even with rel-
atively high contrasts, may not be easily detected by con-
sidering field and density distributions in the array plane.
While this is related to particle size and contrast, as well
as particle-to-array distance, numerical investigations show
that the relationship is not trivial. On the other hand, one
may consider other planes, particularly the plane of inci-
dence, to increase the reliability of detection. As an ex-
ample, Fig. 11 presents field, density, and pointwise en-
hancement distributions for spherical particles of diameter
300 nm with relative permittivity values of 3.0, 6.0, and
10.0. In the plane of array, which is now called Plane 1,
the particle with ¢ = 6.0 is easily detected, while the oth-
ers have limited effects on the near-zone characteristics. In
the plane of incidence (Plane 2), however, particles lead
to unique distributions (except for the enhancement plots)
such that all of them become detectable. We emphasize that
distributions outside the particles should be considered for
detection purposes since sampling inside particles may not
be possible depending on the application.

4.5. Geometric Identification

In many applications, not only the existence but also the
shape of nanoparticles is critical to be detected. This
can be possible if the obtained near-zone distributions are
compared with reference results in a database. In order
to demonstrate the feasibility of geometric identification,
Fig. 12 shows near-zone distributions when dielectric par-
ticles with different shapes exist above a 3 x 3 array of
nanoantennas. The relative permittivity of the particles is
set to 8.0. In each case, the distance between the particle
and the array surface is 50 nm. The results in Fig. 12 show
that, despite similarities, particles lead to different field,
density, and/or enhancement distributions. This means that
geometric identification can be possible even with arrays
involving small numbers of nanoantennas.

5. Concluding Remarks

In this paper, design and computational analysis of nanoan-
tenna arrays for particle detection applications are pre-
sented. By using a highly accurate simulation environment,
alternative nanoantenna arrays and nearby nanoparticles are
investigated in diverse scenarios. The results demonstrate
the feasibility of sensing and imaging of metallic and di-
electric particles, even of subwavelength sizes at optical fre-
quencies.
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nanoantennas, while their relative permittivity is 8.0.
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