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Abstract A hybrid nanostructure using gold nanoparti-
cles encapsulated in a dielectric shell has been proposed.
The proposed nanostructure offers radiation and filtering
characteristics in visible wavelength range. First, the design
has been optimized then two variations of the optimized
design have been analyzed. Dielectric shell index values are
kept less than 2 to keep the electric and magnetic scatter-
ing efficiencies under control. First design is the array of
structure with constant shell index and varying shell sur-
rounding conditions which offers narrowband filtering in
visible spectrum. In this design, both the operational fil-
ter bandwidth and the radiation wavelength red shifts with
increment in shell index values. Design with shell index 1.5
offers a 3-dB filter bandwidth of 87 nm which increases to
155 nm for shell index 1.95. Contrary to filtering, radiation
resonance remains approximately constant with change in
3 dB radiation spectrum. The shell surrounding index is also
critical in deciding the filter bandwidth as the offered filter
bandwidth increases significantly with the surrounding index
values greater than 1.3. Variation in the number of array
elements causes no change in the power extinction and radia-
tion characteristics, although it affects the far filed radiation
pattern. Array with larger number produces more elliptical
radiation pattern. Further, keeping the surrounding index
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constant and selecting different shell indices in the design
offer wider 3-dB filter bandwidths and wideband radiation
characteristics, and this forms the second proposed design.
A wide 3-dB filtration band of 210 nm covering filtering
bands offered by all the individual elements was achieved.
Similarly, radiation pattern observes a wider spectrum cov-
ering spectrums of all the array elements. Analyzing the
losses offered by dielectric shell, less than 20% of normalize
shell loss are observed at 0.52 um with lowest shell index,
whereas it increases to more than 90% of the normalized loss
values with highest index contrast at around 0.41 um, which
is sufficiently apart from the power extinction range of gold
nanoparticle. All the simulations have been carried out using
finite difference time domain method (FDTD).

Keywords Gold Particle array - Power extinction -
FDTD - Far field pattern

Introduction

Conventional optics explains the radiation of wave fronts
through lenses, mirrors, and diffractive instruments. The
manipulation of photons at sub-wavelength scale cannot be
achieved with conventional optics. This is the foundation of
application of surface Plasmon effects to explore new possi-
bilities in optical instrumentation which can go beyond con-
ventional optics. In 1928, Edward Synge managed to break
the diffraction limit by identifying the properties of colloidal
gold particle in order to radiate the localized field [1] [2]. In
1995, John Wessel concluded that the gold nanoparticle can
work as an optical antenna [3]. This was for the first time a
nanoparticle was seen as a device to transfer information at
such nanoscale level. Later on, optical antennas become a
prominent tool for near-field microscopy and spectroscopy
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[4], and were explored in various applications such as on
the tip of atomic force microscopes [5] aperture-based near-
field detectors [6, 7]. Recently the term optical antenna has
gained lot of attention due to its capability of transforming
the information from near field to far field effectively [8].
Optical antenna possesses capabilities of radio antennas,
and offers the antenna characteristics in optical domain [8].
Phenomenon of surface Plasmon is unique and a key feature
of optical antenna, making optical antennas applicable over
a wide spectrum of applications including optical detec-
tion, biological sensing, optical sources, data storage, etc.
[9-11]. Antennas can be designed to control the radiation
effectively in microwave or radio frequency range but exten-
sion of radio antennas to the optical domain is not linear in
nature [12]. Optical antennas have extensively been studied
and experimentally tested through various well established
geometries in RF domain such as dipole, Yagi-uda, bow-
tie, etc. [12—15]. Recently an optical Yagi-Uda antenna has
been fabricated for optical on chip communication as a light
source (radiating element) [16]. This shows an analogical
relation between the radio wave antenna and optical antenna,
consequently providing directions for future development.
In another work, Park et al. [17] presented the possibilities
of metallic nanoslots to be used as optical antenna in inte-
grated optical and photonic devices. They have also used
the RF analogy to develop nanoslot Yagi-Uda antenna. In
addition to the geometry resemblance with RF counterpart,
optical antennas have also been tested for their near filed
(generated by a quantum dot or florescence emitter) to far
field transmission characteristics which give them the title
of antenna. In order to establish a theoretical background for
the optical antenna operations, the extensive research carried
out in RF domain can be utilized. This includes the modeling
of far filed radiation pattern, side lobes, antenna excitation,
directivity, relation between wavelength and optical antenna
structures. Although, both light and radio waves are defined
by the Maxwell equations but still direct mapping of the
theoretical concepts from RF to optical domain is not pos-
sible. Metal behaves differently in RF and optical domain
due to underlying physics. In optical domain, antennas are
dominated by polarization and displacement effect and this
changes the physics behind the antenna operation from that
of in RF domain. In optical domain, quantum theory of phys-
ics explains the light matter interaction, and this has theoreti-
cally been discussed in literature extensively [18-20].

Underlying physics
Surface Plasmon generation has been studied under the
effect of light matter interaction, specifically when matter

is of nanoscale dimension. The underlying physics explain-
ing the results of energy interaction with nanoparticle get
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transformed completely from that of bulk particle. A particle
with dimension lying between 1 and 100 nm can be con-
sidered as nanoparticle. The incident energy trapped at the
interface of two materials having positive (dielectric materi-
als) and negative (metals) refractive index values is referred
as surface plasmons and the trapped energy may be either
of propagating nature or localized depending upon the size
and shape of nanomaterial used. Selection of the type, size
and shape of nanomaterial, excitation wavelength, and sur-
rounding environment is determined by the area of applica-
tion such as for applications in visible spectrum, Gold and
silver nanoparticles are preferred metal due to their energy
band gap lying in the visible spectrum [21]. Generation of
surface plasmon require certain excitation conditions to be
met and depending upon the fact various conditions for Sur-
face Plasmon generation have been discussed in literature
[22]. Here, it is to be noted that localized surface plasmons
can be generated without matching the excitation conditions
unlike their propagating counterpart. Drude model explains
the dielectric behavior of metals over a wide wavelength
range in optical domain. Although, due to interband transi-
tions, the model starts to deviate from the actual response
at higher side of the spectrum. This deviation of Drude’s
model is handled by incorporating an additional dielectric
constant in the Drude’s dielectric function giving the modi-
fied expression for noble metals [22].

In the proposed work, a nanostructure supporting local-
ized Surface Plasmon generation has been proposed in view
of its application as optical antenna and filter. The gold metal
nanoparticles have been analyzed and simulation results
have been obtained in view of the application of nanopar-
ticle as nanoradiator and filters. It is clear from the above
discussion that nanoparticles can effectively provide power
extinction over a finite wavelength range. By varying the
surrounding index of the particle, it is possible to achieve
power extinction at different wavelengths. Different nano-
material types with different shapes have been analyzed for
application ranging from bioimaging [23], solar cells [24]
to optical trapping [25]. In addition, arrays of such nanopar-
ticles have also been explored for combined effect in appli-
cations such as optical antenna array, self-similar optical
structures for enhanced SERS effect [26]. In this paper, a
novel metal nanoparticle array design has been proposed
for achieving antenna and filter operational characteristics
to be applicable in optical circuits. The design makes use of
nanoparticle optical characteristic variation in an array of
nanoparticle collectively showing the integrated responses
of all the array particles to have filtering and radiation prop-
erties over a certain wavelength range. Here, it is ensured
that there should have no mutual coupling between the par-
ticle responses and particles retain their individual behav-
ior. Although, the array produces results collectively but the
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individual behavior of the elements can be kept intact by
selecting proper inter-element separation. In the proposed
design, dielectric shells containing the nanoparticles have
been optimized for inter-particle separation and placed 3
times the shell radius apart from each other. The variation
in responses of nanoparticles is achieved through varying
the dielectric conditions for each nanoparticle within the
array. Each particle in the array observes different surround-
ing conditions and collectively the array is offering desired
extinction wavelength range of incident power.

Gold has been the preferred choice for a wide range of
sensing and imaging applications due to high optical effi-
ciency, chemical inertness, biocompatibility, relatively easy
surface functionalization and bioconjugation, and highly
nonlinear characteristics [27]. Gold nanoparticle with vary-
ing conditions (size, surrounding index) can offer Surface
Plasmon generation over visible to near infrared (NIR) wave-
length range [21]. Further, the operating wavelength range
can be controlled by proper selection of refractive indices,
number of array elements, and aspect ratio of the nanopar-
ticle [21]. The unique design of Gold nanoparticles embed
in dielectric shell has been studied for filter and antenna
applications over the above-mentioned wavelength range
of interest. The proposed structure is numerically analyzed
using finite difference time domain (FDTD) method.

Proposed structure

Figure 1 shows the two proposed array designs in which
the gold nanoparticle is embedded in a dielectric nanoshell.
The diameter of gold nanoparticle is 100 nm and that of the
dielectric nanoshell is 240 nm. In this paper, the proposed
design obtained after optimizing the size of dielectric shell
has been analyzed for its application in optical antenna and
filter design. The analysis has been done based on the fol-
lowing two possibilities through which the aforementioned
design objectives can be achieved:

a) Variation in the surrounding index of the dielectric shell
b) Variation in the index of dielectric shell while keeping
the surrounding index constant

The above-mentioned two possibilities of index variation
give rise to the two different types of geometrical arrange-
ments of the proposed design. Figure 1a is showing the first
type of arrangement where all the dielectric shells are of
same material and only the surrounding or host material
of the dielectric shell is changing. The second arrangement
is depicted in Fig. 1b where different surrounding index
conditions for gold nanoparticles in the array has been
achieved through dielectric shells of different refractive
index (€g,ey s €gheit,» Esnen,)- Further, the array of dielectric
shells containing gold nanoparticle has been placed in an
environment or a host material (¢,,,). Here, €, and €
are the dielectric constant of the shell and its environment,

eny

Fig. 1 Proposed array of
dielectric nanoshells of identical
refractive index in different

dielectric host environment (a);

Proposed array (3 elements) of

dielectric nanoshells of different

refractive index containing gold

nanoparticle inside, the array is

placed in a dielectric host envi- X

ronment of permittivity €, (b)

(a)

Nano Shell Environment or host
Dielectric of nano shell

Gold Nano Particles

Dielectric Nano Shells

(b)
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respectively. The environment is constant throughout the
array in case of the second type of array design, whereas it is
varied to achieve the filter and antenna operations in case of
the first type of design while keeping the shell index constant
throughout the array. The arrangement with variable shell
index offers a wider filtration bandwidth, and a radiation pat-
tern with wider main beam characteristics in comparison to
the design with variable shell environment index.
Nanoparticles in the arrangement are studied for their
individual responses and hence mutual coupling between the
particles is avoided by keeping the element separation dis-
tance 3 times the shell radius. The inter-element separation
distance has been decided on the fact that the mutual coupling
between the particles scales with d~3 [22]. Power losses due to
dielectric shell have also been investigated in order to observe
the existence of any interference with the surface Plasmon
resonance wavelength. In Fig. 1, different shades are repre-
senting the different indices of dielectric material. In order
to achieve maximum illumination from external light source
€, 18 always kept less than or equal to €. In this paper,
dielectric shell index (Ng,.;; = 1/€pen)» and surrounding host
or environment index (N,,,, = 4/&,,,) have been used for analy-
sis of the design in visible to near infrared wavelength range.

eny

Theoretical Background

The nanosized metal particles when operated in the optical
band, it attains dielectric character and the dielectric constant
of metal with interband transition correction is defined by the
Drude theory as explained in Eq. 1 [22]

2

2 ey

®? + ivw

®
e(w) =€, —

where €, varies in the range 1 to 10. Drude model explains
the behavior of metal in the optical frequency range till the
interband transitions in metal occurs. Interband transitions
are the resultant effect of absorption of the incident photon
ultimately affecting the generation of surface plasmons. For
Gold, these transition starts occurring at the boundary of
near infrared and visible spectrum. To model these interband
transitions, the expression of dielectric function given by the
Drude moc}el was modified by adding a Lorentz-oscillator

term ——— and the dielectric function is now given by
:—w —1w

(22]
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The definition of metal dielectric constant is further utilized
in calculation of the amount of scattering and absorption by
the nanoparticles. Mie theory relates the incident power to the
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scattered and absorbed power in terms of geometrical quan-
tities known as extinction cross section and scattering cross
section. From Mie theory the scattering and absorption cross
section are given by [8, 24]

2

Oext = k_zRe(an + bn) 3)
) oo

Tue= 75 5+ DJaf + 160 @

Oubs = Oext ~ Osca (®)]

The coefficients a, and b, are defined as [8]
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Where y and £ are Ricatti-Bessel functions of order n, k
is wavenumber, x = kR is size parameter (R is radius of
metal particle) and m = , /? is the square root of the ratio

m

of dielectric functions of particle and of the medium. For
very small metal particles (smaller than wavelength), the
expressions denoted by Egs. (3-4) can further be simplified
by applying the Rayleigh limit (mx << 1, where x = kR).
The simplified expressions for the cross sections are given
by [81 [23].

3 € " En
Oabs ~ [P klm(a) = 47kR’Im —gp n 2£m (8)
k4 2 Ep - Em 2
Osca = _lal ]m(a) = 87Z'k4R6 _ (9)
67 €, +2¢,

Where « is the polarizability of the particle which is
defined as [8] [23].

€, = &y

a = 4zR?
€, +2¢,

(10)

¢, and ¢, are the dielectric constants of the particle and the
medium, respectively. Equations (8) and (9) are also applica-
ble for nanodielectric particles satisfying the Rayleigh limit
[22]. At Surface Plasmon resonance condition, ¢, and o,
become greater than the physical cross section of nanoparti-
cle. The resonance condition is given by the Frohlich criteria

[8] [23].

Re[e(w)] = —-2¢,, (1
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From Egs. (8) and (9), a clear dependency on particle size
can be seen. Scattering increases with 6™ power of particle
size whereas absorption increases with 3™ power of the par-
ticle size. Consequently, for smaller particles, an absorption
cross section will be greater than the scattering cross-sec-
tion and therefore absorption-based analysis of very small
particles is preferable than scattering-based analysis [22].
Although, the power extinction analysis will be applicable
for a wide range of particle dimension as it includes both
scattered and absorbed power. In addition, Eq. 12 gives an
idea about how change in surrounding index can lead to shift
in the resonating condition. As Eqgs. (8) and (9) from Mie
theory are applicable for both dielectric and metal nano-
particles with dependencies on particle size [22], it is clear
that the equations from (8) to (11) can be used to explain
the power extinction characteristics of the proposed design.
Hence, the FDTD method with Drude dispersion model has
been used to simulate the proposed design and the results
have been obtained in view of its application for antenna
and filter design.

Result and discussion

The performance of the proposed structure is analyzed for
power extinction and scattering spectrum. At first, shell
radius optimization through the analysis of power extinction
and scattering responses observed using FDTD method has
been performed. The objective of shell radius optimization
is to achieve response closer to the individual metal nano-
particle response (isolation from dielectric shell absorption
peaks) and obtaining mutual isolation when placed in an
array of such particles. Further, the optimized design has
been investigated for filter and antenna application by vary-
ing the index contrast between shell dielectric index and host
material index.

Figures 2 and 3 are showing the effect of varying the shell
size on power extinction and corresponding radiated power
or scattered power, respectively. The inter-band transitions
(d-d transitions) corresponding to localized surface plasmon
generation for noble metals lies in the visible to near infra-
red wavelength range. Hence the proposed design has been
investigated within the above-mentioned wavelength range.
Results in Figs. 2 and 3 have the following design consid-
erations: the shell index (N ;) is 1.5, host dielectric is air,
and diameter of nanoparticle is 100 nm. In case of without

Fig. 2 Power extinction with !
varying shell radius

Normalized Power Extinction

— == Uniform Index 1.5, without shell
&— Shell diameter 2.4 times particle radius
—— Shell diameter 2.0 times particle radius
Shell diameter 1.6 times particle radius

—+— Shell diameter 1.2 times particle radius

L 1 1

04 0.5 0.6

0.7 0.8 0.9 1 11 12

Wavelength (um)

@ Springer



J Opt

Fig. 3 Power scattered with 0.16 T

varying shell radius

0.14

Normalized Scattered Power

T T T T T

— ~+— - Without shell, Uniform index 1.5

—&— Shell radius 2.4 times particle radius
—+H&— Shell Radius 2.0 times particle radius | ]
—*— Shell Radius 1.6 times particle radius
—#— Shell Radius 1.2 times particle radius

shell analysis, shell environment index becomes equal to the
dielectric shell index. Consequently, the gold nanoparticle
is uniformly surrounded by a constant refractive index and
for the above case itis 1.5 (Ng,,; = N,,,, = 1.5). The without
shell responses (uniform surrounding) in Figs. 2 and 3 are
indicated with blue dotted lines. When shell size is increased,
it tends to increase the effective refractive index around the
gold nanoparticle and excitation responses shifted toward
higher wavelength side of the spectrum (red shift). These
responses are quite obvious and are in agreement with the
analysis carried out in [21]. Increment in the scattered power
amplitude is also in agreement with results obtained in [21]
as with increment in the surrounding index, scattering power
also increases. Figure 2 shows the collective (dielectric and
metal) power extinction characteristics, and with shell radius
2.4 times the gold nanoparticle, the extinction response is at
minimum separation from that of uniform surrounding index
response. Figure 3 shows the scattered power characteristics;
dielectric shell with 2.4 times the gold nanoparticle offers
the same resonance wavelength as obtained with uniform
surrounding index, although slight increment in amplitude
is observed. These observations can be explained on the

@ Springer
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fact that the proposed design is a combination of a larger
dielectric shell and a smaller gold nanoparticle. Now the
response of the proposed unique design can be explained
with the scattering and absorption efficiencies offered by
the two integrated particles (metal and dielectric). Following
section explains the results in Fig. 2 in view of Mie theory
and also establishes the ground for understanding the other
results reported in this paper.

As mentioned previously in the theoretical background
through Egs. (8) and (9), excitation characteristics of smaller
particles are well explained by absorption cross section
whereas for larger particles, the responses are dominated by
scattering cross section. In case of lossless and non-magnetic
materials, the scattering efficiencies are determined by the
dielectric permittivity € and size parameters ¢ = 2zr/ A of
the material [28]. Dielectric material used for shell (g,) in
the proposed design varies from N,,; = 1.5t01.95. The con-
sidered range of dielectric material includes some low index
to high index glasses [28]. These glasses are not completely
lossless but offer very less absorption losses in the visible to
infrared wavelength range in comparison to the metals.
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Hence in the proposed design, the index contrast <—N“””’>

env

defined as the refractive index ratio of dielectric shell to the
shell environment and particle size determine the scattering
efficiency which dominates the dielectric nanoparticle
response. Gold nanoparticle in the proposed design is the
major contributor toward the absorption loss offered by the
design in the wavelength range of interest.

The excitation responses offered by the dielectric and
gold nanoparticles are significantly different in terms of
electric and magnetic field resonances [29, 30]. Effect of
these field resonances will be discussed later in the section in
view of the design excitation responses. Let us now consider
Fig. 2, the index contrast and gold nanoparticle size is kept
constant while varying the size of dielectric shell. Now, in
order to understand the excitation behavior of the proposed
design in Fig. 2 let us consider the following equation in
view of Mie theory

P ext = P scattered +P absorption (12)

where P, Pcanerear A0 Pypr0i0, are the total power extine-
ted, power scattered, and power absorbed, respectively, by a
nanoparticle of radius r. Here we have assumed that absorp-
tion loss is an abstraction of all other possible losses (such
as heat loss) associated with nanoparticle. These power val-
ues are directly depending upon the cross section values
obtained from Egs. (9) and (10) and are function of particle
size. Particles with dimensions much smaller than the wave-
length of applied excitation field (r << Aorg << 1) can be
analyzed with quasi static approximation and metal particles
with such dimensions produce localized surface plasmon
resonances containing the electric field responses only while
offering no magnetic field responses. Very small metal nano-
particle offers electric dipole resonance whereas increment
in size may produce higher order modes containing electric
quadrupole. On the other end, dielectric nanoparticles can
offer both magnetic and electric field resonances of compa-
rable strengths. These fields exist in terms of dipole, quad-
rupole, and other higher multi-poles [22, 29]. The scattering
response of high index dielectric nanoparticles (N,,; > 2)
with sizes ranging from 100 to 300 nm contains four major
resonance modes: electric dipole, magnetic dipole, magnetic
quadrupole, and electric quadrupole. With increment in par-
ticle size, the four major modes start appearing prominently
and out of them, the dipole modes are the dominating ones.
In addition, the size increment also causes red shift in the
resonance wavelength corresponding to the electric and
magnetic dipole modes across the complete visible spectrum
along with the generation of new higher order modes [29,
30]. Moreover, at magnetic resonance wavelength, the

contribution of magnetic dipole mode in the scattering
response of a high index dielectric nanoparticle exceeds all
other existing multi-pole modes by order of magnitude. This
occurs when wavelength inside the nanodielectric become

A . . . 1
comparable to the particle dimensions, i.e., ~ 2r, where
shell

A is the resonance wavelength.

It is to be noted here that scattering efficiencies associ-
ated with all the discussed electric and magnetic modes are
significant for high index (N, > 2) dielectric nanoparticle
and are directly proportional to n. In the proposed design,
gold nanoparticle embedded in dielectric shell have been
analyzed and simulated for their application in optical filter
and antenna application. The objective of dielectric shell is
to provide different surrounding conditions around gold nan-
oparticle for surface plasmon generation so that when used
in array can offer required operation in the wavelength range
of interest. So low index values (N,,; < 2) of dielectric shell
are chosen to have high transparency, minimum absorption
losses and to have lower intensities of electric and magnetic
resonance modes. With N, < 2, and a diameter of 240 nm,
the proposed design quite satisfy the mentioned objectives
and offer weak electric and magnetic modes (dipole, quadru-
pole, and higher order modes) to have minimum interference
with gold nanoparticle surface plasmon resonance modes.

Now, with the given explanation, we can easily express
these power values in Eq. (12) as a function of particle
radius (r) and the particle dielectric constant € Hence, re-
writing Eq. (12) as

Pext(r’ Ep) = Pscattered(r’ Ep) + Pabwrpriun(r’ £ ) (13)

For metal nanoparticle e, < 0;

Jor dielectric nanoparticle g, > 0

From Fig. 2, since the gold nanoparticle size is constant,
the increment in scattered power is due to the increasing
effective refractive index as a result of increment in dielectric
shell size, as show in Fig. 2. Scattering response or normal-
ized radiated power of gold nanoparticle is also influenced by
the scattered power of dielectric shell at lower index contrast
values through the electric dipole mode coupling. Initially
with increment in index contrast, significant contribution
from the dielectric shell scattered power is observed at gold
nanoparticle scattering resonance wavelength due to electric
dipole mode coupling. Further increment in index contrast
causes generation of higher order modes for both electric
and magnetic resonances. This saturates the contribution of
dielectric shell at gold nanoparticle resonance wavelength
while increasing the dielectric shell power extinction losses

@ Springer
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dominated by magnetic dipole mode resonance at lower side
of the excitation wavelength range, discussed later in this
paper. In Fig. 2, the index contrast takes the value 1 for uni-
form surrounding (N,,; = N, = 1.5), and 1.5 for all the
remaining cases where N, = 1.5andN,,,, = 1. For index
contrast 1.5, constructive scattering power interference from
the dielectric shell at the scattered power resonance wave-
length of gold nanoparticle is observed. Hence, in Eq. (13),
the scattered power component is a resultant of dielectric
shell and gold nanoparticle scattered power responses
through electric dipole mode coupling. From Fig. 2, we can
clearly see that the scattered power response of gold nano-
particle exceeds the response obtained in case of uniform
surrounding index (Ny,; = N,,, = 1.5, shown with blue
dotted line) due to the dipole mode coupling from dielectric
shell. Again from Eq. (14), since the total power extinc-
tion response has a dependency on scattered and absorbed
power responses, power extinction response in Fig. 2 can-
not be explained without considering the absorption char-
acteristics of both the particles. Total power extinction of
the proposed design should increase as a result of increased
scattered power of gold nanoparticle due to the coupling of
electric resonances of metal and dielectric, as mentioned
preciously. From Fig. 2a, the extinction power response of
gold nanoparticle increases initially with dielectric shell size
due to the increment in the scattered power response but at
the same time absorption losses associated with gold nano-
particle starts decreasing. Two factors working simultane-
ously against each other cause power extinction response to
deviate from the scattered power response. As for the gold
nanoparticle (where r << 1), excitation response is domi-
nated by the absorption cross-section, it is quite clear from
Eq. (13) that the total power extinction for gold nanoparticle
is a resultant of the collective (metal nanoparticle and die-
lectric shell) scattered power response and the dominating
absorption power response restricting the total power extinc-
tion response to increase further. Hence further increment
in shell size (greater than 2.4 times the nanoparticle) causes
reduction in the total power extinction offered by the gold
nanoparticle and this trade-off result in an optimized value
of dielectric shell that is 2.4 times the nanoparticle where
the response is at minimum separation from that of uniform
surrounding index.

As mentioned previously that the shell index contrast
variation also affects the total power extinction offered by
the proposed design, so the optimized design discussed
above has been investigated for different shell index con-
trast. Figure 4 depicts the changes in extinction resonance
wavelength of gold nanoparticle embedded in dielectric
shell with variation in index contrast along with the offered
power extinction amplitude. Here two shell index value
designs that is 1.95 and 1.5 have been considered and the
contrast is varied by varying the host index of dielectric

shell (see Fig. la). It is to be noted here that for both
the design considerations, responses in view of the index
contrast variations are quite similar. As can be seen from
Fig. 4b and e, with rise in index contrast, blue shift in the
gold nanoparticle resonance is observed due to the pres-
ence of dielectric shell. The collective (gold and dielec-
tric shell) power extinction resonance shifts toward shorter
wavelength in comparison to the gold nanoparticle reso-
nance wavelength with increment in index contrast. This
deviation is observed due to the fact that the net power
extinction is resultant of the absorption loss (dominating
for metal nanoparticles) from gold nanoparticle, and the
dielectric shell scattering loss (dominating for dielectric
nanoparticles) due to the electric and magnetic resonating
modes offered in the gold nanoparticle resonance wave-
length range (0.62-0.75 pm). A maximum of 40 nm shift
(for shell index 1.95) in wavelength is observed for maxi-
mum index contrast and this phenomenon can be used to
design narrowband optical filters in nano-integrated cir-
cuits. Figure 4a and d is showing the shift in resonating
wavelength corresponding to the rise in index contrast for
shell index of 1.95 and 1.5, respectively. Hence, an array
of the proposed dielectric shell embedding gold nanopar-
ticle can be formed in an environment of graded index
profile to achieve the desired bandwidth of filter operation
(shown in Fig. 4a and d).

Power extinction responses as a function of index con-
trast have been plotted in Fig. 4c and f for shell index 1.95
and 1.5, respectively. The reason for this extinction behavior
of the proposed design in the gold nanoparticle resonance
wavelength range was mentioned earlier in the section. At
Initial contrast values, the coupling between the electric
dipole modes of the dielectric shell and gold nanoparticle
brings slight increment in the curve (see Fig. 4c), where
after it starts decreasing due to the generation of other
higher order scattering modes (both electric and magnetic)
of dielectric shell including the dominating magnetic dipole
resonance. These scattering resonance modes of dielectric
shell cause decrement in the overall power extinction offered
by the design in the gold nanoparticle resonance wavelength
regime (dominated by gold absorption cross-section). Losses
associated with dielectric shell have been discussed in detail
in the next section.

Figure 5 is showing the scattering wavelength and power
variation with index contrast for shell index of 1.95. As
mentioned previously in the discussion, coupling between
the scattered electric dipole modes of dielectric and metal
nanoparticles provides slight increment in the response for
initial index contrast values. Further increment in index
contrast causes generation of higher order electric and
magnetic modes, although weak in strength due to lower
index value of dielectric shell, causing the scattered power
response to saturate and remain approximately constant. As
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Fig. 5 Variation in radiation amplitude and wavelength with index contrast for shell index = 1.95

a consequence of the optimization of the proposed design
in terms of dielectric shell radius (see Fig. 2), the scattered
power resonance wavelength for gold nanoparticle remains
approximately constant with index contrast variation (see
Fig. 5). This is not the case for power extinction response as
we have observed in Fig. 4, where shifting in the resonance
wavelength was observed with index contrast variation. In
power extinction response, changes in absorption losses
associated with gold nanoparticle in view of the magnetic
dipole mode, dominating the scattering losses associated
with dielectric nanoshell plays the key role, as discussed
previously. Since in the proposed design, dielectric shells
with refractive index not exceeding a value 2 (N, < 2)
have been considered, all the excited dielectric poles are
weak in strength. When magnetic dipole resonance occurs,
it provides major contribution to the scattering efficiency of
dielectric nanoshell as it offers scattering efficiency order
of magnitude higher than other multipoles [29]. In the next
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section, losses associated with dielectric nanoshell have
been discussed, specifically observing the scattering losses
due to magnetic dipole resonance condition.

Dielectric shell losses

For dielectric nanoshell, now we understand that the power
extinction behavior is explained through its scattering
response. In this section, we are discussing the observed
power extinction characteristic of dielectric shell depicted
through Figs. 6 and 7. For dielectric particles both electric
and magnetic type resonances are observed. But when the
incoming light couples with the circular displacement cur-
rents of the electric field, it results in the resonant magnetic
dipole response. It is interesting to note that the resonance
wavelength of excited mode inside the particle is comparable

to the particle diameter that is *_ ~2r. The proposed
shell
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design has been investigated for the generation of magnetic
dipole mode based on the aforementioned relation. In case
the particle size is fixed, changing the refractive index of the
material will lead to the change in resonance wavelength in

order to keep the ratio NA approximately constant. However,
shell

here the case is slightly different as the dielectric shell index
is constant (Ng,,; = 1.95) and variation in the refractive
index of the particle surrounding is causing the magnetic
dipole resonance wavelength to change. Results for net
power extinction losses and scattering losses for the dielec-
tric shell (N,,;; = 1.95) are plotted in Fig. 6a and b, respec-
tively. From Fig. 6b, scattering amplitude peaks correspond-
ing to the magnetic dipole resonance are observed at lower

side of the spectrum. The strength and positions of the peaks
varies with refractive index contrast in accordance with the
behavior observed for gold nanoparticles [22] and can be
explained through equations from (8) to (11) in this paper.
The resonance peak becomes significantly weak in strength
with index contrast falling below 1.4 as a consequence of
reduced scattering losses by the dielectric shell. The wave-
length range for the observed magnetic dipole resonances is

0.42 pm to 0.48 pm, which corresponds to a range of A
shell

0.21 pm to 0.24 pm. These values are of the order of dielec-
tric shell diameter D, = 0.24pum, fulfilling the resonance
conditions required for magnetic field excitation. Practically,
dielectric shell design implementation can be done with a
Niobophosphate high index glass (Ohara-SNPH-3), which
offers refractive index values between 2.05 to 1.9 for visible
to near infrared wavelength range [30]. The total power
extinction offered by the dielectric shell is dominated by the
scattering losses, particularly the magnetic dipole reso-
nances observed at the beginning of visible spectrum (see
Fig. 6a). As expected, the change in resonance wavelength
and corresponding amplitude for extinction cross section is
in agreement with the scattering losses (Fig. 6b) and hence
has a significant dependency on index contrast variation. It
is to be noted here that the resonance wavelengths for net
power extinction are slightly shifted than that of scattering
losses as the net power extinction includes losses due to
refraction, reflection, and absorption by the dielectric shell.
The change in power extinction characteristics of dielectric
nanoshell as a function of index contrast in summarized in
Fig. 7. It can be seen clearly that with increment in index
contrast, extinction cross section of the dielectric shell
increases with blue shift in the resonance wavelength. More
than 96% of the transmitted power is lost for an index con-
trast of 1.95 at 0.41 pm, whereas it falls below 50% for an
index contrast of 1.4 or less. Figure 7 shows a power loss
spectrum of width around 0.1 pm(0.41pm — 0.52pm) with
minimum and maximum values of power loss occurring at
index contrast values close to 1 and 2, respectively.

Filter and antenna application of the proposed design

The proposed design with two different dielectric variation
possibilities (Fig. 1) has been investigate for its antenna
and filter application. This section presents the detailed
discussion on the filtering and radiation characteristics of
the designs obtained through finite difference time domain
method of design modeling. In the first type of array, identi-
cal dielectric shells containing gold nanoparticle are placed
in a graded index environment (variation in the dielectric
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shell host index) where due to the change in surrounding
index, each element offers different resonance wavelength
of power extinction, and collectively as an array offering a
range of power extinction. Now at first, let us understand
the behavior of the array with respect to the variation in
different design parameters in order to establish the work-
ing of the design. In the first type of array, we have fixed
shell index throughout the design but variable surrounding
conditions. The design has been investigated for different
values of shell index to observe the behavioral change and
its operational differences. Figures from 8 to 10 are show-
ing the power extinction (filtering) and radiation (scatter-
ing) characteristics for shell index values 1.5, 1.7, and 1.95,
respectively, while varying the surrounding host index. From
Fig. 8, for shell index 1.5, the power extinction is calculated
with 3 dB bandwidth and it is observed over an 87 nm wide
wavelength range starting from 563 to 650 nm. The peak
to peak extinction resonance wavelength shift is observed
from 597 to 617 nm. Figure 8b is showing the scattered
power response for the surrounding index variation where
the scattered power resonance (radiation wavelength) is
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concentrated at single wavelength (A=0.63 pm) despite
the variation in surrounding index (graded index variation
of refraction) and this leads to its application as a narrow-
band visible light radiator or optical antenna. Now when
we increase the shell index value and analyze the design in
similar way, the results are different in terms of offered 3-dB
bandwidth and the wavelength range of operation (peak to
peak resonance wavelength). Figure 9 shows the results for
shell index 1.7; here the offered 3-dB bandwidth increases
to 130 nm, whereas the operational wavelength range shifts
toward higher side of the spectrum starting from 654 to
687 nm. Again from Fig. 10a, the 3-dB bandwidth for shell
index 1.95 further increases to 155 nm along with red shift-
ing of the operational spectral range from 714 to 754 nm.
As expected, the red shift is also observed in the radiation
characteristics of the design and in Fig. 10b, the radiation
peak for shell index 1.95 is observed at 0.76 pm, red shifted
in comparison to that of shell index 1.5. Table 1 summarizes
the results obtained for three different shell index materials
for their filtering operation. These observations establish
a clear dependency of the filter bandwidth and radiation
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wavelength on the shell refractive index while implementing
the first type of array design. One more important observa-
tion from the power extinction behaviors of the designs is
that the significant red shift in the power extinction reso-
nance is observed for higher surrounding host index values.
In all the three discussed shell index cases, the shift starts
to appear for surrounding index value 1.3 and it becomes
more and more significant with higher surrounding index
values. This is the reason why the power extinction peak
to peak resonance wavelengths shift and consequently the
3-dB bandwidth is lowest for shell index 1.5 and highest
for shell index 1.95 (see Table 1). This observation is also

in agreement with the results shown in Fig. 4b and e where
the extinction resonance wavelength increases rapidly as
the index contrast value falls below 1.5. This index contrast
threshold of 1.5 corresponds to a surrounding index value
of 1.3 for a shell index of 1.95.

Now based on the previous discussion, we can clearly dif-
ferentiate the requirements of the two proposed design struc-
tures working as filter and antenna simultaneously. Since
different shell index offers different wavelength range of
operation hence they can be selected based on the required
wavelength range of operation. Further the 3-dB bandwidth
of the filter can be controlled by controlling the variation of
surrounding index of the dielectric shell. Lower surround-
ing index values (N,,, < 1.3) offer lower filter bandwidth,
whereas increasing the surrounding index values will give
rise to the increment in filter bandwidth. Using this approach
a filter can be designed by gradually varying the host index
(graded index variation of refraction) and using the identical
dielectric shells in an array offering the required 3-dB band-
width in accordance with the range of the surrounding index
(N,,,) variation. It is to be noted here that different shell
index offer distinct resonance wavelength but they may over-
lap in their 3-dB bandwidth spectrum. Similar to the power
extinction behavior, the radiation characteristics varies in its
resonance wavelength and radiation 3-dB band width with
dielectric shell index and host index variation, respectively.
Red shifting the radiation pattern requires increment in the
shell index while the radiation spectrum bandwidth can be
controlled by controlling the range of dielectric host index
variation.

Again from Table 1, a shift of 40 nm in the start of
the filtering operation (filter 3 dB range) can clearly be
observed with shell index increment of 0.2 units and the
shift increases to 50 nm in case of 0.25 units of shell index
increment. Hence red shifting of the spectrum is directly
proportional to the values of shell refractive index present
in the array. This gives us one more way to alter the desired
bandwidth of filter operation and this is also the concept of
second filter design. A wider separation between the low-
est and the highest shell index values will provide wider
3-dB filer bandwidth and a wider radiation spectrum. With
this approach, the two different filtering wavelength ranges
present in Table 1 can be combined to achieve a wider wave-
length range of operation. In this paper, simulation results
for both the types of array design have been presented and
analyzed for their application in filter and antenna design. It
is to be noted here that more combinations of array design
can also be investigated to further match the requirement of
filtering operation. For example, the second type of array
design has been discussed with keeping the surrounding

@ Springer



J Opt

Fig. 9 Power extinction (filter 1 T

operation) by metal nanoparticle
in a dielectric shell of index 1.7

08F

Normalized Power Extinction

1 1 1

Without Shell, n=1.7
—&— Shell environment index = 1
—5— Shell environment index = 1.1
—— Shell environment index = 1.2 ||
—#— Shell environment index = 1.3

Shell environment index = 1.4
—— Shell environment index = 1.5 |-
—— Shell environment index = 1.6

3 dB Beamwidth
130 nm

0.55 0.6

index constant whereas varying the shell index only but here
different surrounding index for each element of the array can
be used providing different index contrast and consequently
altering the overall filter bandwidth and radiation spectrum.

Figure 11 is showing the implementation of the first
type of array where surrounding index varies throughout
the array and shell index is kept constant. There are 5 ele-
ments in the array in a uniformly distributed surrounding
index profile increasing from corner to centre. Highest index
in the centre of the array provide minimum losses of the
excitation field and maximum confinement within the host
material. Figure 12 is showing the extinction (Fig. 12a) and
radiation (Fig. 12b) responses of the array along with the
individual responses of array elements. Here, the surround-
ing index (N,,,) variation is considered to be on the higher
side (N,,, > 1.3) offering wider bandwidth both in filter and
antenna operations. Moreover, considering the minimum
number of dielectric shell elements required introducing the
effect of three different surrounding conditions results in a
3 element array. This array although breaks the symmetry
achieved by the 5 element array but offers the same power
extinction behavior as can be seen through Fig. 12¢c. The
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array with 3 elements also has the highest surrounding index
at the centre and the lower ones at both the corners. Hence
the filter operation offered by the array is purely depend-
ing upon the unique combination of dielectric shell and its
environment.

Now, commenting on the field pattern offered by the
proposed design shown in Fig. 11 and its 3 element variant
discusssed just in the previous section. Figure 13 shows
the near-field and far-field patterns for the aforementioned
designs. The change in the number of array elements mani-
fests in terms of the change in the offered far field dis-
tribution and hence the radiation pattern offered by a 5
element array is more elliptical than that of a 3 element
array (see Fig. 13a and b). Hence increasing the number
of elements in the array makes the radiation pattern more
directive in one direction by narrowing the beamwidth.
This gives an idea about how the main beam shape can be
controlled while the nanodielectric shell array is operating
as an antenna. Moreover, in order to control polarization
mode dispersion, nanoantenna can also be designed for
coupling with highly birefringent fibers or waveguides [30,
31]. Figure 13c and d is showing the near-field distribution
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Table 1 Effect of dielectric
shell index variation on filtering
operation. (4,) is lower 3-dB cut

S.No Shell index

Peak to peak reso-
nance shift (nm)

Filter resonance Filter 3-dB 3-dB range (pm) (4, — 4;)

off wavelength and A, higher 1 15 20
3-dB cut off wavelength 2 17 33
3 1.95 40

range (pm) bandwidth (nm)

0.597-0.617 87 0.563-0.65
0.654-0.687 130 0.60-0.73
0.714-0.754 155 0.6543-0.8097

for the dielectric shell array with 5 elements and 3 ele-
ments, respectively. The localized field generated at the
gold-dielectric interface appears at the surface of dielectric
shell and get coupled with the scattered field of dielec-
tric shell. In addition, since the centre of the array has
highest surrounding index, the generated localized field
at metal-dielectric and at dielectric-dielectric interface get
accumulated at the centre of the array. The distribution of
the field is uniform for 5 element array as it has a uniform
surrounding index distribution with respect to the centre,
whereas in case of 3 element array the field distribution is
non-uniform due to nonuniform index distribution. From
Fig. 13d, weaker confinement of the field toward N,,,=1.6
is observed in comparison to other side with index N,,,=
1.7.

Figure 14 shows the 3D refractive index profile of the
second type of the proposed array design offering filter and
antenna operations. As discussed previously, the design
combines the operational bandwidths of different dielectric
shell indices considered in the array while keeping the sur-
rounding index constant. The design has been simulated for
four different values of shell indices N, = 1.82,1.89,1.95,
and 1.73. The surrounding index has a constant value of 1.5.
It is to be noted here that for effective confinement of the
incident light, the placement of the shells is such that the

HostDielectric ~~ NanoGold
of Nano Shell : ai Particle |
e k:(/’ Ry

Input ae o :
| | Plane N -/ Output
' T e ~ Plane |

Nano Dielect/ric' [ SaEank T

Shell
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Fig. 11 Side view of the design layout in opti-FDTD a; 3-D view of
refractive index profile of the first type of proposed nanoparticle array
of 5 dielectric shells (b). N, varies from 1.6 tol.8, and the shell

env
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highest index shell remains at the centre and shell index
decreases as we move away from the centre.

Table 2 is showing a comparison of 3 dB filter spec-
trum offered by the lowest (N, = 1.73) and highest
(Ngey = 1.95) indexed dielectric shells present in the array
of the second design along with that of the array itself. It
can be clearly seen that the array shown in Fig. 14 offers
the response which includes the responses of highest and
lowest index dielectric shell. Moreover, the power extinc-
tion and radiation responses offered by the array are shown
in Fig. 15a and b, respectively. Array offers a 3-dB filter-
ing range of 210 nm which starts at 600 nm and ends at
810 nm including the operational range of the lowest and
highest index shell. Likewise, the amplitude of the power
extinction response also increases with respect to the indi-
vidual element response including radiation characteristics
of individual elements. Hence, it is possible to combine the
individual responses of the dielectric shell elements and to
have a collective filtering and radiation characteristics as per
the required application.

Finally, the observed electric field pattern of the surface
plasmon at the gold-dielectric interface, at the surface of
the dielectric shell, and the far field pattern for the design in
Fig. 14 are shown in Fig. 16a, b, and c, respectively. When
the resonance condition is met, localized field enhancement
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index is 1.95; the surrounding index profile increases from corner to
centre uniformly
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at the surface of gold nanoparticle is causing the generation =~ modes of the dielectric shell, as discussed in the paper pre-
of electric dipole modes which propagates to the surface  viously. Now Fig. 16 is clearly showing the generation of
of dielectric shell and get coupled with the electric dipole  plasmon dipole (Fig. 16a), and the resonances at the surface

Far Field
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© ()

Fig. 13 Far field radiation pattern offered by (a) the 5 element array shown in Fig. 11 a; (b) the 3 element array with similar shell index and sur-
rounding index conditions. Near-field distribution for (c) 5 element array; (d) 3 element array
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Fig. 14 3D view of the refractive index profile of the second type of array design with different dielectric shell indices.N,,; from left to right

1.82, 1.89, 1.95, 1.73, respectively

Table 2 Filter bandwidth with shell index variation and constant
environment index N,,,,=1.5

S.No Shell index Filter 3-dB band-  3-dB
width (nm) range (pm)
(4= 4
1.72 118 0.61-0.728
1.95 150 0.65-0.80
Array (Fig. 14) 210 0.60-0.81

of dielectric shells which is producing the localized hotspots
between the shells, and relatively lighter intensities at the
corner shells on the outer side (see Fig. 16b). From Fig. 16c,
it should be noted that the radiation pattern generated by the
array offers a main beam which is less elliptical than 5 ele-
ment array whereas slightly more elliptical than a 3 element
array (see Fig. 13). This gives a clear idea about controlling
the pattern with number of elements in the array.

Conclusion
In this paper, a hybrid nanostructure having gold nanoparti-

cle embedded in a 2.4 times larger dielectric shell has been
investigated for its filtering and radiative characteristics
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when placed in an array. The structure has been optimized
in its dimensions with an objective of getting gold nano-
particle characteristics similar to the infinite surrounding
environment. The proposed structure offers power extinc-
tion and radiation characteristics as a result of dominat-
ing electric field resonances in metal and magnetic field
resonances in dielectric shell. Weak coupling between
electric fields resonances of metal and dielectric causes
approximately no change in the gold nanoparticle scatter-
ing resonance wavelength, whereas total power extinction
resonance wavelength changes due the presence of domi-
nating magnetic dipole mode of dielectric shell. The struc-
ture offers a maximum power extinction resonance shift of
40 nm corresponding to a maximum 3 dB filter bandwidth
of 155 nm for shell index 1.95, when changing the shell
environment index. Similarly, shell indices 1.5 and 1.7 offer
a 3 dB filter bandwidth of 87 nm, 130 nm, respectively.
Further, wider filter bandwidths were achieved in the sec-
ond type of array design when shell indices from 1.73 to
1.95 were placed in an environment of constant index. The
array offered a wide filtration width of 210 nm. On the other
end, scattering characteristics offered by the array of hybrid
structure remains almost invariable in terms of resonance
wavelength with change in the shell environment index but
it had a wider 3 dB spectral width with increased amplitude.
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Fig. 15 Two element array
filter design with shell indi-
ces=1.7, 1.95; host index=1.5;
Extinction response of the array
(a); Radiation response of the
array (b); the metal particle is
identical in both the shells
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Fig. 16 a Surface plasmon
electric dipole mode generation,
b electric field resonance at the
surface of dielectric nanoshells
with hot spot between the shells,
c far field radiation pattern
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In addition, array having dielectric shells of different indi-
ces in an environment of constant index offers a very wide
spectrum of radiation as it includes number of resonance
wavelengths. It was also observed that by only changing
the number of elements do not have any impact on power
extinction and radiation characteristics of the array, whereas
it alters the far filed radiation pattern by changing the main
beam shape.
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