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Abstract—We studied the properties of a plasmonic nanoantenna in the form of a subwavelength metal sphere
partly buried in a metal substrate with a hollow gap between the sphere and the substrate. Using a nickel
sphere in a nickel substrate as an example, it is shown that imbedding a metal sphere deep into the substrate
leads to the broadening and a strong red shift of its dipole resonance. Significant enhancement of the near
electromagnetic field of the sphere in the gap region is demonstrated. The effect of all geometric parameters
of the nanoantenna under study on its optical performance is studied. Enhanced transmission of a metal film
with defects in the form of spherical particles embedded in it is demonstrated, which results from the leaking
of the near electromagnetic field from the gaps to the opposite side of the film. The obtained results can find
application in nanooptics for designing plasmonic nanoantennas for concentration, enhancement and redis-

tribution of the electromagnetic field.
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INTRODUCTION

A plasmonic particle of subwavelength dimensions
located on a suitable substrate is a basic building block
for a vast number of functional photonic structures
and elements [1—3] including metamaterials and
metasurfaces [4—6], bio- and chemosensors [7—10],
surface enhanced Raman scattering platforms
[10—14], to name just a few. For this reason, the prob-
lem of the interaction of light with a particle on a sub-
strate has been long in the focus of attention of many
scientists and research groups [15—32].

From the standpoint of mathematical physics, such
a problem is not simple, since the presence of a sub-
strate violates the symmetry of the geometry under
consideration even for regular-shaped particles, and
also due to the fact that the solution to the problem
depends significantly on the particular shape of the
particle, its orientation with respect to the substrate,
and on the optical properties of the substrate. The sim-
plest approach to this problem, applicable to particles
much smaller than the wavelength, is to model the
particle as a point dipole.

Beginning with the pioneering treatment of the
problem of a vertically oriented dipole above a flat and
lossy surface by Sommerfeld [16], many researchers
have addressed the problem of dipole radiation in a
half'space [17—19]. However, this approach is applica-
ble only in the case where the electromagnetic field
can be considered uniformly distributed over the par-
ticle volume and retardation effects do not come into
play, and also if the particle is not located too close to
the substrate. As the particle nears the substrate the
diploe approximation begins to fail because the contri-
butions of higher-order multipoles due to the interac-
tion of the particle with the substrate become signifi-
cant [15].

The problem of light scattering by small particles,
with due account of their finite sizes, has been treated
by many researchers, who primarily considered parti-
cles of regular geometries including cylinders, spheres
and spheroids. For example, in [20] the authors solved
the problem of light scattering by a sphere above a per-
fectly reflecting mirror was solved, while in [21, 22]
Fresnel formulas were used to handle cases of non-
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perfectly reflecting substrates. In some works, the
problem of light scattering by a spherical particle over
a substrate is reduced to two problems: light scattering
by a sphere in a homogeneous medium (Mie theory)
and reflection of spherical waves from the substrate
[23, 24].

A large number of works on light scattering by par-
ticles on substrates use exact integral equations for the
electromagnetic field, which are solved by standard
numerical methods. The integral equations are
derived from the Maxwell’s differential equations in
combination with specified boundary conditions, with
a frequent use of the extinction theorem from physical
optics [25]. Although this theorem was initially used
mainly to solve the problem of light scattering by irreg-
ular rough surfaces, many authors adapted this tech-
nique to calculate near and far electromagnetic fields
when light is scattered by small metal particles on con-
ducting substrates, taking into account multiple inter-
actions of particles with the substrate [26, 27]. This
approach enabled the study of the effect of particle
sizes, their distance to the substrate, and the optical
properties of the substrate on the peculiarities of light
scattering [28, 29], including the possibility of exciting
surface plasmon—polariton waves on the conducting
substrates [30—32].

It should be noted, however, that in most studies
where the problem of light scattering by a particle on
substrate is treated, the particle is assumed to be
located either directly on the substrate or at some
small distance above it. The case when a spherical
plasmonic particle is partially or completely buried in
the substrate with some hollow gap between the parti-
cle and the substrate material has not been given suffi-
cient attention, despite the fact that it is not an unlikely
arrangement in plasmonic and nanophotonic func-
tional structures. The aim of this work is to study the
optical properties of a substrate-buried dipole plas-
monic nanoantenna in the form of a subwavelength
metallic spherical particle, deeply embedded in a
metallic substrate, as well as the dependence of these
properties on the geometric parameters of the nano-
antenna.

METHODOLOGY OF THE STUDY

The 3D geometry of the plasmonic nanoantenna
under study is shown schematically in Fig. 1 (side view
in the plane of the E vector of the incident wave). A
spherical metal particle (radius R) is embedded in a
metal substrate with a small hollow gap and irradiated
by a normally incident plane wave of unit amplitude.
For the material of the particle and substrate we chose
nickel, since this metal has pronounced ferromagnetic
properties, the combination of which with the optical
response of the plasmonic nanoantenna opens up
intriguing possibilities of creating opto-magnetic mul-
tifunctional devices, such as biosensors that can be
remotely controlled by external magnetic fields [33].
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Fig. 1. Schematic drawing of the arrangement under study
and its parameters (/—vacuum, 2—nickel).

The data on the complex permittivity of nickel are
taken from [34].

In this paper, the problem of scattering of an inci-
dent electromagnetic wave by a substrate-buried nickel
nanoantenna is solved numerically using the finite dif-
ference time domain (FDTD) method. To resolve
adequately the rounded surface of the nanoantenna,
we locally refine the computational grid with an
appropriate step in the range of 0.5—1 nm. Due to the
orientation of the incident wave and the symmetry of
the geometry under study, only its quarter needs to be
modeled with a symmetric boundary condition across
the z-axis and an antisymmetric one across the y-axis
(on one side). On the other side in the transverse
directions as well as in the longitudinal direction, the
computational domain is bounded by absorbing
boundary conditions in the form of perfectly matched
layers (PML).

RESULTS AND DISCUSSION

To gain insight into the performance of the sub-
strate buried spherical nanoantenna let us follow the
evolution of its spectral response as the metal sphere
nears and then gets imbedded into the substrate. In
Fig. 2, we plot the spectral dependences of the maxi-
mum near-field amplitude (at the point near the
sphere where it is the strongest) starting with a solitary
sphere in vacuum (curve /), and then for the sphere
near (curve 2) and very near (curve 3) the substrate.
The insets show the corresponding distributions of the
electric field amplitude in the plane of the electric
field vector of the incident wave at the resonant wave-
length where the near field around the sphere is the
strongest.

It can be seen from the figure, that for a solitary
sphere in vacuum, a weak dipole resonance, strongly
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Fig. 2. Spectral dependences of the maximum electric field amplitude (in a point near the sphere where it is the strongest) for
various locations of the R = 50 nm nickel sphere with respect to the nickel substrate: (/) isolated sphere in a vacuum without the
substrate, (2) sphere with a separation of 10 nm between its surface and the substrate, (3) same as (2), but the separation is 3 nm.
Curves 4— 7 are for the sphere imbedded in the substrate with a 5 nm gap: 2 = (4) 50, (5) 25, (6) 0, and (7) —25 nm. Shown in the
correspondingly numbered insets are the distributions of the electric field amplitude at the resonant wavelengths (when the near

field around the sphere is the strongest).

damped by a large imaginary part of the dielectric per-
mittivity of nickel is observed at A ~ 470 nm (inset 7).
However, as the sphere approaches the substrate, the
resonance becomes more pronounced and the near
field of the sphere is noticeably enhanced (curves 2, 3).
This effect is explained by the effect of the conducting
substrate: the field from the charges induced on its
surface can be described by the field of an image
dipole located in the substrate, which tends to enhance
the dipole moment induced by the incident wave in
the spherical particle. If the sphere is not too close to
the substrate (curve 2), its near field is enhanced with-
out significant changes to its distribution which
remains to be characteristic of the dipole resonance
(inset 2). However, as the gap between the sphere and
the substrate approaches zero, the near field pattern is
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significantly altered both by the field of the image
dipole and by increasingly contributions from the
higher order multipole moments with the field maxi-
mum shifting to the gap region (inset 3). For a 3-nm
gap between the surface of the sphere and the sub-
strate, an approximately twofold enhancement of the
near field is observed compared to the case of a solitary
sphere in vacuum (compare insets / and 3).

As the sphere begins to penetrate into the substrate,
an even greater enhancement of the near field is
observed in the gap region and the resonance becomes
even more pronounced (curves and insets 4—7). The
resonant wavelength remains unchanged at first (curve
and inset 4) but with further deepening of the sphere
into the substrate the resonance is strongly red shifted
and broadened (curves 5, 6, and 7). When the sphere
Vol. 88
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Fig. 3. Spectral dependences of the maximum electric field
amplitude for various radii of the sphere ~25% buried in
the substrate with a gap of 5 nm.

is 75% buried in the substrate (curve 7), the resonance
maximum shifts to a wavelength of A ~ 1000 nm so that
the near-field amplitude increases monotonically over
the entire 400—1000 nm wavelength range of interest.
The highest, more than 3-fold near-field enhance-
ment in the gap is observed at a wavelength of A =
700 nm for the sphere 25% embedded in the substrate
(curve 5).

To illustrate the effect of the size of the sphere on
the spectral response of the substrate-buried nickel
nanoantenna, we plot in Fig. 3 the spectral depen-
dences of the maximum near-field strength in a 5 nm
wide gap for a sphere ~25% in the substrate with R
ranging from 30 to 70 nm.

As can be seen, with increasing radius of the spher-
ical particle, a monotonic red shift of the resonance is
observed, with a gradual increase in the maximum
value of the near-field strength up to its ~4-fold
enhancement (as compared to a solitary nickel sphere
in vacuum) at R = 70 nm. As can be guessed from the
character of the curve for R = 70 nm, with a further
increase in the size of the sphere, the growth of the
near-field amplitude saturates and slows down, while
the resonance shifts further into the infrared range and
broadens even more.

To illustrate the effect of the varying gap between
the sphere of a constant radius and the material of the
substrate, Fig. 4 shows the calculated spectral depen-
dences of the maximum near-field amplitude in the
gap ranging from 3 to 10 nm in width for the R =50 nm
sphere 50% buried in the substrate.

As can be seen from the figure, decreasing the gap
width at a constant R has approximately the same
effect as decreasing the sphere radius at a constant gap
(Fig. 3): the resonance broadens and strongly red
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Fig. 4. Spectral dependences of the maximum electric field
amplitude for the sphere ~50% buried in the substrate with
various gap width ranging from 3 to 10 nm, R = 50 nm.

shifts, which is accompanied by an increase in the
near-field amplitude.

We note that in practice, when fabricating a sub-
strate-buried spherical nanoantenna, the spherical
particle will not “levitate” in a substrate cavity, but
must be in some way attached to the substrate. This
naturally raises the question of the effect of the attach-
ing stem on the optical characteristics of the nanoan-
tenna. To answer this question, Fig. 5 shows the results
of calculating the spectral dependences of the highest
near-field amplitude in a 5 nm wide gap for different

|£]

4 | | 1 | |
400 500 600 700 800 900 X, nm

Fig. 5. Spectral dependences of the maximum electric field
amplitude for the sphere with R = 50 nm, ~50% buried in

the substrate with a gap of 5 nm and attached to the sub-
strate with a cylindrical nickel stem of various radii.
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Fig. 6. Numerical simulation results for a nickel film on a glass substrate with defects in the form of nickel spheres partly buried
in the film: (a) simulated geometry in side view ((1) vacuum, (2) nickel, (3) glass substrate, R = 50 nm, gap = 5 nm, » = 20 nm,
h =54 nm, th = 60 nm, A = 130 nm); (b) distribution of the electric field amplitude in the plane of the E vector at A = 1000 nm;
(c) calculated transmission spectrum of the nickel film with defects; (d) distribution of the electric field amplitude at A = 1000 nm
with a changed color scale to make the leaking of the electromagnetic field from the gaps into the glass clearly visible.

sizes of the attaching stem, which is chosen to be in the
form of a cylinder spanning the gap with its axis pass-
ing through the center of the sphere perpendicular to
the substrate surface (see the inset to Fig. 5).

It is evident from the figure that up to the large stem
radii (r = 40—50 nm), approaching that of the spheri-
cal particle itself, the base has a very weak effect on the
spectral response of the nanoantenna. This is
explained by the distribution of the near field in the
gap: the field maxima fall on the upper and lower sides
of the gap, while in the region of the gap where it is
spanned by the attaching stem, the field is very weak
even in the absence of the stem. Therefore, covering
the gap with the stem does not affect the optical prop-
erties of the nanoantenna as far as the stem is not so
large that it also covers the lateral regions of the gap.

The enhanced near field in the gap can be trans-
formed into propagating electromagnetic waves if such
waves can exist in the region immediately behind the
spherical particle. To illustrate this fact, and also as a
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possible application of the proposed substrate-buried
nanoantenna, Fig. 6 shows the results of a numerical
study of the optical properties of a nickel film on a
glass substrate with a large number of randomly
located defects in the form of spherical nickel particles
embedded in the film (Fig. 6a). To simplify the calcu-
lations, the array of the randomly located defects is
approximated by an infinite ordered array of rectangu-
lar symmetry with a cubic unit cell bounded in the
transverse directions by periodic boundary conditions
with a period of A= 130 nm. Such a period is subwave-
length and small enough to exclude any collective
effects due to the orderliness of the simulated array. In
the longitudinal direction, the cell, as in the above sit-
uation of a single nanoantenna in a bulk substrate, is
bounded by absorbing boundary conditions in the
form of perfectly matched layers (PML).

As can be seen from Figs. 6b and 6d, the enhanced
near field in the gaps of each defect leaks to the other
side of the film and propagates further as travelling
Vol. 88
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radiation. Waves from individual defects interfere con-
structively (in the propagation direction of the inci-
dent wave), giving a single transmitted wave of sizable
amplitude. This gives rise to the 5 to 10-fold enhance-
ment of transmittance of the nickel film with defects
(Fig. 6¢), as compared to that of a smooth nickel film
of the same thickness without defects. Since the
enhanced transmission is a result of the enhanced near
field in the gap leaking to the other side of the film, the
transmission spectrum essentially mimics the spectral
behavior of the near-field amplitude in the gap. The
defects in the film also affect the reflected wave, halv-
ing the reflection coefficient of the defected film as
compared to that of the smooth film, the latter being
~70% at A, ~ 700 nm.

CONCLUSIONS

Thus, in this work we studied the optical properties
of'the substrate-buried plasmonic dipole nanoantenna
in the form of a subwavelength spherical metal particle
embedded in a metal substrate with a hollow gap
between the particle and the substrate material. Using
a nickel sphere in a nickel substrate as an example, we
showed that imbedding the spherical nanoantenna
into the substrate leads to broadening and a strong red
shift of its dipole resonance, which is accompanied by
a redistribution of the near field of the nanoantenna
into the gap region, where it experiences a 3 to 4-fold
enhancement compared to the case of a solitary sphere
in vacuum. The effect of the sphere radius ranging
from 30 to 70 nm, the gap width ranging from 3 to
10 nm, and the size of the stem (by which the sphere is
attached to the substrate) on the optical properties of
the substrate-buried nanoantenna is examined. The
conversion of the near electromagnetic field in the gap
into propagating electromagnetic radiation is demon-
strated using the example of a nickel film with defects
in the form of spherical nickel particles embedded in
it. It is shown that the presence of defects brings about
up to 10-fold increase in the film transmittance as
compared to the film without defects. The results
obtained in the work can find application in plasmon-
ics, nanooptics and nanophotonics for designing
nanoantennas serving to concentrate, enhance or
redistribute electromagnetic field.
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