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We present a comparative theoretical study of the optical response of metallic Ag and dielectric Si sphere arrays on
top of reflecting substrates. The interaction of particle modes with guided modes of the substrate leads to a rich
optical spectrum. We design structures that sustain highly concentrated electromagnetic fields around periodic
arrays of Si nanoparticles through the coupling of incident light to waveguide modes of a dielectric spacer.
We discuss the origin of the different modes responsible for the reflectivity spectra of particle arrays and propose
that all dielectric structures can support strong field enhancement which is similar to nanostructured metallic
surfaces. © 2015 Optical Society of America
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1. INTRODUCTION
The emerging field of nanoplasmonics owes its reputation to
the ability to confine and guide light down to the nanoscale,
through the excitation of the so-called surface plasmons. These
are combined oscillations of metallic electrons with an electromagnetic (EM) field that appear close to metal–dielectric interfaces and lead to increased sensitivity of the plasmonic
resonance frequency to small changes in the optical properties
of the dielectric [1]. For these reasons, controlling plasmonic
excitation in nanopatterned metallic surfaces has proven useful
for the development of chemical and biological sensors [2] and
light harvesting [3] and also as a way to control light propagation using metamaterials [4] or even to achieve negative refraction [5]. Applications range from laser beam manipulation [4]
to high-resolution microscopy [6]. Unfortunately, in many applications, Joule heating loss, inherent in plasmonic excitations,
is problematic. To overcome this, hybrid photonic–plasmonic
devices have been proposed [7,8], including metal–dielectric
waveguides with reduced absorption losses [9–12], as well as
nonmetallic structures based on dielectric nanostructured
surfaces [13,14]. Recently, it has been recognized that highrefractive-index dielectrics could replace metallic components
in particular applications to avoid the problem of strong light
absorption in metals. Dielectric particles support Mie resonances which for particles with dimensions of the order of few hundred nanometers occur at visible and near-infrared frequencies
0740-3224/16/010099-06$15/0$15.00 © 2016 Optical Society of America

[15]. The quality factor of such resonances increases by increasing the refractive index of the dielectric material [16]. Highrefractive-index dielectric particles, like Si, are also considered
for the design of all dielectric metamaterials [17], demonstrating effects like optical magnetism [18–23]. Arrays of such
particles show total dielectric reflectance [24,25] and field
enhancement [26].
Extensive studies are also reported for particle arrays on a
slab substrate, since the combination of particle resonances
with slab modes or surface states offers many possibilities.
Characteristic examples are metallic [27–30] or dielectric
[31–33] particles on a metallic film, where the optical response
is determined by the interaction between the particle resonances in the array and the delocalized surface plasmon of the
film. In this concept, complex surfaces can be designed to be
antireflective surfaces or even perfect absorbers [28,34–36].
Although the role of plasmonic excitations in obtaining total
absorbing surfaces is crucial, the interaction of a dielectric particle array with a Bragg multilayer as a substrate could also form
total absorption resonances [37].
Moreover, when the metal film is relatively thin and the
dielectric below the metal has a marginally higher refractive
index than the dielectric on the particle side then we would
observe the effect of extraordinary transmission and plasmoninduced transparency [27,38]. Such structures are often called
metasurfaces due to the fact that they drastically alter the
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distribution, phase, and polarization of an incident EM field
with nanometer-thick structures [4]. Similarly, guided mode
resonance filters [39] use periodic arrays to couple incoming
waves to guided modes on a slab, resulting in controlled
narrow-band reflection or transmission resonances [40].
In this paper we will attempt a comparative study of the
optical properties of dielectric and metallic nanoparticle arrays.
We identify all-dielectric structures where localized electromagnetic fields appear. Apart from the plasmonic excitation, we
show that guided mode resonances lead to strong field localization comparable to the plasmonic one and compare metallic
with dielectric structures.
2. RESULTS AND DISCUSSION
The optical properties of periodic nanoparticle arrays are affected by the optical modes of the isolated particles themselves,
as well as the hybridizations of particle modes with their neighbors in a periodic arrangement or with optical modes of the
substrate. It is useful to discuss the different optical interactions
in structures of increasing complexity. Generally, nanoparticles
that generate near-field can be classified in two categories: dielectrics, which support Mie resonances localized mainly inside
the particle, and metals, where plasmonic oscillations provide
strong near-field enhancements close to the surface of the particle. The difference between metallic and dielectric nanoparticles for near-field excitation has been extensively discussed by
Terakawa et al. [41]. In this work we compare the optical response of dielectric and metallic nanoparticle arrays of the same
geometrical parameters on top of reflecting substrates. The
optical transmission and reflection are simulated with full
electrodynamic solvers. We use our implementation of the layer
multiple scattering (LMS) method [42,43] and compare it with
the finite element method implemented in the commercially
available COMSOL Multiphysics package. In all cases considered, materials are described using realistic optical constants
fitted to experimental data.
A. Comparison of Periodic Arrays of Ag and
Si Spheres

We will consider arrays of Si and Ag nanoparticles of the same
radius r  65 nm in air. For the isolated Si and Ag spheres
the optical scattering cross section is shown in Fig. 1(a). The
metallic particle shows a rather broad resonance centered
around 425 nm, due to a dipolar plasmonic excitation, while
for Si spheres the spectra have two resonances, a dipolar electric
resonance found close to 460 nm and a dipolar magnetic resonance centered around 550 nm. The character of each mode is
confirmed also by the electric field profiles.
By arranging the spheres in a square lattice with a lattice
constant a  400 nm, the reflectance spectra for light incident
normally are shown in Fig. 1(b). For Si arrays, the spectra follow closely the behavior of the scattering cross section of the
isolated spheres. This is due to the weak interaction between
neighboring particles and the strong field confinement of the
Mie resonances inside Si. The Fano-type resonance seen for
wavelengths close to the lattice constant (400 nm) is the diffraction signature of the periodic arrangement. Generally,
by optimizing the geometry, strong light absorption can be

Fig. 1. (a) Sum of scattering and absorption cross sections normalized to the geometric cross section of Si (black line) and Ag (gray line)
isolated spheres of the same radius r  65 nm in air. The corresponding electric field profiles for light incident from the top, for a plane
parallel to the polarization plane, cutting through the center of the
spheres, for each mode at the frequencies indicated by the arrows,
are also shown. (b) Reflectance spectra for normally incident light
of Si (black line) and Ag (gray line) arrays of spheres (r  65 nm)
in a square lattice with a lattice constant of a  400 nm in air.

achieved, and similar Si particles arrays have been proposed
as a perfect dielectric metamaterial reflector [24].
The array of Ag spheres for the same geometry show a rather
strong reflectance peak due to the dipolar plasmonic mode
excitation for wavelengths around λ  450 nm. This appears
narrower compared to the peak of the total (including scattering and absorption) cross section of a single Ag sphere. The
comparison of Si and Ag arrays, for this particular geometry,
shows that the metallic structure is a stronger reflector close
to 450 nm and also induces stronger electromagnetic fields near
the metallic particles at the plasmon resonance. Moreover, the
interaction between particle plasmons of the Ag particles leads
to a stronger signature of the lattice for wavelengths close to the
lattice constant.
The optical properties of metallic particle arrays can be tailored by optimizing the interaction of the array with carefully
designed substrates [44–46], allowing symmetry to dictate
the reflectivity spectra. In particular, the presence of a periodic
array of particles on top of a dielectric slab can provide the extra
momentum required so that optical slab modes are excited by a
normally incident EM wave. Therefore, due to the rich spectra
and strong field localization achieved, arrays of nanoparticles on
top of a metallic film separated by a dielectric spacer is a popular
system studied by several authors [27–30]. Most of the previous
studies focus on the possibilities given by the plasmonic interaction to design functional surfaces that can be interrogated
optically as a refractive index change sensor. We are interested
in the possibility of metal-free surfaces that localize light in subwavelength volumes and seek to investigate relevant interaction
mechanisms to achieve this.
We now compare Si and Ag sphere arrays on a 100 nm thick
Ag film, separated with a SiO2 spacer schematically shown in
Fig. 2. Realistic optical constants, interpolated from tabulated
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Fig. 2. Schematic of a nanosphere array on an Ag film, separated by
a SiO2 spacer.

data, are used for Si and Ag [47,48], while SiO2 is described as a
dielectric with a constant refractive index nSiO2  1.46.
Generally, the different features in the spectra are due to particle
modes (Mie or particle plasmon resonances), slab modes of the
spacer, and surface plasmon resonances. For Si spheres, the optical reflectivity is shown in Fig. 3. The structure is opaque, and
the excitation of the optical modes causes a series of absorption
resonances. Our implementation of the LMS method is fast
and accurate and the results are almost identical with the calculation of the finite element method (COMSOL), with the
LMS method being roughly an order of magnitude faster.
The strongest absorption is due to the excitation of the dipolar
electric Mie modes close to 447 nm (i1) and the dipolar magnetic Mie modes around 540 nm (i4). These are very close to
the positions of the modes for the arrays of Si spheres in air
presented in Fig. 1 and show rather weak dispersion with
the angle of incidence as shown in Figs. 3(b) and 3(c). For light
incident normally, our structure gives a double resonance close
to 475 nm which originates from a plasmon mode of the

Fig. 3. (a) Reflectance spectra at normal incidence for a square array
of Si spheres of radius r  65 nm and lattice constant a  400 nm,
on top of a 100 nm thick Ag film, separated by a SiO2 spacer of thickness 150 nm. Solid line, LMS calculations; symbols, COMSOL calculation. The labeled arrows indicate the positions of the different
modes where reflectance reaches a local minimum. (b) Reflectance
spectra for TM(p) polarized light incident with a parallel component
of the wavevector k x calculated with the LMS method. (c) Reflectance
spectra for TE(s) polarized light incident with a parallel component of
the wavevector k x , calculated with the LMS method.

Fig. 4. (a) Reflectance spectra at normal incidence for a square array
(a  400 nm) of Ag spheres of r  65 nm on top of 100 nm Ag film,
separated by a 150 nm thick SiO2 spacer. The labeled arrows indicate
the positions of the different modes where reflectance reaches a local
minimum. (b) Reflectance spectra for TM(p) polarized light incident
with a parallel component of the wavevector k x calculated with the
LMS method. (c) Reflectance spectra for TE(s) polarized light incident
with a parallel component of the wavevector k x .

metallic substrate (shorter wavelength, i2) and a slab mode
of the SiO2 film (longer wavelength, i3) which is also seen
in the dispersion diagrams for TE polarization (mode s1).
The sharp drop just above λ  600 nm (i5) is due to the surface plasmon mode localized at the metal–dielectric interface
which splits in many branches (sp1, sp2, sp3, sp4) corresponding to different diffraction orders of the square lattice. This is
seen in both TM and TE polarizations [32].
Replacing Si with Ag results in the calculated reflectance
presented in Fig. 4(a). The surface plasmon appears at wavelengths similar to the Si arrays, as is clearly seen from the angular dispersion Figs. 4(b) and 4(c). For normal incidence,
however, it is poorly excited and we observe only a small reflectance drop just above 600 nm (j4). The Ag structure favors
the excitation of the film surface plasmon at 474 nm (j2), while
a broader resonance centered close to 490 nm (j3), which is a
hybrid mode with strong SiO2 slab character, appears in the
spectra. The stronger reflectance drop in this system occurs just
above 400 nm and it is due to the diffraction of the lattice.
These so-called Rayleigh–Wood anomalies have been studied
previously toward a way to achieve strong light localization
[49–53].
In Si arrays, the single-particle resonances are obviously different compared to Ag, but also the interaction strength of the
different modes varies. The plasmon–plasmon interaction between the metallic particles is stronger than the interaction
between Mie resonances in Si spheres, which results in a strong
excitation of the Rayleigh–Wood modes in Ag arrays (mode j1).
In contrast, in the geometry considered, Si spheres allow more
efficient excitation of the film plasmons (compare mode i5 in
Fig. 3 with mode j4 in Fig. 4) even for relatively thick spacers as
we consider here. The field profiles of the structures with Si and
Ag spheres are shown in Fig. 5. Important here is that the field
is concentrated just outside the metallic particle but is mainly
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Fig. 5. Comparison of the field profiles for Si (upper plots) and
Ag (lower plots) arrays for the different modes indicated by the arrows
in Figs. 3 and 4 for a plane parallel to the polarization plane, cutting
through the center of the spheres (x–z plane for a TM polarization as
shown in Fig. 2).

confined inside the Si particle. The resonances that originate
from slab modes produce localized fields for both Si and Ag
particles with hot spots in the region where the sphere touches
the substrate. We also note that the field profiles of the Ag film
surface plasmon modes excited by the Si sphere array are characterized by field enhancement in the vicinity, just outside of
the dielectric spheres and not only close to the metallic film.
Therefore, such modes can have high quality factors and will
be sensitive to refractive index changes far away from the metallic parts of the structure and could be potentially useful in
sensor applications.
The effect of the geometry on the different modes is an
important issue. Changing the size of the spheres mainly
affects the positions of the particle resonances, while variations of the spacer affect the spacer slab modes and the interaction of the particles with the surface plasmon at the
metal–dielectric interface. The interaction of the different
modes can be also modified by the lattice constant of the
particle array.
In Fig. 6 we show the reflectivity for a surface with Si spheres
(r  65 nm), arranged on a square lattice of lattice constant
a  480 nm on top of Ag (d Ag  100 nm) with a SiO2 spacer
in between (d SiO2  120 nm). For these geometrical parameters the plasmon mode of the film is no longer discernible at
normal incidence, while the SiO2 slab mode, indicated by the
arrow, is forming a total absorbing band, and the Mie resonances of the Si particles (compare Fig. 1) are clearly seen in the
spectrum. The corresponding field profile, shown in Fig. 6(b),
reveals that such modes can sustain highly localized fields outside the Si particles, and their wavelength strongly depends on
the refractive index of the surrounding medium. In particular,
for the air medium considered here (n  1), the resonance indicated with an arrow in Fig. 6(a) shifts linearly to longer wavelengths with increasing n which results in a S  Δλ∕Δn 
210 nm∕RIU (RIU  refractive index units) and a figure of
merit [54], FOM  S∕FWHM  68, which correlates with
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Fig. 6. (a) Reflectance spectra at normal incidence for a square array
(a  480 nm) of Si spheres (r  65 nm) on top of a 100 nm thick Ag
film, separated by a SiO2 spacer of thickness 120 nm. (b) Field profile,
for a plane parallel to the polarization plane, at the resonance indicated
with the arrow in (a).

the resonance full width at half-maximum (FWHM). Such
modes are tunable with the geometry, and at the same time
relatively robust, since they do not depend on the exact particle
shape or lattice type. Our results show that similar structures
with a hexagonal lattice or arrays of cylinders are expected to
have similar modes in their spectra with field localization, comparable to metallic nanoparticle structures. For the structure
with a metallic substrate considered here (Fig. 6), this mode
can be excited at small angles close to the normal since it is
very close to the plasmon mode. On the other hand, the choice
of a metal is not crucial and this particular mode will survive
also for other metallic substrates.
B. Plasmon-like Field Concentration in Dielectric
Structures

The metallic substrate can be replaced with a dielectric mirror.
A Si sphere array with a 130 nm thick SiO2 supporting spacer is
placed on top of a five period Bragg multilayer of
TiO2 50 nm∕SiO2 100 nm with a period of d 
150 nm which has a gap for normally incident light, as is evident from the calculated reflectance shown with the dashed line
in Fig. 7(b). The spheres are arranged in a square lattice
(a  480 nm), while the radii of the Si spheres are r 
65 nm [Fig. 7(a)]. This geometry supports various sharp resonant modes under normal incidence of light, as shown in
Fig. 7(b), due to coupling into slab modes of the multilayer
induced by the periodicity. Broader resonances are seen for
wavelengths inside the bandgap of the Bragg mirror. The corresponding electric field profiles are shown in the inset. The
mode at 505 nm (red arrow, left) can be compared to the mode
shown in Fig. 6(b) and can sustain highly confined EM fields
outside the nanoparticles and not only inside them like the Mie
resonances. The mode seen at 560 nm (green arrow, right) is
broader and is due to the magnetic Mie resonance of the Si
spheres. These results demonstrate that highly concentrated
electromagnetic fields can be achieved in dielectric nanoparticle
arrays even in the absence of metallic components through the
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Fig. 7. (a) Schematic of a square array (a  480 nm) of Si spheres
(r  65 nm) on top of a 130 nm thick SiO2 layer on a Bragg multilayer of five TiO2 50 nm∕SiO2 100 nm bilayers with nTiO2  2.5
(the thickness of each layer is given in parentheses). (b) The solid
black line shows the reflectivity spectrum for normal incidence of light
in the structure under consideration. The dashed gray line is the reflectivity of the Bragg multilayer stack without the sphere array. (c),
(d) Reflectivity dispersion relations under off-normal incidence of light
for TM(p) and TE(s) polarization, respectively. (e),(f ) The electric
field profile of the modes indicated with the red arrow (around
505 nm) and green arrow (around 560 nm), respectively. The cross
section is for a plane parallel to the polarization plane.

coupling to guided modes of a dielectric spacer, while the
presence of the reflector enhances the field.
3. CONCLUSIONS
We have compared the optical properties of Ag and Si periodic
arrays on different substrates at visible and near-infrared wavelengths. Our results show many similarities between the metallic and dielectric systems. The strong coupling of incident
light to waveguide modes of a dielectric slab through periodic
arrays of high-refractive-index dielectric nanoparticles leads to a
strong concentration of the electromagnetic field around the
dielectric particles. Our analysis would be helpful in the design
of metal-free environments that could enhance light emission
or absorption with applications in light harvesting or refractiveindex-based sensing.
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