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Abstract: Responses of free standing subwavelength annular dielectric nanorod arrays are described. Extreme reflection
peaks with high quality factor follow a multiple scattering approach, which can be explained by geometrical resonance. It
is demonstrated that the value and the resonant frequency of the sharp geometric resonance modes can be tuned by geo-
metric parameters such as the outer radius, inner radius of the annular nanorod array, and incidence angle sensitively,
which can provide new regulating factors and guidance for the design of novel optical device using the dielectric material

with a lower volume.
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1. INTRODUCTION

Peirodic metallic subwavelength structures such as hole
arrays in metal films [1, 2], metallic nano particle array [3],
metallic nanowire gratings [4], and metallic heterostructures
[5-8] are investigated widely for the applications due to the
strong interaction with light as a result of the plasmonic
resonances. However, in nanometer scale, the metallic sub-
wavelength structure is not the optimal selection due to in-
trinsic metal absorption.

A very sharp reflection peak with an even higher quality-
factor can be excited from a dielectric nanorod array, which
is the geometric resonance [9-13]. It means that the dielectric
nanorod array can reflect most light over the wavelength
range, making this a promising material for even better ap-
plications in enhanced Raman scattering [14], fluorescence
enhancement [15], nonlinear optics [16], and coherent light
emission [17], multispectral imaging [18, 19], and optome-
chanics [20, 21].

In this paper, we propose an optical system of a single
layer annular dielectric nanorod to analyze the geometric
resonances. We clarify the dependence of the geometric
resonance on the inner radius and the outer radius of the an-
nular dielectric nanorods and the incidence angle, and ex-
plain it by the multiple scattering effects. The results furnish
a new regulating method for the optical control and potential
application for filters using a dielectric material.

2. MATERIALS AND METHODS

Finite difference time domain method (FDTD) is a nu-
merical analysis technique used for modeling computational
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electrodynamics. The time dependent Maxwell’s equations
are discretized using central difference approximations to the
space and time partial derivatives. When Maxwell’s differen-
tial equations are examined, it can be seen that the change in
the E-field in time (the time derivative) is dependent on the
change in the H-field across space (the curl). The analyzed
structure is presented in Fig. (1). In our 2-dimension FDTD
calculations [22], perfectly matched layer boundary condi-
tions [23] are used at the top and bottom, and periodic
boundary conditions are used on the left and right sides of
the lattice due to the periodicity of the system. We simulate
the structure with a computational window of LxL,
=3 um x 6 um, where the structure in the z direction is uni-
form and infinite. The structure is periodic and the periodic-
ity is p = 3 um. We send a Gaussian single pulse of light
with a wide frequency profile and an incidence angle of 6
illuminating the dielectric annular grating from the bottom of
the lattice in the Xy cross section. Parameters of the annular
nanorod are denoted as the outer radius R; and the inner ra-
dius Ry, as shown in Fig. (1). The relative dielectric constant
of the dielectric annular nanorod is set ¢ = 3.9 in the paper,
and SiNj is a possible material for making annular nano-rods.
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Fig. (1). A lattice of the free-standing dielectric annular nanorod
grating illuminated from the bottom with an incidence angle 6.
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Fig. (2). Reflection spectra at normal incidence of the periodic dielectric periodic annular nanorod grating with the inner radius R,=0 and the
outer radius (a) R;=200 nm, (b) R;=300 nm, (c) R;=500 nm, (d) R;=700 nm, respectively.

3. RESULTS AND DISCUSSION

Parameter and angle resolved absolute reflection (R)
simulations are performed using the FDTD method. At nor-
mal incidence sharp reflection peaks are visible in the inves-
tigated frequency range when the inner radius of the nanorod
is R,=0, and the outer radius is small (a solid dielectric cyl-
inder) (as shown in Fig. 1). For example, in Fig. (2a), the
reflection characteristics indicate that in a broad frequency
range, light is transmitted absolutely, however, at a very
sharp frequency range, light is reflected nearly completely.
For example, the value of the center peak the reflection spec-
trum is about 0.9 at the frequency f=1.584x10" Hz with a
very narrow width (4f=1.5869x10"*-1.5811 x 10* = 0.0058
x 10*Hz, where Af is the pass band width) (as shown in Fig.
2a)), which means that light is mostly transmitted in a wide
range, but it is reflected absolutely in several narrow fre-
quency ranges. In addition, it is shown that the resonance
mode with a narrow line width, a high quality factor (High-
Q), where Q = Jo/A4, 4o is the wavelength of transmission
peak and A4 is the full width at half maximum, for example,
Q=273.10 for the structure with nanorod R, = 200 nm for the
reflection peak with center frequency f = 1.584x10*Hz.

It indicates that the dielectric nanorod has a better fre-
quency selecting characteristic and less absorbance than that
of subwavelength metal gratings, especially for ones with
small sizes. According to the formulated above, the reflec-
tion resonance modes sensitively depend on the radius of the
nanorods with a high Q factor, and the radius of the nanorod
can be used to control the number and resonant frequency of
the reflection resonance modes.

The reflection of the system can be considered as two
components: Fano line shape induced by constructive and
destructive interferences of direct transmission and light
scattering by the nanorods [12]. The physical mechanism of
this geometric resonance is closely related to a multiple scat-
tering mechanism. Each subwavelength rod behaves like an
individual scatter with a dipolar response. It can be modeled

as an infinite circular cylinder with a polarizability,
2

k - .
a=oy(l-i s a,)” [13, 15, 18], where o, = TR* (¢ -1) is

the static polarizability, R is the cylinder radius, and ¢ is the
dielectric permittivity of the rods. When illuminated by a
plane wave, each rod of the array re-radiates a field
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Fig. (3). Reflection spectra at normal incidence of the periodic dielectric periodic annular nanorod grating with the outer radius R;=500 nm
and the inner radius (a) R,=200 nm, (b) R,=300 nm, (c) R,=400 nm, and (d) R,=450 nm, respectively.

proportional to its dipole moment P,. Conversely, the inci-
dent field on each rod is the sum of the incident plane wave
(Ej) and the scattered fields (Es) from the other rods. The

dipolar moment can be written as py= aE, a=( L G,K)™,
! o

where the effective polarizability & accounts for the multi-
ple scattering mechanism. Gy, is the dynamic depolarization
term which only depends on the geometrical parameters, i.e.,
the period p, the radius R, as well as the wavelength and the
angle of incidence #. The geometric resonance is defined by
the pole of the effective polarizability. This description leads
to an analytical model for the far-field response of the mem-
brane [12, 13, 24]. For the cylinder array, for p-polarized
waves, the reflection resonances have a geometrical origin.
The existence of particle surface modes or plasmons would
reflect itself in a resonant behavior of the bare polarizabil-
ities would present sharp maxima and minima around each
internal resonant frequency surface modes would then in-
duce new peaks in the reflection, when the surface resonance
frequency is close to a Rayleigh frequency, they would mix
with geometrical resonances leading to more complex reflec-
tion patterns. Results shown in Fig. (2) are according to that
presented in [12, 13, 24]. With the cylinder radius R; increas-
ing, light transmitted is increasing, and in the reflection spec-
tra there appear more reflection peaks. Additionally, it is
found that with new reflection resonance modes appearing at

both the lower and the higher frequency region, the reso-
nance mode at about f=1.5x10"Hz is always present accom-
panied by the widening of the peak widths (as shown in Figs.
(2b-d). Behaviors here indicate that the localization and
magnitude of the sharp resonance mode are dependent on the
dielectric nanorod radius sensitively, which can provide a
regulation factor of the transmission property of this dielec-
tric structure.

In Fig. (2), we calculate the reflection behaviors with the
outer radius R; of the annular dielectric nanorod changing
when the inner radius R, is set as 0, here the structure is a
solid cylinder similar as the one in Ref. [12]. Ref. [12] pre-
sents a multiple scattering study of the periodic nanoarray’s
reflectance. The characteristic of the dependence of optical
properties on wavelengths, geometrical parameters, and cylin-
der dielectric constant are analytically investigated for s- and
p-polarized waves, and the reflectance sharp peaks are attrib-
uted to the Rayleigh frequencies. At the lowest resonance fre-
quency, and in the absence of absorption, the wave is perfectly
reflected even for vanishingly small cylinder radii. And the
results in Fig. (2) are according to that in Ref. [12].

Meanwhile, we simulated the reflection characteristics of
the annular dielectric nanorod along the inner radius R, alter-
ing when the outer radius R; is set as 500 nm, as shown in
Fig. (3). According to the pictures in Fig. (3), the number of
sharp peaks in the reflection spectra decreases along with R,
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Fig. (4). Modulus distributions of the complex electric field (a) E, (b) Ey and (c) normalized E, respectively, of the dielectric annular nano-
rod array with outer radius R;=500 nm, inner radius R,=450 nm, with a normal incidence at the resonance frequency f =1.7643x10™ Hz.
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Fig. (5). Reflection spectra as a function of the incidence angle of the periodic dielectric periodic annular nanorod grating with outer radius
R;=500 nm, inner radius R,=450 nm, at the center frequency of the reflection peak f =1.7643x10™ Hz.

increasing; meanwhile, peak width is narrowed. For exam-
ple, there are a series of reflection peaks in the spectrum with
the inner radius R, =200 nm, and three modes are left when
R, is increased to 450 nm. The result here means that the
magnitude of geometric parameter inner radius of the annu-
lar dielectric nanorod can also modulate the resonance mode
obviously. It is shown that nearly all light over a precise set
of wavelength can be reflected. With increasing of the solid
cylinder radius, more reflection peaks appear accompanied
by the widening of the peak width, with increasing of the
inner radius of the annular cylinder, the reflection peaks
lessens gradually, meanwhile, the peak width are decreased
distinctly, which means that identical properties can be ob-
tained by increasing the inner radius of the annular one when
the outer radius is fixed and by decreasing the radius of the
solid cylinder. With inner radius is increasing, the annular
thickness becomes thinner, more light can be transmitted and
the reflection is weakened, which may be associated with the
reflection peak lessening and the peak width narrowing.
There would be more geometrical factors of the annular
nanorods than that of the uniform homogeneous cylinders.

We can modulate the line shape not only by the size of the
cylinder, the gap of the cylinder, the incidence angle, but
also by the inner size of the annular cylinder.

In relation with the sharp reflection resonance, the nano-
rod array exhibits very high field enhancements. The maps
of the electric field intensity E,, Ey, and the normalized E
have been calculated as shown in Fig. (4) for the 1 dimen-
sion array. It is found that the maximum and minimum of
electric field distributes alternately as the existence of the
nanorod. It is shown that there is no resonant coupling
among the dipoles pointing along x-axis. It can be associated
with the reflection geometrical resonance [12, 15]. Addition-
ally, the reflection resonances manifest themselves in a reso-
nant fluorescence enhancement near the nanostructures as
discussed in Ref. [15].

Spectra were also recorded under an incidence angle 6
ranging from 0° to 90° by 0.36° increments, as shown in Fig.
(5), for the annular dielectric nanorod array with the outer
radius R;=500 nm, inner radius R,=450 nm, at the resonance
frequency f =1.7643x10" Hz. Reflection is about 0.9 when
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Fig. (6). Reflection spectra of the periodic dielectric periodic annular nanorod grating with outer radius R;=500 nm, inner radius R,=450 nm
for incidence angle (a) 8=20°, (b) 6=40°, (c) 6=60°, and (d) #=80°, respectively.

the incidence angel 6=0°, the reflection decreases firstly as a
function of the angle of incidence at which it is less than 10°.
For example, when the incidence angle reaches about 5°,
nearly all the light passes through, with a reflection of only
0.001. In the angle region between 20° and 60°, most light is
transmitted with only several narrow bands reflected. Reflec-
tion increases gradually to 1 as the incidence angle rises fur-
ther to 90°.

Fig. (6) shows the results of the structure with four dif-
ferent angles of incident 20°, 40°, 60°, 80°, respectively,
with outer radius R{=500 nm, inner radius R,=450 nm of the
annular dielectric nanorod array. The modulations of the
maximum of the reflection correspond to the transparency
and absorption bands of the material. Line widths and shapes
of the reflection resonance peaks are alternated dramatically
with the change of the incidence angle. For example, with
the incidence angle increasing, more reflection resonance
modes appear, as shown in Figs. (6a-d). Additionally, as the
degree increases to 90°, nearly all the light is reflected, and
almost no light is transmitted. It originates from multiple
scattering involving the excitation of the dipole moment.

CONCLUSION

In conclusion, we simulate the optical property of an ar-
ray of annular dielectric nanorods. In absence of Mie reso-
nances and surface (plasmon) modes, the reflectance pre-
sents sharp peaks close to the onset of new diffraction
modes. At the lowest resonance frequency, and in the ab-
sence of absorption, the wave is perfectly reflected even for
vanishingly small cylinder radii. It is shown that nearly all
light over a precise set of wavelength can be reflected, With
increasing of the solid cylinder radius, more reflection peaks
appear accompanied by the widening of the peak width, with
increasing of the inner radius of the annular cylinder, the
reflection peaks lessen gradually, meanwhile, the peak
width are decreased distinctly. With outer or inner radius
changing, the reflection peak at around f=1.5x10*Hz is al-
ways present. The optical properties dependences on inci-
dence angle are analytically derived. The annular dielectric
cylinder array can provide more modulating factors of the
reflection spectra such as the inner radius than that with solid
cylinders. This phenomenon is associated with that the scat-
ters are nonresonant and much smaller than the wavelength
and free-space interactions between the scatters. These
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