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ABSTRACT

We investigate subwavelength waveguides composed of silicon nanorods array in straight and nonstraight regimes
deposited on a silica (SiO2) substrate. It is shown that using all-dielectric nanorods with high permittivity to design
an all-dielectric optical waveguide provides several advantages such as low-dissipation coefficient and long decay
length for the distributed fields. Exploiting silicon arrays in touching and nontouching arrangements, we exam-
ined the optical response of the structure to the guiding of magnetic and electric fields with transverse and
longitudinal polarization modes. We studied the decay length for all propagated modes in both nanochain
orientations numerically. Simulation results for straight arrays showed that the averaged decay length for the
structure with dielectric particles in touching regime is 1.6μm (for the waveguide with the length of 2.2μm),
and for the nontouching array is 2.2μm (for the array with the length of 3.1μm). Calculating transmission loss
factors and considering decay length of the proposed waveguide, we verified the strong potential of the proposed
structure to design all-dielectric photonic devices to operate at telecommunication spectra (λ~1310 nm
and 1550 nm). Also, we computed bending losses [dB] for the examined structures based on the bends degree.
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1. INTRODUCTION

A highly promising progress in nanoscale photonics is the use of optical waveguides in miscella-
neous applications such as sensing, coupling, and waveguiding [1–4]. Several approaches have
been proposed about the type of optical waveguides that function based on guiding characteristics
of an ordered array of optical resonators in near-field coupling regime, which are completely
different from ordinary waveguides such as Bragg scattering or total internal reflection [5, 6].
Numerous waveguide structures have been tailored to employ for diverse applications [7–14].
Ordered arrays of noble metal nanoparticles in subwavelength dimensions that are able to support
surface plasmon polaritons are known as plasmonic waveguides [7–12], and magneto-inductive
waveguides that are magnetic resonators coupled by induced voltages are two important kinds
of waveguides [13, 14]. Unique features of plasmonic waveguides in subwavelength dimensions
and propagation of electromagnetic (EM) wave through the straight and nonstraight arrays of
nanosize particles below the diffraction limit without significant influence of back-scattering and
minor absorption of propagated optical energy make these nanostructures as promising options
for designing integrated photonic circuits [15–18]. It is well accepted that electric and magnetic
plasmon modes can be guided through the plasmonic waveguides with certain propagation
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constant. However, these guided waves are highly sensitive to the local and structural reflections
when illuminated by an incident beam [19–21]. It has been also reported that dissipative losses
such as scattering of guided waves, absorption of light by metallic nanoparticle arrays, and the
effect of retardation in polarizability are the most important factors limiting the propagation length
in plasmonic waveguides [15–21]. Several techniques have been applied to enhance the decay
length of the plasmonic structures via decreasing the effect of destructive factors. For example,
gold nanorods and nanoshells are proposed to be used in plasmonic components with low signal
attenuation [22–24]. These particles have also been employed in designing optical devices that
are able to operate at near-infrared region (NIR) and especially telecommunication spectrum, such
as couplers [22], routers [25], splitters [26], and hybrid polarization beam splitters [27]. Recently,
plasmonic structures based on symmetric nanoparticle arrays of chemical molecules (heptamers
and trimers in chrysene and triphenylene orientations) have been developed that are able to
support the magnetic plasmon resonance with noticeable decay length of ~4–5μm [28, 29].
Nevertheless, no reported study provides radically long decay lengths or propagation distances
of guided resonant modes.

Recently, all-dielectric nanoparticles with high refractive indices, oriented in ordered arrays,
have been employed in designing several kinds of optical waveguides and considered as the major
solution for longer propagation distances [30]. For instance, silicon nanospheres have been utilized
in straight array to transport and guide the EM waves below the diffraction limit [30]. Mie theory
predicts the possibility of optical power transmission through spherical nanosize particles; hence,
all-dielectric particles are able to support both magnetic and electric dipole resonances easily [31–34].
The ability of controlling the dipolar modes of the incident light can be exploited in efficiency
enhancement in various optical devices such as nanoantennas [35, 36]. Savelev et al. [30] have
proved that silicon nanosphere with high refractive index and a certain radius can be tailored to
support the magnetic dipole resonance for the minimum frequency of λmin~2nRs, where n is the
refractive index of silicon nanoparticle and Rs is the radius of nanosphere. This simple relation
between the minimum wavelength, sphere radius, and refractive index reveals that the dimension
of an array of this nanosphere is remarkably smaller than the operation spectrum [30, 37, 38]. As
mentioned previously, plasmonic waveguides are inherently lossy and some of the corresponding
dissipative components cannot be eliminated by simply changing the design. In contrast, using
all-dielectric nanoparticles in optical waveguides can results in lower losses making them superior
to plasmonic counterparts. This advantage originates from the lower ratio of power absorption by
semiconductor nanoparticles (absence of ohmic losses). All-dielectric nanostructures have been
widely investigated in the literature. Chen et al. [39] have verified that symmetric all-dielectric
nanowires can be utilized in designing long-range hybrid waveguides, which are able to operate
at λ~1550 nm. In addition, Du et al. [40] have shown that an array of GaAs nanorods with care-
fully selected dimensions is able to support and transport the magnetic and electric dipole reso-
nances below the diffraction limit. Furthermore, Zhao et al. [41] have verified that all-dielectric
structures have a strong potential to employ in sharp bends, T-shape and Y-shape structures with
low losses and minimum field escaping. It should be underlined that all-dielectric optical wave-
guides are not compact structures like plasmonic waveguides; nevertheless, they provide signifi-
cant long propagation of EM waves. The discrete dipole approximation model is the theoretical
method that has been widely used to analytically study the dispersion properties and optical
response of complex dipolar EM waves in different dimensional regimes for magnetic and electric
dipole resonance modes [42–44].

In this article, we propose both theoretical and numerical approaches to investigate the optical
power propagation and coupling along silicon nanorods arranged in arrays. Utilizing discrete
dipole approximation method as a theoretical approach for the proposed structures, we evaluate
the validity of the finite difference time domain (FDTD) numerical results for all-dielectric
nanorod arrays operation. The main goals of the presented work are investigating the quality of
light transmission through the arrays of all-dielectric nanoparticle chains at NIR, calculating the
decay length in the nanostructures, and determining the optimum dimensions for the proposed
waveguide. Finally, we demonstrate an optimized all-dielectric optical waveguide as a platform
for designing high-quality nanophotonic devices to utilize at the telecommunication spectrum.
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm
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2. NUMERICAL METHOD

To analyze the optical response of the proposed all-dielectric waveguides, three-dimensional finite dif-
ference time domain (FDTD) model (Lumerical FDTD Solutions package 2015) is used as a numerical
tool. We adopted the following settings for FDTD simulations: the spatial cell sizes (mesh dimensions)
are set to dx= dy=dz=2nm, with 17 000 number of cells, and perfectly matched layers (PMLs) as the
boundary condition with 32 layers. Technically, perfectly matched layers are artificial absorbing layers
for scattered EM waves that are used to make the computational workspace finite. This is necessary
because any reflections will travel through the lower computational surface and cannot be separated
from the forward and backward scattered EM waves. Additionally, to achieve numerical stability,
simulation time step is set to the 0.02 fs according to the Courant stability. Courant stability is an
important and necessary condition for convergence of distributed EM field during solving differential
equations in numerical FDTD simulation method. It should be underlined that the applied time step
must be less than a given time in explicit time integration mechanisms to yield correct outcomes.
3. RESULTS AND DISCUSSION

In this section, we first consider the coupled-dipole approximation model for nanorod particles based
on provided method in Refs. [45–47]. Three-dimensional schematic for the all-dielectric nanorods
array is displayed in Figure 1 with the description for the geometrical parameters. In the proposed
nanochain, Rr is the radius, and h is the height of a given nanorod, d is the intercenter distance between
two neighbor nanoparticles which is repeated along the array periodically, εp is the permittivity of the
nanoparticle, and εm is the permittivity of the dielectric substrate. The array of nanorods are deposited
on a SiO2 substrate with the thickness of 1μm. Considering the elucidated specific notations for the
structure, we rewrite the scattering cross-sectional relations for electric and magnetic dipole moments
as [30, 47, 48]:

Cscat ¼ �2i
3

ffiffiffiffiffiffiffiffiffiffiffiffiffi
εmedium

p
λ3

� �
αe

Cscat ¼ �2i
3

εmediumð Þ1=3
λ3

 !
αm

(1)

where αe and αm are the electric and magnetic polarizabilities, respectively, and λ is the wavelength of
incident EM wave. The general polarizability for spherical nanoparticles is given by [48]:

α ¼ 3V
εp � 1
εp þ 2

� �
(2)

where V=πR2
r h is the volume of the nanorod. Then, merging Eqns 1 and 2, the scattering cross sections

for both of the magnetic and electric dipoles can be written as
Figure 1. A three-dimensional schematic of an ordered chain of silicon nanorods deposited on a silica host. The
intercenter between two series nanorods is indicated with d.
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Our calculations are based on the following parameters and quantities: the permittivity of the Palik
[49] silicon nanoparticles is εp=12.099 around λ~1550 nm, the permittivity of the surrounding
workspace is set to εm=1, and the radius and height of nanorod are variable and determined based
on the optical response of the structure. The dispersion of silicon is not taken into in our computations,
because of the small imaginary (~0.001) and also the constant real part of its permittivity. On the other
hand, because of the extremely small value of the imaginary part of the permittivity at the NIR,
corresponding losses, which are proportional to the Im{εp}, will make negligible contribution to the
dissipative components in our analysis. Figure 2 demonstrates the real and imaginary parts of
the permittivity of silicon in the spectrum of interest (based on experimentally determined data by
Palik [49]).
3.1. The optical response of an isolated silicon nanorod

Next, we examine the optical response of an isolated silicon nanorod under illumination with a linear
plane wave as a light source. Figure 3(a–c) exhibits the effect of structural variations on the numeri-
cally calculated forward-scattering cross-sectional profile. Obtaining the highest amplitude for the
forward scattering at the NIR and red shifting its position to the telecommunication band will help
us to enhance the dipolar and multipolar modes coupling between neighbor all-dielectric nanoparticles
and also lead to tailor an efficient all-dielectric waveguide. For the first analysis, we modified the radius
of an isolated all-dielectric rod while the height of the particle is kept fix as h=70nm. Figure 3(a)
illustrates the scattering extreme for four different radii. The peak of scattering spectra is red shifted
to the telecom wavelength (λ~1550 nm) with increasing size of the radius. Here, the best possible
response for the position of scattering extreme at the telecom wavelength is achieved for Rr=150 nm.
The effect of alterations in the height of the rod is shown in Figure 3(b). Increasing the height red shifts
the peak of the forward scattering to the longer wavelength similar to the radius alterations. Consider-
ing simultaneous variations in both radius and height of the examined nanorod, we achieved the
desired forward-scattering peak at λ~1550 nm with Rr=145nm and h=80nm. Extending the number
of the silicon rod particles based on determined geometrical sizes (Figure 1), we examined the dipolar
resonance coupling between them at the telecom spectrum. Having high-quality forward scattering
allows efficient near-field coupling between two adjacent nanoparticles in subwavelength regime,
which can be employed in an array of nanoparticles. The array of silicon particles can be oriented in
two practical straight regimes that are discussed in next subsequent sections.
Figure 2. Real and imaginary parts of permittivity of Palik silicon as a function of wavelength.
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Figure 3. The spectral response of an isolated silicon nanorod, (a) scattering cross-sectional diagram over the
spectrum variations for nanorod radius variations, while the height is kept fix as h= 70 nm; (b) scattering cross-
sectional profile for nanorod height alterations, while the radius of rod is kept fix as Rr = 150 nm; (c) scattering

cross-sectional profile for simultaneous variations in both of the height and radius of silicon nanorod.

ELECTROMAGNETIC ENERGY TRANSPORT ALONG A SILICON NANOROD WAVEGUIDE
3.2. All-dielectric nanorod array in touching regime

In this section, we study the optical response of silicon nanorods in touching regime in a straight array,
where the edge-to-edge distance between adjacent particles is approximately zero. Due to presence of
minimum space between nanoparticles, therefore, we expect strong coupling of dipolar and multipolar
modes between nanoparticles. Employing the calculated geometrical sizes for a silicon rod, the
intercenter distance between touching nanoparticles is set to d=290nm (Figure 4(a)). In this regime,
launching the EM wave in the x-axis (propagation direction) through the array, we examined the
quality of waveguiding for both transverse electric mode (TE mode) and longitudinal electric modes
(LE modes) excitations in Figure 4(b–c). These two-dimensional snapshots (E-field maps) display
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm



Figure 4. (a) A schematic diagram for the silicon nanorods in touching regime; (b, c) E-field maps for electric field
coupling between touching nanorods for TE and LE modes, respectively; (d) the intensity of distributed electric
field along the waveguide for both of TE and LE modes; (e) transmission coefficient for E-field distribution over

the wavelength variations for the all-dielectric waveguide in touching regime.
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the modality of light propagation through the touching silicon rods, and near-field coupling between
them. The type of incident mode is denoted by an arrow in each profiles at the position of light source.
Figure 4(d) exhibits a field distribution along the straight touching silicon array as a logarithm of the
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm



Figure 5. (a, b) H-field maps for the magnetic field coupling between touching silicon nanorods for both TM and
LM modes, respectively; (c) the intensity of distributed electric field along the waveguide for both of TM and LM-
modes; (d) transmission coefficient for H-field distribution over the wavelength variations for the all-dielectric

waveguide in touching regime.
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Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm



A. AHMADIVAND, S. GOLMOHAMMADI AND N. PALA
peak amplitude squared of the electric field (|E|2) along the waveguide, where each peak corresponds to
the dipolar and multipolar E-field interactions between touching nanoparticles. Obviously, the strength
of the propagated field has not been reduced like plasmonic structures because of the low-loss feature
of the all-dielectric nanoparticles. Considering the peak positions of this diagram and fitting it with

couple-dipole approximation calculations (α dB½ � ¼ 20=L ðnmÞ logEi=Eo

� �
, L is the length of the array),

the transmission loss factors for the proposed structure with seven silicon nanorods and the length of
2.2μm can be determined as 0.2 dB/136nm, and 0.2 dB/124 nm for TE and LE modes, respectively.
The transmission diagram can be illustrated for wide range of spectrum for the nanostructure as shown
in Figure 4(e), which shows two major maxima at two important telecommunication wavelengths
λ~1310 and 1550 nm. The transmission coefficient at λ~1550 nm (92%) is much larger than
λ~1310 nm (80%), which reflects the excellence of the structure for designing optical devices to operate
at this practical spectrum.

In continue, we examine the quality of transverse magnetic and longitudinal magnetic modes (TM
and LM modes) distribution through the all-dielectric waveguide composed of touching silicon rods.
Illuminating the structure by a magnetic light source, we investigated and plotted the properties of
TM and LM mode distributions along the all-dielectric structure. Figure 5(a–b) exhibits two-
dimensional snapshots (H-field maps) for TM and LM modes along the array of silicon rods (x-axis).
The arrows in the profiles show the polarization and the position of the light source. Figure 5(c) shows
the field intensity along the proposed structure as a logarithm of the peak amplitude squared of the
H-field (|H|2) along the waveguide. The intensity of guided waves is not reduced noticeably, and the
theoretical response is in agreement with the numerical analysis. Considering analytical computations

(α dB½ � ¼ 20=L ðnmÞ logHi=Ho

� �
, L is the length of the array), the transmission loss factor for LM and TM

modes is defined as 0.2 dB/105nm, and 0.2 dB/112nm, respectively. Figure 5(d) illustrates the trans-
mission diagram through the structure for the H field, and we obtained two major peaks that are
corresponding to the telecommunication wavelengths (λ~1310 nm and 1550nm). Transmission rates
for λ~1310 nm and 1550nm are determined as 84 and 96%, respectively. Comparison between the
transmission coefficients for both E and H fields indicates the dominant distribution of magnetic field
through the dielectric array of nanorods as a waveguide. This feature can be employed for magnetic
resonance manipulation in optic-based nanoscale devices for telecommunication systems. Next, we
compare the decay length of the proposed all-dielectric waveguide for four different guided modes
as shown in Figure 6. The figure demonstrates the real-time averaged power variations as a function
of propagation length. As obvious it is, the ratio of the decay length for the touching silicon nanorod
array with the length of 2.2μm has subtle differences for four modes that are determined as 1.5, 1.7,
1.65, and 2μm for TE, LE, TM, and LM modes, respectively. Comparing the studied all-dielectric
structure with the plasmonic waveguides with the same sizes in length [10, 11, 17], we show that
the proposed waveguide has longer propagation length for both of the E and H fields at the telecom
Figure 6. The real-time averaged power variations over the propagation length for different propagated modes in
touching nanorods array.

Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm



ELECTROMAGNETIC ENERGY TRANSPORT ALONG A SILICON NANOROD WAVEGUIDE
wavelengths. However, all-dielectric nanorods in touching regime suffer from destructive interference
between multipolar and dipolar modes that could result in undesired scattering peaks and antibonding
modes reducing the efficiency of the waveguide in practical applications. Therefore, in the next section,
we will attempt to solve the problem by increasing the space between nanoparticles.
3.3. All-dielectric nanorod array in nontouching regime

We examine almost similar structure including a chain of silicon nanorods in nontouching regime with
the intercenter distance of d=3R (435 nm) between two neighbor particles to prevent multipolar
coupling between them. This orientation of nanorods allows investigation of the coupling of dipoles
between all-dielectric particles and hence probing the modality of wave guiding through the subwave-
length structure (Figure 7(a)). Employing a linear light source, an electric field wave with both TE and
LE modes is excited to propagate through the nanorod array. Figure 7(b–c) illustrates two-dimensional
Figure 7. (a) A schematic diagram for the silicon nanorods in nontouching regime; (b, c) E-field maps for electric
field coupling between touching nanorods for TE and LE modes, respectively; (d) the intensity of distributed

electric field along the waveguide for both of TE and LE modes; (e) transmission coefficient for E-field distribution
over the wavelength variations for the all-dielectric waveguide in nontouching regime.
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Figure 8. (a, b) H-field maps for the magnetic field coupling between touching silicon nanorods for both TM and
LM modes, respectively; (c) the intensity of distributed electric field along the waveguide for both of TM and LM
modes; (d) transmission coefficient for H-field distribution over the wavelength variations for the all-dielectric

waveguide in touching regime.
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snapshots (E-field maps) for the quality of electric field distribution TE and LE modes along the all-
dielectric waveguide in the x-axis, respectively. The strength of the coupled modes in the nontouching
regime is weaker than touching regime because of the missing multipolar mode interaction between
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm
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nanorods in the nontouching regime. It should be underlined that in this regime, only the dipolar modes
have enough energy to couple with the nearest dipolar modes. Figure 7(d) shows the intensity of the
propagated field by a logarithmic scale diagram along the structure and dipolar coupling intensity
between silicon nanorods. Using this diagram and using the equation in the prior subsection, we calcu-
lated the transmission loss factor for both of TE and LE modes as 0.2 dB/185 nm, and 0.2 dB/172nm,
respectively. The transmission performance of the optical power through the nontouching array of
nanoparticles is found as 75 and 80% for λ~1310 and 1550 nm, respectively (see transmission profile
in Figure 7(e)). Comparing two examined waveguides, we notice a significant reduction in TE and LE
modes transmittance, caused by the distance between silicon particles. Next, launching a magnetic
dipole through the nontouching array of silicon rods, we numerically obtained the results shown in
Figure 8. Figure 8(a–b) illustrates two-dimensional snapshots (H fields) for the magnetic field distribu-
tion through the dielectric nanoparticle array for TM and LM-modes along the x-axis. The intensity of
the propagated magnetic modes is plotted in logarithmic scale in Figure 8(c). From the last diagram, we
determined the transmission loss factor as 0.2 dB/175nm and 0.2 dB/160nm, for TM and LM modes,
respectively. Figure 8(d) shows the transmission coefficient of the guided waves through the
nontouching array of silicon rods as a function of incident beam wavelength, where two maxima for
the telecom spectra are observed with the transmission rates of 76 and 81% for λ~1310 and
1550nm, respectively. Decay length for the studied structure for four different guided modes are
calculated based on the real-time averaged power variations along the propagation direction (x-axis)
as shown in Figure 9. The ratio of the decay length for the nontouching silicon nanorods with the
length of 3μm has subtle differences for guided modes that are determined as approximately 1.7, 2,
1.8, and 2.2μm for TE, LE, TM, and LM modes, respectively. It is observed that the decay length
for the nontouching array is lower than the one for the touching regime. We also conclude that the
overall decay length of all-dielectric waveguides is noticeably longer than the one for the complex
and simple plasmonic nanostructures [10, 11, 17]. Furthermore, it should be underlined that in spite
of losing some efficiency, the last proposed nontouching all-dielectric nanoparticle waveguide still
shows superior performance in comparison to well-organized plasmonic structures that are tailored
for telecommunication spectrum [10, 11, 17, 50, 51].

Finally, we examine the potential of the proposed subwavelength waveguide to use in complex pho-
tonic devices including sharp bends and nonstraight arrays of particles. It is well accepted that field
escaping and significant leakage of guided waves can occur at sharp bends in optical waveguides
[50, 51]. In the presented work, we just considered the effect of bending losses on the optical response
of the all-dielectric nanostructure. Using the silicon arrays both in touching and nontouching orienta-
tions, we studied the bending loss effect over the bending angle along the nanostructure numerically.
Figure 10(a) shows that the silicon array in touching regime and the bending angle is indicated through
the schematic which is varied from 0° to 90° (the nontouching regime has almost the same art figure
that is not depicted here). Figure 10(b–c) exhibits the influence of bending degree and corresponding
losses in dB for touching and nontouching arrays of silicon rods for all mentioned polarizations. The
ratio of losses for all guided modes is listed in Tables I and II with details. Noticing in these tables,
Figure 9. The real-time averaged power variations over the propagation length for different propagated modes in
nontouching nanorods array.
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Figure 10. (a) A schematic picture for all-dielectric nanorods array in touching regime. The bending angle is
indicated in the schematic, varying from 0° to 90°; (b, c) bending losses [dB] as a function of bending angle for

all of the propagated modes.

Table II. The bending losses [dB] for all of the guided polarizations are listed based on the bending angle for the
silicon particles in nontouching regime.

Polarization Angle/bending loss [dB]

TE 0° 30° 45° 60° 90°
0 dB 0.15 dB 0.24 dB 0.38 dB 0.58 dB

LE 0° 30° 45° 60° 90°
0 dB 0.18 dB 0.39 dB 0.55 dB 0.75 dB

TM 0° 30° 45° 60° 90°
0 dB 0.15 dB 0.301 dB 0.48 dB 0.605 dB

LM 0° 30° 45° 60° 90°
0 dB 0.15 dB 0.15 dB 0.25 dB 0.35 dB

Table I. The bending losses [dB] for all of the guided polarizations are listed based on the bending angle for the
silicon particles in touching regime.

Polarization Angle/bending loss [dB]

TE 0° 30° 45° 60° 90°
0 dB 0.07 dB 0.15 dB 0.19 dB 0.205 dB

LE 0° 30° 45° 60° 90°
0 dB 0.12 dB 0.21 dB 0.205 dB 0.409 dB

TM 0° 30° 45° 60° 90°
0 dB 0.15 dB 0.2 dB 0.209 dB 0.4 dB

LM 0° 30° 45° 60° 90°
0 dB 0.03 dB 0.07 dB 0.13 dB 0.19 dB

A. AHMADIVAND, S. GOLMOHAMMADI AND N. PALA
increasing the bend angle directly causes to dramatic increases in the dissipative losses in both of the
waveguide types; however, because of the nature of the all-dielectric structure, these losses are not
significant.
Copyright © 2015 John Wiley & Sons, Ltd. Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm
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4. CONCLUSIONS

In this work, we utilized silicon nanorods with large permittivity to design long-range and efficient
optical waveguides to operate at the telecommunication band. After optimizing the geometrical dimen-
sions for the all-dielectric nanorods, we arranged them in a straight array in touching and nontouching
regimes to design optical waveguides. We compared the optical responses of two types of waveguides
for guiding TE, LE, TM, and LM resonant modes. Our numerical results (transmission losses) verified
the superior behavior of the touching array because of the cancellation of gapping between nanorods
and direct coupling of dipolar and multipolar modes between adjacent nanoparticles. The effect of
bending angle degree on the light transmission is investigated for all of the modes comprehensively,
and we determined the bending losses for all of the guided modes. As expected, the effect of bending
degree on the nontouching nanochain is noticeable in comparison to touching one. The proposed
all-dielectric waveguide has a strong potential to be used in photonic nanostructures because of the
lower losses and longer decay lengths.

ACKNOWLEDGMENTS

This work is supported by NSF CAREER program with the award number: 0955013, and by Army Research
Laboratory Multiscale Multidisciplinary Modeling of Electronic Materials Collaborative Research Alliance (grant
no. W911NF-12-2-0023; Program Manager: Dr Meredith L. Reed).
REFERENCES

1. Adams MJ. An Introduction to
Optical Waveguides. Wiley &
Sons: New York, US, 1984.

2. Okamoto K. Fundamentals of
Optical Waveguides. Academic
Press: New York, US, 2010.

3. Takahara J, Yamagishi S, Taki H,
Morimoto A, Kobayashi T. Guid-
ing of a one-dimensional optical
beam with nanometer diameter.
Opt Lett 1997; 22:475–477.

4. Snyder AW, Young WR. Modes of
optical waveguides. JOSA 1978;
68:297–309.

5. Yariv A, Xu Y, Lee RK, Scherer A.
Coupled-resonator optical wave-
guide: a proposal and analysis.
Opt Lett 1999; 24:711–713.

6. Xu Y, Lee RK, Yariv A. Scattering-
theory of waveguide-resonator
coupling. Phys Rev E 2000; 62:
7389–7404.

7. Maier SA, Kik PG, Atwater HA,
Meltzer S, Harel E, Koel BE,
Requicha AAG. Local detection of
electromagnetic energy transport
below the diffraction limit in metal
nanoparticle plasmon waveguides.
Nat Mater 2003; 2:229–232.

8. Maier SA, Brongersma ML, Kik
PG, Meltzer S, Requicha AAG,
Atwater HA. Plasmonics—a route
to nanoscale optical devices. Adv
Mater 2001; 13:1501–1505.

9. Veronis G, Shanhui F. Bends and
splitters in metal-dielectric-metal
subwavelength plasmonic wave-
guides. Appl Phys Lett 2005;
87(13):131102–131102(3).

10. Pyayt AL, Wiley B, Xia Y, Chen
A, Dalton L. Integration of photonic
and silver nanowire plasmonic
Copyright © 2015 John Wiley & Sons, Ltd
waveguides. Nat Nanotechnol 2008;
3:660–665.

11. Ahmadivand A, Golmohammadi S.
Comprehensive investigation of
noble metal nanoparticles shape,
size, and material on the optical
response of optimal plasmonic
Y-shape splitter waveguides. Opt
Commun 2014; 310:1–11.

12. Maier SA, Kik PG, Atwater HA.
Optical pulse propagation in
metal nanoparticles chain wave-
guides. Phys Rev B 2003; 67:
205402–205407.

13. Shamonina E, Kalinin VA, Ringhofer
KH, Solymar L. Magneto-inductive
waveguide. Electron Lett 2002;
38:371–373.

14. Syms RRA, Young IR, Solymar L.
Low-loss magneto-inductive wave-
guides. J Phys D 2006; 39:3945.

15. Ozbay E. Plasmonics: merging
photonics and electronics at nano-
scale dimensions. Science 2006;
311:189–193.

16. Gramotnev DK, Bozhevolnyi SI.
Plasmonics beyond the diffraction
limit. Nat Photonics 2010; 4:
83–91.

17. Brongersma ML, Hartman JW,
Atwater HA. Electromagnetic
energy transfer and switching in
nanoparticle chain arrays below
the diffraction limit. Phys Rev B
2000; 62:R16356–R16359.

18. Atwater HA, Polman A.
Plasmonics for improved photovol-
taic devices. Nat Mater 2010; 9:
205–213.

19. Barnes WL, Dereux A, Ebbesen
TW. Surface plasmon subwave-
length optics. Nature 2003;
424:824–830.

20. Kim JT, Choi SY. Graphene-based
plasmonic waveguides for plasmonic
.

integrated circuits. Opt Express
2011; 19:24557–24562.

21. Krasavin AV, Zayats AV. Passive
photonic elements based on
dielectric-loaded surface plasmon
polaritons waveguides. Appl Phys
Lett 2007; 90:211101–211104.

22. Jung KY, Teixeira FL, Reano RM.
Au/SiO2 nanoring plasmon wave-
guides at optical communication
band. J Lightwave Technol 2007;
25:2757–2765.

23. Ahmadivand A, Golmohammadi S,
Rostami A. Broad comparison
between Au nanospheres, nano-
rods, and nanorings as an S-bend
plasmon waveguide at optical
C-band spectrum. J Opt Technol
2013; 80:15–23.

24. Harris N, Ford MJ, Cortie MB.
Optimization of plasmonic heating
by gold nanospheres and nano-
shells. J Phys Chem B 2006;
110:10701–10707.

25. Fang Y, Li Z, Huang Y, Zhang S,
Nordlander P, Halas NJ, Xu H.
Branched silver nanowires as
controllable plasmon routers. Nano
Lett 2010; 10:1950–1954.

26. Ahmadivand A, Golmohammadi
S, Rostami A. T and Y-splitter
based on Au/SiO2 nanoring
chains at an optical communica-
tion band. Appl Optics 2012;
51:2784–2793.

27. Ahmadivand A. Hybrid photonic-
plasmonic polarization beam
splitter (HPPPBS) based on metal-
silica-silicon interactions. Opt
Laser Technol 2014; 58:145–150.

28. Lal S, Hafner JH, Halas NJ, Link S,
Nordlander P. Noble metal nano-
wires: from plasmon waveguides
to passive and active devices. Acc
Chem Phys 2012; 45:1887–1895.
Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm



A. AHMADIVAND, S. GOLMOHAMMADI AND N. PALA
29. Liu N, Mukherjee S, Bao K, Li Y,
Brown LV, Nordlander P, Halas
NJ. Manipulating magnetic plas-
mon propagation in metallic
nanocluster networks. ACS Nano
2012; 6:5482–5488.

30. Savelev RS, Slobozhanyuk AP,
Miroshnichenko AE, Kivshar YS,
Belov PA. Phys Rev B 2014;
89:035435–035435(7).

31. Fu Q, Sun W. Mie theory for light
scattering by a spherical particle in
an absorbing medium. Appl Optics
2001; 40:1354–1361.

32. Jackson JD. Classical electrody-
namics, 1st ed. Wiley & Sons:
New York, US, 1998.

33. Chowdhury DQ, Barber PW, Hill
SC. Energy-density distribution
inside large nonabsorbing spheres
by using Mie theory and geometri-
cal optics. Appl Optics 1992;
31:3518–3523.

34. Grehan G, Gouesbet G. Mie theory
calculations: new progress, with
emphasis on particle sizing. Appl
Optics 1979; 18:3489–3493.

35. Devilez A, Stout B, Bonod N.
Compact metallo-dielectric optical
antenna for ultra-directional and
enhanced radiative emission. ACS
Nano 2010; 4:3390–3396.

36. Dickson W, Wurtz GA, Evans P,
O’Connor D, Atkinson R, Pollard
R, Zayats AV. Dielectric-loaded
plasmonic nanoantenna arrays: a
metamaterials with tunable optical
properties. Phys Rev B 2007;
76:115411–115417.
Copyright © 2015 John Wiley & Sons, Ltd
37. Evlyukhin AB, Novikov SM,
Zywietz U, Eriksen RL, Reinhardt
C, Bozhevolnyi SI, Chichkov BN.
Demonstration of magnetic dipole
resonances of dielectric nano-
spheres in the visible region. Nano
Lett 2012; 12:3749–3755.

38. Wen F, Ye J, Liu N, Drope PV,
Nordlander P, Halas NJ. Plasmon
transmutation: inducing new modes
in nanoclusters by adding dielectric
nanoparticles. Nano Lett. 2012;
12:5020–5026.

39. Chen L, Zhang T, Li X, Huang W.
Novel hybrid plasmonic waveguide
consisting of two identical dielec-
tric nanowires symmetrically
placed on each side of a thin metal
film. Opt Express 2012; 20:
20535–50544.

40. Du J, Liu S, Lin Z, Zi J, Chiu ST.
Dielectric-based extremely-low-
loss subwavelength-light transport
at the nanoscale: an alternative to
surface-plasmon-mediated
waveguiding. Phys Rev A 2011;
83:035803–035807.

41. Zhao R, Zhai T, Wang Z, Liu D.
Guided resonances in periodic
dielectric waveguides. J Lightwave
Technol 2009; 27:4544–4547.

42. Draine BT, Flatau PJ. Discrete-
dipole approximation for scattering
calculations. J Opt Soc Am A 1994;
11:1491–1499.

43. Draine BT, Flatau PJ. Discrete-
dipole approximation for periodic
targets: theory and tests. J Opt Soc
Am A 2008; 25:2693–2703.
.

44. Hoekstra AG, Frijlink M, Waters
LBF, Sloot PMA. Radiation forces
in the discrete-dipole approxima-
tion. J Opt Soc Am A 2001;
18:1944–1953.

45. Jain PK, Eustis S, El-Sayed MA.
Plasmon coupling in nanorod as-
semblies: optical absorption, discrete
dipole approximation simulation,
and Exciton-coupling model. J Phys
Chem B 2006; 110:18243–18253.

46. Mulholland GW, Bohren CF,
Fuller KA. Light scattering by
agglomerates: coupled electric and
magnetic dipole method. LANG-
MUIR 1994; 10:2533–2546.

47. Brioude A, Jiang XC, Pileni MP.
Optical characteristics of gold
nanorods: DDA simulations sup-
ported by experiments. J Phys
Chem B 2005; 109:13138–13142.

48. Bohren CF, Huffman DR. Absorp-
tion and Scattering of Light by
Small Particles, 2nd ed. Wiley-
Interscience: Berlin, Germany,
1983.

49. Palik ED.Handbook of Optical Con-
stants of Solids. Academic Press:
CA, 1991.

50. Maier SA, Brongersma ML, Kik
PG, Meltzer S, Requicha AA,
Atwater HA. Plasmonics: a route
to nanoscale optical devices. Adv
Mater 2001; 13:1501–1505.

51. Ahmadivand A. Routing properties
of the T-structure based on Au/SiO2

nanorings in optical nanophotonic
optical devices. Opt Appl 2012;
42:659–666.
Int. J. Numer. Model. 2015;
DOI: 10.1002/jnm


