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Silicon nanorods in arrays on a glass substrate that are situated through a gap between two gold slots
have been utilized to design efficient long-range optical nanostructures as splitters to function at near
infrared spectrum. Designing silicon arrays in T and Y-shape regimes, we examined the optical responses
of the proposed devices during guiding of transverse and longitudinal electric modes (TE and LE-modes).
Transmission loss factors, group velocity of guided waves, the ratio of transmitted power, and the decay
length for both of the devices have been reported using numerical methods. We showed that the pro-
posed structures have strong potentials to employ in designing photonic structures with lower ratio of
energy extinction and low radiation losses. The overall length of the structures is 2.2 mm which verifies
its compaction in comparison to analogous splitters that are designed based on DLSPPWs and nano-
particle-based waveguides devices. Proposed subwavelength optical power transportation mechanisms
are highly compatible to employ in photonic integration circuit (PIC) systems.

& 2015 Elsevier B.V. All rights reserved.
1. Introduction

A highly promising development in nanoscale photonic in-
tegration circuits (PICs) is the use of subwavelength components
to guide and transport the electromagnetic (EM) wave below the
diffraction limit efficiently [1–4]. It is well known that Surface
Plasmon Polaritons (SPPs) are the coherent free electron oscilla-
tions at the interface of nanoscale noble metal particles and di-
electric medium, which provide new approaches to manipulate
and transport the optical power below the diffraction limit in-
cludes inherent dissipation components [5–9]. Conventionally,
plasmonic aspect of physics have extensively been exploited in
designing numerous nanostructures, and relatively plasmonic
waveguides are the major configurations that employed in pro-
ducing optical subwavelength nanostructures. Various plasmonic
waveguides based on noble metal nanoparticles arrays such as
nanospheres [10], shells [11,12], and disks [13,14] have been
presented, in addition, metal strips [15], and grooves [16] have
considered as plasmonic configurations. As we mentioned, plas-
monic waveguides are lossy structures due to the high ratio of
optical power absorption and scattering by metallic particles
d).
arrays. This lossy behavior directly and automatically affected the
propagation length of the nanostructure and causes to en-
countering with low efficiency and poor structural performance
[17–19]. There have also been remarkable progresses to resolve
the problems relevant to the plasmon waveguides by physical
and chemical modifications. For instance, dielectric-loaded sur-
face plasmon polaritons waveguides (DLSPPWs) were the im-
portant solutions which demonstrate long-range of field propa-
gation and have been utilized in designing routers [20], splitters
[21], and couplers [22], broadly. In addition, dielectric nano-
particle waveguides (DNPWs) have been proposed as an ap-
proach to suppress the energy propagation losses, but the pro-
blem here is originated from the dielectric constant of utilized
particles which could not exceed to 16 or higher numbers at
visible and NIR spectra. Recently, novel works opened new paths
to overcome obstacles associated to waveguides, for instance
Shen et al. [23] and Savelev et al. [24] provide new methods to
exploit dielectric nanospheres and nanorods in designing optical
waveguides which include negligible absorption losses and con-
siderable propagation length of guided EM waves.

On the other hand, numerous devices based on simple plas-
monic waveguides and DLSPPWs have been proposed with var-
ious spectral responses and efficiencies. T and Y-shape splitters
are the important photonics devices that have a wide range of
utilizations in telecommunication spectra. Splitters based on
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Fig. 1. Three-dimensional arts of the Y-shape splitter with the overall size of 2.2 mm based on dielectric nanoparticles are illustrated. The position of glass host, gold plates,
gap distance, position of Gaussian source, and silicon nanorods arrays are illustrated through the picture. Inset diagram demonstrates the real part of the dielectric constant
of the employed dielectric (Si) nanorods over the spectrum alterations. Accordingly, the dielectric constant of the nanoparticles at λ�1550 nm is ε¼12.

Table 1
FDTD simulation parameters and descriptions to investigate the optical properties
of the proposed Y and T-splitters.

FDTD parameter description Quantities/situation

Cell numbers 11,000
Spatial cell size (dx¼dy¼dz) 5 nm
Number of time step (dt) 13,000
Number of snapshots 17,250
Simulation time 3500 (fs)
Background index 1
Boundary conditions PML (Perfectly Matched Layers)
Number of PML layers 16
Gaussian source amplitude 1�10�9 mA
Gaussian source waist 400 nm
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optical fibers [25], metallic nanoparticles [26], and DLSPPWs
have been studied and presented in various publications. Im-
proving the performance quality of the splitter, reducing of the
effect of dissipative components by choosing appropriate mate-
rials, and operating spectrum are some of major factors that must
be considered and provided for proposing splitter. It is well ac-
cepted that sharp bends in T and Y-shape structures and bends
with the angles of 30°, 45°, 60°, and 90° reduce the intensity of
propagated field by light escaping and seeping to the nearest
branches [26,27]. All of these limitations can be controlled and
afforded by employing novel methods and dielectric particles
utilization.

In this article, we utilize silicon (Si) nanorods with given di-
mensional sizes in ordered straight arrays through a gap between
two gold slots and all of the components are deposited on a glass
(SiO2) substrate as a host. We demonstrate that the proposed T and
Y-splitters based on dielectric array waveguides provide a re-
markable propagation length while the field attenuation factor in
the near infrared region (NIR) is insignificant. Moreover, the ratio
of transmitted optical power is the other interesting result that
determined for the investigated nanostructure. Finite-difference
time-domain method (FDTD) is utilized as a numerical method to
extract the optical properties of the splitters.

The rest of this paper is organized as follows: In Section. 2, we
examined the optical properties of Y-shape splitter based on Si
nanorods in the designed blueprint. The spectral response of the
nanostructure is measured and illustrated by corresponding dia-
grams numerically. Next, we designed a T-shape splitter based on



Fig. 2. (a and b) The quality of light propagation through the proposed Y-shape structure under TE and LE-modes excitation. (i) A two-dimensional snapshot of electric field
distribution through the dielectric waveguide, (ii) the intensity of light propagation along the x-axis which is utilized in transmission loss factor calculations and (iii) real-
time averaged power variations over the y-axis is illustrated which is used in power ratio computations.
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Si nanoparticles arrays and gold slots that are deposited on a glass
host. The effect of sharp (90°) bend on the optical properties of the
devices is investigated thoroughly.

2. Results and discussion

The configuration of the Y-shape splitter is based on Si nanorod
arrays that are deposited on a glass (Silica) substrate surrounded
by gold slots is investigated numerically. Fig. 1 demonstrates
schematic diagrams of the Y-shape splitter with 30° banding angle.
The gap distance between slots is set to D¼400 nm, the radii and
height of the Si rods are 65 nm and 25 nm, respectively and the
interparticle distance between two series nanorods is 3R (195 nm),
the overall size of the nanostructure is 2.2 mm. The inset diagram is
the permittivity of the Si nanoparticles over the spectrum



Fig. 3. Optical power variations along the x-axis are illustrated for both of the
propagated modes along the Y-splitter that are utilized in decay length
computations.

Fig. 4. (a) Dispersion curves of proposed nanostructure for both of the distributed
electric modes and the solid line indicates the light line and (b) group velocity of
propagated modes over the frequency variations.

Fig. 5. (a) Determined bandwidth for propagated resonance modes in the NIR
spectrum. The peak of sketched curve has been taken placed for the gap size of
D¼400 nm and (b) transmission loss diagram of the proposed structure is illu-
strated over the NIR spectra.
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variations, as a result, to provide a structure based on dielectric
particles able to function at λ�1550 nm, corresponding permit-
tivity is ε¼12. FDTD simulation parameters are listed in Table 1
and the boundary condition for all of the directions has set to
perfectly matched layers (PML) with 16 layers that are set to
prevent of scattered light into the workplace. Launching a Gaus-
sian field (Transverse and Longitudinal modes) in the x-axis
(propagation direction) (The Gaussian source is located at the 2R
(130 nm) distance away from the first particle of the nanochain),
we demonstrated the quality of light propagation through the
waveguide and at the splitting section by two dimensional snap-
shots in Fig. 2(a) and (b) (i). These depictions also show the in-
tensity of distributed field intensity along the propagation axis for
both of propagated TE and LE-modes (Fig. 2(a) and (b) (ii)). The
real-time averaged power variations along the splitting direction
(y-axis) are illustrated that are used in transmitted power calcu-
lations (Fig. 2(a) and (b) (iii)). Utilizing sketched diagrams, the
field intensity decays along the nanostructure exponentially and
transmission loss can be calculated as L E E[dB] 20/ (nm)( log / )i oα = ,
therefore, α [dB/nm] for guided TE and LE-modes are 0.2 dB/
192 nm, and 0.2 dB/175 nm respectively. Considering the effect of
gold slots in both sides of the nanostructure, the absorption of
guided optical power by these slots at visible spectrum is high
(almost �5 dB/mm) which is originated from the absorbing be-
havior of gold in short wavelengths, in contrast, the ratio of light
absorption is low at NIR and larger wavelength that have been



Fig. 6. Three-dimensional art of the T-shape splitter with the overall size of 2.2 mm based on dielectric nanoparticles, gold slots, and glass substrate as a host that are
indicated by arrows inside the picture.
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considered in transmission loss factor computations for the su-
perstructure. Ahmadivand et al. [28] has already proved that
transmitted power along the examined nanostructure can be
monitored and measured by considering the following formula:
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which is obtained based on a series of complex poynting vector
computations. Employing declared method and real-time aver-
aged power variations along the y-axis, the percentage of trans-
mitted power at each branch of studied Y-splitter for TE and LE-
modes are approximately 46.49% and 46.01%, respectively. Decay
length of the investigated splitter can be computed by considering
the power along the x-axis lasted to the ending Si nanorod (Fig. 3).
Consequently, the decay length for both of the propagated modes
have calculated as 1.5 mm, 1.8 mm for TE and LE-modes, respec-
tively. Next, we examine the dispersion relation for the studied
splitter and also, the normalized group velocity in the pertinent
frequency band which are illustrated in Fig. 4(a) and (b), sepa-
rately. Employing the TE and LE-modes distributions along the
propagation direction of the splitter, we obtained the wave vector
of both of the propagated modes. Noticing in related diagrams, by
increasing the wave vector (k) the slope of the diagram decreases
and continue constantly at a certain frequency, it should be noted
that the group velocity is decreases in this regime. As a result, the
group velocity of propagated TE and LE-modes at corresponding
frequency (NIR) are 0.37c and 0.41c, respectively. It is obvious that
the light velocity for LE-modes is faster than TE-mode. For the last
examination, we evaluate the effect of gap width (D) between gold
slots on the transmission loss factor which is presented in Fig. 5.
Fig. 5(a) exhibits the bandwidth over the gap distance of gold
slots alterations. It should be noted that while the gap distance is
small, then, the absorbing behavior of the gold slots is over-
coming, this regime causes to occurring larger bandwidth. Con-
sequently, the scattering coefficient became dominant in com-
parison to absorbing ratio (the resonance mode act a like di-
electric mode). Noticing in the bandwidth diagram, we realize
the defined curve at the gap distance of D¼400 nm. Fig. 5
(b) illustrates the transmission loss factor over the spectrum
variations for different gap width, which is compared for bigger
and smaller gap sizes. Evaluating the proposed nanostructure
and discussed analogous splitters based on DLSPPWs and nano-
particle-based plasmonic waveguides of nanoparticles, we notice
the dominant behavior of the proposed splitter regarded to
power transmission and decay length.

In continue, we examine the optical properties of the T-shape
splitter based on dielectric nanoparticles arrays and gold slots.
Fig. 6 illustrates a three-dimensional art of the splitter with sharp
(90°) bends, and the structural details are indicated through the
diagram. In the similar method as the prior section, the gold slots
and Si nanorods with determined dimensional sizes are utilized
and deposited on a glass substrate, with the overall size of the
structure of 2.2 mm. Launching a Gaussian field at 130 nm away
from the first Si nanoparticle, the guided waves propagated and
divided in two same optical powers with half energy. Fig. 7(a) and
(b) each one contain three diagrams related to the TE and LE-
modes propagation through the T-structure. The first snapshot
shows the filed propagation through the arrays of Si particles (i),
second diagram corresponds to the field intensity along the
structure until the dividing section (90° bend) (ii), and the third
diagram illustrates the real-time averaged power variations along
the y-axis for proposed configuration (iii). Utilizing earlier calcu-
lation method, we determined the transmission loss factors as
0.2 dB/202 nm and 0.2 dB/186 nm for TE and LE-modes, respec-
tively. Transmitted power ratio for guided modes are determined
as 43.51% and 44.2% for TE and LE-modes, respectively which are
lower than Y-splitter and the reason originates from the sharp
bending in T-shape structure. Decay length of the examined
T-splitter can be computed by considering the power along the x-
axis lasted to the ending Si nanorod (Fig. 8). Consequently, the
decay length for both of the propagated modes have calculated as
1.2 mm, 1.55 mm for TE and LE-modes, respectively. The decay
length for T-splitter is lower than Y-splitter for both of the pro-
pagated modes due to the bending angle.
3. Conclusions

In this work, we analyzed the quality of optical power manip-
ulation along a nanochain of silicon nanorods that are deposited
on the glass substrate and continued through a gap between gold
slots as T and Y-splitter configurations. Simulation results verified
that polarized TE and LE-modes are able to transport along the
proposed structure in subwavelength dimensions at tele-
communication spectrum, efficiently. The dielectric constant of
silicon nanoparticles is 12 which is in complete agreement with
the operating spectrum (NIR). We measured the spectral response



Fig. 7. (a and b) The quality of light propagation through the proposed T-shape structure under TE and LE-modes excitation. (i) A two-dimensional snapshot of electric field
distribution through the dielectric waveguide, (ii) the intensity of light propagation along the x-axis which is utilized in transmission loss factor calculations and (iii) real-
time averaged power variations over the y-axis is illustrated which is used in power ratio computations.
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of the proposed splitters by determining the transmission loss
components, power ratios, decay lengths, and group velocities for
guided waves through the nanoscale devices. Comparison be-
tween two splitters, we realized the dominant behavior of
Y-splitter due to the bend degree, as we expected. On the other
hand, comparing proposed structures by traditional simple nano-
particle-based plasmonic waveguides and DLSPPWs, the struc-
tures based on dielectric nanoparticles do not suffer from high
ratio of absorption and scattering of light.



Fig. 8. Optical power ratios along the x-axis are illustrated for both of the propa-
gated TE and LE modes along the T-splitter.
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