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In this paper, we investigated specific properties and features of several kinds of Y-splitters based
on gold nanorings arrays which are surrounded by SiO2 host substance, to be used at C-band spec-
trum (λ ~ 1550 nm). The comparison between two kinds of splitters shows that the symmetric split-
ter demonstrates better performance than the asymmetric splitter at given wavelength with high
efficiency and transmittance (power ratio). Calculations proved that the transmitted power per-
centage was approximately ~47.5% in the well-organized splitter. It is shown that the offset dis-
tance plays an important role in the quality of the optical energy division and transmission through
the plasmonic waveguide. The influence of increasing and decreasing in the offset distance was
demonstrated numerically by snapshots. Hence, choosing and determining the appropriate value
for the offset distance lead to the structure with lower losses and higher percentage in energy trans-
mission. Ultimately, the optical behavior of an asymmetric nanostructure with unequal distances
between the arms and the main array is investigated and its applications and possible purposes are
introduced. 
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1. Introduction
Recently, a remarkable progress and development in designing and producing sub-wave-
length and nanoscale photonic structures have been observed [1, 2]. The use of noble
metallic nanoparticles which are surrounded by dielectric substance as a host (e.g.,
SiO2) in order to transport electromagnetic (EM) waves below the diffraction limit
leads to an important aspect of optical physics, namely to a plasmon waveguide. Plas-
mon waveguides are usually based on nanochains of metal particles that have been used
extensively in order to transmit the EM waves at diverse wavelength spectra [3, 4].
When an incident light strongly interacts with these nanoparticles, then, this interaction
causes coherent fluctuations of the conduction band free electrons of a nanoparticle.
Therefore, these collective electron motions take place at the specific frequency, and
are termed the surface plasmons (SPs) and the pertinent frequency is the surface plas-
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mon frequency [1–3]. The excitation frequency is in the visible and near-infrared (NIR)
region of the spectrum in most of noble metals (e.g., gold, silver, copper etc.) [4, 5].
Free electrons oscillations of a nanosized structure that are in the resonance regime
with the incident EM wave control the optical properties of the arrangement and this
enhancement and localization of the field is known as localized surface plasmon res-
onance (LSPR). Providing the peak of LSPR at a desired wavelength strongly depends
on the structural, physical, and chemical features of the arrangement, it plays an im-
portant role in adjusting the maximum amplitude of the optical response at demanded
spectra [6, 7]. 

The resonance frequency of a particular nanoparticle can be determined by shape,
geometrical sizes, and chemical characteristics of the employed particles and host ma-
terial such as a dielectric constant [6]. In simple configurations, the plasmon resonance
frequency occurs in the visible spectra for a variety of dielectric substances [7]. Em-
ploying the quasi-static approximation in most of former works proved that to provide
plasmon resonance near λ ~ 1550 nm, any shape of metal nanoparticles (nanosphere,
nanorods, nanodisks) must be surrounded by a substrate with relative permittivity more
than 55, which is not applicable in photonic nanostructures and apparatuses [7, 8].
Hence, to red-shift the LSPR to higher wavelengths, more complex configurations of
nanoparticles with an extra degree of freedom (DoF) in geometrical dimensions were
demanded, which helped to provide the peak of plasmon resonance at a desired position
by making various alterations in their dimensional sizes. Thus, nanoparticles with more
than one or two variable dimensional factors are needed and the nanoring is one of
the appropriate choices in this case. In comparison to sphere and disk particles,
the nanoring permits to obtain a higher decrease in size and flexible tunability because
of their exclusive geometrical advantages [7]. Nanoring structural parameters are
the radial thickness (t), the inner (Ri) and outer (R) radius, and the height (h), which
are used in adjusting the LSPR at the preferred wavelength such as λ ~ 1550 nm [7].
Transportation of EM field through the plasmonic waveguides via particle arrays is
connected with some limitations that must be resolved. Guiding the light below
the diffraction limit is one of these restrictions that refer to dimensional and shape
limitations of the considered nanostructure [5]. Normal guiding geometry is the other
limitation, which shows that examined waveguides are restricted in their geometry due
to radiation which escapes at sharp bends and corners [5]. Utilizing the Mie theory and
other associated models, the comparison between particle geometrical dimensions and
incident wavelength spectrum leads to another important limitation in this concept. If
the dimension of a nanoparticle is much smaller than the wavelength of the incident
and interacted light (d << λ – near-field state), then dipoles and higher orders of poles
are produced in metal [8, 9]. Considering an array that includes similar nanoparticles
that are deposited close to each other, launching an electric field to the first particle
causes the excitation of SPs inside the first metal particle and these excitations will be
coupled to the neighbor particle due to the near-field coupling effect. During the in-
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duction of poles, dipoles are dominant and the influence of higher order poles is neg-
ligible due to the near-field coupling nature [6–10]. One of the optical structures that
has a wide-range use is a Y-shape EM wave divider (splitter) based on sub-wavelength
plasmonic based configurations. Recently, there has been a broad research on the Y-split-
ters properties and operation qualities [11–13]. These works also proved that the light
can be divided into two fields with the same polarization and approximately similar
power. AHMADIVAND et al. [12] employed Au rings with specific dimensions to design
plasmonic splitters which are able to function at telecommunication spectra. Accord-
ingly, there is a number of factors which influenced the performance of the device,
and to provide an efficient structure, associated structural parameters must be tuned
and adjusted accurately. Offset distance (arm spacing), the major parameter which in-
dicated the space between two arms (branches of a splitter), must be modified correctly
to increase the ratio of energy transmission and to minimize the losses ratios [13].

In this paper we have investigated several kinds of Y-splitters, employed in trans-
port which divide the EM energy via employed nanorings along the ordered arrays of
nanoparticles. Then, we proposed two main types of Y-splitters (symmetric and asym-
metric) and we have studied their features in order to evaluate them. Moreover,
the effect of bend degrees and offset distances in transmission efficiency and trans-
mitted power were analyzed to propose a Y-splitter plasmon waveguide with high ef-
ficiency. Recent researches have shown that variations in the offset distance between
two arms of the Y-splitter have an influence on transmission efficiency, therefore
the structure with smaller offset distance demonstrates better performance in optical
energy transportation [13, 14]. On the other hand, bigger reduction in the size of this
parameter has a destructive effect on the divided fields, and the crucial impact is
the interferencing of fields with each other. Therefore, finding an appropriate size for
this parameter helps to provide an accurate device with remarkably lower losses. Fi-
nite-difference time-domain (FDTD) method has been employed to extract the prop-
erties of the proposed and examined devices, and the results of simulations information
for each structure will be discussed further. In order to analyze the waveguide features,
we used FDTD method for our simulations, because of its appropriate results for
modeling plasmon resonance and optical energy transport via an ordered array of na-
noparticles due to its geometrical flexibility and matrix-free nature (obviously mod-
ernized) [15]. FDTD method has been already employed in modeling and analyzing
various shapes and configurations which are associated with the plasmon waveguides.

This paper is organized as follows: in Section 2, by using ordered arrays of Au na-
norings in SiO2 substrate, we have compared various symmetric Y-splitters with dif-
ferent angles and offset distances, and also the best structure with high efficiency and
lower losses is selected. In Section 3, the properties and performance of asymmetric
Y-splitters are studied. Finally, comparing symmetric and asymmetric Y-splitters leads
to choosing the best structure with desired properties (high efficiency and lower loss-
es). Also, specific applications of each examined structure are discussed.
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2. Symmetric Y-splitter plasmon waveguides properties
In this section, symmetric Y-shape splitters based on arrays of Au nanorings are ex-
amined based on physical and structural dimensions alterations. The spatial distances
of each branch to the center axis of the splitter or main entrance array are exactly
the same in symmetric structures. As we mentioned in the previous section, in order
to transport the EM energy at the optical telecommunication band, we have to find best
geometrical sizes for nanorings, their intercenter distance. According to [7], consid-
ering an alone Au nanoring in an SiO2 host with typical refractive index of 1.46 and
launching a Gaussian electric field which is placed 330 nm away from the first nanor-
ing, help us to obtain and adjust the red-shift of LSPR around λ ~ 1550 nm [16]. Ac-
cording to the exclusive characteristics of the nanoring, to provide LSPR at given
wavelength, by changing the dimensions and considering the simulation results,
the appropriate sizes for our nanoring are listed in Table 1. On the other hand, there
are two kinds of gold substances, from the point of view of chemical features which
determine the plasmon frequency of the particle. Gold with Johnson–Christy and Palik
constants can be considered for employed nanorings. Evaluation of the refractive in-
dices for these two kinds of Au nanoparticles reveals that gold with Palik properties
has considerably bigger imaginary part of the refractive index at the desired spectrum,
but this value for Johnson–Christy gold is lower and this feature leads to lower ab-
sorption of optical power by nanoparticles during the excitation of SPs. Also, gold with
Johnson–Christy constants is selected, because FDTD model of the structure must fol-
low the material data [17, 18].

To study the quality and intensity of EM energy transportation via nanorings
through the waveguide, non-collective modes must be excited of the wave number
k ≠ 0 [19, 20]. To rise these modes (non-collective modes), we launched a Gaussian
electric field which is placed 330 nm away from the first nanoparticle along x-axis
(propagation direction). Gaussian electric field operates at an actual bandwidth in
the range of 1545–1565 nm. Now, we analyze the effect of structural parameters on
the light propagation and division. As we have mentioned already, the offset distance
has an important impact on the quality of operating of light along the waveguide. Ear-
lier works show the operation performance of the proposed splitter and also the im-
portance of the offset distance parameter [13]. Here, we study the effect of variations

T a b l e 1. Four final geometrical parameters sizes of an Au nanoring in an SiO2 substrate, to use at
λ = 1550 nm.

Description Parameter Size
Inner radius Ri 87.5 nm
Total radius R 123 nm
Thickness t 35.5 nm
Height H 35 nm
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in this parameter thoroughly. First, we setup the offset distance as doffset = 1.82 μm for
the symmetric splitter with the 45° angles degree between each arm and the straight
main nanochain. Considering Fig. 1, we are able to probe the splitter properties. This
depiction includes a two-dimensional diagram which can be used to calculate the trans-
mission loss factor along the structure, and corresponds to the logarithm of the peak
amplitude squared of the Gaussian electric field along the plasmon waveguide.
The coupling and resonance intensity of the guided EM wave along the structure de-
cays exponentially:

(1)

where, γ  is the loss factor and x is the propagation direction. In this splitter, the loss
factor is obtained as 3 dB/455 nm. Transmitted power (power ratio) along the structure
and at the output spots of each branch should be computed numerically. In this regime,
the real time-averaged power variations along the propagation direction (x-axis) and
also the complex Poynting vector relation are applied numerically. Figure 2 demon-
strates variations in optical power after the splitting section through the branches in
y-axis which use power ratio calculations according to procedures below. Complex

1.0

0.5

0.0

–0.5

–1.0
–2.3 –1.8 –1.3 –0.8 –0.3 0.2 0.7 1.2 2.2 ×103

–1

–3

–5

–7

–9

–11

–1.8

–2.8

–3.8

–4.8

–5.8
–2.1 –1.3 –0.9 –0.5 –0.1 1.5 1.9 2.30.3 0.7–1.7 1.1

y 
[n

m
]

x [nm]

Position x [nm]

P
ea

k 
of

 lo
g(

|E
|2 ) [

dB
]

×103

×103

1.7

Fig. 1. A snapshot of xy view of the symmetric Y-splitter with 45° bend and the offset distance 1.82 μm.
This figure shows the field guiding along the chain via Au nanorings. The logarithm of the peak amplitude
squared of the electric field along the waveguide is illustrated. This diagram is used for transmission loss
calculations.
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Poynting vector as P = E(ω ) × H*(ω ) must be taken into account during the series of
calculations.

The guided power is related to the real part of the complex Poynting vector.
The factor of 1/2 indicates the time averaging of the clockwise (CW) fields. The im-
aginary part of the Poynting vector relates to the non-propagating reactive or stored
optical energy (which is not related to our computations). Considering the real time-
-averaged power variations along the y-axis for monitored and incident optical ener-
gies, we are able to present the transmitted power as below [12, 13]: 

(2)

Accordingly, the monitored power for this structure is calculated as approximately
39% at each branch and the missing part of the field is scattered and absorbed by na-
nochains particles and some is dissipated by inherent lossy waveguide. But, this low
percentage of power is associated with the lossy behavior of plasmon waveguides and
the offset distance as well. Plasmon waveguides are natively lossy which is the reason
for emerging of various losses while transporting energy. In order to increase the power
ratio in a proposed splitter and reduce the impact of losses, we alter the size of the offset
distance. For the first step, we decrease the offset distance from 1.82 to 1.32 μm.
The angle’s degree between each arm and the straight main array is 30°. The logarith-
mic scale of field intensity along the propagation direction and simulation results are
illustrated in Fig. 3. Accordingly, the transmission loss factor for this structure is cal-
culated as 3 dB/545 nm. The inset snapshot demonstrates the excitation of SPs inside
the nanorings and their coupling, transporting, and dividing performances in a two-di-
mensional image. Also, the real time-averaged power variation along the x-axis is de-
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Fig. 2. Real time-averaged power variations after the splitting section in the y-axis direction, used in power
ratio calculations; the power ratio at each branch is almost 39%.
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picted in Fig. 4. Considering the mentioned equations and this figure, we are capable
of computing the power ratio for this structure as ~47.5%. Consequently, this structure
shows better performance in comparison to the former structure. More reduction in
offset distance will be feasible but the interference of divided fields at each branch
cannot be estimated due to the intensity of coupling dipoles.
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Fig. 3. The logarithm of the peak amplitude squared of the electric field along the waveguide is illustrated.
This diagram is used for transmission loss calculations. The inset snapshot is a xy view of the symmetric
Y-splitter with 30° bend and the offset distance is 1.32 μm. This figure shows the field guiding along
the chain via Au nanorings.
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Fig. 4. Real time-averaged power variations after the splitting section in the y-axis direction, used in power
ratio calculations; the power ratio at each branch is almost 47.5%.
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3. Asymmetric Y-splitter plasmon waveguides properties
In this section, we examine the effect of an asymmetric regime in an Y-splitter with
strange and different arm spacing (offset distance). Asymmetric structures, such as po-
larization beam splitters and tunable power splitters [21–23], and couplers [24, 25],
have a wide range of use in designing optical nanosized structures. By setting one of
the splitter arms at 30° angle and another arm angle with a straight chain set to 45°,
the offset distance is set to 1.6 μm. Now, we have an asymmetric Y-splitter based on
arrays of Au nanorings. The logarithmic scale of the peak of field intensity is illustrated
in Fig. 5. In addition, this figure contains a two-dimensional snapshot of energy guid-
ing along the waveguide. A significant reduction in a propagating pulse can be noticed.
Accordingly, the transmission loss factor is calculated as 3 dB/622 nm. On the other
hand, to determine the percentage amount of transmitted power, Fig. 6 (real time-av-
eraged power variation versus the x-axis) and related equations must be taken into ac-
count. Accordingly, the power ratio is almost 41.5% at the branch with 30° angle and
for the 45° branch it is ~36.5%. Ultimately, it is clear that the asymmetry of Y-splitter
due to its lower efficiency in power transmission and higher losses cannot be an ap-
propriate choice in regular integrated photonic devices and it has some specific appli-
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Fig. 5. A snapshot of a xy view of the asymmetric Y-splitter with blend of 30° and 45° bends and the offset
distance 1.6 μm. This figure shows the field guiding along the chain via Au nanorings. The logarithm of
the peak amplitude squared of the electric field along the waveguide is illustrated. This diagram is used
for transmission loss calculations.
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cations in beam splitters or couplers in which the acute symmetry of light is not
important. All of the simulation parameters in FDTD model such as spatial cell sizes,
number of snapshots, and number of time steps, etc., are listed in Table 2. Furthermore,
boundary conditions as an important factor in FDTD model are considered as perfectly
matched layers (PML) with 12 layers to absorb the scattered fields and to prevent their
interference in guided EM waves. 

4. Conclusions

In this paper we employed the deposited Au nanoring chains in an SiO2 substance to
devise and present various kinds of Y-splitters plasmon waveguides, in order to trans-
port and split the EM energy in nanoscale optical devices at an optical communication
band (λ ~ 1550 nm). In this paper, symmetric Y-splitters based on nanoring chains
with 30° and 45° bends and with corresponding offset distances as 1.32 and 1.82 μm
have been analyzed, respectively. Our studies demonstrated that the transmitted power
in these two splitters is approximately 39% and 47.5% for bigger and shorter arm spac-
ing, respectively. Finally, the properties of an asymmetric Y-splitter plasmon waveguide
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Fig. 6. Real time-averaged power variations after the splitting section in the y-axis direction, used in power
ratio calculations; the power ratio at each branch is almost 41.5%.

T a b l e 2. FDTD model simulation parameters, sizes, and descriptions.

FDTD parameter description Quantities/Situation
Cell numbers 7500
Spatial cell size (dx = dy = dz) 5 nm
Number of time step 9000
Number of snapshots 11340
Simulation time 2000 fs
Background index 1
Boundary conditions (PML) 12 layers
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with 1.6 µm offset distance have been analyzed, and simulation results showed that
this structure has lower efficiency in comparison to the symmetric nanostructures;
the corresponding power ratio percentage is ~41.5%. In spite of some associated prob-
lems, the asymmetric configuration has specific applications and is widely used in po-
larization beam splitters or certain couplers. 
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