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o ABSTRACT o

The proposed structures in this study are Sierpinski Plasmonic Photonic Crystal
Fibers (PPCF) with tringle air holes filled by Plasmonic material (gold or silver). We
studied the confinement loss and effective refractive index, by varying the position of the
Plasmonic material and holes size. The (Comsol Multiphysics) and (Matlab) have been
used to calculate the refractive index, confinement loss and optical properties for the
preposed polarization filter fiber within the range of wavelengths [0.4<A<2] um. The
confinement loss reaches (3.35 * 1012dB/cm) and (8.64 = 10*dB /cm)at the wavelength
of 0.74um for the second fiber and 1.8um for the first fiber respectively for the y-
polarized direction.
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1. Introduction:
Plasmonics has drawn a lot of interest because of its exceptional ability to control the
flow of light at the interface between metal/dielectric. Metamaterials and active plasmonic
materials allow the mass manufacture of low-cost, high-performance, and effective
nanosized optical components for imaging, sensing, and communications. Plasmonics
research focuses on the unique properties and applications of surface plasmon polaritons
(SPPs), quasiparticles arising from the strong interaction between light and free electrons
in metals. At the interface between a semi-infinite metal and a semi-infinite dielectric,
SPPs behave as a surface wave that propagates along the interface while exponentially
decays into both the dielectric and metal (Figures 1(a,b)).Surface plasmon polaritons
(SPPs) are collective electron density oscillations bounded at metal-dielectric interfaces,
which propagate in a wave-like along the interface as we can see in figure(1(c))[1-2].
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Figure(1):(a) lllustration of SPPs and oscillation of surface charges at the interface between a
dielectric and a metal. (b) The electromagnetic field is maximum at the interface and
exponentially decays in the direction perpendicular to the interface, reflecting the bound, non-
radiant nature of SPPs. (c) Schematics of SPPs supported by a metallic nanowire which are

confined to metal-dielectric interfaces, The false color indicates the electric field of SPPs.

Effective and efficient integration of new metamaterials with unique surface
plasmonic resonance behaviors, for example, could create a full basket of “new-
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conception” THz photonic components bearing new operation mechanisms including
negative refraction, lossless transmission, dynamic tunability, and so forth.

Previously many techniques were used to excite the SPP modes, one of them was the
prism which is used for passing the light to the metal surface interface, the prism based
SPR waveguide is bulky and its limit the remote applications. To overcome those
problems, photonic crystal fiber (PCF) based SPR is introduced. PCF-based plasmonic
devices have gained popularity because of their small size, versatility and controllability
[1-2]. Sensors [3], polarization filters [4], and polarization splitters [5] are few examples of
PCF-based plasmonic devices applications. In communication systems, a polarization filter
is an essential element and PCF- Plasmonic Polarization Filters have gained a lot of
interest in recent years which are based on the leaky modes (or the high levels of
confinement losses), that interacts with the interface between the metal and dielectric so,
when the core-guided mode is phase matched with the plasmon mode at a specific
wavelength, SPR occurs. It will also absorb the power of one polarized mode while
allowing the other one to pass[6-9].

The using of fractal geometries, on the other hand, has been successfully exploited
during the last decades for the realization of multiband (or broadband) compact and high-
performance antennas [10-12]. More recently, these self-similar geometries have also
enabled multispectral compatibility and multiple applications when used for patterning
one- and two-dimensional Plasmonic superlattices. In contrast, self-similar plasmonic
properties in SPR-PCFs remain unexplored. In recent years, many researchers have
proposed novel PCF-based polarization filters. In[13] reported an RI sensor using an
annular core photonic crystal fiber. This work exhibits high sensitivity over a large
dynamic range. In particular, in the RI range from 1.31 to 1.39, this proposed fiber displays
more propagation loss to sense the biochemicals. In [14] suggested a single polarization
bimetal-coated (Au/Ag) PCF filter with liquid-filled air holes. Confinement losses for the
Y-polarized mode were 544.3 dB/cm and 147.3 dB/cm for a wavelength of 1.31um and
1.55um, respectively. In the same wavelength, the X-polarized losses were 12.3 dB/cm
and 24.0 dB/cm. At a wavelength of 1.31um and 1.55um also in[15] published a new
gold-plated PCF polarization filter. There were two big air holes in the filter, which was
selectively coated with gold after being filled with water. At 1310 nm, the confinement
loss in the Y-polarized mode was 1209.57 dB/cm, but the confinement loss in the X-
polarized mode was almost non-existent while in [16] reported a combined silver—
graphene layered pentagonal PCF filter. The filter renders an X-polarized mode with losses
of 0.12 dB/cm and 0.59 dB/cm at wavelengths of 1.31um and1.55um, respectively. It also
rejects a Y-polarized mode with a loss of 361.26 dB/cm and 1508.37 dB/cm, respectively.
At 1.31um and1.55um, respectively.In [17] proposed a bimetallic coated D-shaped PCF-
based single-polarization filter. A Y-polarized mode’s confinement loss reached 950.68
dB/cm at a wavelength of 1.55um.

Herein, we demonstrate the excitation of multiple SPRs by using plasmonic materials
(gold and silver) in PCFs Polarization Filters with fractal cross-section designs, we utilized
a Sierpinski-like geometry [18] of the fiber, where tow of the holes in the fractal geometry
were considered with metallic inclusions in the communication windows within the range
of wavelengths [0.4<A<2] um.

2. Research Importance:

The plasmonic materials and surface plasmons play major role in developing optical
communications systems and obtain new features and properties through the possibility of
converting the lost energy (leaky modes) into plasmonic waves inPCF, On the other hand

82



Tartous University Journal.eng. Sciences Series 2024 (3)232ll (8) alaall durigh o glall @ sk yha dadls das

using The Fractal geometry which is Self-similar fractals provides a degree of freedom for
varying the resonance frequency by arranging the holes, due to the multiscale geometric
features involved to obtain new structures suitable for optical applications, filters, and
optical sensors.

Research Tools:

Calculations in this work were made using the finite element method (FEM), through
the commercial software COMSOL Multiphysics, and the analytical method is made by
matlab program.

3. Structural Design & Numerical Analysis:

3.1 Optical metamaterials:

Metamaterials can be defined as artificial structures composed of units with
dimensions

smaller than the wavelength of interest. The subwavelength feature size allows one to
apply the effective medium approximation and homogenize the response [19]. As a result,
the assembly of individual units can be assigned effective material properties at a
macroscopic level. The individual units can be considered as artificial “atoms” or
“molecules” interacting with electromagnetic waves. The effective material properties
arising from the interaction is determined be the shape of subwavelength units rather than
intrinsic properties of the constituting materials. Particularly, at optical frequencies, the
units are metal/dielectric composites in order to excite plasmons.

It is well known that the electric permittivity and magnetic permeability are useful
optical constants that describe light-matter interaction. Maxwell equations govern the
response of the electromagnetic field in a medium. Physically, one can understand that the
permittivity (&) relates the material response to the electric field and the permeability ()
relates the response to the magnetic field. The materials parameters are shown in figure (2)
is informative to grasp the set of all materials possible. The first quadrant (region (1))
represents most common dielectric materials where (¢) and (u) are both positive. For
region (2), (u) is positive but (¢) is negative thus the refractive index is also negative and
this part is our of interest. Metals and doped semiconductors are fall in this region. Region
(3) is when both (&) and (u) are negative. No natural material is known to exist in this
region. Finally, region (4) includes several ferrites but only microwave frequencies [20-
22].
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Figure(2): Materials Parameters

4.2 Fractal Geometry:

First, we demonstrate the fractal geometry, Despite the prominent role that Euclidean
geometry plays in mathematics, science, and engineering, there are very few objects in
nature that it accurately describes. Many naturally occurring structures are composed of
features with numerous length scales, where each length scale appears similar to the others
when magnified by an appropriate factor. Common examples include a snowflake, a tree
and a coastline. A mathematical abstraction of Euclidean geometry which acts as a much
better descriptor of these self-similar objects is fractal geometry [23]. Rather than being
described by elementary shapes such as polygons and arcs, a fractal is defined by a basis
shape and an operator that acts iteratively on that shape. Applying the operator to the basis
shape produces the first-iteration shape; applying it again to the first-stage of growth shape
produces the second-stage of growth shape; and so, on as in figure (3). When carried out an
infinite number of times, the resulting shape may exhibit interesting properties, such as
zero area and infinite perimeter simultaneously [24-26].

A A A A
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Figure (3): Sierpinski tringle fractal shape steps

Notably, fractals exist in a space that is characterized by a non-integer, or fractional,
dimension [27]. In electromagnetic theory, the manner in which an object scatters an
incident photon is strongly dependent on the size of that object relative to the wavelength
spectrum that composes the photon. The presence of numerous length scales in fractal
structures makes their interaction with electromagnetic radiation intriguing and suggests
that the object may act preferentially in multiple bands of wavelengths[28]. There are three
operators in Fractal design which add some we degree of freedom:

1. Fractal Dimension (D): which is a non-integer value that suggests the fractal
has a dimension not equal to the space it resides in given by:
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log(N
p = log( 1) %
log (,5)
Where (N) stands for number of measurement units, (p) is the scaling factor.
2. The stage of growth: which is repeating pattern process starting by (s=0)
3. Lacunarity: is referring to a measure of how patterns fill space, where

patterns having more or larger gaps generally having higher lacunarity[28-30].

4.3 Filter Design:

Surface plasmon polaritons (SPP) are the electromagnetic waves propagating along
the interface between metal and dielectric medium which can influence the light
propagation characteristics in PCF. Therefore, exciting surface plasmon resonance (SPR)
I.e., matching the core mode with SPP modes at a desired wavelength, one particular
polarized ray can be absorbed in the metal ensuring filtering capabilities. This has
encouraged researchers to analyze the prospect of partially filling or completely filling the
hollow channels of PCF with the plasmonic materials like silver [19] and gold [20] to
create plasmonic devices.

Air Holes

Gold

Em—

\ ‘ PML layer

Fig (4): First FPCF with small holes

Fig. 4 shows the structure of the proposed fibers. It is composed of a number of air
holes of varying diameters for guiding the light. Investigation of key performance
parameters are the confinement loss and dispersion that were achieved using a full-
vectorial Finite Element Method (FEM), with anisotropic (PML) Perfectly Matched Layers
[21].

We schematized the design of the fractal cross-section of the optical Plasmonic fiber
In Figure (4), which provides a degree of freedom for varying the resonance frequency by
arranging the four Sierpinski tringle air holes, For each Sierpinski triangle, doubling its
side creates 3 copies of itself. Thus the Sierpinski triangle has Hausdorff dimension
D=log2/log3=1.585, which follows from solving as 2P = 3[22].

A solid tringle of diameter r is used as the starting point, i.e., as the O-th iteration step
and equals to 0.92um. The solid tringle is then divided into tow identical lines with
fractional diameter r; =r/2. More specifically, these sub-lines are distributed as a central

85



s ¢ e« mlla il 7o 3o Jany (555 (5 ) s il apanal

tringle surrounded by identical tringles. The same generator is recursively applied to the
remaining solid sub-tringles and so on until the third iteration step. So r, =
/2, r3 =1,/2 as in figure (5b). We use this geometry to build our fractal PCF so we
have a square core (fiber core), the side length of the square equals (1.84um) where light
is guided along the fiber. Plasmonic effects are introduced in the system considering tow of
these fractal subsets have metallic components. In particular, we considered a fractal
subsets consisting of a gold and silver holes, the size of the metal hole is also varied from
0.0187 um for the first fiber in figure (4) to
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Figure(5): (a) second FPCF with large holes,(b) the dimensions of the tringle in Sierpinski

fractal shape

holes have the permittivity value equal (e, = 1)[22],while the background material
is pure silica, has the value (e; = 2.09) [22] its material dispersion is given by Sellmeier’s
formula [23]. Similarly, the plasmonic materials permittivity is derived using the Drude—
Lorentz model [24]:
w? Ae. QF

Em = € — — — - 2
m w(w+jyp) (w?2-0)) —jLw )

The specification of these variables is reported in table (1) [19-20]

Table (1)
[ /2m Q,/2n yp/21 wp /21 Eo
104.86 THz 650.07 THz 15.92 THz. 2113.6 THz, 5.9673 Gold
64.2944[THz] | 1010.72[THz] | 5.0778[THz] | 241.7991[THz] 9.75 Silver

where the high frequency dielectric constant is &, wp and y, represents plasma
frequency and damping frequency, respectively. The frequency and spectrum width of the
Lorentz oscillator are denoted by Q; and I;.

Furthermore, the mode’s confinement loss can be derived using the following
formula [25]:
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21 dB
L =8.686 X TIm(neff) x 107 (%) 3

where A is the wavelength and Im(neff)is the imaginary part of the effective
refractive index. Here the PML and scattering boundary condition are used, so the waves
could pass through domain boundary without reflection.

We studied varying the positions and sizes of the metallic Plasmonic materials (gold
and silver) and their effects on the confinement loss and dispersion. Taking advantage of
the freedom in arranging air holes in the cladding region provided by PCF, polarization
fiber can be created by destroying structure geometry or using Plasmonic materials in
hollow channels. In this investigation, we study the Plasmonic materials(gold and silver) in
the fractal photonic crystal fiber then dispersion and confinement loss properties were
calculated using (Matlab) and (Comsol) programs, within the range of wavelengths
[0.4<0<2] um.

4, Simulation results and analysis

Fractal Plasmonic PCF work based on the evanescent fields. Efficient excitation of
the metal surface is a key factor of plasmonic phenomenon while at a certain wavelength;
incident field can excite the surface and generate the resonance. Plasmonic PCFs have a
potential use in realizing single-polarization single-mode (SPSM) fibers which guide only
one polarization mode of the fundamental mode in the fiber core. With ability to eliminate
polarization coupling and polarization mode dispersion. The key point of designing SPSM
fibers is to attenuate one polarization while keep the orthogonal polarization propagating
with low loss the particularly desirable polarized mode can be chosen by the correct
direction of the Plasmonic material, so if the desired mode is the x-polarized mode, the
Plasmonic material should be in the y-direction, and vera versa.

One of the approaches to achieve SPSM is utilizes the principle of resonant coupling.
With proper design, the effective refractive index of one polarization can be matched to
that of the leaky defect mode in cladding. Thus, energy of the matched polarization is
transferred to the defect mode. The leaky defect modes can be formed by reducing the
diameter of certain air holes and selectively filling air holes with liquid or metal [35].

There are two kinds of SPP mode in the structure holes filled with metals (gold and
silver): One is the SPP stimulated at the gold/silica interface. Second is the SPP stimulated
at the silver/silica interface. Once the basic structure parameters of PCF are designed, such
as the hole-filling fraction, the effective propagation constant of this SPP is affected by the
RI change of the metal. The RI change of the metals would change the phase matching
condition with the fiber core mode. Thus, the resonant wavelength varies with the RI value
of the metals. As two metals (gold and silver) are utilized in the structure, the degenerated
SPP modes which possess similar modal refractive index will affect each other and finally
form SPP mode. Figure(6) shows the optical field distribution of the fundamental mode
and plasmonic modes of the PCF SPR. Gold and silver are used as Plasmonic materials to
excite spp modes.
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We notice that the lower effective ((ra?fractive index of the core-guided mode could

Fig(6): field profiles of the first fiber in y polarization:(a) spp mode first order,(b) spp
mode second order, field profiles of the second fiber in y polarization:(c) spp mode first

order,(d) spp mode second order,(e) field profile of the fundamental mode in y

match with the plasmon mode well. The holes in the first-layer acting as a low effective
refractive index cladding restrict the core-guided mode from propagating in the fiber core.
Only small energy can infiltrate the plasmonic holes in the second layer through the
aperture between the first-layer holes.

The energy coupling between the plasmon and core-guided mode is more efficient as
the holes are close to the fiber core, and most of the energy is confined in the fiber core by
the cladding holes and only a part of energy penetrates into the Plasmonic filled holes in
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the second layer to excite the plasmon mode. The first and second-order SPP modes have
the highest influence on the filtering performance because they coupled with the y-
polarized or x-polarized core modes at certain wavelengths [26-28].

5. Results and Discussion

The fractional sizes of different nearby scatters, the positions of the Plasmonic
materials and the size of the element i.e., the fractal-like geometry, also introduce a
broadening of the frequency range for SPR excitation. Figure 7 shows the results of
Re(neff) for the core-guided modes and SPP modes while the coupling is shown by the
arrows. The confinement loss values are shown for x-pol and y-pol in figure 6, for A
ranging from [0.4<A<2] um. From the phase-matching condition, we identified the SPR
modes in the structure, as it can be seen from Figure 7. For small A values we can note that
as the elements of the Plasmonic materials are larger as the refractive index became
smaller due to the negative € of the metals. The RI of the core and SPP modes are analyzed
through the FEM-based commercial COMSOL software 5.2.Using the COMSOL
Multiphysics program, the RI values were evaluated via FEM We notice that the values of
the RI fundamental modes are much higher than the RI spp modes because the negative
refractive index for the metals at some frequencies.

Now, we investigate the shifts in the Plasmonic loss peak spectra Therefore, SPR
occurs at the desired wavelengths and the confinement loss of y-polarized light gets much
higher than the x-polarized light.

@ (b)

Figure(7): Refractive Index for :(a) first fractal fiber with small holes, (b) second fractal fiber with large holes.
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Figure (8): Loss spectra for (a): first fractal fiber with small holes, (b) second fractal fiber
with large holes.

It can be seen from Fig. 6 that when the modal refractive index in the core of the
fiber and the SPP modes on the metal match, strong coupling occurs. The loss at the
wavelength of 0.74um and 1.8um can nearly reach to (3.35 * 10'2)dB/cm and (8.64 *
101Y)dB /cm. The resonance strength in y-polarized direction is much stronger than that in
x-polarized direction as Fig. 8 shows. So, when the size of the metal holes is varied from
0.0187 um to 0.0735 um in order to get desired output, these Increasing results a blue
shifting for the resonance wavelength around 0.74 pum with increasing trend of loss
strength. This is happening because surface plasmonic waves (SPWSs) are very sensitive to
the thickness of the gold layer and the electric field has difficulty penetrating through as
the layer becomes wider. Hence, it is very important to Car@\f&\”&(eﬂ@ﬂﬂ?ﬁntf‘e appropriate
size of the metal so that the desired filtering performance of the deyige can be achieved.

6. Effects of tringle holes location and size of plasmonic materials (Ag and
Au) on the polarizer performance in y-polarized direction:

In this section, we will discuss the importance of the holes in y-polarized direction.
Fig. 6. Shows impact of different structures of PCF with different sizes of tringle holes on
the loss. As we can see in Fig. 6, when we use different sizes of tringle holes in y-polarized
direction, the y-polarized peak experiences a shift towards the longer wavelength and
decreases for small holes, while for larger holes the y-polarized peak experiences a shift
towards the shorter wavelength and the amplitude of x-polarized peak also decreases by a
large amount but there is no shift for both of them. Therefore, the resonance peaks of x-
polarized and y-polarized directions are separated. Using these sizes of the holes can
actually help separating the 1st order SPP mode and improving the performance such PCF
based polarization filters. These features are all very beneficial for the single polarized
filter to filter light in one direction.

7. Conclusion:
The comparison of the proposed work with contemporary literature works is as

depicted in Table 2. It shows a good Confinement loss values over the wavelength
range[0.4<A<2] um by using the fractal geometry in the proposed work.
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Table (2)
Reference wavelength Confinement loss
34 1.378 um 450.8 dB/cm
35 1.55 um 1375.94 dB/cm
36 1.63 um 2953 dB/cm
37 1550 nm 445.10 dB/cm
38 1.55 um 736.30 dB/cm
39 1.31 um 736.30 dB/cm
40 1.56 pm, 1013.2 dB/cm

In summary, the plasmonic photonic crystal fibers using tow metals (gold and silver)
is designed for polarization filtering applications with Sierpinski-like geometry, have been
numerically demonstrated. We varied the holes size by 74% between the first and second
fibers and the sizes of the metallic holes are very small so the cost of using the metals is
low. The fractal fiber exhibited broadband capabilities, with a set of plasmonic resonances
within the range of wavelengths [0.4<A<2] um. The loss at the wavelength of 0.74um for
the second fiber and 1.8um for the first fiber can nearly reach to (3.35 * 1012)dB/cm and
(8.64 = 10'1)dB /cm respectively. The resonance strength in y-polarized direction is much
stronger than that in x-polarized direction. Based on our results, we can't use the fibers in
this work in the optical transmission because of the high levels of confinement loss but
they are suitable for optical applications, filters, and sensors. We expect that further
improvements can be made using other geometries like higher Sierpinski-steps, other
fractal sequences, or different geometrical sizes of the holes in order to tune the
corresponding frequency ranges.
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