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Abstract

In this paper we will try to create, propose and analyze structure of a slow light device, based on
plasmonic induced transparency in a metal-dielectric-metal based ring resonator. Group index by
first design about 37 and second design about 35 earned. The proposed dielectric material is Poly
Methyl Meta Acrylate (PMMA) sandwiched by gold metal cladding. Finite Element Method-con-
ducted Electromagnetic simulations are employed to evaluate the plasmonic designs for behavior
of slow light. The signal and pump wavelength are assumed to be 830 nm and 1550 nm respec-
tively in the systems. The overall length of the plasmonic slow light system is 600 nm. In a wide
range of frequency bands, the optical properties of metals can be described with a plasma model.
The optical signal can be achieved with the use of surface waves on the boundary between the insu-
lating materials and metals with dimensions smaller than the diffraction limit. The main goal, is es-
timation of optical characteristics such as bandwidth, the Real and Imaginary parts of refractive in-
dex, group velocity and slow down factor in such optical devices. The obtained results and obser-
vations, can be useful in basic research and the production of highly integrated plasmonic devices.

Keywords

Slow Light, Plasmonic Induced Transparency, Metal-Dielectric-Metal, Poly Methyl Meta Acrylate
(PMMA), Surface Plasmon Polaritons, Refractive Index, Slow Down Factor

1. Introduction
In photonics technology, there’s an important sub-branch, called Plasmonics [1]-[5]. Plasmonics, as an alterna-
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tive platform for manipulating and redirecting electromagnetic waves on metal surfaces [2] [4], is based on sur-
face Plasmonpolaritons (SPPs) [3] [6], where the light coupled with electrons in metal-dielectric interface [7].

Because of overcoming the conventional optical diffraction limit and manipulation of optical wave in nano-
scalefield [8], SPPs have the potential for realizing highly integrated optical circuits [9]-[11]. Many applications
can be found in this area. For instance, optical sensors [12], bend waveguide devices [13], wavelength de-mul-
tiplexers [14], filters [15], plasmonic switches and amplifiers [14]-[16], nano-wires, slow light devices [17],
etc... .

Electromagnetically Induced Transparency (EIT) is the result of quantum interference in a three-level ato-
micsystem [7] [15]. The Plasmon Induced Transparency (PIT), is a plasmonic analogue of EIT [17]. The main
characteristics of PIT lie in the appearance of a sharp and symmetric transparency window within absorption
band, along with extraordinary steep dispersion and a dramatic reduction in group velocity [8] [18]. In this study,
two designs have been proposed to display PIT in plasmonic nano-structures. Among those designs, the resona-
tors side coupled to the metal-dielectric-metal (MDM) waveguide are of special interests, since the PIT effect
can be realized in plasmonic integrated circuits [19]. In this paper, we’ve tried to design, simulate and analyze
(1*1) and (1*2) MDM single ringresonators proposed slow light devices.

After this introduction section, in Section 2, we’ll have events analysis in plasmonic resonators, in which
we’ll describe in details the structure of our proposed circular metal-dielectric-resonator in micron scale. The
theory has been reviewed in Section 3. Simulation results of two different proposed slow light devices will be
reported in Section 4. We’ll also have a conclusion section.

2. Analysis of Events in Plasmonic Resonators

Induction plasmonic modes creates transparency in structures to reduce speed of light (signal). For induction
creation, secondary powerful light (pump) is used for stimulation of plasmonics modes formation and decelera-
tion of signal light in waveguide [15]-[20].

Figure 1 demonstrate a simple schematic for plasmon waveguide loaded with dielectric [20]. This plasmanic
structure includes a dielectric waveguide with height (h) and width (w) on a metal layer with thickness of (G).

Dielectric layer adjacent to the metal layer can be formed prerequisite for ensuring plasmonic modes there.

Dielectric material in this study is called PMMA with a refractive index close to (n = 1.4) [21]. The layer
made from gold or silver that can be selected depending on dielectric material as well as manufacturing condi-
tions.

Other metals such as copper and aluminum as used in conventional electronic and photonic integrated circuits,
may also be used [21]-[23].

In conventional photonic ring resonators, basically, two waveguides exists. One for straight waveguide at
aside of circular (loop) waveguide. The cross sectional dimensions of waveguides are proportional to light wa-
velength. We’ve used this concept for designing a plasmonic waveguide resonator in the field of integrated slow
light plasmonic device. In Figure 2, the configuration of a plasmonic MDM resonator is shown.

Figure 2 shows basically, a proposed structure for plasmonic waveguide ring resonator. A combination of-
plasmonic waveguide loaded with dielectric polarization surface plasmon is designed in micrometer scale. As-
can be seen, a ring plasmonic waveguide is located in close proximity to a straight waveguide [24]. Perfectly
circular ring-shaped waveguide with radius R = 5500 nm formed a ring oscillator. The minimum distance be-
tween the dielectric two straight and circular waveguide at the contact site in the zero point, assumed to be 159
nm. This distance can be varied depending on the waveguide design. Metal-dielectric-metal plasmonic wave-
guides has dimensions transverse profile w x h = 600 * 600 nm?, and integrated gold metal film thickness G =

w
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Figure 1. Schematic diagram of the composition of the surface plasmon waveguide loaded with dielectric polarization.
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Figure 2. Schematic diagram of the proposed circular metal-dielectric resonator structure. Dimension of this design is the
micrometer scale.

100 nm. Beam waveguide ring oscillator according to the desired operating frequency range of all-optical wave
length 4 = 1550 nm equal R = 5500 nm is considered. The light wave as a pump for exciting the environment
and create transparency in the proposed structure is used. In this study, the imaginary part of the refractive index,
real part of the refractive index and slow rate of change in film thickness of metal in a metal-dielectric-metal
waveguide system are estimated. The change in the radius of the ring resonator, the electromagnetic wave in this
element will have a direct impact on the response of slow light device [25] [26].

3. Theory of Plasmonic Resonator System

SPPs, are surface electromagnetic modes that propagate at the interface of a dielectric with real electic permit-
tivity and a metal with negative permittivity. According to Drude model, we’ll have:

&y () = &g (@) +ig, (@) 1)
wz 0)272

&y (@) =1-—-" i PP
n(@) a)2+y§ a)(a)2+7/s)

O]

In the above formula, o is the angular frequency, w, = 1.38 x 10" Hz, is bulk plasmon frequency and Yp =
2.73 x 10" Hz is loss absorption coefficient [7] [27]. We know that the surface plasmon polariton waves do not
propagate in TE mode. There is only TM waves that can be published in plasmonic structures.

Therefore, using the governing equations for electromagnetic waves at the interface between the metal-dielec-
tric interface in accordance with the continuity equation, the following relations are required:
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Complex wave vector K,,,, Of surface plasmon polaritonin metal-dielectric-metal waveguide with width of

W is defined on the basis of the value of the effective refractive index [28].

k
Ny =4 = oo 28,54 — 6 | (kye,,) @)
0

where k, =27z/4, is the wave vector in free space and ¢4 and &y, are permittivity for dielectric and metal con-
stant, and ky is the transverse wave number in the dielectric core and k,, is the transverse wave number of metal

cladding [27]-[29]. So we’ll have:
Kn =k—dtanh(%kdj (5)
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In the specific area of frequency, using the following formula, metals, are the most absorbent.
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Applying the Bear’s Law of attraction implies that for some low frequencies, the field penetrates with a factor

of e’ into metal where & is skin depth. In low-frequency behavior according to the Boltzmann transport
equation, it suggests that the above description is valid until that the average electron distances are | =v,7 <<J
that v, is Fermi velocity [10] [22]. At room temperature, for conventional metals | ~10nm and & ~100nm

therefore the free electron model justifies [28].
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From Equation (7) we can quantitatively and clearly the forming of PIT phenomenon: as incident optical
waves transmit into this system. The coupling coefficient between the two ways in our design is denoted by .
The small nanodisk coupled to a waveguide for d = 159 nm, can be treated as an oscillator and the cavity mode
decays equally into the propagating waveguide, £ is the coupling coefficient between them. ey is the resonant

frequency of the nanodisk. j = J-1. o stands for the frequency of the incident light [28] [29].

4. Simulation Results in Two Different Geometrical Designs

Signal Transmission T, as a function of variations of refractive index is depicted in Figure 3. This diagram is
according to our proposed circular metal-dielectric resonator structure. “S” and “L”, are electromagnetic wa-
vesspreading through straight and ring waveguides [17] [23].

4.1. Arranged MDM Single Ring Resonator 1 x 1

According to schematic diagram of Figure 2, for our 1 * 1 proposed circular metal-dielectric resonator, we
started to simulate the behavior of this micron order PIT slow light device. Figure 4 shows the numerical simu-
lation results of a ring oscillator (radius R = 5 pum) based slow light device. Absorption, refractive index, slow
down factor and transmission curves are all depicted in Figure 5 and Figure 6 as functions of wavelength.

4.2. Arranged MDM Single Ring Resonator 1 x 2

In the second proposed design, we have a 1 * 2 ring resonator slow light device. It has one input and two out-
putports. Like Figure 7 Absorption, refractive index, slow down factor and transmission curves are all depicted
in Figure 8 and Figure 9 as functions of wavelength. Similar plasmonic ring resonator describe in previous sec-
tion, including a ring oscillator polarization surface plasmon waveguide structure with dielectric loaded with ra-
dius R = 5 um. Plasmonic waveguide structure similar to that in the middle of a place is split into two output
ports of the elements together [25]. The ring oscillator output ports with numbers 1 (located at the output end of

0.5 4
0.4 4
0.3 4

0.2 LO

01 1 So

transmission T

0.0 T T T
0.000 0.001 0.002 0.003 0.004

An/n,

Figure 3. Schematic diagram of the proposed circular metal-dielectric resonator structure.
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Figure 4. Numerical simulation of the ring oscillator-based slow light to show through the wave plasmonic cross from the
waveguide coupling with oscillating wave.Dimension of this design is the micrometer scale.
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Figure 5. The absorption coefficient (imaginary part of the refractive index) in various thicknesses of metal films (G) in
metal-dielectric-metal waveguide structure is proposed (Left picture). The real part of the refractive index of the film in var-
ious thicknesses of metal films (G) in metal-dielectric-metal waveguide structure is proposed (Right picture).
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Figure 6. The slow down factor (SDF) in various thicknesses of metal films (G) in metal-dielectric-metal waveguide struc-
ture is proposed (Left picture). Transmission range of the proposed project for the normalized curve is displayed. The whole
thickness of 100 nm thick gold metal in the structure of MDM is presented (Right picture).
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the straight waveguide) and 2 (located at the end of the waveguide port connections) are numbered. Straight
waveguide element distance d = 250 nm lips with a lip of the ring oscillator passes.
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Figure 7. The results of the simulation of a proposal for adevice based on slow light that includes a ring oscillator and a
thumbnail image contained in this form, coupled plasmonic mode shows the structure of MDM, have two output port that
shown. Dimension of this design is the micrometer scale.
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Figure 8. The absorption coefficient (imaginary part of the refractive index) in various thicknesses of metal films (G) from
output 2in metal-dielectric-metal waveguide structure is proposed (Left picture). The real part of the refractive index of the
film in various thicknesses of metal films (G) from output 2 in metal-dielectric-metal waveguide structure is proposed (Right
picture) from port of output No. 2 shows that in Figure 7.
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Figure 9. The slow down factor (SDF) in various thicknesses of metal films (G) from output 2 in metal-dielectric-metal wa-
veguide structure is proposed (Left picture). Transmission range of the proposed project for the normalized curve is dis-
played. The whole thickness of 100 nm thick gold metal in the structure of MDM s presented (Right picture) from port of

output No. 2 shows that in Figure 7.
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5. Conclusions

This paper presents numerically-conducted study around two new MDM-based plasmonic ring resonators in
field of slow light to be designed and investigated. The proposed compact configuration as a symmetric and
non-symmetric waveguide-structure is engineered.

In general, using plasmonic waveguides as alternatives for photonics devices that have been designed and
built based on conventional dielectric waveguides have the advantage of obtaining much smaller sizes (up to
several thousand times smaller).

However, their advantage at the expense of effective distance publish or in other words increase the release
will be casualties. The wavelength of the incoming light wave as a signal in this investigation is considered to be
equal to 830 nm and also transparent to pump wavelength of 1550 nm affecting the proposed structure is calcu-
lated. Plasmonic devices, propose higher speeds with lower density and power consumption than their photonic
or electronic counterparts. As a result of investigations, the effects of PIT in the ring resonator design of the
waveguide system with MDM, showed good agreement between transport phenomena and dispersion in the
window transparency. SDF obtained at two proposed design are estimated to be more than 35.

Finally, diffusion constants derived for a system indicated that in the transparency of the window, the pro-
posed structure can be easily adjusted by changes in metal film thickness. We also found that the resonance
quality factor, can effectively adjust the dispersion relation. These plasmonic systems can be used as a hight
performance filter. The default settings are made in fundamental research and applications for building inte-
grated plasmonic devices useful. These novel plasmonic systems have important potential applications in optical
nonlinearity enhancements, all-optical signal processing applications, optical communication and nonlinear de-
vices.
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