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Abstract: n this paper, a controllable stop-band filter based on an MIM waveguide-coupled resonator cavity is
proposed for ultra-wideband (UWB) applications. The designed filter is simulated and analyzed in the mid-infrared region.
The transmittance spectrum of this filter was generated using R-Soft CAD software employing the 2D Finite-Difference
Time-Domain (FDTD) method. To enhance the performance of the proposed filter, the wavelength filtering range was
broadened by incorporating a second resonator on the opposite side, separated by an optimized distance D between the
two cavities. To further improve the filter characteristics, a third and fourth cavity were added, resulting in a wider bandgap
width. This topology finds frequent applications in highly integrated photonic circuits.
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1. Introduction

Surface plasmon polaritons (SPPs) are hybrid electromagnetic waves that arise from the strong coupling
between incident photons and the collective oscillations of free conduction electrons at the interface of a metal
and a dielectric material. These surface-bound waves have attracted intense research interest because they
possess the unique ability to confine and manipulate light at dimensions significantly smaller than the
wavelength of light in free space, thereby bypassing the conventional diffraction limit [1]. This unprecedented
waveguiding capability makes SPPs arguably the most viable and promising approach for the miniaturization
of optical components and their integration into densely packed plasmonic integrated circuits (PICs), which
could potentially revolutionize future information processing systems by combining the speed of photonics with
the compactness of electronics.

Within the diverse landscape of plasmonic guiding architectures, metal-insulator-metal (MIM) waveguides have
garnered substantial attention from the nanophotonics community. This prominence is primarily attributed to
their exceptional capacity for extreme optical confinement within the nanoscale insulator layer, coupled with a
relative simplicity in their fabrication process compared to other complex three-dimensional nanostructures [2].
These attributes have positioned MIM waveguides as a robust and promising fundamental architecture for the
practical realization of functional chip-scale photonic devices. Leveraging these advantageous dispersion
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properties, a plethora of functional components based on the MIM configuration have been proposed and
rigorously investigated, encompassing vital building blocks for optical circuits, including efficient optical filters
[3, 4], ultrasensitive refractive index sensors [5, 6], and compact directional couplers [7, 8].

Band-stop filter (BSF) devices based on SPPs phenomenon are attracting more attention because of their
importance in optical networks and spectrum select techniques, [9]. In this study, a novel SPPs stop-band filter
has been developed and numerically investigated with R-Soft CAD software and the Finite-Difference Time-
Domain (FDTD) method, the optical filter structure is based on the MIM waveguide coupled with cavities. This
topology finds frequent applications in highly integrated photonic circuits

2. Structure design and simulation results

Our proposed structure is shown in Fig. 1, it consists of a waveguide connected to a resonator cavity.
The filter parameters L1 and W are fixed at 200nm and 50nm respectively. This filter's metal area is silver, and
its dielectric region is air. The dispersive relative permittivity of Ag is described by the Drude Model [10] :
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Here, e0=3.7 represents the dielectric constant at the infinite frequency. wp=1.38 x 10'° Hz is the bulk plasma
and y is electron collision frequencies with value,2.73 x 103 Hz, . is the angular frequency of incident light.

R-Soft CAD software with FDTD method is used to simulate the transmission spectrum of the suggested
structure; Outgoing waves are absorbed using the perfectly matched layer (PML), without reflections. We
perform 2D simulations due to the significant computational time savings that may be achieved without
sacrificing calculation accuracy[11]
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Figure.1 Schematic diagram of proposed filter.

Transverse magnetic (TMO) is the only mode that can be excited by MIM waveguides since the waveguide's
width is so narrow in comparison to the incident wavelength. The cavity's resonance wavelength for the TMO
mode can be characterized as follows. [12]:

_ 2Re(nepp)lery
m J

An m=123..

where R, (n.sr) signifies the real part of the SPP's effective refractive index, I,z is the resonator's effective
resonance length.
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Figure 2(a) illustrates the simulated transmission spectra of the proposed structure under varying geometric
conditions, specifically focusing on the influence of the structural parameter L. A detailed analysis of the
spectral response reveals a distinct correlation between the physical dimensions of the filter and its resonance
characteristics. Notably, as the dimension H1 is progressively augmented from 100 nm to 300 nm, a pronounced
redshift is observed, wherein the primary resonance peak consistently shifts toward longer wavelengths. Based
on this parametric analysis, it becomes evident that the geometric configuration profoundly impacts the filter's
overall efficiency. Consequently, the optimal value for the parameter L1 is established at 100 nm, a
configuration that ensures a highly robust transmission spectrum characterized by an ideal resonance profile
and maximized transmittance.
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Figure.2 (a) Reponses spectrum of the designed filter for various H1. (b) The proposed structure's magnetic field
distribution at the resonance wavelengths.

Furthermore, the magnetic field distribution at the resonance wavelength 1.65 um is depicted in Fig. 2. (b).
According to this result, the incident light is confined to the resonator cavity.

To improve filter performance, we add a second resonator on the other side of the waveguide that has the
same size as the first.(see fig.3) ..

The effect of the distance D between the resonators cavities is studied and illustrated in fig.4. (a) . As aresult,
with increasing the value D from 70 nm to 320 nm the pass band transmittance at the left side of band gap
width is improve and the transmission spectrum forms a U-shaped .

Moreover fig.4. (b) demonstrated that the band gap width of the SPPs filter with two resonators (Green line)
is greater than the bandwidth of the SPPs filter with only one resonator (blue line). As a result, the optimal
length D is 320nm

Figure.2 2D Schematic illustration of proposed device with double cavities
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Figure.4.(a) Reponse spectrum of a stop-band filter with double cavities for various D. (b) Reponse spectrum of a filter

with one and two cavities at D = 300 nm.
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Figure.4.(a) Astop-band tilter with four cavities . (b) Reponse spectrum of a filter with two ,three and four cavities at D =
320 nm.

To further improve the filter characteristics, a third and fourth cavity were introduced into the structure. The
addition of these cavities enhances the coupling between resonators and strengthens the plasmonic resonance
effect, leading to a broader stopband. As a result, the bandgap width is significantly increased, which improves
the filtering performance and wavelength selectivity of the proposed filte.

3. Conclusion

In this work, we propose and rigorously investigate the design of a highly controllable plasmonic stop-band
filter. The fundamental architecture of this device relies on a metal-insulator—-metal (MIM) waveguide system
that is strategically side-coupled with a series of resonant cavities. This configuration is specifically engineered
to cater to the growing demand for ultra-wideband (UWB) applications operating within the mid-infrared
spectral regime. To accurately evaluate the electromagnetic behavior and the underlying physical mechanisms
of the proposed design, extensive numerical simulations were conducted. The transmission spectra and the
steady-state field distributions were systematically analyzed utilizing the two-dimensional Finite-Difference
Time-Domain (2D-FDTD) method, executed via the robust computational framework of R-Soft CAD software.

The computational findings reveal a profound correlation between the geometrical complexity of the structure
and its spectral response, demonstrating that the filtering capabilities can be significantly optimized by
cascading multiple coupled resonators. Specifically, the integration of a second resonant cavity into the
waveguide system facilitates a pronounced broadening of the operational filtering wavelength range.
Furthermore, the sequential addition of third and fourth cavities introduces stronger localized resonance
coupling effects. This multi-cavity interaction not only expands the bandgap width considerably but also
enhances the signal attenuation within the stop-band, thereby drastically improving the comprehensive filtering
characteristics of the device. Ultimately, the proposed multi-resonator MIM structure demonstrates exceptional
dynamic tunability and superior stop-band performance. Given its nanoscale footprint and high efficiency, this
novel architecture emerges as a highly promising candidate for next-generation, on-chip optical communication
systems, particularly in the development of highly integrated nanoplasmonic and photonic integrated circuits
(PICs).
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