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Abstract

:

This article describes the analysis and design of the excitation schemes of the plasmonic angular ring resonator-based band-pass filters using a metal-insulator-metal (MIM) waveguide. The excitation schemes of the plasmonic angular ring resonator-based band-pass filters have been analyzed in terms of their physical length by using commercially available electromagnetic full-wave simulation software (CST microwave studio). The excitation schemes of the plasmonic angular ring resonator-based band-pass filter using a MIM waveguide have been realized at the optical O (1260–1360 nm) and U (1625–1675 nm) bands, respectively, as it has dual-band characteristics. The excitation schemes of the plasmonic angular ring resonators have been designed and simulated to determine the variation in transmission and reflection coefficients. The magnetic field distribution of the proposed filters was observed. The ring resonators require low power and had a compact size, which was further used for the development of photonic integrated circuits (PICs). The applications of these resonators are further extended and they are used in the development of antennas, branch line couplers, directional couplers and diplexers.
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1. Introduction


For the past few decades, copper has been used as a medium for on-chip or off-chip integrated circuits. Below 100 nm, the copper interconnects have been shown to suffer from issues, such as wave reflection, unit area, cross-talk, clock distortion, attenuation and interconnection density limitations. Though Moore’s law predicts that the transistor density will double every 18 months, the same trend is not applicable to copper interconnects. This limitation arises due to the fact that the power dissipation per unit area is able to raise the temperature of the silicon chip substrate up to the silicon’s melting point due to the reduced circuit size [1,2]. The optical waveguides provide an appropriate alternative as it is considered to be a low power dissipating medium. These waveguides mostly operate in TE (transverse-electric) or TM (transverse-magnetic) modes, where each mode has several cut-off conditions depending on the physical size of the waveguide. Due to these cut-off conditions, the waveguide dimensions cannot be reduced beyond a certain limit. Therefore, a limitation arises that is related to the required scaling of the interconnections, due to the increased density of transistors. Onbasli et al. [3] have shown that the waveguides for the near-infrared region (780–3000 nm) need to have dimensions that are larger than ~400 nm. A further reduction in the size of optical waveguide dimensions is possible only if one can find a mode (other than higher order waveguide modes) that can exist and propagate even when the waveguide is operating below the cut-off conditions of the dominant fundamental mode. Plasmonic waveguides are attractive as they support an electromagnetic mode, which can carry a signal through the waveguide, even when operating below the cut-off conditions of the dominant mode [4,5].



The plasma model, in which a gas composed of free electrons moves against a bound positive ion core, has been used to explain the optical properties of metals. The dielectric function of the free electron gas can be written as:


ε(ω)=ε1+jε2=1−ωp2ω2+jγω



(1)




where:


ε1(ω)=1−ωp2τ21+ω2τ2



(2a)






ε2(ω)=ωp2τ2ω(1+ω2τ2)



(2b)






γ=1τ



(2c)




where γ represents the collision frequency; τ represents the relaxation time; and ωp represents the plasma frequency.



Surface plasmon polaritons (SPPs) are a type of EM wave that propagates along the metal–dielectric interface. A prominent ability of SPPs is the surpassing of the diffraction limit of the optical wave on the nanoscale [6]. Due to this feature, SPPs are used in highly integrated optical circuits as information carriers. Recently, several optical devices, such as antennas [7], nanowires [8], disc resonators [9], tapered grooves [10], bends, splitters [11] and filters [12], have been investigated experimentally or theoretically. In recent years, SPPs has shown potential in many different applications, such as manipulating and guiding the light on deep subwavelength scales [13,14]. Among these configurations, metal-insulator-metal (MIM) is the most promising technique for the design of nanoscale photonic integrated circuits. MIM waveguide-based devices, such as ultra-wideband resonators, antennas, band reject filters and bandpass filters, have been proposed and were subsequently experimentally or theoretically investigated. MIM waveguide structures have an acceptable propagation length and allow for the strong confinement of light. Consequently, several filters are available and they are very important for transmitting the light in nanophotonics, as they can allow light only at given wavelengths, with the light not allowed to pass on other wavelengths. As a result, there is the need to find an SPP filter with a simple design that can have concurrent dual-band operation in between O and U bands.



Planar plasmonic waveguides are classified into two categories, which are namely the MIM (metal-insulator-metal) and IMI (insulator-metal-insulator) waveguides [15,16]. Generally, the resonators behave as filters, which can accept or reject specific wavelengths from an input signal in a single or dual-band. The transmission line resonators have low Q-values compared to waveguide-based resonators, but they have a simple design, are smaller in size and have large applicability to different nanophotonic circuits [17]. The MIM waveguide-based resonators in cylindrical and rectangular shapes can be used at THz frequencies in the design of filters and other tuning elements.



In the past, Gopalakrishna et al. [18] proposed the excitation schemes of angular ring resonator at the microwave frequency ranges in order to observe the lowest insertion loss devices. The excitation schemes at microwave frequency ranges have been designed at a fundamental frequency of 2.5 GHz. In order to reduce the size and increase the efficiency of the ring resonator, we had proposed the excitation schemes (A), (B) and (C) at the optical wavelengths. There are four excitation schemes of the ring resonator among them. We recently proposed the first excitation scheme in Reference [19] and remaining excitation schemes are proposed in this article. Depending on the feeding techniques, the resonators are classified into the excitation schemes of the angular resonator. The excitation schemes (A), (B) and (C) are the most promising techniques and can be further realized in the coplanar waveguides.



Recently, Rahman et al. [20] proposed the concept of ultra-wide-band band-pass filters, based on the ring resonator, using a plasmonic MIM waveguide. These concentrate on the angular ring resonator, an open loop ring resonator, a u-shaped open loop ring resonator and a square ring resonator with an ultra-wide-band response at optical wavelengths. The response of the ultra-wide-band filters has been observed to be in between the optical O-band to optical L-band (1260–1625 nm).



The ultra-wide response-based bandpass filters allow the passage of unwanted wavelengths, which results in the high noise systems. Although the ultra-wide-band band-pass filter has adopted a curvature feeding technique, we eliminated curvature feeding in order to observe the concurrent dual-band response. In order to avoid the unwanted frequency response, we developed new feeding techniques, which help in the generation of a concurrent dual-band response. The concurrent dual-band filter is a narrow band filter, which allows only certain wavelengths to experience a low insertion loss at two wavelengths concurrently. The past two devices need to be cascaded in order to observe the dual-band response, but in this article, we propose a concurrent dual-band response in a single device, in order to eliminate the other device. This helps in low power consumption and low-cost devices. The proposed excitation scheme allows for a concurrent dual-band response (i.e., it only allows particular frequency ranges and rejects all other unwanted frequency ranges). In order to overcome the drawbacks of ultra-wide-band filters, we propose excitation schemes of the angular plasmonic ring resonator.



The excitation schemes of the angular plasmonic ring resonator were realized at the optical wavelengths of the O (1260–1360 nm) and U (1625–1675 nm) bands. The excitation schemes of the angular ring resonators were realized through FDTM (Finite-difference time-domain) using commercially available software (CST microwave studio suite). Usually, the MIM waveguide-based plasmonic ring resonator has two feed lines and a cylindrical structure that is sandwiched between the two feed lines (0° and 180°). The excitation schemes of the plasmonic angular ring resonator provided a different type of response when the feeding of the resonator was varied. By comparing the various feeding techniques, we could determine which excitation scheme had a high gain, fewer losses and a compact size. The excitation modes of the angular plasmonic ring resonator were designed with metal layers of silver. In these modes, we assigned the following values to the variables: ε∞ = 3.7, and γ = 2.73 × 1013 rad/sec [21]. Furthermore, the dielectric was assumed to be silica with a dielectric constant (εi) of 2.50.



In this article, we designed three excitation schemes (A), (B) and (C), which adopted different coupling peripheries in order to develop a high gain device with low insertion loss. By comparing all the three excitation schemes physically, we determined that there were different coupling peripheries. Section 2 of this article describes the excitation scheme of the angular resonator (A) with a low coupling periphery compared to the remaining structures. Section 3 of this article describes the excitation scheme of the angular resonator (B) with a high coupling periphery compared to the angular resonator (A). Section 4 of this article describes the excitation scheme (C) by chamfering the feed lines of the angular resonator.




2. Geometry and Operation of Angular Ring Resonator (A) Using MIM Waveguide


The geometry of the plasmonic angular ring resonator (A) using a MIM waveguide is shown in Figure 1. The MIM waveguide-based angular ring resonator usually consists of two feed lines, two semi-infinite metallic layers and an angular ring at the center between the two feed lines. The outer radius is denoted by Rout and the inner radius by Rin, in which the actual radius of the ring is considered to be the mean value of Rout and Rin (i.e., Rm = (Rout + Rin)/2). The length of the feed line is infinite and is separated from the gap g of the angular ring with the inner radius Rin. The width of the feed line is represented as w.



The dimensions of the plasmonic dual-band angular ring resonator bandpass filter (A) using a MIM waveguide were chosen to be Rin = 340 nm, Rout = 465 nm, w = 88 nm and g = 9 nm. The plasmonic angular ring resonator was operated at the optical O and U bands simultaneously with a gain of −17 dB. Figure 2 represents the field distribution of the plasmonic angular ring resonator (A) at optical wavelengths at the O (λ = 1268 nm) and U (λ = 1645 nm) bands. The variation in the reflection and transmission characteristics, with respect to inner radius Rin, is shown in Figure 3.




3. Geometry and Operation of Angular Ring Resonator (B) Using MIM Waveguide


The geometry of the plasmonic angular ring resonator (B) using a MIM waveguide is shown in Figure 4. Compared to the angular ring resonator (A), the plasmonic angular ring resonator was proposed in order to increase the coupling periphery by employing a different scheme (B). In this scheme, Rin and Rout were the inner radius and outer radius of the proposed angular ring resonator bandpass filter scheme (B). The length of the feed line was infinite and separated from the gap g, which penetrated the angular ring at a width w1 from the angular ring outer radius Rout.



The dimensions of the plasmonic dual-band angular ring resonator bandpass filter (B) using a MIM waveguide were chosen to be Rin = 332 nm, Rout = 456 nm, w = 108 nm, g = 6 nm and w1 = 66 nm. The plasmonic angular ring resonator (B) was also operated at the optical O (λ = 1272 nm) and U (λ = 1650 nm) bands simultaneously with a minimum gain of −23 dB. The variation in the reflection and transmission characteristics, with respect to the inner radius Rin, is shown in Figure 5. When the inner radius of the angular ring increased, the return loss shifted from left to right in the optical wavelengths. Figure 6 represents the field distribution of the plasmonic angular ring resonator (B) at optical wavelengths of the O (λ = 1272 nm) and U (λ = 1650 nm) bands.




4. Geometry and Operation of Angular Ring Resonator (C) Using MIM Waveguide


The geometry of the plasmonic angular ring resonator (C) using a MIM waveguide is shown in Figure 7. Being different to the angular ring resonator (B), a plasmonic angular ring resonator (C) was proposed with tapered feed lines, which were fed into V-shaped grooves that were etched into the plasmonic angular ring resonator. Similar to the ring resonator (B), the feed line length of the plasmonic angular ring resonator (C) was also chosen to be infinite. The gap between the V-shape groove and the tapered feed line was chosen to be g with a feed line width of w. The inner and outer radius of the angular ring was chosen to be Rin and Rout, respectively.



The dimensions of the plasmonic dual-band angular ring resonator bandpass filter (C) using a MIM waveguide were chosen to be Rin = 332 nm, Rout = 457 nm, w = 120 nm and g = 7 nm. The plasmonic angular ring resonator (C) was operated at the optical O (λ = 1294 nm) and U (λ = 1667 nm) bands simultaneously, with a minimum gain of −15 dB. The variation in the reflection and transmission characteristics, with respect to the inner radius Rin, is shown in Figure 8. When the inner radius of the angular ring increased, the return loss shifted from left to right in the optical wavelengths. Figure 9 represents the field distribution of the plasmonic angular ring resonator (B) at optical wavelengths of O (λ = 1294 nm) and U (λ = 1667 nm) bands.




5. Conclusions


The three excitation schemes of an angular plasmonic band-pass filter using a ring resonator have been analyzed at the O (1260–1360 nm) and U (1625–1675 nm) optical wavelengths, respectively. The plasmonic angular ring resonator band-pass filter was simultaneously operated at two optical wavelengths. The angular ring resonator (A) was analyzed at O (λ = 1268 nm) and U (λ = 1645 nm) with a gain of −17 dB. Similarly, the angular ring resonator (B) was analyzed at O (λ = 1272 nm) and U (λ = 1650 nm) wavelengths with a minimum gain of −23 dB. Finally, the angular ring resonator (C) was analyzed at the O (λ = 1294 nm) and U (λ = 1667 nm) wavelengths with a minimum gain of −15 dB. The transmission performance of the angular plasmonic ring resonator was consistent with the theoretical calculations or numerical calculations. The angular ring resonator (B) had a higher gain and fewer loses compared to the angular rings (A) and (C). This article provides a promising application for the plasmonic dual-band band-pass filter and plasmonic integrated circuits. This structure can also be extended to the design of several other components, such as couplers, diplexers and power splitters/combiners.
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Figure 1. The geometry of the proposed plasmonic dual-band angular ring resonator band-pass filter (A) using a MIM waveguide. 
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Figure 2. Field distribution of the proposed dual-band band-pass filter (A) at wavelengths of (a) 1268 (nm) and (b) 1645 (nm). 
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Figure 3. Variation in reflection and transmission coefficient of the proposed dual-band band-pass filter (A) with wavelength as a function of inner radius (Rin). 
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Figure 4. Geometry of the proposed plasmonic dual-band angular ring resonator band-pass filter (B) using MIM waveguide. 
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Figure 5. Variation in reflection and transmission coefficient of the proposed dual-band band-pass filter (B) with wavelength as a function of inner radius (Rin). 
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Figure 6. Field distribution of the proposed dual-band band-pass filter (B) at wavelengths of (a) 1272 (nm) and (b) 1650 (nm) 
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Figure 7. Geometry of the proposed plasmonic dual-band angular ring resonator band-pass filter (C) using MIM waveguide. 
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Figure 8. Variation in reflection and transmission coefficient of the proposed dual-band band-pass filter (C) with wavelength as a function of inner radius (Rin). 
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Figure 9. Field distribution of the proposed dual-band band-pass filter (B) at wavelengths of (a) 1294 (nm) and (b) 1667 (nm). 
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