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Abstract

:

We propose a plasmonic cavity using the cutoff frequency of a metal-insulator-metal (MIM) first-order waveguide mode, which has a deep subwavelength physical size of 240 × 210 × 10 (nm3) = 0.00013 λ03. The cutoff frequency is a unique property of the first-order waveguide mode and provides an effective mode gap mirror. The cutoff frequency has strong dependence on a variety of parameters including the waveguide width, insulator thickness, and insulator index. We suggest new plasmon cavities using three types of cutoff frequency modulations. The light can be confined in the cavity photonically, which is based on the spatial change of the cutoff frequency. Furthermore, we analyze cavity loss by investigating the metallic absorption, radiation, and waveguide coupling loss; the radiation loss of the higher-order cavity mode can be suppressed by multipole cancellation.
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1. Introduction


Surface plasmon polaritons (SPPs), electron oscillations upon coupling with photons, appear at dielectric-metal interfaces by coupling with photons [1]. Recently, many researchers have investigated the miniaturization of photonic devices by using SPPs because of their ability to manipulate photons in subwavelength-sized cavities and waveguides beyond the diffraction limit, which is a fundamental size limit of dielectric photonic devices [2,3,4,5]. In particular, plasmon cavities are exploited in deep subwavelength volume lasers [4,6], switches [7,8], index sensors [9,10], and plasmonic optical filters [11,12,13].



Metal-insulator-metal waveguides can strongly confine SPPs in thin insulators (even in several nanometer-scale dielectric gaps [14,15,16]), where it has been reported that visible light is confined in an ultrasmall dielectric layer. For this reason, MIM waveguide–based cavities were proposed to realize compact devices with various structures, such as disks [17,18], rings [19,20], and blocks [21,22,23]. As the dielectric layer between metals becomes thinner, the propagating SPP mode has a larger k (wavevector), thereby miniaturizing the physical size of the photonic device [13,21,24]. In MIM-based devices, there are two main optical losses: the metal absorption loss and the radiation loss. Although suppression of the absorption loss has been widely studied by introducing high-index dielectric layers inside of low-index dielectric layers [25], radiation loss into free space has not been investigated, despite the fact that it represents a large portion of the total loss.



In this study, we propose MIM cavities made by using a cutoff frequency mechanism that only appears in the dispersion relation of the first-order waveguide mode [13]. The cutoff frequency is strongly dependent on the effective size of the waveguide mode and, therefore, it can be modulated by varying the waveguide width, dielectric thickness, and index of the dielectric. We investigated the optical properties of cavities consisting of two mirror waveguides and a sandwiched waveguide by modulating the cutoff frequency with three different techniques.



The mode gap, which is due to the cutoff frequency difference, prevents radiation loss along the waveguide direction. Alternatively, the higher-order cavity mode observed in a longer cavity has more intensity nodes than the fundamental cavity mode, thereby suppressing radiation loss in the direction orthogonal to the waveguide by multipole cancellation [26].




2. Dispersion Properties and Cutoff Frequency


Figure 1a shows a schematic diagram of a MIM waveguide consisting of two silver strips with a sandwiched low-index dielectric layer. Each strip has a thickness (h) of 100 nm and a width (w) of 240 nm. The dielectric layer has a thickness (t) of 10 nm. The refractive index of the dielectric layer is set to 1.5. In this MIM waveguide, the waveguide modes can be classified into fundamental and first-order waveguide modes according to the mirror symmetry of the dominant electric field (Ez) profiles for the plane with y = 0 (dotted lines of Figure 1b,c). Figure 1b,c show the top and side views for the Ez profiles of the fundamental and first-order waveguide modes, respectively, with a wavelength of 1550 nm (λ0). In both modes, the electric fields of the waveguide modes are strongly localized in the deep subwavelength cross-section of the dielectric layer, 240 (w) × 10 (t) (nm2) = 0.00099 (λ02), by index guiding in the y-direction and plasmonic coupling between the silver strips.



Fundamental and first-order MIM waveguide modes have distinct dispersion properties, as shown in Figure 1d. The dispersion curve of the fundamental waveguide mode (black) shows a linear dependence between the frequency and the wavevector. The frequency linearly increases from the zero frequency as the wavevector increases. Alternatively, the dispersion curve of the first-order waveguide mode (red) has a nonzero lowest frequency at the zero wavevector; this is referred to as the cutoff frequency. Below the cutoff frequency, the first-order waveguide mode cannot exist in this MIM waveguide. Thus, the waveguide operates as a mirror for the first-order waveguide mode at frequencies below the cutoff frequency. The frequency region can be considered to be the mode gap of the first-order waveguide mode, which is indicated by the yellow box in Figure 1d. Therefore, the cutoff frequency mechanism can be used to make an effective mirror in the MIM-based cavity.



The cutoff frequency strongly depends on the waveguide width (w) as well as the thickness (t) and refractive index (n) of the dielectric material. This is the case because the effective index of the first-order waveguide mode is sensitive to changes in these structural parameters. By spatially modulating the mode gap with these structural parameters, a photonic well can be formed for the first-order waveguide mode, localizing photons inside of the well. In this paper, we propose three types of deep subwavelength-sized cavities using the difference in cutoff frequency in the first-order waveguide mode.




3. Results


3.1. Waveguide Width-Modulated Cavity


In this paragraph we introduce a MIM first-order mode cavity with width modulation by using the strong width-dependence of the cutoff frequency. Figure 2a shows a schematic of a cavity consisting of a broad waveguide (w = 240 nm) and two narrow mirror waveguides (w = 120 nm), where the waveguides consist of two silver strips and a low-index (n = 1.5) dielectric layer (t = 10 nm). Here, the mirror waveguide length (Lm) is set to 1000 nm.



The dispersion curves of the first-order waveguide modes for broad (w = 240 nm, black) and narrow (w = 120 nm, red) waveguides are plotted in Figure 2b. Since the first-order mode in the narrower waveguide experienced more air outside of the MIM waveguide, the dispersion curve moves upward due to the smaller effective index. In particular, the cutoff frequencies (cutoff wavelength) of the broad/narrow waveguides are 2πf = 1059 THz (1779 nm) and 1945 THz (968 nm), respectively. Propagation of first-order waveguide modes with a frequency between the two cutoff frequencies is allowed for the broad waveguide (w = 240 nm); however, this is forbidden for the narrow waveguide (w = 120 nm). For example, light with a wavelength of 1550 nm (1215 THz), indicated by the horizontal blue line in Figure 2b, is only allowed in the broad waveguide region of Figure 2a. Indeed, the cavity formed a photonic well by modulating the cutoff frequency with the waveguide width, as shown in Figure 2c. The allowed frequency region from 1059 THz (1779 nm) to 1945 THz (968 nm) was localized in the broad waveguide with a length of Lc.



The resonant wavelength of the cavity mode can be controlled by changing the length (Lc) of the cavity region. In addition, the cavity mode is classified as a fundamental and higher-order cavity mode, depending on the number of intensity nodes along the y-direction. Figure 2d,e show the electric field profiles of the fundamental and second-order cavity modes with the same resonant wavelengths (1552 nm) where the dominant electric field is orthogonal to the two metal surfaces. Because both modes are based on the first-order waveguide mode, there is a common intensity node along the x-axis. However, the fundamental cavity mode in the short cavity (Lc = 210 nm) has one intensity antinode along the y-direction. Alternatively, in the long cavity (Lc = 770 nm), the second-order cavity mode has two intensity antinodes along the y-direction.




3.2. Refractive Index-Modulated Cavity


The effective waveguide width increases for dielectric materials (between the silver strips) with higher indices, increasing the cutoff frequency of the first-order waveguide mode. Therefore, a first-order mode cavity can be formed by introducing index modulation, as shown in Figure 3a. The cavity consisted of a cavity region with a low-index dielectric layer (n = 1.5) and two mirror waveguides with an air gap (n = 1.0). The waveguide width of 240 nm was kept constant. Here, the height (h) of the silver strips, the distance (t) of the silver strips, and the mirror waveguide length (Lm) were set to 100 nm, 10 nm, and 1000 nm, respectively. Figure 3b shows the dispersion curves of the first-order waveguide modes for dielectric materials with different refractive indices of n = 1.5 (black) and n = 1.0 (red). The cutoff frequency increased from 1059 THz (1779 nm) to 1493 THz (1261 nm) when the dielectric index decreased from 1.5 to 1.0. A photonic well, such as the one shown in Figure 2c, can be generated by the difference in cutoff frequencies at the boundaries, where the refractive index of the dielectric layer changes.



Figure 3c,d show the electric field profiles of the fundamental and second-order cavity modes for resonance wavelengths of 1554 nm and 1550 nm for Lc = 300 nm and Lc = 850 nm, respectively. The mode shapes are similar to those of the width-modulated cavity (Figure 2d,e).




3.3. Gap Size-Modulated Cavity


In the MIM waveguide, the effective index of the waveguide mode increased for thinner dielectric layers between the metal layers [24]. Therefore, as the thickness (t) of the dielectric layer increased, the dispersion curve moved upward due to the smaller effective index (caused by weaker plasmonic coupling). Indeed, the cutoff frequency increased from 1059 THz (1779 nm) to 1945 THz (1414 nm), as shown in the dispersion curves of Figure 4b for t = 10 nm (black) and t = 30 nm (red). Here, the waveguide width (w) and mirror length (Lm) were 240 nm and 1000 nm, respectively. The heights of the cavity and mirror waveguide silver strips were 100 nm and 80 nm, respectively. Because the height of the silver was much larger than the skin depth, changes in the height did not affect the properties of the cavity. Figure 4a shows the schematic of a cavity consisting of a cavity waveguide (t = 10 nm) and two mirror waveguides (t = 30 nm), where the thickness of the dielectric layer was modulated from 10 nm to 30 nm.



Similarly to the waveguide width- or dielectric index-modulated cavities (Figure 2 and Figure 3, respectively), in the dielectric thickness-modulated cavities, the fundamental and second-order cavity modes were observed for Lc = 220 nm (Figure 4c) and Lc = 780 nm (Figure 4d), respectively. Based on the cutoff frequency mirror modulation (similar to the width-modulated cavity (Figure 2) and the index-modulated cavity (Figure 4)), the fundamental and second-order cavity modes were observed at Lc = 220 nm (Figure 4c) and Lc = 780 nm (Figure 4d), respectively.




3.4. Loss Analysis for the Three Cavities


To understand the loss mechanisms of the MIM cavity modes, we investigated each type of loss (i.e., radiation loss, mirror loss, and metallic absorption loss) separately in terms of the quality (Q) factors. The Q factor is defined by 2πf × (stored energy in the cavity/power loss) [13]. The radiation loss corresponds to radiation from the cavity’s sides to free space due to the imperfect horizontal modal confinement of index-guiding. Mirror loss originates from energy loss tunneling through the cutoff frequency mirrors of the narrow waveguides, which have a finite length. In addition, metallic absorption loss results from intrinsic ohmic loss in the silver strips. We were able to obtain Qtot, Qrad, Qm, and Qabs by directly calculating the respective losses because the Q factors were inversely proportional to each loss, the total cavity loss, radiation loss, mirror loss, and absorption loss.



We calculated each Q factor as follows. Qtotal was obtained from the time decay of the total energy in the cavity. Qabs could be obtained by directly calculating the absorbed energy in the metal. Next, we calculated Qoptical with the equation:    1 /  Q  total   = 1 /  Q  optical   + 1 /  Q  abs     . Radiation loss and mirror loss, which consists of the total optical loss, were estimated by calculating the sums of Poynting vectors into free space and through two mirror waveguides, respectively. Qrad and Qm were obtained by the ratio of the sums of Poynting vectors and the following equation,    1 /  Q  optical   = 1 /  Q  rad   + 1 /  Q m    .



Table 1 shows the Q factors of the three cavities. The Q factors for the three different cutoff frequency-modulated cavities (i.e., width-/index-/gap-modulated cavities) were similar and showed only slight differences. Therefore, by analyzing one of the three cavities, the loss properties of all three cavities could be understood. For example, in the case of a width-modulated cavity, the total Q factors (Qtotal) of the fundamental and the second-order cavity modes were 45.5 and 63.2, respectively. Qm, which is inversely proportional to the mirror loss, was three orders of magnitude larger than the other Q factors when Lm = 1000 nm; therefore, tunneling loss through the cutoff frequency mirror was negligible. Qabs, which is related to the absorption loss (i.e., the dominant loss of the cavities), was between 80 and 90, regardless of the fundamental/second-order cavity modes of the cavities. Additionally, the radiation loss was comparable with the absorption loss. For example, Qrad of the width-modulated cavity was 101 for the fundamental cavity mode and 260 for the second-order cavity mode. Since radiation into free space is difficult to collect (because of its large divergence from 10 nanometer-scale light confinement), it is desirable to minimize this type of loss for practical application of the proposed MIM cavity. Because radiation from the two oppositely-phased Ez intensity antinodes of the second-order mode along the intensity node direction into free space was strongly suppressed by multipole cancellation [26], Qrad of the second-order cavity mode became larger than that of the fundamental cavity mode, increasing Qtotal. On the other hand, the calculated propagation length was 4.8 μm and the reported value was ~5 μm in a similar MIM waveguide [14], which is at least an order of magnitude larger than the proposed cavity size.





5. Conclusions


In summary, we proposed new plasmonic cavities based on modulating the cutoff frequency of MIM first-order waveguide modes. The first-order waveguide mode has a cutoff frequency that depends on the waveguide width, refractive index, and gap size of the dielectric layer. Light (with a wavelength of 1550 nm) can be confined in a cavity region with a deep subwavelength physical volume (0.00013 λ03~0.00055 λ03) in cavities that are modulated by changing the width, index, and gap size. The second-order cavity mode shows higher Q factors than the fundamental cavity mode because radiation along the intensity node is suppressed by multipole cancellation.



The proposed ultrasmall cavity is a good candidate for low-threshold lasers [27], ultrafast optical switches [28], and as the light source for quantum optics [6] due to its extremely small mode size of 1/10,000 λ03. In addition, its waveguide-based design allows for efficient light coupling with integrated detectors [29] or other photonic devices [8,30,31,32]. The light coupling can be achieved by using a tapered coupler from a dielectric waveguide [33] or a dielectric air slot waveguide [34]. The cutoff frequency mechanism can be widely applied to build efficient and strong mirror waveguides for various optical components operating at any wavelengths. Since the mirrors of the proposed cavity have adjustable reflectivity, unidirectional emission can be easily achievable. Usually, although the control of directionality is highly demanded for an efficient light source in quantum optics and photonic circuits, it is extremely difficult to control the directionality in the deep subwavelength cavity. The cavity mode can be directly excited by the odd waveguide mode from the dielectric waveguide with an external light source or internal light emitter such as quantum dots. The continuation of this study will involve modulating the nanocavity width, dielectric index, dielectric thickness, and structure to miniaturize key optical devices into deep subwavelength-scaled ones in integrated devices and nano-emitters.
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Figure 1. (a) Schematic of a metal-insulator-metal (MIM) waveguide consisting of two silver strips and a low-index dielectric layer. The variables w, h, and t represent the waveguide width, the thickness of the silver strip, and the thickness of the dielectric layer, respectively; (b,c) Top and side views of the Ez electric field profiles of the fundamental and first-order waveguide modes with a wavelength of 1550 nm, w = 240 nm, h = 100 nm, and t = 10 nm. The top view (left) is obtained in the center of the dielectric layer and the side view (right) is obtained along the solid line of the top view; (d) Dispersion curves of fundamental (black) and first-order (red) waveguide modes, respectively. The yellow box indicates the mode gap region for the odd waveguide mode. Light line is indicated by blue line. 
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Figure 2. (a) Schematic of a cavity consisting of a broad waveguide (w = 240 nm) and two narrow mirror waveguides (w = 120 nm). Here, h = 100 nm, t = 10 nm, Lm = 1000 nm, and the cavity length is Lc; (b) Dispersion curves of first-order waveguide modes for waveguide widths of w = 240 nm (black) and w = 120 nm (red); their cutoff frequencies (cutoff wavelengths) are 2πf = 1059 THz (1779 nm) and 1945 THz (968 nm), respectively. The horizontal blue line indicates a frequency (wavelength) of 1215 THz (1550 nm). The light line is indicated by the blue line; (c) Cutoff frequency of the first-order waveguide mode along the x-axis for the cavity in (d). The allowed and forbidden regions are indicated by white and yellow colors, respectively. The allowed frequency region for the first-order waveguide mode is spatially changed by modulating the waveguide width; (d,e) Top and side views of the electric field profiles of the fundamental (Lc = 210 nm) and second-order (Lc = 770 nm) cavity modes, respectively. The solid lines indicate the cross-sections of the side views. 
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Figure 3. (a) Schematic of a cavity consisting of a cavity region (n = 1.5, green color) and two mirror waveguides (n = 1.0). Here, w = 240 nm, h = 100 nm, t = 10 nm, Lm = 1000 nm, and the cavity length is Lc; (b) Dispersion curves of first-order waveguide modes for dielectric materials (between the silver strips) with different refractive indices of n = 1.5 (blue) and n = 1.0 (red). The cutoff frequencies (wavelengths) are 2πf = 1059 THz (1779 nm) and 1493 THz (1261 nm), respectively. The horizontal blue line indicates a frequency of 1215 THz (1550 nm). The light line is indicated by the blue line; (c,d) Top and side views of the electric field profiles of fundamental (Lc = 300 nm) and second-order (Lc = 850 nm) cavity modes. 
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Figure 4. (a) Schematic of a cavity consisting of a cavity waveguide (t = 10 nm) and two mirror waveguides (t = 30 nm). The gap size between the two silver strips is modulated. In the gap, a low-index dielectric layer (n = 1.5) is assumed. Here, w = 240 nm, Lm = 1000 nm, and the heights of the cavity and mirror waveguide silver strips are 100 nm and 80 nm, respectively. The cavity waveguide length is Lc; (b) Dispersion curves of the first-order waveguide modes for t = 10 nm (blue) and t = 30 nm (red). The cutoff frequencies (wavelengths) are 2πf = 1059 THz (1779 nm) and 1945 THz (1414 nm). The light line is indicated by the blue line; (c,d) Top and side views of the electric field profiles of the fundamental (Lc = 220 nm) and second-order (Lc = 780 nm) cavity modes. 
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Table 1. Quality factors of the three cavities.







Table 1. Quality factors of the three cavities.







	
Cavity Type

	
Fundamental Mode

	
Second Order Mode




	
Qtotal

	
Qrad

	
Qabs

	
Qm

	
Qtotal

	
Qrad

	
Qabs

	
Qm






	
Width-modulated cavity (Figure 2)

	
45.5

	
101

	
82.8

	
9.05 × 105

	
63.2

	
260

	
83.6

	
1.81 × 106




	
Index-modulated cavity (Figure 3)

	
38.6

	
71.7

	
83.7

	
9.68 × 104

	
56.8

	
175

	
84.2

	
1.71 × 105




	
Gap-modulated cavity (Figure 4)

	
37.3

	
64.0

	
89.7

	
1.42 × 104

	
56.6

	
164

	
86.6

	
2.82 × 104
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