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Abstract

:

We propose a new type of refractive index sensing based on the transverse magnetic (TM) modes in the photonic crystal (PhC) nanobeam (NB) cavity with a horizontal air gap. The electric field of the resonant TM mode is strongly confined within the horizontal air gap present at the PhC NB cavity. In order to increase the quality (Q) factor and the sensitivity (S) of the refractive index change in the air simultaneously, the cavity structure is fully optimized. Because of the trade-off between the Q-factor and S of the TM mode in the PhC NB cavity with an air gap, there is an optimal thickness of the air gap in the dielectric slot. From the numerical simulation results, S can exceed 1000 nm/RIU with Q > 40,000. When the dielectric slot becomes thin, S could be higher than 1200 nm/RIU. For practical applications, we suggest an Si-based PhC NB cavity with a horizontal SiO2 slot structure which can also provide high S with a high Q-factor after a very fine selective wet etching process. This new type of TM resonant mode in the PhC NB cavity can be an ideal platform for compact sensors in photonic integrated circuits for TM waveguide systems.
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1. Introduction


Photonic crystals (PhCs) have been widely studied for their ability to prohibit light propagation due to their photonic bandgap (PBG) [1,2]. In particular, PhC cavity structures have attracted many researchers due to their small modal volume (V) and high quality (Q) factor with help of the rapid development of nanotechnology processes such as lithography and dry etching [3,4,5]. One of the possible applications of PhC cavity structures is optical sensing based on wavelength shift due to environmental changes such as pH changes, chemical changes, and strain changes [6,7,8].



Recently, PhC nanobeam (NB) structures have been proposed as new types of optical integrated circuits because of structural simplicity to achieve an ultrahigh Q/V ratio and direct coupling to optical waveguides [9,10,11]. Furthermore, PhC NB cavity structures are ideally suitable for ultrasensitive optical sensing with an extremely small footprint because of the deterministic wavelength-scale design [12,13]. Moreover, nanometer-wide air gap geometry surrounded by a high-index region was proposed to enhance and confine the light [14]. As the electric field could be tightly concentrated in the air void by large discontinuity at the high-index-contrast interfaces, the Q/V ratio and optical sensitivity of the resonant mode in PhC cavity structures with an air gap could increase dramatically [15,16]. However, by introducing the air gap geometry in the PhC cavity, the Q-factor decreased due to a high scattering loss. Consequently, the deterministic PhC NB cavity with an air gap was proposed to achieve a high coupling efficiency to the waveguide with a high Q factor [17,18]. The Q-factor of the resonant cavity mode in PhC NB structures could be increased easily by adding more air holes outside the cavity region to reduce the loss along the waveguide.



It was also reported that the light could be localized strongly with low index materials in a horizontal slot region [19]. In particular, the scattering loss in the horizontal slot region is smaller than that in the vertical slot due to the smooth interface formed by the simple selective wet etching or oxidation process. Additionally, the horizontal air gap can be made ultrathin by controlling the deposition process, which can enhance the light−matter interaction [20,21]. However, the light localization in the horizontal slot is found in the transverse magnetic (TM) mode among the guided modes in the slab where there is no PBG [19,20]. In contrast, the PhC NB structure can have the PBG in both transverse electric (TE) and TM modes [22]. There are several reports related to the horizontally slotted PhC NB cavity; however, there was no systematical investigation of PhC NB cavities for gas sensing [23,24]. In this paper, we numerically investigate the TM mode in a PhC NB cavity with a horizontal air gap from the origin of the PBG to the whole transmission response by the three-dimensional (3-D) plane wave expansion method and the finite-difference time-domain (FDTD) method. Because of the intrinsic trade-off between the Q-factor and the sensitivity of the TM mode in the PhC NB cavity with an air gap, there is an optimal thickness of the air gap in the dielectric slot. The optimized PhC NB cavity is ultrasensitive to a refractive index change of approximately 1020 nm/RIU with Q > 40,000. When the dielectric slot becomes thin, the sensitivity can exceed 1200 nm/RIU. For practical applications, we suggest and Si-based PhC NB cavity with a horizontal SiO2 slot structure. After the very fine selective etching of SiO2, the PhC NB cavity with the remaining SiO2 can be mechanically stable and provide high sensitivity with a high Q-factor. The PhC NB cavity with the horizontal air gap can be considered promising for label-free compact optical sensors in photonic integrated circuits for TM waveguide systems.




2. Methods and Materials


2.1. Photonic Band Structure of TM Modes in PhC NB Structure with a Horizontal Air Gap


Firstly, the photonic band diagram of the TM mode in the PhC NB structure with a horizontal air gap was numerically calculated using the plane wave expansion method [25]. In this study, a free-standing silicon (n(Si) = 3.4) waveguide was used because it exhibited no optical absorption and a high refractive index of Si at the telecommunication wavelength, 1.55 μm. The upper inset of Figure 1a shows the schematic of the PhC NB structure in which the circular holes were perforated periodically. To carry out the simulation, the width (w), thickness (t), and air gap (tg) of the Si waveguide were set as 0.95a, 1.2a, and 0.15a, respectively, where a is the lattice constant of the air holes. Figure 1a shows the photonic band diagram of the TM modes with r/a = 0.45 (the solid lines) and r/a = 0.40 (the dashed lines). The solid and dashed red lines indicate the first TM photonic bands at r/a = 0.45 and r/a = 0.40, respectively. As shown in the lower inset of Figure 1a, the first TM mode corresponds to the air gap mode because of the strongly localized electric field distribution at the air region. It can be observed that the normalized frequency of the first TM mode with r/a = 0.45 at the band edge (wavevector, k = π/a) is in the PBG of the TM mode with r/a = 0.40.



To confine the light in the cavity of PhCs, the resonant frequency of the cavity mode should lie inside the frequency range of the PBG. Figure 1b shows the frequencies of the band edge modes as a function of r/a. It can be observed that the frequencies of the TM band edge modes decrease as r/a increases. Therefore, to confine the light using the air gap mode, the surrounded air hole should be smaller than the air hole in the cavity region. In this paper, we used r/a = 0.45 at the center of the PhC NB cavity which was surrounded by air holes with r/a = 0.405 as the PBG mirror.




2.2. Optimization of Waveguide Geometry of PhC NB Cavity Structure with a Horizontal Air Gap


The PhC NB cavity with the horizontal air gap was designed for optimal refractive index sensing using the FDTD method. Figure 2a shows the schematics of the proposed PhC NB cavity structure with a horizontal air gap. According to the previous photonic band calculation, the radius of the air hole, r0, at the center is set as 0.45a. The radius of the surrounded air hole is gradually reduced to rbm, which represents the air holes acting as a PBG mirror for the cavity mode. In this simulation, three air holes with radius rbm are used as a PBG mirror at each waveguide end. It is worth noting that in order to achieve a high Q-factor and sensitivity simultaneously, the radius of the air holes is reduced in a quadratic manner because the dispersion curve of the air gap mode is parabolic, as discussed later in detail [9]. The radius of the i-th air hole from the center is set as:


ri = r0 – i2Δr/m2



(1)




where m is the total number of gradually reduced air holes. Here, m = 9 and the variation in the size of air holes, Δr (=r0 − rbm), is set as 0.10 r0. All other structural parameters are the same as the previous band diagram calculation. Figure 2b shows the cut-views of the electric field distribution, Ez, of the air gap cavity mode along the center plane of the air gap when the width and thickness of the air gap are w = 0.95a and tg = 0.15a, respectively. According to the x–z cut-view, the electric field of the cavity mode is strongly confined in the air gap region, which makes very sensitized to the refractive index change to the environment.



For practical applications of optical sensing, it is necessary to achieve not only high sensitivity but also a high Q-factor. In the first optimization step, we investigated the effect of the width of the Si waveguide on both sensitivity and Q-factor. The sensitivity, S, was defined as follows:


S = Δλres/Δn



(2)




where Δλres is the peak wavelength shift of the cavity mode due to the refractive index change of the environment, Δn. Here, we set the range of the refractive index change as 1.000 to 1.001 considering the gas sensing. Figure 2c shows the Q-factor and S as functions of the width of the Si waveguide. As the width of the waveguide increases, both the Q-factor and S decrease. The reduction of S and the Q-factor at greater widths is caused by an increase in the electric field in the dielectrics and an increase in waveguide loss, respectively. In contrast, as the thickness of the air gap increases, the Q-factor decreases but S increases. The enhancement of S and reduction of the Q-factor is caused by the increase in the air portion and the weak PBG effect, respectively. So, there is a trade-off in order to obtain both a high Q-factor and S. Here, we set t and tg as 1.2a and 0.15a, respectively.



In the second optimization step for a high Q-factor and S, we investigated the modulation function to reduce air holes from the center to the mirror holes in the PhC NB cavity. Figure 3a shows the Q-factor and S of the air gap cavity mode as a function of the variation of air holes. Here, we employed three different modulation functions; linear, quadratic, and cubic functions. The cavity mode of cubic modulation has a slightly higher S than that of quadratic modulation because the air hole near the center is slightly larger. However, the Q-factor of the cavity mode of quadratic modulation is 8% higher than that of cubic modulation due to a relatively strong PBG effect. Next, we optimized the variation of the air hole to achieve the maximal Q-factor. Figure 3b shows the Q-factor and S as functions of the variation in the size of air holes. Q achieved a maximum value of approximately 970 at Δr = 0.12r0, which is limited by the waveguide loss. To understand the optimal condition of waveguide loss, mirror strength (γ), as shown in the inset graph of Figure 3b, was calculated using the following equation [10,18]:


γ = [(ω2 − ω1)2/(ω2 + ω1)2 – (ωres – ω0)2/ ω02]1/2



(3)




where ω1 and ω2 are the frequencies of the first band edge mode and third band edge mode, respectively, in the PhC NB structure with rbm obtained from Figure 1b. ω0 and ωres are the mid-gap frequency (= (ω2 + ω1)/2) and resonant frequency of the air gap cavity mode, respectively, calculated using the FDTD method. According to the mirror strength, the strongest PBG effect is observed around Δr/r0 = 0.1, and therefore, the waveguide loss is minimized. Even though the PBG effect is maximized, the Q-factor is less than 1000, which is not enough for gas sensing. Fortunately, the PBG effect can be strengthened by simply adding mirror air holes. To examine this, we investigated the changes in the Q-factor and S as the number of mirror holes increased. For the quantitative analysis and maximization of the Q-factor and S of the air gap cavity mode, we investigated the loss mechanism. As mentioned earlier, the material loss was ignored because Si is a lossless material at a wavelength of 1.55 μm. Therefore, the total loss, αtot, is caused by the leakage of light, which can be expressed as αtot = αx + αy + αz where αi indicates the optical loss along i-axis (the axis direction is shown in Figure 2a). If this equation is re-expressed in terms of the Q-factor, then


1/Qtot = 1/Qx + 1/Qy + 1/Qz



(4)




From the simulation, all the Q-factors were obtained by carrying out Poynting flux calculations. Figure 3c shows that adding more mirror holes reduces the waveguide loss. From these results, we could simultaneously obtain a very high sensitivity (~1020) and a high Q-factor (>40,000) from the TM cavity mode in an optimized PhC NB with an air gap.



As shown in Figure 2d, there is trade-off between the Q-factor and S in the air gap cavity mode in the PhC NB cavity with the horizontal air gap, because a thick horizontal air gap increases the optical sensitivity but decreases the light confinement. Therefore, there is an optimal condition for both a high Q-factor and sensitivity. For the practical design of the optical sensor, we numerically investigated the Q-factor and S of the air gap cavity mode with various thicknesses of the Si waveguide and horizontal air gaps. Figure 4a shows Q-factors of the air gap cavity mode as functions of the thickness of the air gap with various thicknesses of the Si waveguide. According to these results, the Q-factor increases when the horizontal air gap becomes thin and the Si waveguide becomes thick, which is caused by a strong PBG effect from the high index contrast. However, the value of S of the air gap cavity mode shows exactly the opposite behavior compared with the Q-factor owing to the increase in the air portion (See Figure 4b). In particular, S can exceed 1200 nm/RIU when the air portion increases even though the Q-factor becomes low. For the evaluation of the optical sensing performance, the figure of merit (FOM) was defined as follows [26]:


FOM = S · Q/λres



(5)




where λres is the resonant wavelength. Figure 4c shows the FOM of the air gap cavity mode as a function of thickness of the air gap with various thicknesses of the Si waveguide. Because the Q-factor increases exponentially with decreasing tg, the FOM shows a similar behavior to that of the Q-factor. For the best performance of the optical sensor, the Q-factor should be balanced with S. Therefore, the PhC NB cavity structures with different thicknesses of the Si waveguide have different optimal thicknesses of the air gap, as marked with circles in Figure 4c, which have similar a Q-factor (~1000) and S (~1000 nm/RIU), simultaneously. It is worth noting that by simply increasing the number of mirror holes, the Q-factor could be exponentially increased; therefore, the optimal thickness of the air gap is also changed.





3. Discussion


In practical applications, it may not be easy to fabricate the air gap using a selective wet etching process due to the capillary-force action [20,21]. Therefore, a few parts of the sacrificial layer should be carefully left to avoid the collapse of the dielectric slots by controlling the etching conditions [27]. We studied the effect of the remaining sacrificial layer on optical loss and S when the horizontal etching depth was varied. In the simulation, we used the optimized PhC NB cavity with three mirror holes as shown in Figure 3b. Here, we assume that the etching speed from the sidewall is isotropic. The inset of Figure 5a shows the horizontal cut-view of the sacrificial layer (SiO2) at the center of the PhC NB cavity structure. The black and gray areas indicate the remaining SiO2 layer and the air, respectively. The white lines indicate the outline of the Si dielectric slot. When the etching depth exceeds 0.15a, SiO2 at the cavity region is completely removed. Therefore, from the simulation results, both the Q-factor and S are almost constant when the etching depth is over 0.15a. However, if the etching depth is less than 0.15a, S decreases suddenly, which is caused by the reduction of the electric field in the environment. When the air switches to SiO2, the mirror strength increases due to the red-shift of the TM band edge modes. Consequently, the waveguide loss decreases and the Q-factor increases. In consideration of mechanical stability and easy fabrication, the PhC NB cavity with a SiO2 layer after fine selective etching (depth < 0.05a) is a good candidate for practical applications of gas sensing because of the high Q (> 5000) and S (> 800).



Finally, we studied the transmission spectra in an Si/air/Si TM waveguide system with the optimized air-slot cavity structure. In the simulation, the total number of mirror holes was set as five in order to save computational time. Figure 5b shows the transmission spectra of the PhC NB cavity with different refractive indices of the environment. The sharp peak observed near 1550 nm corresponds to the TM air gap cavity mode with a = 585 nm. Below 1550 nm, the transmitted intensity is zero owing to the PBG effect. However, modulated peaks are observed beyond 1600 nm. These are the higher order TM air gap cavity modes in the PhC NB cavity. According to the magnified spectra shown in the inset of Figure 5b, the Q-factor and S of the air gap cavity mode are 4000 and 1000 nm/RIU, respectively. We believe that this high value of Q and ultrasensitive PhC NB TM waveguide system with very small dimensions (~14 × 0.5 × 0.8 μm3) can be considered promising for compact optical sensors in photonic integrated circuits composed of TM waveguide structures with low index slots filled with dielectric gain media or non-linear materials [19]. In particular, this proposed system is based on the TM guided mode, and therefore can serve as an excellent surface plasmon coupling system with a certain resonance wavelength.




4. Conclusions


We numerically investigated a new type of ultrahigh sensitive optical sensor based on the TM mode in a PhC NB cavity structure with a horizontal air gap. The electric field of the resonant TM mode is strongly confined in the horizontal air gap at the center of the dielectric slots of the PhC NB cavity. There is an optimal thickness of the air gap in the dielectric slot because of the trade-off between the Q-factor and S of the TM mode in the PhC NB cavity with an air gap. By optimizing the PhC NB cavity, the maximum sensitivity achieved was over 1000 nm/RIU with Q > 40,000. When the dielectric slot becomes thin, the sensitivity could be further increased to over 1200 nm/RIU. For practical applications, a Si-based PhC NB cavity with a horizontal SiO2 slot structure was proposed, which was found to be mechanically stable after the fine selective etching of SiO2 and maintained high sensitivity with a high Q-factor. This new type of TM resonant mode in PhC NB cavity could be an ideal platform for compact sensors in photonic integrated circuits for TM waveguide systems.
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Figure 1. (a) Photonic band diagram of the transverse magnetic (TM) modes at the photonic crystals (PhC) nanobeam (NB) with a horizontal air gap. The solid (or dashed) lines correspond to the radius of the air hole at r/a = 0.45 (or 0.40). The left insets show the top and side views of the PhC NB with the air gap. The right insets are the cut-views of the electric field distribution of the first TM mode and the air gap mode at the band edge marked with the red circle. (b) Normalized frequencies of the TM band edge mode as a function of the radius of air holes. The red line is the band edge frequency of the air gap mode. 
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Figure 2. Optimization of the waveguide structure of a PhC NB cavity for refractive index sensing. (a) Schematics of the PhC NB cavity structure with a horizontal air gap; (b) x–y and x–z cut-views of Ez field distribution of the air gap cavity mode when width w = 0.95 a, thickness of air gap tg = 0.15 a, and size variation of air holes Δr/r0 = 0.10; Q-factor (black square) and sensitivity S (nm/RIU) (blue circle) as a function of (c) width (w) of the PhC NB and (d) thickness (tg) of the air gap. 
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Figure 3. Characteristics of the air gap cavity mode in a PhC NB cavity with a horizontal air gap. (a) Q-factor and S as functions of the variation in the size of air holes with different modulation functions to reduce the air holes from the center to the mirror. In the simulation, w = 0.95a, t = 1.2a, tg = 0.15a, and r0 = 0.45a. (b) Fine optimization of variations in the size of air holes. The inset indicates the mirror strength as a function of variations in the size of air holes. (c) Q-factor and S as functions of the number of mirror holes. In the simulation, all other structural parameters are the same as those in (b) except Δr/r0 = 0.12. 
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Figure 4. Characteristics of the air gap cavity mode in a PhC NB cavity with various thicknesses (t) of the Si waveguide. (a) Q-factor, (b) S, and (c) figure of merit (FOM) as functions of the thickness of the horizontal air gap (tg). In the simulation, the number of mirror holes is three, w = 0.95a, r0 = 0.45a, and Δr/r0 = 0.10. The circles in (c) indicate that the optimal conditions of each Si waveguide have a similar Q-factor (~1000) and S (~1000 nm/RIU). 
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Figure 5. (a) The effect of the remaining sacrificial layer on the Q-factor and S of the air gap mode in the PhC NB cavity as a function of etching depth. The inset shows a horizontal cut-view of the structure with different etching depths. Optimization of the waveguide structure of the PhC NB cavity for refractive index sensing. (b) Transmitted spectra of the PhC NB cavity with different background refractive indices. The inset graph shows the magnified spectra around the resonant wavelength of the air gap mode. 
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