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            Abstract
          
        

        
          The effect of the specifications of a silicon-on-insulator vertical slot optical waveguide on the sensitivity of homogeneous and surface sensing configurations for TE and TM polarization, respectively, was systematically analyzed using numerical software. The specifications were optimized based on the confinement factor and transmission power of the TE-guided mode distributed in the slot. The waveguide sensitivities of homogeneous and surface sensing were calculated according to the specifications of the optimized slot optical waveguide.
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      1. INTRODUCTION
      Over the past 20 years, integrated-optical biochemical sensors have been recognized as excellent tools for detecting analytes in biochemical, health and environmental applications, and many studies have been conducted. Integrated-optical sensors can monitor analytes by utilizing various physical parameters such as intensity, wavelength, phase, and polarization of light waves as a conversion medium, and have unique features such as remote sensing, multisensing, and robustness to electromagnetic interference. Furthermore, a variety of well-developed passive and active optically integrated components can be utilized in sensors [1-3].

      Biochemical sensors based on light waves are largely divided into label-based and label-free sensors. For the former, the presence of a specific molecule can be measured as a quantified value by detecting a target molecule or a bio-recognizable molecule through a fluorescence or light absorption marker. However, it requires complex liquid handling, labeling processes, relatively long analysis times, bulky measuring equipment, and skilled professionals. On the other hand, if integrated optic waveguide devices are utilized, various label-free sensors can be effectively implemented. For label-free biochemical sensors, the concentration change of a chemical analyte to be sensed affects the effective refractive index of the propagating modes, which is measured in different ways, according to the sensor architecture. The effective index change is produced either by a change in the cover medium refractive index in the process called “homogeneous sensing,” as shown in Fig. 1(a) or by a change in the thickness of an ultra-thin layer of receptor molecules that are immobilized on a waveguide surface in a process called “surfacing sensing,” as shown in Fig. 1(b). As the label-free sensing method can be used to monitor the refractive index of a target molecule in real time, it has been employed in biochemical sensors that can be used at the point of care, such as those that detect DNA sequenced by hybridization and antigen-antibody reactions, and for measuring pollutant concentrations in water. Considerable research has been conducted on label-free sensing [4,5].

      
        
        

        Fig. 1. 
				
        

        
          Two biosensor schematics showing the concept of an evanescent wave in an integrated-optical waveguide for (a) homogeneous (bulk) sensing and (b) surface sensing.
        
        

        

      

      Integrated-optical sensors based on channel optical waveguides has important advantages over bulk optical devices and optical fiber-based sensors. Because the channel optical waveguide uses standard photolithography fabrication technology, it is low cost and easy to manufacture, thus, mass production is possible. Furthermore, multiple optical waveguide-based sensors can be integrated on a single chip so that multiple analytes can be detected simultaneously. Moreover, it is possible to use well-established microelectronics fabrication processes (i.e., CMOS technology) to fabricate the sensors which can be integrated with electronic C-MOS chip modules, thus miniaturizing the sensor to the chip level [6,7].

      Most silicon-based integrated optical biosensors have been implemented in various forms using ridge-or rib-optical waveguides utilizing high-index contrast material systems such as Si/SiO2 or Si3N4/SiO2. [8,9] Although the optical waveguides manufactured in this way strongly confine most of the light waves to the core of a high-refractive-index material (i.e., core) surrounded by a low-refractive-index material (i.e., cladding) by total internal reflection (TIR), some light waves called evanescent wave also exist in the cladding area. Therefore, when the cladding area where a weak evanescent wave exists is composed of a biochemical analyte, the effective refractive index of the fundamental mode, which has a lot of influence on the intensity, phase, and polarization of a light wave, is affected by the evanescent wave; however, because the evanescent wave itself is very weak, it is difficult to expect a large degree of sensitivity.

      After Almeida et al. proposed a slot optical waveguide structure in 2004, considerable amount of research using it for biochemical sensors has been conducted with high interest for the past 15 years. [10-13] In the case of slot optical waveguides, a high proportion of the fundamental mode propagates through the low-refractive-index slot region between the two high-refractive-index rails. In other words, from a quantitative point of view, a significant portion of the mode exists in the slot owing to the continuity boundary condition of the electric field at the rail-slot interface. Therefore, when the slot is filled with a biochemical analyte with a smaller refractive index than the rail, a stronger interaction occurs with the fundamental mode propagating through the slot, and excellent sensing characteristics can be expected. The slot optical waveguide is divided into vertical slot [14] and horizontal slot [15] optical waveguide structures; furthermore, vertical and horizontal slot optical waveguides are modified into ridge-slot [16] and loaded-slot [17] structures.

      Various optical integrated devices have been fabricated and studied using slotted optical waveguides, such as micro-ring resonators [18,19], optical modulators [20,21], electrically pumped light emitting devices [22], directional couplers [23], all-optical logic gates [24], and beam splitters [25]. Moreover, various numerical method-based modal analyses devoted to studying the influence of slot waveguide geometric parameters on the optical power fraction confined in the slot region have also been carried out [26,27].

      Therefore, in this study, the effect of the specifications of the vertical slot optical waveguide (i.e., the width of the slot, and the width and height of the rail) on the field distribution and intensity of the fundamental TE or TM mode was systematically examined through the value of the confinement factor and transmission power. The specifications of the optimized slot optical waveguide structure were derived, and then the sensing capability (waveguide sensitivity) based on the optimized specification was examined for homogeneous and surface sensing [28]. In Chapter 2, the TE and TM modal analytical expressions are theoretically examined by applying the Maxwell wave equation to the vertical-slot optical waveguide. In Chapter 3, the effects of the specifications of the vertical-slot optical waveguide on the modal distribution and transmission power was systematically simulated using the FIMMWAVE and FIMMPROP software of Photon Design [29, 30]. In Chapter 4, with a focus on optimized specifications, the waveguide sensitivities for homogeneous and surface sensing were evaluated based on the changes in the effective refractive indices of the fundamental TE and TM modes due to changes in the specific ranges of the refractive indices and thicknesses of the receptor of various analytes (water, isopropanol, ethylene glycol, and sodium chloride). The conclusions are presented in Chapter 5.

    

    

  
    
      2. MODAL ANALYSIS OF THE VERTICAL SLOT OPTICAL WAVEGUIDE
      Fig. 2 show a two-dimensional cross-section of a slot optical waveguide composed of rails satisfying the nH> nS condition on both sides of the slot with a refractive index nS. The phenomenon in which the TE and TM modal fields of the light wave in the slot area are more distributed than those in the rail area, and are guided along the slot is analyzed by Maxwell's wave equations, Eq. (1), and the boundary conditions in Eq. (2) and Eq. (3) as shown below, to ensure that the mode field is continuous at the two boundaries to induce transverse electric (TE) mode, Ey(x) and transverse magnetic (TM) mode, Ex(x). By utilizing the field distribution of the induced mode, the ratio of the mode distributed in the slot is quantitatively evaluated by a confinement factor. Descriptions of the development of equations related to mode derivation can be found in many papers; therefore, formula development has been described implicitly in this paper [31-33]. Since the field distribution of the mode in the slot and rail region varies depending on whether the distribution profile is a hyperbolic-cosine or hyperbolic-sine function, the mathematical expressions of the field distribution are interpreted as follows under the following assumption: nH > nC > nS ;
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        Fig. 2. 
				
        

        
          Cross-section of a vertical slot optical waveguide for the analysis of optical mode.
        
        

        

      

      The boundary conditions (2) and (3) for the TE and TM modes, respectively, are as follows:
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      Therefore, the general TE and TM mode field distributions that satisfy Eqs. (1), and the propagation constants defined in each region of the slot, rail, and clad are expressed as follows:
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      When the TE and TM mode boundary conditions (2) and (3) are applied to Eqs. (5), the TE and TM mode distributions in the form of hyperbolic-cosines are derived as shown in Eq. (6) and (7), respectively [22].
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      On the other hand, if the field distribution is assumed to be hyperbolic-sine and the boundary conditions (2) and (3) are applied to Eq. (5), then, the TE and TM mode distributions, as shown in Eq. (8) and (9), respectively, can be obtained [28].
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      Therefore, when the rail refractive index (nH) is greater than the slot refractive index (nS), it can be confirmed that the field distribution of the mode in the slot is significantly larger based on the relationship | ES / EH | = (nH /nS)2. In addition, because the slot width is similar to the attenuation length of the field, the strength of the mode field in the slot is relatively high throughout the slot.

    

    

  
    
      3. OPTIMIZATION OF THE SLOT OPTICAL WAVEGUIDE
      In order to apply the slotted optical waveguide to a biochemical sensor, a large field distribution of the fundamental mode in the slot area is needed, as it will have a great effect on the optical properties of the analyte, improving sensitivity. Therefore, it is important to determine the specifications of the slot optical waveguide so that a large portion of the field of the fundamental mode can be transmitted through the slot within the refractive index range of the analyte. The Effect of slot width, rail thickness, and height on the field distribution formed in the slot was systematically examined through the confinement factor and transmission power of the TE mode by numerical analysis using the FIMMWAVE and FIMMPROP software [29,30]. The optimization of slot waveguide specifications was carried out mainly in TE mode because the TE mode is significantly more sensitive to the medium refractive index change than the TM mode, according to data reported in the references.

      
        3.1 Investigation of the Modal Confinement Factor
        In the optical waveguide structure as shown in Fig. 3, the analytes filled in the slot were assumed to be H20 (ns = 1.31), isopropanol (ns = 1.377), ethylene glycol (ns = 1.505), and sodium chloride (ns = 1.5443), and then computational analysis was performed. First, the width and height of the rail were set to 200 nm and 320 nm, respectively, and the ratio of the fundamental mode distributed to the slot was examined through a confinement factor defined by Eq. (10) while increasing the width of the slot from 40 nm to 200 nm.
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          Fig. 3. 
				
          

          
            Cross-sectional schematic of the vertical slot optical waveguide for computational analysis.
          
          

          

        

        Fig. 4(a) shows the tendency of the overall confinement factor to increases as the slot width increases and then decrease after a certain maximum value. In the case of H2O and isopropanol, the confinement factor at a slot width of approximate 60 nm shows a high value of about 0.58 or more, and then decreases rapidly. On the other hand, ethylene glycol and sodium-chloride show a flat maximum value for widths in the range of 100 to 120 nm and then gradually decrease. As can be seen in Fig. 4(a), the confinement factor decreases after the maximum values because the width of the slot widens, as a result, a small portion of the incident light wave begins to be transmitted through the rail acting as an SOI optical waveguide rather than a slot. Furthermore, as the width of the slot increases, the effective refractive index of the fundamental mode decreases, as shown in Fig. 4(b), because a large portion of light is confined within the slot, which has a low refractive index.

        
          
          

          Fig. 4. 
				
          

          
            Change in the (a) confinement factor and (b) effective refractive index of TE mode in the slot region with an increase in the slot width for various analytes (rail width = 200 nm; rail height = 320 nm).
          
          

          

        

        To examine the effect of the rail width on the confinement factor, the slot width and height were set to 120 nm and 320 nm, respectively, the rail width was gradually increased within the range of 140 to 240 nm, and the confinement factor was calculated for the aforementioned analytes. As shown in Fig. 5, as the rail width increases, the confinement factor tends to increase until the rail width is 180-210 nm. Until the rail width reaches the appropriate width, it cannot sufficiently serve as the strip optical waveguide, and then, from the amount of light confined to the slot, the amount of light that escapes to the rail is small. Therefore, the confinement factor increases. On the other hand, when the rail width is increased beyond the optimal width and the rail itself begins to act as a strip optical waveguide, the confinement factor starts to decrease again because the light waves confined to the slot can be transmitted through the rail.

        
          
          

          Fig. 5. 
				
          

          
            Change in the confinement factor of the TE mode in slot region with an increase in the rail width for various analytes (slot width = 120 nm; rail height = 320 nm).
          
          

          

        

        In order to examine the effect of the rail height on the light wave confinement factor, the rail and slot widths were set to 200 nm and 120 nm, respectively, the rail height was increased within the range of 240 nm to 360 nm, and the amount of light waves confined to the slot was examined as the confinement factor. Fig. 6 shows that, as the height of the rail increases, the confinement factor increases. This indicates that, the higher the rail height, the more difficult it is for the light waves confined to the slot to escape to the upper cladding region; as a result, the confinement coefficient increases. However, in the manufacturing process of the slotted optical waveguide, it is desirable to determine an appropriate height, given the difficulty of the etching process, its processing time, and its cost. After consulting various references [16-19], a height of approximately 320 nm was estimated as an appropriate height.

        
          
          

          Fig. 6. 
				
          

          
            Change in the confinement factor of the TE mode in the slot region as the rail width is increased for various analytes (slot width = 120 nm; rail width = 200 nm).
          
          

          

        

        Therefore, based on the results of the previous computational analysis, the rail width, rail height, and slot width of the optimized slot optical waveguide in the 1.5 μm wavelength range were set at 200 nm, 320 nm and 120 nm, respectively. Fig. 7 shows the two-dimensional field distribution and the field components corresponding to each direction of the x and y axis for the TE mode Ey(x). As expected, the intensity of the mode field was strongly distributed in the slot, and the confinement factor was calculated to be over about 0.56. In SOI and Si3N4 ridge or rib optical waveguide structures, weak evanescent waves appearing in the upper cladding contribute to sensing; however, in slot optical waveguides, more than 50 % of the fundamental mode field propagates through the slot, and excellent sensing performance can be expected.

        
          
          

          Fig. 7. 
				
          

          
            Calculated two-and one-dimensional mode distributions for the Ey(x, y), Ey(x, 0) and Ey(0, y) of the TE fundamental mode in the slot waveguide.
          
          

          

        

      

      
        3.2 Investigation of the Transmission Power
        Computational analysis of the normalization transmission power of the slot optical waveguide with a 5000 μm channel length was then performed, focusing on the previous-derived optimized specifications. First, the rail width and height were set to 200 nm and 320 nm, respectively, and the result, as shown in Fig. 8, was obtained through transmission power analysis while varying the slot width in the range of 20–180 nm. As the slot width increased, the transmission power increased until it reached the maximum power and then decreased. As the refractive index of the analyte increased, the slot width corresponding to the maximum power tended to increase. Overall, the graph shows a trend very similar to that shown in Fig. 5, which was obtained based on the confinement factor.

        
          
          

          Fig. 8. 
				
          

          
            Change in the normalized transmission power of the TE mode in the slot region with an increase in the slot width for various analytes (rail width = 200 nm; rail height = 320 nm).
          
          

          

        

        In succession, the change in transmission power was analyzed computationally, as shown in Fig. 9, while increasing the rail width for slot widths of 60 nm and 120 nm. The maximum transmission power was obtained at a rail width of approximate 185 nm for both slot widths, which was shorter by approximately 20 nm than the optimized value derived based on the confinement factor, as shown in Fig. 5, but showed a very similar trend overall.

        
          
          

          Fig. 9. 
				
          

          
            Change in the normalized transmission power of the TE mode in the slot region with an increase in the rail width for various analytes and slot widths (a) 60 nm and (b) 120 nm (rail height = 320 nm).
          
          

          

        

        Finally, we set the slot widths to 60 nm and 120 nm and the rail widths to 200 nm, and analyzed the transmission power while increasing the rail height to obtain the results shown in Fig. 10. Regardless of the value of the refractive index of the analytes, the transmission power tended to increase as the rail height increased, and it was confirmed that the increase slowed as the rail width increased. It also showed a very similar trend to that shown in Fig. 6.

        
          
          

          Fig. 10. 
				
          

          
            Change in the normalized transmission power of the TE mode in the slot region with an increase in the rail height for various analytes and slot widths (a) 60 nm and (b) 120 nm (rail width = 200 nm).
          
          

          

        

      

    

    

  
    
      4. EVALUATION OF THE WAVEGUIDE SENSITIVITY
      
        4.1 Waveguide Sensitivity
        Various figures of merit, such as sensitivity, limit of detection, selectivity, reproducibility, stability, and resolution, are widely used to evaluate sensor performance. Among these indicators, the sensitivity of a sensor is one of its most important characteristics. In particular, the sensitivity of an optical waveguide-based sensor consists of the optical waveguide sensitivity (Sw) and the architecture sensitivity (Sa). The former reflects the effect of the change in the analyte refractive index or binding thickness on the variation in the effective refractive index of the mode. The effective refractive index of a waveguide mode is not a directly measurable quantity; therefore, it must be determined from a quantity that can be readily detected. To estimate the effective refractive index, a device with photonic sensing architecture is employed. Such devices can be broadly categorized into two different types: interferometric devices such as Mach-Zehnder interferometers, Young interferometers, and multimode interferometers, and resonant devices such as ring resonators and Fabry-Perot resonators. In devices with interferometric architectures, the variations of effective refractive index are related to optical phase shifts, Δϕ whereas in those with resonant architectures they are related to a resonant wavelength changes, Δλ.

        In evanescent field sensors, the waveguide sensitivity is determined by the strength of the interactions between matter and the fraction of light in solution or at the surface. According to the status of the target molecules, two specific types of sensitivities, as mentioned in the introduction (refer to Fig. 1), are defined in biochemical sensing applications: (i) homogeneous (or bulk) sensitivity (Swh), which considers the refractive index changes in the waveguide’s entire cladding; and (ii) surface sensitivity (Sws), which assesses refractive index changes within the first few tens to hundreds of nanometers above the surface. Homogeneous sensitivity is defined as the slope of the phase (or wavelength) shift versus the change in the refractive index. Therefore, the overall photonic device sensitivity S for the interferometric configuration can be defined as
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        where λ0 is the incident light wavelength, L is the interaction length, and na is the refractive index of the analyte (i.e., cover material) [34,35]. The sensitivity of the resonant configuration can also be defined as
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        where λr is the resonant wavelength, ng is the waveguide group index, and ta is the analyte thickness. Therefore, in this study, we focused on the effects of slot optical waveguide specifications on the waveguide sensitivity of homogeneous sensing and surface sensing. The sensitivity mentioned hereafter refers to the sensitivity of the waveguide.

      

      
        4.2 Homogeneous Sensing
        In the optimized slot optical waveguide, the extent to which the effective refractive index (neff) of the fundamental mode was affected by the change in the analyte refractive index (na) was examined through computational analysis, and the sensitivity was evaluated.

        First, the rail width and height of the slot optical waveguide were set to 200 nm and 320 nm, respectively, and the change in the effective refractive index of the fundamental mode was analyzed within the range of 1.3 to 1.55 of the index of the analyte for slot widths of 80 nm, 120 nm, and 160 nm. As shown in Fig. 11(a), as the refractive index of the analyte increases, the effective refractive index of the fundamental mode formed in the slot generally increases linearly. The sensitivity was evaluated using Eq. (11) based on the rate of change in the effective refractive index. As shown in Fig. 11(b), in the case of a slot width of 120 nm, the deviation of the sensitivity was evaluated at a level of about 0.015 [au/RIU]. Although the 80 nm and 160 nm slot widths show higher sensitivities in a specific refractive index section, the small deviation in sensitivity in the overall sensing range is more important for the evaluation of sensor performance. Therefore, when the numerical value and deviation of the sensitivity are considered at the same time, the optimized slot width is considered to be 120 nm. Furthermore, it confirmed that a high confinement factor can be achieved with the slot width selected in the optimization process.

        
          
          

          Fig. 11. 
				
          

          
            Changes in the (a) effective refractive index of the TE mode and (b) waveguide sensitivity with an increase in the analyte refractive index for various slot widths (rail width = 200 nm; rail height = 320 nm).
          
          

          

        

        Next, the slot width and rail height were set to 120 nm and 320 nm, respectively, and the refractive index of the analyte was increased from 1.3 to 1.55 for rail widths of 150 nm, 200 nm, and 250 nm; then, the change in the effective refractive index was analyzed. As shown in Fig. 12(a), as the refractive index of the analytes increases, the effective refractive index of the fundamental mode generally increases linearly. In this case, the sensitivity was also evaluated, and as shown in Fig. 12(b), the deviation in the sensitivity was evaluated as less than approximately 0.01 [au/RIU] for a rail width of 200 nm. Therefore, even in this case, it can be confirmed that the rail width of 200 nm selected in the optimization process results in a high confinement factor.

        
          
          

          Fig. 12. 
				
          

          
            Changes in the (a) effective refractive index of the TE mode and (b) waveguide sensitivity with an increase in the analyte refractive index for various rail widths (slot width = 120 nm; rail height = 320 nm).
          
          

          

        

        The change in the effective refractive index of the fundamental mode was analyzed when the slot and rail widths of the optimized slot optical waveguide were set to 120 nm and 200 nm, respectively, and the refractive index of the analyte was varied within the range of 1.3-1.55 for rail heights of 240 nm, 320 nm, and 370 nm. As shown in Fig. 13(a), as the refractive index of the analytes increases, the effective refractive index of the fundamental mode generally increases linearly. The sensitivity was also evaluated, as shown in Fig. 13(b), and the deviation in the sensitivity was evaluated as 0.03 [au/RIU] for a 320 nm rail width.

        
          
          

          Fig. 13. 
				
          

          
            Changes in the (a) effective refractive index of the TE mode and (b) sensitivity with an increase in the analyte refractive index for various rail heights (slot width = 120 nm; rail width = 200 nm).
          
          

          

        

        The confinement factor was comprehensively evaluated based on the ratio of a fundamental mode distributed in the slot. Furthermore, the effective refractive index of the fundamental mode based on the refractive index of the analyte in the slot and the sensitivity were evaluated. The same results were achieved by using both approaches: when the slot width, rail width, and height were set to 120 nm, 200 nm, and 320 nm, respectively, the confinement factor was evaluated as –56% and the waveguide sensitivity was –0.9 [au/RIU] or higher. If the optimized slot optical waveguide is used as an integrated-optic biochemical sensor, excellent performance can be expected.

      

      
        4.3 Surface Sensing
        Surface sensing is based on the immobilization of a very thin layer of receptors on the bottom of the slot and the top surfaces of rail. The interaction between the analyte and receptor produces a change in the specific molecular (na) adlayer thickness (ta), affecting the effective refractive index of the propagating optical mode, as shown in Fig. 14. By functionalizing the waveguide surface with specific receptors, sensing can be used for specific detection of certain analytes, such as antibody-antigens including biotin-streptavidin and prostate specific antigen (PSA)-bovine serum albumin (BSA), and pollutants in water. In this section, we focus on how the specifications of the slot waveguide affect the surfacing sensing using the quasi-TM mode, in which the dominant transverse magnetic field component is parallel to the surface of the slot and rail.

        
          
          

          Fig. 14. 
				
          

          
            Cross-sectional schematic of the vertical slot optical waveguide for computational analysis of surface sensing.
          
          

          

        

        First, a computational analysis was performed on the modal effective refractive index for a 1-40 nm change in the thickness of the sodium chloride layer and the sensitivity based on Eq. (11) was calculated as shown in Fig. 15. As the thickness of sodium chloride layer increases, the effective refractive index of the quasi-TM mode increases because the refractive index of sodium chloride is larger than that of the cover cladding material (water). On the other hand, the narrower the slot width in the computational analysis, the more difficult it is to drive a mode close to the TM. Therefore, it was confirmed that a slot width ≥ 150 nm is needed to obtain a quasi-TM mode ≥ 90%. As shown in Fig. 15(b), a sensitivity of approximately 6-9 × 10-4 [RIU/nm] can be achieved for a 150 nm slot width and a 2-40 nm thickness range. Meanwhile, Fig. 16 shows the effective refractive index and sensitivity according to the thickness of isopropanol, ethylene glycol, and sodium chloride materials for a slot, rail width, and rail height of 150 nm, 200, nm and 320 nm, respectively. In Fig. 16(b), it can be observed that, the smaller the refractive index of the analyte, the smaller the deviation of the sensitivity according to the thickness.

        
          
          

          Fig. 15. 
				
          

          
            Change in the (a) effective refractive index of the TM mode and (b) sensitivity with an increase in sodium-chloride thickness for various slot widths (rail width = 200 nm; rail height = 320 nm).
          
          

          

        

        
          
          

          Fig. 16. 
				
          

          
            Change in the (a) effective refractive index of the TM mode and (b) sensitivity with an increase in the layer thickness of the analyte for various materials (slot width = 150 nm; rail width = 200 nm; rail height = 320 nm).
          
          

          

        

        Fig. 17 show the change in the effective refractive index of the TM mode and sensitivity according to the thickness of the sodium-chloride layer for various rail widths and a slot width and rail height of 150 nm and 320 nm, respectively. By the way, Fig. 18 show the change in the effective refractive index of the TM mode and sensitivity according to the thickness of the sodium-chloride layer for various rail height and a slot width and rail width of 150 nm and 200 nm, respectively. It was confirmed that the change in sensitivity with changes in the rail width or height and analyte thickness was relatively small. The rail width and height of 200 nm and 320 nm, respectively, show the smallest deviations in the sensitivities, as shown in Fig. 17(b) and Fig. 18(b), as we expect. Therefore, even in this case, it can be confirmed that the rail width and height of 200 nm and 320 nm, respectively, selected in the optimization process results in a high confinement factor.

        
          
          

          Fig. 17. 
				
          

          
            Change in the (a) effective refractive index of the TM mode and (b) sensitivity with changes in the thickness of the sodium-chloride layer for various rail widths (slot width = 150 nm; rail height = 320 nm).
          
          

          

        

        
          
          

          Fig. 18. 
				
          

          
            Changes in the (a) effective refractive index of the TM mode and (b) sensitivity with changes in the thickness of the sodium-chloride layer for various rail heights (slot width = 150 nm; rail width = 200 nm).
          
          

          

        

      

    

    

  
    
      5. CONCLUSIONS
      The TE and TM mode field distributions in the SOI slot optical waveguide were analyzed analytically by applying boundary continuity conditions to the Maxwell wave equation. The optimized specifications of the slot optical waveguide suitable for the integrated optical biochemical sensor, that is, slot width, rail width, and height, were derived through numerical analysis based on the confinement factor of the optical mode distributed in the slot. In addition, the effect of the optimized specifications on the transmission power was discussed.

      The waveguide sensitivities of homogeneous and surface sensing were calculated based on the specifications of the optimized slot optical waveguide. The confinement coefficient and waveguide sensitivity for homogeneous sensing and the TE mode were evaluated as approximately 56% and 0.9 [au/RIU], respectively, for the slot width, rail width and height which were set to 120 nm, 200 nm, and 320 nm. The waveguide sensitivity for surface sensing and the TM mode was evaluated as (3-9) × 10-4 [RIU/nm] in the analyte refractive index range of 1.37-1.5443 and thickness range of 2-40 nm. Therefore, excellent sensing performance can be expected when an integrated-optic biochemical sensor is implemented by applying an optimized vertical slot optical waveguide to a Mach-Zehnder interferometer, modal interferometer, and ring resonator.
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