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Abstract

:

Waveguide geometries combining bent asymmetric coupled structures and adiabatic transitions shaped as partial Euler bends are put forward and theoretically analyzed in this work. Designs aiming to reduce the radiation loss, with application in curved waveguide sections and Q-enhanced microresonators, and polarization selection geometries, both for the silicon nitride platform, are studied using highly accurate numerical techniques.
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1. Introduction


Photonic integrated circuits (PICs) were initially designed primarily to meet the needs of optical fiber data transmission systems [1]. In recent years, we have witnessed a burst in photonic integration technologies, with an ever-growing range of applications. Highly active fields include optical sensors [2], medical applications [3], optical frequency comb generation [4], and quantum technologies [5], to name just a few. The constant progress in integrated photonic technologies has been led by the development of a large ecosystem, including foundries that provide open access fabrication services [6]. Silicon photonics, based on highly mature CMOS fabrication processes, plays a prominent role in this scenario [6]. Even though the traditional silicon on insulator (SOI) technology is still dominant within the CMOS platforms, PICs based on silicon nitride waveguides are particularly appealing for certain applications [7]. When compared with silicon guiding structures, those fabricated with silicon nitride provide smaller linear and nonlinear intrinsic propagation losses, a lower thermo-optic coefficient, and a far wider transparency region that opens the platform for applications ranging from the visible to the mid-infrared. On the negative side, the main drawback of silicon nitride stems from the fact that its refractive index is smaller than that of silicon. Therefore, the field confinement in silicon nitride waveguides is poorer and the radiation losses in curved waveguide sections become larger [8]. This ultimately limits the minimum acceptable radii of curvature in integrated devices and, consequently, the scale of integration.



Radiation loss in bent integrated waveguides can be reduced by modifying the waveguide geometry through incorporating subwavelength gratings [9] or side grooves [10,11]. Nevertheless, these design strategies require additional non-standard fabrication steps. The use of matched bends [12] permits mitigating the losses at the transitions between a constant curvature section and the straight input and output waveguides by adjusting the total extent of the bend to a multiple of the beat length of its first two modes. An alternative method, which can be applied to bend sections of arbitrary length, is to maximize the mode coupling at the discontinuity by applying a relative lateral shift to the straight and bent waveguides [13,14]. Other schemes are based on the progressive modification of the bent waveguide width [15,16,17,18] or shaping the bend using trigonometric [19], spline [10,20,21], Euler [22,23,24,25], Bezier [16,26], or n-adjustable [27] functions. Bend radiation losses can also be minimized using different algorithms [28,29,30,31,32,33,34].



Asymmetric coupled geometries can be effectively used to tailor the optical field emission in bent integrated curved waveguides [8]. A careful design of such geometries can substantially reduce the radiation loss, thus permitting diminished footprints in microresonators [35,36] and in-circuit interconnects. These guiding structures can also be employed for the design of improved performance microring label-free biosensors [37]. In addition, they provide high differential losses for the TE and TM polarizations that can be exploited for the implementation of ultracompact, all-dielectric, broadband integrated polarizers with high polarization extinction ratios and low insertion losses [38,39] in a silicon nitride platform.



The aforementioned applications are based on trimming the radiation properties in the curved two-waveguide sections but, generally, they also require a mechanism designed to deal with the discontinuities at the straight–bent waveguide sections. In previous works [35,36,38,39], the lateral offset technique [13,14] was used for this purpose. Actually defining the abrupt transitions demanded by lateral offsets requires resolutions beyond the standard fabrication methods. When these geometries are used in photolithography masks, de facto, they are smoothed by the fabrication process, resulting in adiabatic transitions [36,39]. Even though fabricated devices have evidenced performances close to those associated with ideal conditions, reliable designs based on feasible geometries are desirable. In this work, we address the use of Euler bends in combination with asymmetric coupled waveguides of constant curvature. Such partial Euler bends were put forward by Fujisawa et al. for the silicon photonic platform [24] and later reformulated by Vogelbacher et al. for the silicon nitride platform [25]. Whereas in these works the footprint of the whole bent section is kept constant, we analyze designs with a fixed radius of the constant curvature section. Therefore, the impact of the extent of the partial Euler bent section on the device footprint has to be analyzed separately.




2. Device Geometry


The device geometry addressed in this analysis is displayed in Figure 1. Depending on the target design, this construction could be part of a Q-enhanced racetrack micro-resonator as in [35,36], a polarizer [38,39], or any other circuit bent section. Even though the bend angle was set to 180°, the results could be extrapolated to other values. In the case of polarizer design, several sections like the one displayed in Figure 1 can be concatenated to achieve the required device performance [38,39]. The cross-section of the main waveguide is assumed to be equal in regions I, II and III of Figure 1. In section I, we find the straight input and output waveguides. In the calculations, we inject the input field into the lower waveguide and we read the output at the upper waveguide. Section III is the asymmetric coupled bend section. There, the guiding structure has a constant curvature, where the radius R is measured to the center of the main waveguide. The external waveguide has a width   w e   and there is a separation s between the external and internal edges of the main and wrapping waveguides, respectively.



Section II in Figure 1 is a clothoid [24,25] with linearly varying curvature from the two extreme values,   κ = 0   and   κ = 1 / R  , matching the constant values at sections I and III, respectively. Parameter p sets the angular extent of the constant curvature section III to a value   α = ( 1 − p ) π   and, therefore, it also specifies the actual length of the clothoid of section II. p can take any value between 0 and 1. For   p = 0  , section II vanishes and, for   p = 1  , section III fades out, resulting in a full Euler bend geometry. The impact on device performance of this gradually varying curvature section as a replacement for the lateral offset [13,14] previously used in [35,36,38,39] is analyzed in this work through extensive numerical simulations.



For a given curvature radius R and partial section portion p, the position along the lower partial Euler bend of region II in Figure 1, relative to the end of the straight input waveguide, in parametric form, reads


     Δ x ( ζ )     =  2  2 / 3   R   π p    C      p π  2    ζ        Δ y ( ζ )     =  2  2 / 3   R   π p    S      p π  2    ζ  ,     



(1)




where  ζ  varies in the range   0 , 1  , and   C  z  =  ∫ 0 z  cos  (  t 2  )  d t   and   S  z  =  ∫ 0 z  sin  (  t 2  )  d t   are the Fresnel integrals. For their evaluation, we used the first four terms of the series [40]


     C  z      =  ∑  n = 0  ∞    − 1  n     z  4 n + 1     2 n  !  ( 4 n + 1 )           S  z      =  ∑  n = 0  ∞    − 1  n     z  4 n + 3     2 n + 1  !  ( 4 n + 3 )         



(2)







The simulated structures consisted of deep etched Si3N4 rectangular waveguides and SiO2 cladding with the same parameters as in [39]. In the subsequent discussion, we will refer to the inner waveguide in section III of Figure 1 as the main waveguide. The width of the main waveguide was   w = 1   μm, and all waveguides had a height of   h = 0.3   μm. The operation wavelength was   λ = 1.55   μm. The refractive index of silicon nitride was    n    S i  3   N 4    = 1.9835   and that of the oxide    n  S i  O 2    = 1.4456  .




3. Modal Properties of Constant-Curvature Asymmetric Two-Waveguide Sections


The modal properties of the guiding structure in section III of Figure 1 that determine the physical principles of operation are depicted in Figure 2 and Figure 3. The calculation of the data collected in these figures was performed using the wgms3d v2.0 software package [41,42].



The left plot in Figure 2 shows the effective indices of the modes guided by the structure of section III in the straight,   κ = 0  , case as a function of   w e   and s. The total number of supported modes grows with the value of   w e   but, for each duple (  w e  ,s), we can select from the set of propagating modes one that is predominantly confined within the main waveguide. We will refer to this particular mode as the principal mode and it is determined as the one that has an effective index closest to that of the isolated main waveguide; that is, without the coupled external guide. The constant value of the effective index of the only mode guided in the main waveguide without the coupled waveguide corresponds to the plane outlined in Figure 2 with a dashed line. When (  w e  ,s) is such that there is one modal sheet very close to the plane defining the propagation of the mode of the main waveguide, the corresponding principal mode will be very close to it and the asymmetric coupled structure will evidence a very good field confinement of the principal mode in the main waveguide. For the   κ = 0   asymmetric coupled waveguides, the boundaries defining the principal mode in (  w e  ,s) space are straight lines at constant values of   w e  .



When asymmetric coupled waveguides are bent, the curvature has the effect of converting the guided modes of the straight geometry into quasi-modes with complex effective indices, where the imaginary part is linked to the radiation loss [8,43]. The right plot of Figure 2 illustrates the effects produced by the bending of asymmetric coupled waveguides on the real part of the effective index of the quasi modes for a particular value of   R = 25   μm. First, there is a shift in the real part of the effective index of the mode in the isolated curved main waveguide. This value is also depicted as a plane outlined by a dashed contour in the right plot of Figure 2. The discussion in the former paragraph is still valid and, for each (  w e  ,s), one can define a principal mode that will show the best confinement in the main waveguide, as was performed for the straight waveguides. On the other hand, the curvature has the effect of distorting the shape of the domains defining the modal sheet that corresponds to the principal mode.



Figure 3 displays the effect of bending on the imaginary part of the refractive index. In those regions of the (  w e  ,s) parameter space where the modal sheet of the principal mode is very close to the plane outlined by the dashed contour in Figure 2, the field confinement is very good and the outer waveguide acts as a shield for the radiation field [8]. The net result is that the imaginary effective index attains values below those of the mode of the isolated main waveguide. As shown in the plots of Figure 3, these conditions can be obtained both for TE and TM fields. A bent asymmetric coupled section designed to fulfill this condition will permit reducing the radiation loss for a given polarization [35,36]. On the other hand, when (  w e  ,s) is set close to the boundaries corresponding to the jumps of the modal sheet of the principal mode, the mode confinement is poor and radiation losses are increased over those of the isolated main waveguides. In this case, the external waveguide has the effect of enhancing the radiation. Figure 3 also illustrates the fact that the low/high radiation loss domains in (  w e  ,s) space do not overlap for TE and TM fields. Therefore, it is possible to define values of (  w e  ,s) for which one polarization is selectively attenuated [38,39].




4. Results


The 180° bend arrangements depicted in Figure 1 describe the layouts chosen for the performance evaluation of the geometries addressed in this work. By including straight input and output waveguide sections, we could simultaneously take into account radiation losses at the straight–bend transitions and those associated with waveguide curvatures. The evaluation of the transmission properties was carried out using the eigenmode expansion (EME) method implemented in FIMMPROP (Opt05) [44]. This algorithm does not have the limitations of the beam propagation method (BPM) for the analysis of high index contrast waveguides [8,45,46] and provides highly accurate calculations, with a numerical load significantly lower than other alternatives such as the finite differences in the time domain (FDTD) method [47]. The optimization of the constant curvature sections was based on modal analyses of curved guiding structures. These calculations were performed using the FIMMWAVE version 7.4.0 (x64) software package. Both FIMMWAVE and FIMMPROP are commercial software from Photon Design.



4.1. Reduction in Radiation Loss at Small Radii


We first address the performance of the curved geometries based on asymmetric coupled waveguides designed to minimize the transmission loss. We assumed designs targeted to TE polarized fields and we sought reduced radii of curvature with diminished radiation losses that would permit reducing the footprint of PIC components. Example applications are Q-enhanced microresonators [35,36] or simply curved waveguide sections in the PIC outline.



Figure 4 displays the results obtained with the EME method for the conventional geometry of Figure 1 (left), where the impact of the straight–bent waveguide discontinuity was minimized using the lateral offset technique. Results for   R = 15   μm and   R = 20   μm are, respectively, displayed in the left and right plots. Calculations were performed for a single curved waveguide and the case of the asymmetric coupled waveguides.



For a 180° bend, when the main waveguide without the external coupled section at   R = 15   μm was considered, a minimal transmission loss of   1.75   dB was obtained for a lateral offset of   0.12   μm. This attenuation value includes both the contribution from the curvature discontinuities and that of the propagation along the bent section. The design of the asymmetric coupled constant curvature arc was based on analysis of the modal properties of the TE quasi-mode. The imaginary part of the effective index was found to have a minimum at   s = 1.3   μm and    w e  = 0.6   μm. The addition of the external waveguide permitted reducing the total minimal radiation loss to   0.82   dB for an offset of   0.11   μm. The fact that the optimal offset was shifted to a smaller value for the asymmetric coupled waveguide geometry evidences how the addition of a properly designed external waveguide contributed to improving the field confinement in the main waveguide, reducing the outwards shift of the optical radiation propagating in the bent section. Therefore, the introduction of the asymmetric coupled waveguide provided a reduction factor of   0.83   of the radiation loss of a 180° bend. This figure amounts to half the round-trip loss if such a bend is part of a racetrack micro-resonator and results in a significant increase in the unloaded resonator Q factor [35,36].



When the waveguide radius was increased to a value of   R = 20   μm, a minimal loss of   0.64   dB in the absence of the external waveguide was obtained for an offset of   0.09   μm. The optimal configuration for the external waveguide section in the asymmetric coupled case is given by    w e  = 1.7   μm and   s = 0.6   μm. In this case, a minimum loss of   0.29   dB was obtained with a lateral offset of   0.08   μm. We can observe the reduction in the optimal values of the lateral offsets for the larger value of R associated with a less severe curvature-induced distortion of the modal field. Again, a smaller optimal value of lateral offset when the external waveguide was present evidences its contribution to the confinement of the optical field in the main waveguide. In this case, the radiation loss for a 180° bend was reduced by a factor of 0.92.



Figure 5 (left) displays the total radiation loss for a 180° partial Euler bend as a function of the parameter p. Results for   R = 15   μ m   and   R = 20   μ m   at the constant curvature section are shown in the left and right plots, respectively. The results with and without the asymmetric coupled geometry in this region are both shown, demonstrating the significant loss reduction provided by an adequate external waveguide. When this element was included, the total loss for   R = 15   μ m   was   0.83   dB for very small lengths of the Euler section,   p = 0.01  . This figure is very close to the value obtained with an abrupt lateral offset implementation. A brusque lateral offset geometry cannot be accurately reproduced by conventional fabrication methods, which will create a smoothed version with a given degree of uncertainty. One can effectively replace this design with a short (small p) partial Euler section, large enough so as to be reproduced with high fidelity in the fabricated device, and with very similar performance to that of the lateral offset alternative. The results for   R = 20   μ m   at the constant curvature section are displayed in the right plot in Figure 5. The smaller curvature resulted in a lower loss but at the cost of an increase in the surface used. In this case, a total attenuation of   0.29   dB was obtained with the inclusion of the external waveguide for   p = 0.01  , which coincides with the theoretical value for a sharp geometry implementing an optimal lateral offset design. Both plots of Figure 5 show a similar gradual decrease in the total loss of the partial Euler bend as the value of p grows.



The values of p in the numerical survey do not cover the full range between 0 and 1, in spite of the clear improvement trend with increasing p displayed by the results in Figure 5. The reason for this is that the reduction in radiation loss as p grew was obtained at the cost of a consequent enlargement of the device surface. The limit value of   p = 1   corresponds to a full Euler bend without a coupled asymmetric waveguide section, which has a maximal surface for a fixed value of R. The trade-off existing between radiation loss and device surface is analyzed in the next section. We find that, for a given loss target, the introduction of the proposed radiation-reduction geometry permits obtaining the same performance level with a smaller footprint by simultaneously reducing the value of p and making R larger. Therefore, this study was limited to values of p up to   p = 0.5  , effectively setting a lower bound on the contribution from the asymmetric coupled waveguide sector.




4.2. Device Footprint


One of the main advantages of asymmetric coupled waveguide geometries is that they permit reducing the device surface. Therefore, when evaluating the performance of the various bend geometries, the total area spanned by the device has to be carefully taken into account.



The results in Figure 5 show, for each value of R and constant bent section design, a steady decrease in the total attenuation as the parameter p increases. Figure 6 displays the corresponding factors for the increment in the bend surface, relative to the smallest value obtained for the lateral offset implementation of a   R = 15   μ m   180° bend, as a function of p for the two values of R addressed in this work. At   p = 0.2  , the device surface for   R = 15   μ m   became larger than that of the smallest   p = 0.01     R = 20   μ m   design, while the loss level was still larger in the   R = 15   μ m  ,   p = 0.2   case. Therefore, the compromise existing between device footprint requirements and tolerable transmission loss must be carefully evaluated in the design of partial Euler bend geometries incorporating asymmetric coupled waveguides. For instance, once the value of R has been set, p can be used to trim the total loss within certain device size restrictions. If the size limit is exceeded, a solution with a larger value of R and smaller p, having a stronger contribution from the asymmetric coupled waveguide section, should be sought.




4.3. Polarizers


As in the case of the reduced curvature loss discussed above, when the geometry in Figure 1 is used for the selective attenuation of a given polarization, the device design starts with the analysis of the modal properties of the constant curvature section, i.e., region III. The polarizer performance is defined by two parameters: the polarization extinction ratio (PER), which is the ratio between the attenuation of the undesired TM polarization and that of the TE polarization component, and the insertion loss (IL) characterizing the attenuation of the desired TE component. We seek operation points in the design space defined by parameters   w e   and s that simultaneously provide a large value of PER and small IL. A good compromise is obtained by the optimization of the quotient    n  i , T M   /  n  i , T E    , where   n i   is the imaginary part of the complex refractive index of the quasi-modes in the bent sections. This figure of merit permits simultaneously balancing a large value of PER at small IL [39].



Two values of R, 15 and 20 μm, were analyzed for the constant curvature sections. The optimization was performed using the FIMMWAVE mode solver, yielding parameters    w e  = 0.5   μm and   s = 1.8   μm for   R = 15   μm and    w e  = 0.5   μm and   s = 2.1   μm for   R = 20   μm. Figure 7 displays the values of PER (left) and IL (right) for the geometry of Figure 1 as a function of the lateral offset calculated using FIMMPROP. The results for   R = 15   μm and   R = 20   μm are shown in the top and bottom rows, respectively. The values obtained for the lateral offset that minimize the loss for the desired TE polarization were in good agreement with those previously obtained maximizing the overlap of the field distributions in the straight and curved waveguide [38]. It can be observed how the lateral offset also had a certain polarization-dependent behavior and contributed in a milder way to the total value of the PER. The main drawback of the design approach based on the lateral offset is that the actual geometry will differ from the original design, due to fabrication limitations. The resolution restraints in lithographic techniques will smooth the sharp features of the ideal lateral offset. Even though the responses measured on fabricated devices were found close to those of the ideal designs [36,39], such uncertainty is undesirable in high-accuracy PIC design.



Figure 8 displays the values of PER and IL calculated for structures incorporating partial Euler bends, as described in Figure 1, for values of p varying between   0.01   and   0.5  . The results show an approximately linear dependence of both PER and IL with p. For very small   p = 0.01  , the results of PER and IL were very close to the abrupt lateral offset results shown in Figure 7 at the lateral offset values corresponding to the IL minima. Therefore, the use of partial Euler bends permits expanding, in an optimal way, the mode matching sections to a smooth geometry that can be reproduced with high fidelity in the fabrication process.



The fact that PER and IL can be simultaneously trimmed by introducing partial Euler bends also introduces more flexibility into the design process, where several sections like the one depicted in Figure 1 can be combined to achieve a given device performance. The existence of a new design parameter p can be exploited to explore designs alternative to the aforementioned condition given by the maximization of the ratio    n  i , T M   /  n  i , T E    . This is illustrated in the results plotted with a dashed trace in Figure 8, providing larger values of both IL and PER.



When exploring polarizer designs based on partial Euler bend geometries, it is also important to bear in mind the impact of the value of p on the device footprint. This effect is displayed in Figure 6, where the surfaces of   R = 15   μm and   R = 20   μm polarizers with different values of p are compared with the reference value of a lateral offset   R = 15   μm polarizer. The values of the design parameters, R and p, must be carefully chosen in accordance with the requirements of PER and IL, as well as the device footprint restrictions.





5. Discussion


The incorporation of smooth transitions shaped as partial Euler bends in asymmetric coupled waveguides was analyzed. Two different scenarios were addressed: designs for the reduction of total radiation loss of the desired TE polarization in curved geometries, and integrated polarizers designed to reject the undesired TM polarization, while minimizing the loss of the orthogonal TE field component.



In both scenarios, the use of short Euler sections permitted approaching the performance levels of the previously analyzed and experimentally demonstrated geometries based on abrupt transitions at the straight–bent sections incorporating lateral offsets. Such sharp features are beyond the resolution of the fabrication process and become smoothed out in an uncontrollable manner in the produced PICs. Therefore, short clothoid transitions can be effectively incorporated as a replacement for lateral offsets, to produce designs that can be reproduced in the PICs with high accuracy at the same theoretical performance level.



The analysis of radiation loss reduction geometries showed that a significant improvement in transmission loss can be obtained in partial Euler bends by incorporating asymmetric coupled waveguides into the constant curvature sections, thus permitting a reduction in the radii of curvature for a given level of loss and a consequent shrinkage of the occupied surface.



The introduction of a new parameter defining the angular ratio corresponding to the adiabatic section of linearly varying curvature provides a new degree of freedom in device design, but a careful evaluation of the trade-off existing between the device performance and footprint must be taken into account.
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Figure 1. (Left) Conventional geometry for the implementation of bent asymmetric coupled waveguides based on lateral offset. (Right) Target geometry based on partial Euler bends analyzed in this work. 
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Figure 2. (Left) Effective indices of the TE modes in a straight asymmetric coupler (region III of Figure 1 for   R → ∞  ) as a function of   w e   and s. Sheets corresponding to differents modes are plotted with distinct colors. (Right) Real part of the effective indices of the quasi-modes in the curved asymmetric coupler depicted as region III in Figure 1 for   R = 25   μm. 
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Figure 3. (Left) logarithm of the imaginary part of the effective index of the TE principal mode in the curved asymmetric coupler depicted as region III in Figure 1 for   R = 25   μm. (Right) Corresponding results for the TM polarized principal mode. 
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Figure 4. TE transmission loss as a function of the lateral offset with and without the asymmetric coupled external waveguide. The results in the left plot correspond to   R = 15   μm and those in the right plot to   R = 20   μm. 
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Figure 5. TE transmission loss with a partial Euler bend and the asymmetric coupled external waveguide in the constant curvature section. The results for   R = 15   μm and   R = 20   μm are shown in the left and right plots, respectively. 
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Figure 6. Surface of the   R = 15   μm and   R = 20   μm polarizers with partial Euler bends relative to the footprint of a lateral offset   R = 15   μm device as a function of p. 
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Figure 7. Calculated values of PER (left) and IL (right) as a function of the lateral offset for the device geometry depicted in Figure 1. Plots in the top and bottom rows correspond, respectively, to   R = 15   μm and   R = 20   μm. 
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Figure 8. Calculated extinction ratio (left) and insertion loss (right) as a function of the bend parameter p for   R = 15   μm and   R = 20   μm at    λ 0  = 1550   nm. Dashed lines correspond to an alternative   R = 15   μm design not based on the optimization of    n  i , T M   /  n  i , T E    . 
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