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Abstract

:

Inverse design effectively promotes the miniaturization of integrated photonic devices through the modulation of subwavelength structures. Utilizing a theoretical prior based inverse design, we propose an ultra-compact integrated polarizing beam splitter consisting of a standard silicon-on-insulator (SOI) substrate and a tunable air–silicon column two-dimensional code metasurface, with a footprint of 5 × 2.7 μm2. The effective refractive index of the waveguide is modulated by adjusting the two-dimensional code morphology in the additional layer to achieve efficient polarization beam splitting. The simulation results demonstrate high performance, with a low insertion loss (<0.87 dB) and high extinction ratio (>10.76 dB) in a bandwidth of 80 nm covering the C-band. The device can withstand manufacturing errors up to ±20 nm and is robust to process defects, such as the outer proximity effect, and thus is suitable for ultra-compact on-chip optical interconnects.
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1. Introduction


Silicon photonics has many promising potentials because of its compact footprint and CMOS compatibility [1,2,3,4,5]. Silicon-on-insulator (SOI), as the main material system applicable in integrated photonics, stands out for utilizing the advantages of its high speed and large bandwidth of light, which will further improve the information processing and transmission speed of integrated circuits and reduce power consumption [6,7,8,9]. However, most silicon photonics devices are generally very sensitive to polarization. A potentially effective approach is to split the light of different polarization modes into devices that process different polarization states separately, thereby requiring efficient and compact polarization beam splitters (PBS) [10,11]. The working principle of traditional on-chip compact PBSs is usually based on modal evolution [12] or interferometry, including asymmetric directional couplers (ADCs) [13,14,15,16,17,18,19,20,21], Mach-Zehnder interferometers (MZIs) [22,23,24], photonic crystal waveguides [17], multi-mode interference couplers (MMIs) [25,26], etc. However, the strict phase-matching principle leads to stringent fabrication precision, and the relatively large footprint of these devices limits their potential for further compact integration on-chip. In recent years, the introduction of subwavelength structures has brought new degrees of freedom into the design of photonic devices, effectively promoting the miniaturization of silicon photonics devices and their further dense integration on-chip, which provides an attractive way for the design and optimization of ultra-compact and high-performance PBS devices [6,27,28,29].



The current design of subwavelength devices is usually based on inverse design, thereby allowing the geometry of the metamaterials to be freely optimized, which opens up a larger parameter space and can obtain a very fine structure through optimization [10,30,31,32,33,34,35]. Making full use of the existing high-precision manufacturing process and high-performance computing capabilities, the designed devices have been proven to have the advantages of small footprints, high performance, and multiple degrees of freedom in the design process [36,37]. Utilizing a non-linear search algorithm based on a direct-binary search, Shen and co-workers proposed an ultra-compact PBS with a footprint of 2.4 × 2.4 μm2 and an extinction ratio greater than 10 dB within a bandwidth of 32 nm [10]. Wei and colleagues proposed a 3D-printed PBS in the near-infrared with extinction ratios as much as 5 dB at the optimal wavelength [32]. However, we note that the existing research utilizing inverse design mostly considered the sophisticated optical response of nanostructured arrays as a mathematical optimization aiming at device output power under a two-dimensional approximation. Various algorithms (binary search algorithm (DBS), genetic algorithm, gradient descent, etc.) were applied to optimize a predefined figure of merit (FOM) and give a definite result, which cannot match the corresponding physical interpretation. Therefore, these methods have relatively low design diversity and high demand for computing power. The computational complexity increases exponentially with the increase in nanostructure size and the introduction of multi-parameter or multi-dimensional optimization objectives. Since the completely non-physical structure optimization process lacks upper-level guidance, some blind and inefficient operations need to be performed in the initial stage, leading to a waste of computing power. To solve these problems, a physical-model-guided inverse design method is needed, which can provide more constraints for the optimization process while retaining the advantages of the high degree of freedom in the design process and large optimization space of inversely designed components.



In this work, we propose a digital two-dimensional code metasurface PBS based on a gradient index, which was inspired by the theoretical experience of our previous work [38]. The physical model of the gradient refractive index is determined by theoretical analysis, which effectively avoids the solutions being trapped in local optimums and gets rid of the uncertainty resulting from the sensitivity to stochastic initial values. Through further optimization, the topographic structure of the two-dimensional code array of the metasurface layer is adjusted to realize the local effective mode refractive index modulation of the waveguide layer within this limited range. This design method reflects a high degree of design freedom, a large optimization potential, and a small dependence on computing power. We demonstrate a novel PBS structure with a minimum 2.7 × 5 μm2 footprint. The metasurface structure obtained by the inverse design is directly built on the 220 nm thick SOI waveguide, which acts as a 120 nm thick additional material layer. Therefore, the effective refractive index distribution of the waveguide is regulated by a two-dimensional code metasurface layer consisting of thousands of pixels. The simulation result shows a low insertion loss (IL) that is less than 0.73 dB and 0.87 dB, and a high extinction ratio (ER) that is greater than 12.59 dB and 10.76 dB for the TE and TM modes, respectively. Note that the device has a high performance under broadband inputs (1510 nm to 1590 nm, covering the C-band). In addition, we also demonstrate the device performance under certain manufacturing errors, and the simulation results indicate that the device has good performance and large manufacturing tolerances.




2. Structure and Method


Figure 1a,b shows the proposed PBS, which is realized by utilizing a 120 nm metasurface structure formed on a standard commercial SOI platform. Incident light with both TE and TM polarization enters the metasurface PBS from the input port, which is a silicon waveguide of 220 nm thickness, while the effective refractive index of the waveguide is modulated by adjusting the distribution of the subwavelength structure. Then, TE and TM modes are separated due to the different responses to the metasurface and then separate into different output ports. The footprint of the device is as compact as 2.7 × 5 μm2. The metasurface layer, as shown in Figure 1c, is a two-dimensional code structure composed of a cylindrical silicon layer with a diameter of 5 μm and a number of unevenly distributed square air holes etched inside. The square air holes have a side length of 80 nm, which is far below the working wavelength. According to the law of medium equivalence, a certain uniformly-changed, isotropic refractive index profile can be achieved by changing the topographic structure of the metasurface layer [39].



Owing to the strong birefringence of silicon, TE and TM polarized light reflect different effective indices when transmitted in the same waveguide. The propagation of light from different polarizations in the waveguide follows for the TE and TM modes, respectively:
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Here, NTE and NTM is the effective refractive index of the two polarization modes, k0 represents the wavenumber when light propagates in a vacuum, and h indicates the thickness of the waveguide.



Therefore, the effective refractive indices of different modes of light have different responses to the equivalent thickness h of the waveguide layer, which is determined by the thickness of the additional metasurface layer in the considered PBS. Figure 2a shows the variation curve of the effective refractive index with the thickness of the silicon-based metasurface layer, where a relationship of positive correlation can be observed. As the thickness increases, the difference between the effective refractive indices in different polarization modes gradually increases, which is beneficial for the output of the TE and TM modes to different ports. With a reasonable manufacturing difficulty, the variation ranges of the effective indices are considered for the selection of as many possibilities for the optical path modulation by the additional layer with a structure of two-dimensional code. Therefore, the thickness of the additional silicon layer is set to 120 nm, where the maximum relative effective refractive index of the TE mode is 1.08 and that of the TM mode is 1.27.



The digital two-dimensional code metasurface structure is used to set the refractive index with a high degree of freedom and large parameter space. The length of the minimum etched cell in the two-dimensional code is set to 80 nm, which is far below the operating wavelength. Therefore, the considered device is discretized into thousands of 80 nm × 80 nm silicon/air pillars, which are defined as “pixels”. Each such pixel can occupy two states: silicon or air. Here, by setting the limit of the gradient refractive index, we realize the optimization of the metasurface structure without high computing power while retaining high manufacturing tolerance. The dielectric constants of the different polarized lights in the doped medium are [40]:


       ε  TE   = p  ε  air   +   1 − p    ε  silicon          1   ε  TM     =  p   ε  air     +   1 − p    ε  silicon          



(2)




where p is the volume fraction, which is defined as the area ratio of the air holes in the specified unit area in the two-dimensional case. For optical materials, the effective refractive index N is numerically equal to the square root of the dielectric constant ε. The regulation of the air volume fraction of the surface area of the metamaterial is realized by nanostructure arrays that can be regarded as a two-dimensional code distribution. The metasurface silicon layer with a thickness of 120 nm is divided into a series of square units with a side length of 240 nm, and each unit is further divided into a nine-square lattice structure of 3 × 3 small pixels. Then, the local approximate thickness can be adjusted by determining the number of etched pixels in each unit, thereby realizing the different local efficient refractive indices in the corresponding area. The number of etched pixels in each unit ranges from 0 to 9. It can be seen from the figure that as the number of etched cells in each unit decreases, the corresponding local effective refractive index increases, and the index difference between the TE and TM modes in the unit gradually increases. As a result, light of different polarizations can be deflected by different degrees in the waveguide layer. Therefore, the local effective refractive indices of each cell can be divided into 10 density modes, and the corresponding effective refractive index is shown in Figure 2b. Except for mode 0 (none of the pixels are etched) and mode 9 (all the pixels are etched), each mode has several possible code arrangements with an equivalent local refractive index.



As can be observed in natural phenomena such as mirages, light travels along a curved path in a variable index medium, and the optical path depends on the gradient index distribution. For the same subwavelength structure, light with different polarization states will show different gradient indices. Therefore, a gradient index distribution is set as the initial value of the inverse design method and provides physical constraints for the subsequent optimization algorithm. By arranging the topographic structure of the metasurface layer, the initial index profile is set to be approximately centrosymmetric, while the effective refractive index only varies with the distance from the center, as shown in Figure 2c. We use the objective-first inverse design method to optimize this structure, as the figure of merit (FOM) of the device is defined as:


  FOM =  1 4      1 − t 1   + t 2 + t 3 +   1 − t 4      



(3)




where t1 and t2 denote the transmission coefficients from the input TE mode to the output TM and TE ports; and t3 and t4 denote the transmission coefficients from the input TM mode to the output TM and TE ports. In general, the higher value of the FOM, the better the device performance is. As a result, this problem can be regarded as a multi-objective optimization task. In this work, we use a physically constrained direct binary search (DBS) algorithm [41] to approach this goal. Different from traditional DBS methods, here, physical prior provides a better initial distribution and, meanwhile, limits the search routine of the algorithm, as shown in Figure 3. This enables a more rapid convergence as the algorithms avoid the solutions being trapped in local optimums and get rid of the uncertainty resulting from the sensitivity to stochastic initial values. Specifically, we divide the semicircular subsurface layer into 11 different regions along the radius, where the central most region is filled with cells of mode 0, the outermost region is filled with cells of mode 9, and the remaining regions are sequentially doped with two adjacent modes as shown in Figure 1a. In the mode-mixing regions, each unit in it switches between two adjacent modes, while the structural parameters with better FOM are preserved. The same actions are repeated pixel-by-pixel until the whole region is covered, namely one iteration. The pre-calibrated physical constraints enable the DBS algorithm to reach the convergence more rapidly. Next, the precise correction step is employed to further adjust the internal structure of the units. After determining the density pattern of each unit, the arrangement in the unit is further adjusted, and the interaction is repeated until the FOM converges. Through multiple physically restricted direct-binary searches, the topographical arrangement of the two-dimensional code on the metasurface layer is finally obtained, whose index profile can be seen in Figure 2d.




3. Results and Discussion


To verify the viability and reasonability of our model, the device performance was simulated via three-dimensional finite-difference-time-domain (3D FDTD) simulation, utilizing the Lumerical FDTD Solutions 2020 R2.4® software. The input and output ports were set as 2-μm-wide waveguides and the maximum meshing step was set as 10 nm. A DFT monitor was placed 8 μm behind the output ports to obtain the field strength distribution. Figure 4a,b shows the simulated light propagation in the designed PBS when the mixed input light is emitted from the input port of the device. It can be clearly seen from the figure that the incident light with a mixture of the TE mode and TM mode is introduced into the PBS element through the left port, and as light propagates along the x-axis inside the device, the separating distance of different polarizations increases, resulting in a large distance difference along the y-axis. The light of different polarization modes ultimately focuses on the different output ports’ efficiency. A quantitative evaluation of the performance of the metasurface PBS device is shown in Figure 4c,d, which demonstrates a high performance of the device over the entire 80 nm wavelength range. At a 1550 nm wavelength, the insertion loss (IL) of the TE mode reaches 0.706 dB, while the IL of the TM mode is 0.809 dB. The extinction ratio (ER) is defined as the ratio of the power of a matched mode to another mode in the corresponding output port. According to the results shown in the figure, the calculated ERs for the TE output port and TM port of the device are 12.59 dB and 10.76 dB at 1550 nm wavelength, respectively. It can be seen from the figure that when operating at shorter wavelengths, the output efficiency of the TE mode is relatively higher, while that of the TM mode performs the opposite. The reason is that the metasurface layer exhibits a relatively larger difference in the equivalent refractive index when operating at longer wavelengths, resulting in a stronger deflection effect, thus the propagation directions of the two modes are deflected by a larger angle in the device. A simulation shows that both the TM and TE modes have low ILs (<0.731 dB for TE mode and <0.873 dB for TM mode) and low ERs (10.5~15 dB) over a broad wavelength band of 80 nm, thereby covering the C-band (1530~1565 nm), which shows the potential of the device to be used together with the WDM on-chip system to further improve the link capacity.



Since manufacturing defects, which usually lead to the deterioration of the device performance, are unavoidable in practical applications, we simulated the device performance under different fabrication errors to verify whether the device has good tolerance. We first simulated the possible under-etching and over-etching conditions during the etching process, and the simulation results show that the device can tolerate a variation in etch depth of up to ±20 nm, as shown in Figure 5a–d. ILs of both polarization modes fall less than 0.34 dB from the peak value over the entire 80 nm width band, while the reduction of ERs is up to 2.95 dB. We noticed that, whether under-etched or over-etched, the separation efficiency of the device for TM-polarized light fluctuates greatly, while TE-polarized light is almost unaffected. This is consistent with our previous setup where the equivalent refractive index of the TE mode hardly varies with the structure of the metasurface layer.



To elucidate the tolerance of our device to small changes in device geometry, we simulated the device behavior under irregular etching conditions. Considering the outer proximity effect during the etching process, an etched shape close to a round hole is used to replace the ideal square etched air hole. The simulation results under this circumstance indicate that the device is robust to small geometry changes, as shown in Figure 6a,b, while ERs of both the TE and TM mode are above 10 dB, and ILs remain smaller than 1.07 dB over the entire 80 nm bandwidth from 1510 nm to 1590 nm. Considering that the metasurface layer of the device needs to be formed on a standard SOI, there is a high possibility of deviation in the layer from the ideal position. We simulated the device performance when the additional layer deviates from the ideal position by 1 μm toward the input port, as shown in Figure 6c,d. The results show that the separation function of the PBS device is still efficient, with low ILs (<1.36 dB for TM mode, and <0.79 dB for TE mode) over the entire 80 nm bandwidth and fairly low ERs (>9 dB for TM mode and >11.5 dB for TE mode) in the C-band. The simulation results indicate that the metasurface PBS is suitable for future WDM and PDM communication applications in SOI platform.




4. Conclusions


We have demonstrated an ultra-compact polarization beam splitter utilizing a metasurface layer formed on SOI based on the physics-constrained DBS algorithm. The simulation shows that at 1550 nm, the insertion losses of the TE and TM modes are 0.706 dB and 0.809 dB, and the extinction ratios of the TE output port and TM output port are 12.59 dB and 10.76 dB, respectively. The low insertion loss (<0.731 dB for TE mode and <0.873 dB for TM mode) over a large wavelength range of 1510 nm to 1590 nm (covering the C-band) indicates that the device has a high performance under broadband inputs. Furthermore, our study demonstrates that the device has good tolerance to fabrication errors. We hope this novel device can be used as a highly-functional nanophotonic element for densely integrated PDM systems.
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Figure 1. Schematic of the metasurface polarization beam splitter. (a) Top view of the proposed PBS. Inset: the zoom-in top view of a single pixel in the metasurface layer. (b) Cross-section of the area marked by the red line, which indicates the structural form of metasurface built on the standard SOI. The topmost metasurface layer can be divided into a series of small pixels of 80 × 80 nm2, each of which has two optional modes: etched air hole or silicon. (c) The metasurface structure, in which the light area represents the doped air, and the dark area represents the 120 nm thick silicon structure. 
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Figure 2. (a) The normalized effective refractive indices for the TE and TM mode as a function of the thickness of the metasurface layer. (b) Relationship between the number of etched grids and the normalized effective refractive indices for the TE and TM mode, thereby matching the typical cell structures of each density mode. (c) Index profile of the TM mode at the initial time and (d) after optimization. 
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Figure 3. Design pipeline for the metasurface layer. 
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Figure 4. The simulated normalized transmission spectra with detected mode profiles for (a) TM mode and (b) TE mode. E-field profiles of the propagation along the device for (c) TM mode and (d) TE mode. 
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Figure 5. (a) Device performance when suffering 20 nm over-etch for TE mode and (b) TM mode. (c) Device performance when suffering 20 nm under-etch for TE mode and (d) TM mode. 
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Figure 6. (a) Device performance under irregular etching conditions for TE mode and (b) TM mode. (c) Device performance when the metasurface layer suffers a 1 μm deviation for TE mode and (d) TM mode. 
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