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Abstract

:

The power splitter is a device that splits the energy from an input signal into multiple outputs with equal or uneven energy. Recently, the use of algorithms to intelligently design silicon-based photonic devices has attracted widespread attention. Thus, many optimization algorithms, which are called inverse design algorithms, have been proposed. In this paper, we use the Direct Binary Search (DBS) algorithm designed with three 1 × 3 power splitters with arbitrary directions theoretically. They have any direction and can be connected to other devices in any direction, which greatly reduces the space occupied by the optical integrated circuit. Through the simulation that comes about, we are able to get the insertion loss (IL) of the device we designed to be less than 5.55 dB, 5.49 dB, and 5.32 dB, separately. Then, the wavelength is 1530–1560 nm, so it can be used in the optical communication system. To discuss the impact of the footprint on device performance, we also designed another device with the same function as the second one from the above three devices. Its IL is less than 5.40 dB. Although it occupies a larger area, it has an advantage in IL. Through the design results, three 1 × 3 power splitters can be freely combined to realize any direction, multi-channel, ultra-compact power splitters, and can be better connected with different devices to achieve different functions. At the same time, we also show an example of a combination. The IL of each port of the combined 1 × 6 power splitter is less than 8.82 dB.
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1. Introduction


With the rapid advancement of information, the replacement of electrical interconnection with optical interconnection is an inevitable trend to meet the speed and bandwidth requirements of massive information storage, rapid information transmission, and ultra-high-speed information processing. As an indispensable part of optical interconnection and optical communication systems, power splitters have attracted the attention of numerous researchers. In some traditional design methods, [1] proposed a traditional 1 × 8 splitter which has a lower correlation loss. However, the size of the device is 33 mm × 2.25 mm. A 1 × 2 waveguides splitter [2] is proposed dependent on the multimode interference (MMI) and photonic crystal. Moreover, the author of [3] designed a power splitter based on photonic crystal structure for photonic integrated circuits. Although these designs perform well, they all require manual adjustment of parameters, relying on the designer’s experience and intuition, which means that more manpower and time are required. In addition, the final device has a large footprint, which is inconvenient in practical applications [4,5]. In recent years, inverse design has attracted widespread attention due to its object-oriented design principles [6]. The essential thought of inverse design is to first determine the function of the final target device, and then use various optimization algorithms to calculate through the computer without manual participation, and finally calculate and design a device that meets the requirements. These seminal papers designed many nanophotonic devices with various functions [7,8,9,10]. They have employed advanced optimization methods. Currently, the commonly used optimization algorithms for micro-nano photonic devices are as follows: the direct-binary-search (DBS) algorithms [11,12,13], gradient-based optimization algorithm [14,15,16] and deep learning algorithm [17,18,19]. The design based on the gradient optimization algorithm is usually an irregular continuous shape [20]. Adjacent air pixels are prone to form etched areas of different shapes and different feature sizes, resulting in the lag effect [21], which brings challenges to sample manufacturing. Deep learning algorithm is broadly utilized within the design of micro-nano photonic devices [22]. The advantage of this method is that as long as the training is completed, the structure of the required target device can be found quickly, and can explore different possibilities more and get better solutions. However, there is a disadvantage that cannot be ignored. It requires a large number of data sets for training, which means a larger amount of calculation. At the same time, the network structure for training also needs to be explored to find a more suitable training network [23].



As a kind of intelligent optimization algorithm, the DBS algorithm is an iterative search algorithm that is applied to the design of nanophotonic devices [24]. The DBS algorithm has unparalleled advantages in realizing the design of on-chip micro-nano optical devices, due to its fast calculation speed, simple basic ideas, and convenient algorithm calculations. It can usually be applied to the design of a small parameter space [25]. At the same time, the digital element structure created by the DBS algorithm is more helpful for ensuing handling and fabrication. For example, a 2.6 μm × 2.6 μm ultra-compact 50:50 coupler [26] is designed using the DBS algorithm. Finally, the simulation results show that the IL of each port is less than 3.6 dB. As shown in [27], the photonic crystal-like sub-wavelength structure is shown. The device size is 2.72 μm × 2.72 μm. When the input light source is 1550 nm wavelength, the IL of the device is less than 3.2 dB. In addition, there are many power splitters with different functions and characteristics, which are optimized through algorithms, including 1 × 4 power splitter [28], power splitters with different ratios [29] etc. However, if these devices need to change the propagation direction, they need to be combined with waveguide bending, which undoubtedly increases the space occupied by the optical integrated circuit. The superposition of multiple devices will also affect the performance of the entire system. If power splitters with any direction can be designed, they can directly change the propagation direction of the on-chip beam after power splitting without adding additional waveguide bending. In this way, the final integration level of the photonic integrated circuit is higher, and the influence of excessive loss caused by the cascading of multiple devices is reduced. In the article [30], three 1 × 2 power splitters with any directions are proposed, which can be combined into power splitters with more output ports through their own combination. However, due to the limitation of the number of output ports, some output ports cannot be achieved with only 1 × 2 power splitters, such as 1 × 6 power splitters. In light of this, we use the DBS algorithm to design three different directions of 1 × 3 power splitters. They can also be combined with known 1 × 2 power splitters to achieve arbitrary channel and direction power splitters. When we use the optimized single device combination, it will inevitably lead to the degradation of device performance. Therefore, we also propose an optimization method that can improve the cascade of multiple devices. The goal is to use the optimized structure of a single device as the initial structure of the algorithm for further optimization. In this way, the on-chip beam can directly change the propagation direction after power splitting, without adding additional waveguide bending, and has excellent performance and compact structure. At the same time, the power splitter we designed can have a very compact size and better performance, which is beneficial to chip-level photonic integrated circuits. It plays a critical part within the dense integration, multi-function, and combined applications of micro-nano photonic devices.



In this paper, we designed the first 1 × 3 power splitter where the directions of the three output waveguides are all on the right side (RRRPS). In the second design of the 1 × 3 power splitter, two of the three output waveguides are on the bottom and one is on the left (LDDPS). The three output waveguides of the third 1 × 3 power splitter are in the left, right, and bottom directions (RLDPS). Moreover, through the combination of these devices, not only can it be combined into a power splitter with more channels, but it can also be interconnected with other devices to perform more functions. All of the footprints of the three devices are 2.4 μm × 2.4 μm. Finally, through simulation, the IL of the three devices is less than 5.55 dB, 5.49 dB, and 5.32 dB when the wavelength is 1530–1560 nm. Then we also use an example (LLDDPS) to illustrate the effect of size on the final performance. LLDDPS has expanded its footprint on the basis of LDDPS. The footprints of LLDDPS are 3.6 μm × 2.4 μm. The IL of each port is less than 5.40 dB. At the same time, we also show an example of a combination. The IL of each port of the combined 1 × 6 power splitter is less than 8.82 dB.




2. Methods and Results


In this work, three 1 × 3 power splitters based on silicon-on-insulator (SOI) platforms with diverse output directions were shown by us. The method of the DBS algorithm can be separated into the following steps: First, divide the pixel points in the area that needs to be optimized, and each pixel point can be randomly set to ‘0’ or ‘1’, ‘1’ means silicon, ‘0’ means air. Then, set the figure-of-merit (FOM). Every time the state of a pixel is changed, a corresponding FOM can be obtained. In the event that the FOM has progressed, the state after the pixel flip is retained, otherwise, it returns to the state before the flip until all the pixels are traversed. This is called an iteration. The iterations continue until the FOM does not improve further.



For the first structure with three output ports in the same direction, we based it on SOI. The material parameters used are the top silicon thickness of 220 nm and the silicon dioxide buried layer thickness of 2 μm. The optimized region is 2.4 μm × 2.4 μm, and each pixel is set as a square with a side length of 120 nm, which is an empirical value [29]. The whole area is partitioned into 20 × 20 pixels. In order to make it easier to process the device into shape, we often use the robust design of manufacturing through the regularization constraints of the smallest gap and the smallest curvature [4]. To meet this requirement, we use the cylinder structure as the shape of the pixel block. The role of the circular hole is: After the light source is input from the input port, the circular hole can be used to influence the refractive index to adjust the light field [30]. When the adjacent pixel blocks are all etched, the air columns remain separated by the silicone sidewall between the air columns. All etched areas are independent of each other and have the same feature structure. The difference in this structure is to avoid the possible sharp corners [31] and the inconsistent etching depth brought about by the hysteresis effect [21]. When the state of the pixel is required to be ‘1’, it means that there is no etching, and it is indicated in red. When the pixel state is ‘0’, the diameter of the etched hole is 90 nm, and the etching depth is 220 nm, which we use white in the figure to indicate. The input wavelength is 1530–1560 nm, and the input light source mode is TE0. We use FDTD solutions to solve the issue, and finally determine the simulation mesh size at 30 nm. The initial configuration of the first structure is set as shown in Figure 1a. When optimizing, the output port is not as uniform as the 1 × 2 power splitter. Therefore, the unbalance factor of every port needs to be considered. We add a formula representing root-mean-square error (RMSE) to balance the value of the output port. The RMSE is the square root of the ratio of the square of the deviation between the predicted value and the true value to the number of observations, and is used to measure the deviation between the observed value and the true value. Here, our predicted value and observed value are expressed by the transmittance of two ports, respectively, indicating that we need to make the transmittance of each two ports have a lower difference. The expression is as follows:


  R =    [     ∑    (  t 1  −  t 2  )  2     n   ]     1 2    +    [     ∑    (  t 1  −  t 3  )  2     n   ]     1 2    +    [     ∑    (  t 2  −  t 3  )  2     n   ]     1 2     



(1)







Here, t1, t2, and t3 individually refer to the transmittance of the three output wave-guides, and n represents the quantity of input wavelengths. The formula is the calculation of the transmittance of all wavelengths. The expression is to reduce the unbalance of the transmittance values of all wavelengths, and adjust the overall transmittance. Then we use a function M to represent the relationship of the transmittance of the three output ports, as shown below:


  M = (  t  1 m i n   +  t  2 m i n   +  t  3 m i n   ) − (  |   t  1 m i n   −  t  2 m i n    |  +  |   t  1 m i n   −  t  3 m i n    |  +  |   t  2 m i n   −  t  3 m i n    |  )  



(2)







Among them, t1min, t2min, and t3min respectively represent the minimum transmittance of all wavelengths in the corresponding port. The first half of the formula expresses the sum of the minimum transmittances of the three output ports, and the second half is the difference between the minimum transmittance of the three output ports. The purpose of our optimization is to increase the sum of the minimum transmittance and decrease the difference between the minimums. We need to increase the value of the function M, increase the transmittance of the output, and decrease the value of R, to achieve the goal of balancing the output of the three ports as much as possible. Considering the above factors, the FOM we finally set is defined as:


    FOM = α × (  t  1 m i n   +  t  2 m i n   +  t  3 m i n   ) − β × (  |   t  1 m i n   −  t  2 m i n    |  +  |   t  1 m i n   −  t  3 m i n    |  +  |   t  2 m i n   −  t  3 m i n    |  )     − γ ×   [     ∑    (  t 1  −  t 2  )  2     n   ]    1 2    +   [     ∑    (  t 1  −  t 3  )  2     n   ]    1 2    +   [     ∑    (  t 2  −  t 3  )  2     n   ]    1 2       



(3)







Then α, β and γ are used by us to represent the weight coefficient of each small item in R and M, respectively. Here, α + β + γ = 1, and they are set to 0.8, 0.1 and 0.1, respectively [32]. When the FOM no longer improves, the iteration stops. It takes~9 h on average to get the final results after 4 iterations. The ultimate optimized structure appears in Figure 1b. At the same time, we set IL to represent the insertion loss of each output waveguide [26]:


   IL m  = 10 × log (    t m   T  )  



(4)







In the formula, tm is the transmittance of each output waveguide, and T is the total transmittance of the input waveguide. Moreover, m addresses the quantity of output ports. In particular, Figure 1c shows a comparison chart of the insertion loss before and after optimization of the device. We can see that the output of the first three output ports is very unbalanced, and the results we want are not achieved. After optimization, it can be seen that the output of the three ports is very balanced and achieves the desired 1 × 3 power splitting effect. It tends to be seen that when the wavelength is 1530–1560 nm, the insertion loss of each output waveguide is below 5.55 dB. Then we can see from the optical field distribution diagram of the RRRPS in Figure 1d that the device has achieved the effect of power distribution.



For the FOM in Equation (3), the α term represents the weight of the sum of the minimum transmittances of the three output channels. Our ultimate goal of this optimization is to make the transmittance as high as possible, so the weight of this item should be the highest. At the same time, we also need to consider the port imbalance. Since the two items are adjustment items for the degree of imbalance, we fixed γ = 0.1, and then discussed α/β. It can be seen from Figure 2a that the final average insertion loss does decrease as the weight of α increases, which is the desired result. At the same time, we have also added Figure 2b to show the changes in port imbalance. Finally, we selected the ratio α/β = 0.8/0.1 that has the best transmittance and the centered port imbalance.



In addition, we designed a second power splitter (LDDPS) and demonstrated another larger device (LLDDPS) with the same function for comparison and discussion. Figure 3a is the optimized structure. The footprint of LLDDPS is 3.6 μm × 2.4 μm. The distance between the two output waveguides at the bottom is 0.48 μm. In Figure 3c, the light field distribution of the final simulation is shown. Finally, it can be seen from Figure 3b that the IL of each output port is below 5.40 dB. Then the final structure with a footprint of only 2.4 μm × 2.4 μm and the simulated square distribution is shown in Figure 3d,f, respectively. The final IL is less than 5.49 dB in Figure 3e. It is well known that as the refractive index or shape of the waveguide changes, the propagation direction of light, power splitting, and other characteristics will also change. We can therefore control the local refractive index to guide the light to the direction of the output port [33]. In the DBS algorithm, the refractive index is affected by searching for the appropriate pixel distribution to adjust the light field. A smaller footprint will result in a reduction in the number of pixels, and the control ability of pixel distribution will also be weakened. Therefore, reducing the footprint will affect the performance. Through the analysis of the results, increasing the footprint will improve the performance. Depending on the actual situation, if a smaller size is required, then there may be a decrease in performance. If you choose better performance, you must accept larger sizes.



For the third power splitter (LRDPS), we can use the symmetrical structure for optimization. As shown in Figure 4a, we only need to optimize half of the region, and then get the structure of the other part of the region by axial symmetry. Through this method, we can reduce the time for optimization calculations. In Figure 4b, the ultimate structure after LRDPS optimization appears. It tends to be seen in Figure 4c that in the range of wavelengths 1530–1560 nm, the IL of each output waveguide is below 5.32 dB. The ultimate optical field distribution graph appears in Figure 4d.




3. Discussion


After the optimization of the 1 × 3 power splitters in different output directions is completed, they can be combined according to actual needs. When we combine the design with the optimized 1 × 2 power splitter in [30], we can realize the power splitter of any channel. Due to the many ways of combination, here we show a 1 × 6 power splitter. We begin by basically combining the known 1 × 2 power splitter and RRRPS and then further optimize the simulation. Figure 5a shows the structure after our final optimization, and Figure 5b shows the light field distribution. In Figure 5c, we are able to see that the IL of each port is less than 8.82 dB at the conclusion, and the output that comes out of each output port is exceptionally uniform. In Figure 5d, we show the initial IL of the known 1 × 2 power splitter. At the same time, the average insertion loss of the device after simple combination is compared with the average insertion loss after further optimization. It can be seen that by further optimizing this method by taking the structure of the device after simple combination as the initial structure, the performance of the device can be greatly improved. Our method of optimizing the combined equipment improves the performance of the assembled equipment and very well may be all the more broadly utilized within the design of micro-nano photonic devices. In Table 1, we show a comparison with other work. It can be seen that we have an advantage in terms of footprint. At the same time, our work also has diversified directions, consideration of cascading, and scalability.



We will process the device in the follow-up work. We can use E-Beam Lithography (EBL) equipment to fabricate SOI devices. Then, inductively coupled plasma etching (Inductive Coupled Plasma-Reactive Ion Etching, ICP-RIE) equipment is used to transfer the mask to the silicon device layer [37]. It mainly includes the following steps: SOI wafer pretreatment, deposition of silicon and silicon layers, spin coating of the adhesion layer, negative photoresist and conductive layer, E-Beam exposure, development, etching and photoresist removal. [38,39,40]. Finally, it can be detected by vertical coupling test [14]. Since there are unavoidable random manufacturing defects in actual operation, the manufacturing tolerances must be considered. Here, we simulated the performance changes of the device in several different diameter ranges, and drew the average insertion loss graph for comparison. We can see from the comparison in Figure 6, when the diameter changes at +12 nm, the average insertion loss of the device has begun to have a more obvious deviation. It reaches a maximum of +15 nm. The maximum tolerable manufacturing tolerance of this device is 12 nm. When this accuracy is exceeded, the performance of the device is greatly affected. At the same time, the accuracy of EBL can be very small (about 8 nm). It can be seen from this maximum manufacturing tolerance that our devices can be manufactured very well.




4. Conclusions


In this paper, we list three ultra-compact and low-loss 1 × 3 power splitters with arbitrary input and output directions. They have the same compact sizes of 2.4 μm × 2.4 μm, and the insertion loss of each device is less than 5.55 dB, 5.49 dB, and 5.32 dB, respectively. We have also described another device that has the same function as the second version of the above three devices. Although its footprint is 3.6 μm × 2.4 μm, it has a lower IL, less than 5.40 dB. Through the design of power splitters with different outputs in different directions, these initial structures can be further combined to reach more output ports of power splitters. We show a 1 × 6 power splitter with an IL less than 8.82 dB. At the same time, these devices can not only be combined with themselves, but also can be better combined with other devices to achieve more functions, and further provide greater contributions to the optical interconnection system.
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Figure 1. The simulated results of RRRPS. (a) Initial structure before optimization. (b) The final structure after optimization. (c) is a comparison chart of the insertion loss before and after optimization of RRRPS. (d) Simulated optical field distributions. 






Figure 1. The simulated results of RRRPS. (a) Initial structure before optimization. (b) The final structure after optimization. (c) is a comparison chart of the insertion loss before and after optimization of RRRPS. (d) Simulated optical field distributions.



[image: Photonics 08 00516 g001]







[image: Photonics 08 00516 g002 550] 





Figure 2. The effect of different weights changes on device performance. (a) The average insertion loss of the three output ports beneath different weights. (b) The average insertion loss imbalance of the three output ports beneath different weights. 
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Figure 3. The simulated results of LLDDPS and LDDPS. (a,d) are the final simulation structure. (b,e) are the IL of each output waveguide of LLDDPS and LDDPS, respectively. (c,f) are the optical field distribution. 
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Figure 4. The simulated results of LRDPS. (a) Initial structure before optimization. (b) The final structure after optimization. (c) are the IL of each port of LRDPS. (d) Simulated optical field distributions. 
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Figure 5. The simulated results of 1 × 6 power splitter. (a) The final structure after optimization. (b) are the IL of each port. (c) Simulated optical field distributions. (d) The 1 × 2 power splitter’s average insertion loss after initial IL and simple combination was compared with the average insertion loss after further optimization. 
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Figure 6. The simulated results under the diameter variations. 
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Table 1. Comparison of other works.
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References

	
Footprint

	
IL (EL [33])

	
Direction (Directly Change the Propagation Direction after Power Splitting, without Adding Additional Waveguide Bending)

	
Cascading Combinations (after the Devices are Cascaded, the Performance Will Be Improved after Further Optimization)

	
Scalability (Combination to Realize 1 × N Power Splitter in Any Direction)






	
This Work

	
2.4 × 2.4 μm

	
5.55 dB (0.69 dB)

	
Directional flexibility

	
Yes

	
Yes




	
5.49 dB (0.63 dB)




	
5.32 dB (0.48 dB)




	
[34]

	
23 × 292 μm

	
(0.4 dB)

	
Single direction

	
No

	
No




	
[4]

	
3.8 × 2.5 μm

	
(0.642 dB)

	
Single direction

	
No

	
No




	
[35]

	
3.8 × 2.5 μm

	
(0.4 dB)

	
Single direction

	
No

	
No




	
[36]

	
2.8 × 2.8 μm

	
(0.49 dB)

	
Single direction

	
No

	
No
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