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Abstract

:

Fiber-to-chip optical interconnects is a big challenge in silicon photonics application scenarios such as data centers and optical transmission systems. An edge coupler, compared to optical grating, is appealing to in the application of silicon photonics due to the high coupling efficiency between standard optical fibers (SMF-28) and the sub-micron silicon wire waveguides. In this work, we proposed a novel fiber–chip edge coupler approach with a large mode size for silicon photonic wire waveguides. The edge coupler consists of a multiple structure which was fulfilled by multiple silicon nitride layers embedded in SiO2 upper cladding, curved waveguides and two adiabatic spot size converter (SSC) sections. The multiple structure can allow light directly coupling from large mode size fiber-to-chip coupler, and then the curved waveguides and SSCs transmit the evanescent field to a 220 nm-thick silicon wire waveguide based on the silicon-on-insulator (SOI) platform. The edge coupler, designed for a standard SMF-28 fiber with 8.2 μm mode field diameter (MFD) at a wavelength of 1550 nm, exhibits a mode overlap efficiency exceeding 95% at the chip facet and the overall coupling exceeding 90%. The proposed edge coupler is fully compatible with standard microfabrication processes.
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1. Introduction


Recently, explosive growth in data analytics applications such as cloud computing, video streaming and online gaming are leading to a convergence between datacenters and high-performance computing (HPC) systems [1,2,3]. To satisfy such demands, large-scale studies have been developed towards intra-datacenter optical interconnects based on the silicon photonics platform via single mode fibers (SMF) in the last one kilometer [4,5]. The silicon photonics attracts intense interests due to its ultra-compact and low-cost characteristics. However, mode size mismatch between SMF-28 and sub-μm silicon wire waveguide lets the light suffer from a rather low mode overlap efficiency over a broad spectrum [6,7].



Two kinds of approaches can be used to solve this problem, namely the edge coupler and surface grating coupler [8,9,10]. Surface grating coupler, that is out of plane coupling, can couple light from a fiber into a silicon wire waveguide at a nearly vertical degree to maintain a high coupler efficiency, and vice versa. The grating coupler is capable of wafer-level testing and enhancing on-chip compactness. However, for a uniform grating coupler based on a standard 220 nm-thick silicon silicon-on-insulator (SOI) platform, there are also some disadvantages such as low coupling efficiency, wavelength and polarization sensitivity, which make them inappropriate for WDM applications [11,12,13]. As for the butt coupling or package with conventional cleaved optical fiber, the edge coupler is more convenient to use, which can achieve higher coupling efficiency, a much more flexible operating wavelength and less dependence on polarization than grating coupler [7,14].



Spot size converter (SSC) can usually be used in an edge coupler to expand the mode at the narrow tip which is nearly as large as the fiber mode. Then, this delocalized mode is transformed to a highly confined mode in silicon wire waveguide through slowly increasing the waveguide width. However, this is hard to achieve a large mode size in an SOI waveguide. A trident SSC is proposed to be hybrid integrated with a light source on a silicon platform [8,12]. This SSC exhibits low polarization dependence and a low coupling loss at 1550 nm wavelength. However, it includes an ultra-narrow tip which increases the fabrication complexity and cost. In order to improve the coupling efficiency with a large mode size fiber, Papes et al. [15] proposed a new fiber–chip edge coupler coupling from a standard SMF-28 fiber with a 10.4 μm mode field diameter (MFD) at 1550 nm to a silicon photonic wire waveguide. This edge coupler is designed by implementing in the SiO2 upper cladding three high-index Si3N4 layers. Through adding a sub-wavelength grating behind the Si3N4 layers horizontally, the overall coupling efficiency is 84%. Nevertheless, the device is too long and the fabrication tolerance of Si3N4 layer thickness is low, which make it troublesomely in practice. In order to reduce the edge coupler length, Sisto et al. [4] presented a sort of edge coupler based on a cross-like arrangement of SiOxNy waveguides inserted in a SiO2 cladding region. The device will exhibit 0.7 dB overall loss with a total length of 450 μm, but this is at the expense of high fabrication complexity such as the uniform SiOxNy material growth which is inconveniently available [10,16,17]. An interesting approach is demonstrated by Dangel et al. using the polymer waveguide with a fundamental mode matching the single mode fiber mode. They obtain less than 3.5 dB coupling loss across the O-band from the SMF to the silicon waveguide, giving the chance to be used in broadband and polarization independent optical packaging [18].



In this work, we present a novel CMOS-compatible edge coupler optimized for light coupling from a standard SMF fiber with 8.2 μm MFD at 1550 nm to a silicon photonic wire waveguide based on a standard 220 nm-thick silicon SOI platform. By optimizing the structures of the edge coupler, it exhibits 95 and 99% mode overlap efficiencies at the chip facet for transverse electric (TE) mode and transverse magnetic (TM) mode at 1550 nm wavelength, respectively. The overall coupling efficiency of a less than 895 μm-edge coupler is exceeding 90% for the TE mode through managing the SSCs. The designed edge coupler exhibits a high mode overlap efficiency with a large mode size, high overall coupling efficiency, high compactness, and CMOS-compatible performances.




2. Materials and Methods


The overall coupling efficiency can be expressed as two parts: the mode overlap efficiency between fundamental fiber mode and the delocalized mode at the chip facet, and the mode transformation efficiency. When one mode is dominant, the modal overlap efficiency can be given as follows [19]:


   η 1  =       ∫  E 1   E 2  d A    2    ∫      E 1     2  d A ∫      E 2     2  d A    



(1)




where E1 and E2 are complex electric field amplitudes of the delocalized mode at the chip facet and fiber mode. The mode transformation efficiency describes how much the light transforms from the chip facet to the silicon photonic wire waveguide. Apart from coupling efficiency, another parameter, coupling loss, is usually used to describe how much energy is lost during light transmission, which is given as follows:


  CL = 10 ×   log   10   η  



(2)




where CL and η are the coupling loss and coupling efficiency, respectively.



The 3-D full schematic of edge coupler structure, shown in Figure 1, can transform the delocalized mode at the chip facet supported by multiple Si3N4 layers to a highly confined mode of the silicon wire waveguide. The edge coupler is made up of five Si3N4 waveguides in three layers, curved Si3N4 waveguides and two-section Si3N4 SSCs with an engineered propagating mode effective index along the propagation direction. We define these three Si3N4 layers as the upper layer, middle layer and lower layer, according to the vertical position. The Si3N4 SSCs in the upper layer and lower layer are identical with the width reducing from 340 to 180 nm for the decreasing mode effective indexes. In the middle layer, the waveguide in the center is narrower than those on the sides. After the lower layer and upper layer termination points, the modes are separated in three waveguides of middle layer and then transformed to one mode through the curved waveguides. Until now, this edge coupler has transformed a delocalized mode as large as a fiber mode to one single mode in a Si3N4 waveguide. Then, we used two-section Si3N4 SSCs to evanescently couple the light from the Si3N4 waveguide to a silicon wire waveguide. The mode in the silicon wire waveguide can be used in silicon integrated devices, such as the modulator and the photodetector.



The cross-section schematic of the designed edge coupler near the chip facet is shown in Figure 2. The proposed edge coupler is formed by a cross-shaped arrangement of five Si3N4 waveguides surrounded by SiO2 cladding layers. The substrate is SOI with a 3 μm-thick buried oxide(BOX). Through optimizing the spacing and widths of Si3N4 waveguides, we can obtain only one collective TE or TM mode rather than separate modes in each waveguide.




3. Simulation Results


We studied the mode overlap efficiencies for the TE and TM mode, and the overall coupling efficiency for the TE mode only, using MODE solutions software from Lumerical. The simulation of mode overlap between the fiber and edge coupler facet was carried out with the finite difference eigenmode (FDE) solver. The mode transformation along the coupler is simulated by fully vectorial 3D eigenmode expansion (EME) solver.



3.1. Mode Overlap Optimization


The cross-shaped arrangement of the edge coupler near the chip facet is shown in Figure 1. The coupler, based on an SOI substrate with 3 μm BOX layer, is constituted of three Si3N4 layers surrounding by SiO2 cladding region. The refractive indexes of Si3N4, Si and SiO2 in material database are 2.016, 3.476 and 1.444 at 1550 nm, respectively.



The high refractive index contrast between silicon and silicon dioxide makes it impossible to expand the mode as large as in optical fiber mode. Thus, a low refractive index material, Si3N4, was considered. We decide to use five Si3N4 waveguides cross-shaped distributed in three layers. By controlling the cladding layer thickness, each Si3N4 waveguide thickness and width, the Si3N4 waveguides can pull the mode spatial distribution towards the upper cladding layer, extremely reduced the leakage to the substrate.



The edge coupler is designed for high coupling with standard SMF-28 fiber with 8.2 μm MFD. This high MFD fiber shows excellent alignment tolerance compared to the lensed fiber, and it is cheap and additionally easy to prepare. The edge coupler comprises a 3 μm-thick BOX layer, a 9.5 μm-thick SiO2 upper cladding layer, a 220 nm-thick silicon wire waveguide and five 200 nm-thick Si3N4 waveguides distributed in three layers. The SiO2 thickness between upper layer and middle layer, middle layer and lower layer is 2.88 and 3.12 μm, respectively. More detailed information about optimized waveguides is listed in Table 1. The simulated fundamental TE and TM polarized mode are shown in Figure 3. It is a collective mode of five waveguides rather than several separate modes in each waveguide. It is obvious that the modes are pulled towards the upper cladding layer. The fundamental TE mode effective indexes in fiber and the edge coupler facet are 1.436 and 1.447, respectively. The mode overlap efficiency between the edge coupler facet and fiber is calculated to be 95% for the TE mode and 99% for TM mode.



Figure 4 presents the simulation results for the wavelength dependence of the mode overlap efficiency of TE and TM modes. The TE mode overlap coupling loss between the edge coupler facet and the optical fiber is as low as 0.17 dB and remains below 0.31 dB over 100 nm centered at 1550 nm, while the TM mode displays a 0.04–0.08 dB coupling loss. The important parameter polarization dependent loss (PDL) is defined as the difference of TE and TM mode coupling efficiency [12]. It can be negligible over the whole wavelength sweep range.




3.2. Mode Transformer Design


The mode transformer is designed using a 3D EME solver, from Lumerical, which is appealing to calculate large structures because it takes less time. The EME method is convenient and fast to sweep the length of SSC by calculating the modes and overlaps between two adjacent cells in advance.



The 3D-EME results are given in Figure 5. Panels (a–f) show the transverse mode distributions at different points along the edge coupler, namely at the edge coupler facet, at the upper (or lower) Si3N4 waveguide termination point, at curved waveguide termination point, at 36 μm before the Si3N4 first SSC termination point, at the Si3N4 first SSC termination point, and in the highly confined mode of the silicon wire waveguide. The simulated mode overall coupling efficiency is above 90% for the totally 895 μm-edge coupler, corresponding to an overall coupling loss of 0.44 dB.



Figure 6 presents the 3D-EME results about the edge coupler transmission to the fundamental mode as a function of second-section SSC length. Before the calculation, we performed the convergence testing. It was shown that the Si3N4 second SSC length of 66 μm can achieve better than 90% overall coupling efficiency. Beyond 66 μm, the total transmission starts to decrease due to light leakage losses. In EME, the large enough transverse simulation size and refined mesh are set to obtain an accurate and high simulation result.



The proposed edge coupler shows great relaxation in lithography alignment tolerances. Figure 7 presents the simulated alignment tolerances between the Si3N4 first SSC and silicon SSC in the direction of the waveguide width (y axis) and material growth (z axis). The edge coupler exhibits at least 84% transmission efficiency aligning silicon SSC in the y axis within 1.8 μm accuracy, while at least 86% transmission efficiency aligning silicon SSC in the z axis within 0.9 μm accuracy.



The alignment tolerance of the upper Si3N4 waveguide in the y axis is also performed and the simulation result is shown in Figure 8. The edge coupler exhibits at least 84% transmission efficiency aligning with the upper Si3N4 waveguide in the y axis within 2.8 μm accuracy. Compared with Figure 7a, the alignment of the upper Si3N4 waveguide is a more relaxed aspect than silicon SSC to define the coupling efficiency. In addition, the same alignment tolerance is for the lower Si3N4 waveguide, as in the symmetric multiple Si3N4 waveguides.



We examined the magnitude of the forward propagating mode coefficients along the length of edge coupler and Figure 9a shows the dependence in the logarithmic coordinate. In Figure 9a, x axis indicates the position in the designed edge coupler from the chip facet to the end of silicon wire waveguide, and the y axis indicates the number of modes totally calculated in each cross section. The color bar is oversaturated on purpose to highlight the magnitudes of the higher order mode coefficients. The results show that the delocalized mode at the chip facet can adiabatically transform to a silicon wire waveguide in fundamental mode whose magnitude is close to 1 at all positions. In Figure 9a, when light travels into the Si3N4 first SSC, the high order mode appears. Meanwhile, in Figure 9b, it records the magnitude of the forward and backward propagating fundamental mode coefficients along the length of edge coupler. In contrast to Figure 9a, it is at the same position that the magnitude of forward propagating fundamental mode exhibits a slight decrease due to high order modes generation. At the end of the Si3N4 first SSC, the high order modes almost transform into fundamental mode, thus the magnitude of forward propagating fundamental mode increases. Additionally, further design improvements can be studied by optimizing the SSC structure in this region to eliminate high order modes.





4. Conclusions


We proposed a novel edge coupler design based on a cross-shaped arrangement of Si3N4 waveguides surrounded by SiO2 cladding layer on a standard 220 nm-thick silicon SOI platform. This edge coupler can couple the light from a standard SMF-28 fiber with 8.2 μm MFD at 1550 nm to silicon wire waveguide with the overall coupling efficiency exceeding 90% (0.44 dB). The advantages of the proposed structure are extremely high mode overlap efficiency to standard 8.2 μm MFD SMFs with 0.04–0.08 dB coupling loss over 100 nm wavelength range centered at 1550 nm; the overall coupling efficiency exceeding 90% in less than 895 μm; the edge coupler shows relaxed alignment tolerances for CMOS fabrication; the edge coupler is fully compatible with standard microfabrication processes. Our results are promising in fiber–chip interconnects applied in data centers and optical transmission systems.
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Figure 1. Schematic of the designed edge coupler. 
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Figure 2. Cross-section schematic of the designed edge coupler near the chip facet. 
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Figure 3. The fundamental TE and TM mode at the chip facet for the designed edge coupler. 
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Figure 4. Wavelength dependence of mode overlap efficiency between the edge coupler facet and fiber. 






Figure 4. Wavelength dependence of mode overlap efficiency between the edge coupler facet and fiber.



[image: Photonics 08 00079 g004]







[image: Photonics 08 00079 g005 550] 





Figure 5. Simulated modal field evolution along the coupler: (a) near the edge coupler facet; (b) upper (or lower) Si3N4 waveguide termination point; (c) curved waveguide termination point; (d) 36 μm before Si3N4 first SSC termination point; (e) Si3N4 first SSC termination point; (f) highly confined mode in the silicon wire waveguide. The simulated mode is quasi-TE mode in 1550 nm. 
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Figure 6. The edge coupler transmission to the fundamental mode as a function of Si3N4 second SSC length. 
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Figure 7. Alignment tolerances of silicon SSC in the y axis (the direction of the waveguide width) (a) and the z axis (the direction of material growth) (b). 
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Figure 8. The alignment tolerance of the upper Si3N4 waveguide in the y axis (the direction of waveguide width). 
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Figure 9. (a) The magnitude of the forward propagating mode coefficients along the length of the edge coupler; (b) the magnitude chart of the forward and backward propagating fundamental mode coefficients along the length of edge coupler. In the simulation, 40 modes are calculated. 
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Table 1. Optimized parameters of the designed edge coupler.






Table 1. Optimized parameters of the designed edge coupler.





	Dimension
	Size (μm)





	TSiN
	0.2



	W1
	0.34



	W2
	0.14



	W3
	2.4



	H1
	1



	H2
	4.12



	H3
	7



	H4
	9.5
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