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The edge-coupler of fiber-to-chip with ultra-low coupling loss is demonstrated on SOI platform. The edge-coupler is consisted of the cantilevered SiO2 waveguide, the amorphous silicon (α-Si) nano taper and the crystal silicon (c-Si) nano tapers. The thin α-Si layer is deposited on the c-Si layer to improve the pattern matching with fiber. The optical input signal from the optical fiber is launched into the suspended SiO2 waveguide, then coupled into the α-Si nano taper at the center of the SiO2 waveguide, and finally coupled into the c-Si nano taper. We characterized the cantilevered edge-coupler using cleaved single-mode optical fiber with a mode field diameter of 10.5 μm. The measured coupling loss is as low as -1.7 dB per facet for TE mode without index matching liquid at 1550 nm. The 1 dB bandwidth is more than 100 nm with 1 dB alignment tolerances of ±2.0 μm in both horizontal and vertical directions. Besides, potential hybrid optical integration could also be allowed with this results in the future.
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INTRODUCTION
In the past decades, silicon photonics has attracted a lot of attentions in both industry and academy for its compact devices, Complementary Metal Oxide Semiconductor (CMOS) process compatibility, and high integration density. Although there is a high refractive index contrast between Si and SiO2, the high coupling loss and stringent alignment accuracy resulted from the mode-size mismatching between single-mode optical fibers (SMFs) and silicon nano-waveguides, and inevitably hindered the development and application of silicon photonics [1–3]. Tremendous efforts have been made in this field, and several techniques are developed which can be concluded into two groups: vertical grating coupling [4–6] and edge coupling [7–12]. Although vertical grating coupling is much easier for fabrication and also enables a wafer-level testing, it suffers from polarization dependence and narrow bandwidth. Various edge-couplers are demonstrated in recent years [13–17]. For couplers made of the Si nano-taper covering the low index cladding such as polymer [7], SiON [8], and SiO2 [9], low coupling losses are realized with tapered or high-NA fibers instead of SMFs. For coupling with SMFs, various cantilevered mode converters are introduced [10–15] to prevent the substrate leakage.
A mode size converter with SiON as intermediate material was reported in 2014. In the TE and TM mode of the silicon nitride waveguide with a 200 nm wide tip, the coupling loss to the cleaved single mode fiber is 1.2 dB/surface and 1.4 dB/plane, respectively. While for the Si waveguide, the coupling loss of the TE and TM modes is about 1.8 and 2.1 dB/facet [13]. We reported a low loss fiber-to-waveguide converter with a 3-D functional taper for Silicon Photonics in2016 [14]. With an index-matching liquid, the lowest coupling loss of TE mode is 1.5 dB/facet and the lowest coupling loss of TM mode is 2.1 dB/facet. However, the coupler still lags behind the application requirements and needs to be further developed. In 2018, an efficient suspension coupler with a loss of less than 1.4 dB between a silicon photon waveguide and a split single-mode fiber was proposed [18]. Benefiting from the 193 nm lithography, a narrow tip of 100 nm width was achieved using one of the MPW platforms, with great repetition and uniformity. The Suspension Light Point Size Converter (SSC) was optimized so that the minimum coupling loss in the TE mode is only 0.95 dB.
SOI wafers with 4∼6 μm thick buried oxide (BOX) layers are more suitable for the better mode match with the size of cleaved fiber [10]. However, typical BOX thicknesses of commercial SOI wafers are 2∼3 μm. In order to further reduce the coupling loss and enable the waveguide to be coupled at the center of silicon dioxide, an edge coupler based on double-layer silicon waveguide is demonstrated. A thin α-Si layer is deposited on the c-Si layer to overcome the limitation from finite BOX thickness and improve the mode overlap with SMFs, and the BOX layer thickness of 3.5 μm is realized. We used a SiO2 waveguide as the cantilevered coupler to reduce the coupling losses between the SiO2 waveguide and the cleaved fiber. We used to characterize the coupling losses between the cleaved optical fiber and this converter with the matching liquid (n = 1.4). The measured coupling losses are as low as -1.7 dB per facet for TE mode at 1,550 nm. The introduced α-Si layer could also be used in future chip-level 3D optical interconnections [19].
DESIGN AND FABRICATION
Figure 1A shows the structures of the double-layer cantilevered edge coupler. The whole device includes three sections. The first section is the SiO2 waveguide, which is designed for the better mode matching with the standard cleaved fibers. The second section is the SiO2 taper that compresses the mode in the horizontal direction. This middle section is use to compress the large mode spot into the small spot which matches with the α-Si nano taper. Both BOX and cladding layers are used to get the SiO2 waveguide. The third section consists the α-Si layer taper which is located in the center of the SiO2 waveguide, and the c-Si taper based on the top silicon layer of the SOI wafers. With the introduced α-Si layer, the thicker oxide buffer layer (h_1) is applied for the better mode matching and process variations as shown in Figure 1B. SiO2 waveguide facets are designed for the better mode matching with SMFs. To overcome the limitation of the finite BOX thickness, the α-Si layer is introduced on top of the c-Si waveguide SiO2 layer. The optical signal from the optical fiber is first coupled into the suspended SiO2 waveguide. Then, the optical signal propagates in the suspended SiO2 waveguide and is compressed by the SiO2 taper. Then, the optical signal is coupled into the α-Si nano taper in the center of the SiO2 waveguide, and finally into the c-Si nano taper.
[image: Figure 1]FIGURE 1 | (A) Core structures and (B) side view of the double-layered edge coupler.
A cross-section of 7 μm (width)*7.1 μm (height) is designed for the SiO2 waveguide end facet. As such, the α-Si nano taper is near the center of suspended SiO2 waveguide, allowing for optimal coupling efficiency between the suspended SiO2 waveguide ang the a-si nano taper. With the designed cross-section, the requirement on cladding index is also relieved. For optimum device performance, the mode conversions between the SiO2 waveguide and α-Si waveguide, the α-Si and c-Si waveguides are optimized separately. The detailed design parameters of the coupler are shown in Table 1. Figure 2 shows the top view of the double-layered edge coupler and denotations of the design parameters. Considering the coupling between the α-Si and c-Si layer, the α-Si layer thickness is designed to be 110 nm and the gap between two layers is 500 nm. The tip width of the α-Si nano taper is critical for the coupling loss.
TABLE 1 | Design parameters of the double-layer edge couple.
[image: Table 1][image: Figure 2]FIGURE 2 | Top view of the double-layered edge coupler.
This edge coupler transmits as an input signal at 1,550 nm using the normalized fiber mode field. The material of matching liquid (n = 1.4) is used as the cladding for cantilevered SiO2 waveguide. The simulation results of TE mode are shown in Figure 3. X axis is the horizontal direction. Y axis is the vertical direction and Z axis is optical signal propagation direction. The optical field distribution results show that optical mode-size can be compressed into a small one in both horizontal and vertical directions through the 3D SiO2 taper. The right figure is the results of the monitored optical power in the converter. The conversion efficiency for TE mode is achieved as high as 80% with the optimized parameters. After that, the tip width of the α-Si nano taper at the center of the SiO2 waveguide is an important factor. We changed the tip width of the α-Si nanotaper. The simulated data is shown in Figure 4. When the width is 0 μm, the coupling loss can be optimized to 0.97 dB.
[image: Figure 3]FIGURE 3 | Simulated optical field distribution in the converter at 1,550 nm. (A): Top view; (B): Lateral view; (C): monitored optical power in the converter (blue line: the power in the c-Si overlapped tapers).
[image: Figure 4]FIGURE 4 | Coupling loss per fact vs.. tip width of α-Si nano taper.
The double-layered edge coupler is fabricated on a 200 mm diameter wafer using CMOS compatible processes. The process flow chart is shown in Figure 5. The ridge and channel waveguides are first made by typical lithography/etch processes. After depositing 75 nm SiO2 by PECVD as the hard mask (HM), the waveguide and top c-Si taper structures were patterned by deep UV lithography technology, as shown in Figure 5A. The pattern size of the photo-resist (PR) is closed to the design value. Then, the PR pattern is trimmed with oxygen (O2) gas, after which the SiO2 hard mask is etched. The SiO2 hard mask is opened using carbon tetrachloride (CF4) and the c-Si is partially etched with chlorine (Cl2) and oxygen (O2), as shown in Figure 5B. The top c-Si nano taper is formed by the first partial SiO2 etch. The wafer was patterned and trimmed again, and the remaining c-Si was etched with Cl2 to complete the bottom c-Si nano taper, as shown in Figure 5C,D. Figure 6A shows the scanning electron microscope images (SEM) of the taper tip of the c-Si slab layer, and Figure 6B shows the SEM image of the transition from the c-Si slab layer to c-Si channel layer. Then, the SiO2 layer is deposited and the Chemical Mechanical Polishing (CMP) process is applied to smooth the surface and control the distance between the two Si layers, as shown in Figure 5E. After the 110 nm layer of α-Si was deposited in a gas-filled 540-degree furnace tube, the 75 nm of SiO2 was deposited by PECVD as the hard mask (HM), as shown in Figure 5F. The PR is applied and trimmed and patterned, then the SiO2 hard mask is etched to form the top α-Si nano taper, as shown in Figure 5G. The TEM image of the double-layer waveguides cross-section is shown in Figure 6C. After forming the top α-Si nano taper, a 3.5 μm PECVD SiO2 layer was deposited, and the 1 μm-thick SiO2 layer was then patterned and etched, as shown in Figure 5H. Later, the SiO2 waveguide and deep trench are pattern, as shown in Figure 5I. After patterning, the SiO2 layer is etched with octafluorocyclobutane (C4F8) and the Si layer is etched with sulfur fluoride (SF6) to form suspended SiO2 waveguide and Si deep trenches, as shown in Figure 5J. Figure 6 shows the SEM and TEM images of the double-layer edge coupler. The double-layer edge coupler is shown in Figure 6D.
[image: Figure 5]FIGURE 5 | Process flow of edge-coupler.(A)Pattern mask 1,(B)Partially etch SiO2/c-Si,(C)Pattern mask 2,(D)Etch c-Si to BOX,(E)Deposited SiO2 layer,(F)Deposited α-Si layer and HM layer,(G)Partially etch SiO2/c-Si,(H)Pattern mask 3,(I)Pattern mask 4(J)etch SiO2/Si.
[image: Figure 6]FIGURE 6 | (A) SEM image of the taper tip of the c-Si slab layer, (B) SEM image of the transition from the c-Si slab layer to c-Si channel layer, (C)TEM image of the double-layer waveguides cross-section, (D)SEM image of the cantilevered structure (part).
MEASUREMENT AND ANALYSIS
We characterized the fabricated devices with a simple transmission setup, which includes the high performance amplified spontaneous emission (ASE) light source with a broadband wavelength range, the high-sensitivity optical power meter, the optical polarization controller (PC), the high-precision optical spectrum analyzer (OSA) and a linear optical polarizer. Corning Panda Polarization Maintaining (PM) fibers are used with the mode field diameter of 10.5 μm at the wavelength of 1,550 nm. In order to ensure the TE mode input, the polarization direction of the linear polarizer is placed to be perpendicular to the chip surface. The output light through the polarizer is monitored by the near infrared (NIR) camera. By adjusting the polarization controller and rotating the input fiber, the output power is to be minimum. In order to extract the coupling performances, the Si waveguide is measured by the cut-back method. Each Si waveguide between input/output converters is composed of some straight waveguide (220 nm × 500 nm) and eight 180°-bend waveguide with a bending radius of 20 μm. The length difference between two adjacent Si waveguide is 6 mm.
The optical spectra of TE modes from the input PM cleaved optical fiber to the output.
PM cleaved optical fiber are measured first as a reference. Then, the same input/output optical fibers are used to measure the designed cut-back waveguide. Based on the above measured spectral (Figure 7A), we calculated the coupling losses and the propagation losses of the waveguides are extracted at different wavelengths, as shown in Figure 7B. In the bandwidth of 1,520–1,620 nm, the TE-mode propagation losses are about 1.5 dB/cm and the coupling losses are about 1.7 dB/facet. Alignment tolerance is critical to assemble with fiber. For a commercial converter,a large alignment tolerance greatly benefits the package of optical products. Therefore, we performed measurements of the alignment data of the cantilever converter. We change the vertical and horizontal position of the launch field separately to get the alignment tolerance of the device. Figure 8 shows the measured results about the alignment tolerances. Figure 8A is the horizontal(X) direction, and Figure 8B is the verticai(Y) direction. Using the above cleaved fiber and matching liquid, the tolerances in both X and Y axes are ±2.0 μm for 1-dB excess losses. This can much release request to alignment precision.
[image: Figure 7]FIGURE 7 | (A)Measured spectral for waveguides with different length and SMF-to-SMF reference, TE mode input; (B)extracted TE mode coupling loss with cleaved SMF and waveguide propagation loss. Index matching oil is not used in this test.
[image: Figure 8]FIGURE 8 | Alignment tolerance between mode size converter and cleaved optical fiber.(A) horizontal (X)directions,(B)vertical (Y) directions.
COMPARISON OF DIFFERENT EDGE COUPLERS
We compare the characteristics of the designed coupler with previous studies in Table 2. The thickness of top Si, coupling efficiency,misalignment tolerance,coupler’s length, fiber, bandwidth and evaluation method are compared in this table. When available both theoretical and experimental results are presented. To distinguish between the theoretical and experimental results in the table, we present the theoretical results in the parentheses. Our designed tapers have a double-layer silicon waveguide structure compared to other studies. The designed tapers have a coupling loss of less than 1 dB in a broad bandwidth of 1,550 nm, which is comparable with the previous studies. The design of this paper shows that the SiO2 waveguide and the c-Si waveguide have good coupling efficiency, which means that the top α-Si waveguide is located in the center of the SiO2 waveguide, which is more favorable for coupling.
TABLE 2 | Comparison of different edge couplers.
[image: Table 2]CONCLUSION
We designed an ultra-low loss fiber-to-chip edge-coupler with the α-Si nano taper and the c-Si nano tapers. The coupling losses is 0.97 dB for TE modes by simulation, the measured coupling losses is as low as -1.7 dB per facet for TE mode at 1,550 nm without index matching liquid. The 1 dB bandwidth is more than 100 nm with 1 dB alignment tolerances of ±2.0 μm in both horizontal and vertical directions. Therefore, the design is favorable for the better coupling between the silica waveguide and the top silicon waveguide located in the center of the SiO2 waveguide.
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