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A low-crosstalk compact arrayed waveguide grating integrated with a tunable micro-ring resonator is demonstrated on silicon-on-insulator platform, The side-lobe of the silicon nanowire AWG, introduced by fabrication errors, can be effectively suppressed by the Ring Filter, The crosstalk level of the side-lobe can be reduced from -16.3 dB to -26.8dB, in addition, the crosstalk of integrate AWG have improved over the entire 3 dB bandwidth, with a maximum crosstalk improvement of 8.9 dB at the left and right wavelengths of the 3 dB bandwidth, and the excess loss from the ring resonator can be ignorable in principle.
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1 INTRODUCTION
With the further improvement of communication capacity requirements, information multiplexing technologies such as Optical Time Division Multiplexing (OTDM), Optical Code Division Multiplexing (OCDM) and Wavelength Division Multiplexing (WDM) have been proposed one after another. As one of the most commonly used technologies in optical communication networks, WDM can maximize the use of bandwidth in optical fibers and effectively expand communication capacity. The silicon-based wavelength division multiplexer has received great attention due to its mature CMOS compatible process and platform. At present, the silicon-based wavelength division multiplexer (WDM) mainly has four structures, etched diffraction grating (Etched Diffraction Grating, EDG) [1, 2], Micro-Ring Resonator (MRR) [3–6], Mach Zander Interferometer (MZI) [7–10] and Arrayed Waveguide Grating (AWG) [11]. Compared to other technologies for multi-port optical filters, AWGs are compact, robust and suitable for large volume production.
In most AWG applications, the device’s insertion loss, channel crosstalk performance is critical. In the on-chip optical system, channel crosstalk below −20 dB is required. However, in practical applications, the channel crosstalk of silicon-based AWG is usually higher. Phase errors in waveguides caused by high refractive index cores is the main cause of AWG crosstalk, It has been demonstrated that compensating for this phase error can improve the filter performance and significantly lower the crosstalk level [12, 13], In order to remove the influence of side-lobe, a structure of cascaded AWGs is reported in [14], has achieved −34.2 dB crosstalk, and the insertion loss is −3.2dB, but the additional cascaded AWGs increase the device’s size. Subsequently, a low crosstalk Arrayed Waveguide Grating with Cascaded Waveguide Grating Filter was reported in [15], achieved 15 dB crosstalk improvement in simulation through cascade Waveguide Grating Filter, it is much more compact compared with the conventional AWG cascaded with AWGs design in [14], However, the Waveguide Grating Filter also has manufacturing errors and cannot perform wavelength tuning, so the actual performance may be degraded. In 2019, Zeng et al. proposed and demonstrated an integrated spectrometer with high resolution and wide bandwidth based on the cascaded AWG and tunable microring resonator array [16, 17]. However, the microring from each channel need to be tuning, which is very time-consuming.
In this letter, a novel WDM structure by integrating an AWG and a heat-turning MRR is demonstrated on silicon-on-insulator (SOI) wafer. In this design, the drop port of MRR is connected with the input waveguide of the AWG, the FSR of MRR is strictly consistent with the channel wavelength spacing of the AWG, and the resonance peak of MRR can be thermally tuned to overlaps with the peak wavelength of the AWG respectively. Through this design, the MRR worked as a filter to shape the AWG side-lobe region, and the crosstalk of the device can be significantly reduced with little insertion loss change. As a comparison, conventional AWG and this design is fabricated on the same chip, The experimental results shows that the side-lobe crosstalk level of the conventional AWG is −16.3 dB, 3 dB bandwidth is 1.72 nm, the crosstalk magnitude at the bandwidth maximum of the 3 dB bandwidth is −10.3 dB, insertion loss is −3 dB. The crosstalk of MRR integrate AWG at the bandwidth maximum of the 3 dB bandwidth is reduced by 8.9 dB, with 0.8 dB insertion loss increase, and the crosstalk at side-lobe reduced from −16.3 to −26.8 dB. After integrated MRR, the side-lobe of low crosstalk AWG has effectively eliminated, within the overall 3 dB bandwidth, the crosstalk levels of the devices are improved, with a maximum crosstalk magnitude difference of 8.9 dB.
2 DESIGN AND FABRICATION
The schematic low crosstalk AWG is shown in Figure 1, it consists of two main components: a heater-tunable MRR and an AWG. The drop port of MRR is connected with the input waveguide of the AWG. In order to make sure the resonance peak of MRR overlaps with the peak wavelength of the AWG strictly, the design of the FSR of the microring and the channel wavelength spacing of the AWG are essential. For AWG, according to the design requirements, it is determined that the center wavelength [image: image], the channel spacing Δλ = 3.2nm, and the number of channels [image: image], based on the simulation software, calculate the effective refractive index [image: image] , group refractive index [image: image], and plate refractive index [image: image] in TE mode of the ridge waveguide, using the superposition integral method to estimate the coupled crosstalk between the output waveguides and determine the spacing between the output waveguides [image: image] arrayed waveguide spacing [image: image] maximum diffraction order [image: image], if the diffraction order m is taken as [image: image], we can calculate that the length difference of the array waveguide ΔL = 10μm, and the radius of the Rowland Circle R = 55 μm. The channel spacing of the AWG has been determined, and the FSR design of the microring is the key of the device, The waveguide structure of the microring adopts a ridge waveguide, the ridge height is 90 nm, the ridge width is 500 nm, and the plate height is 130 nm, and the gap between the ring and the bus waveguide is 200 nm, simulated that [image: image] , according to the formula [image: image], it can be determined that when the central wavelength of MRR [image: image]nm and FSR = 3.2nm, the bending radius of MRR is 31.23 nm.
[image: Figure 1]FIGURE 1 | Core structures of the low crosstalk AWG.
Due to fabrication variation, the resonance wavelength cannot be precisely controlled by simply changing the dimensions of the MRR. Based on the high thermo-optic coefficient of silicon, the refractive index of silicon material changes with temperature, the resonance wavelength shifts with temperature, so the heater-tunable MRR adopted here can actively control the resonance wavelength well. In addition to the resonance wavelength shift, fabrication variation will also cause the FSR of the microring to deviate from the design value, in order to achieve strict matching between the FSR of the microring and the channel wavelength spacing of the AWG, in addition to integrating eight different MRR in the input waveguide of the AWG, we designed independent microrings with different radius and conventional AWG on the chip, by testing independent devices, we can get the smallest matching error MRR under the condition of process errors.
To simulate the transmission spectrum of low crosstalk AWG integrate with MRR filter, Kirchhoff diffraction theory was used to calculate the transmission spectra of integrate AWG in this work [18], Figure 2 focus on display the transmission spectra of AWG, MRR filter, and the integrated AWG at 1550 nm central wavelength together, from the simulation of Figure 2, the FSR of MRR is 3.2 nm, and the maximum extinction ratio of the micro-ring is −20 dB, the side lobe crosstalk level of conventional AWG is −14.4 dB at 1,551.38 nm, by integrate the microring, the crosstalk level at 1,551.38 nm of side lobe is reduced to −33.1 dB in low crosstalk AWG. The simulation result indicating that an MRR introduced at the input of the experimental AWG can effectively filter out the side-lobe and shape the main peak waveform, the crosstalk level of side lobe at 1,551.38 nm is reduced by 18.7 dB.
[image: Figure 2]FIGURE 2 | Transmission spectra of AWG, MRR filter, and the integrated AWG at 1550 nm central wavelength.
The key of the design is to ensure that the FSR of the microring is strictly consistent with the AWG channel spacing, in the simulation results, the calculated transmission spectrum of the MRR and AWG is all shown in Figure 3A, The resonance peak of the micro-ring overlaps with the peak wavelength of the AWG respectively. The spectrum diagram of MRR integrate AWG after overlapping is shown in Figure 3B, according to the simulation in Figure 3B, The microring is worked as a filter to shape the AWG side lobes, The suppression effect on the side-lobe is average 19 dB. The simulated performance of conventional AWG and low crosstalk AWG is shown in Table 1. Compared with the conventional AWG, the waveform of low crosstalk AWG integrate with MRR is steeper. At the same time, the side lobe crosstalk level caused by the process error is reduced from −14 dB to −33 dB, achieving a 19 dB improvement. Due to the filtering effect of the micro-ring filter, the 3 dB bandwidth of the AWG is reduced by 0.72 nm, but within the 3 dB bandwidth, the overall crosstalk level of the cascaded MRR device is better than that of the conventional AWG, where the minimum crosstalk is at the maximum value of the 3 dB bandwidth and the crosstalk is −33.4 dB. MRR integrated with AWG achieves an 8.4 dB boost compared to the −25 dB crosstalk of a conventional AWG at 3 dB maximum bandwidth and improves crosstalk performance over the entire 3 dB bandwidth.
[image: Figure 3]FIGURE 3 | (A) Transmission spectrum of 8 output channels of conventional AWG and MRR filter. (B) Transmission spectrum of 8 output channels of low crosstalk AWG integrated with MRR filter.
TABLE 1 | The simulated performance of conventional AWG and low crosstalk AWG.
[image: Table 1]The main structure of the device we designed in this paper is one micro-ring integrate one AWG, the footprint of the integrated device is mainly determined by the AWG, the core size of AWG is 800 μm × 500 μm, and the footprint of the microring is 150 μm × 150 μm, including the size of heater and electrode. Compared to conventional AWG, the obtained device is similar in size, in the layout design, to reduce the matching error of micro-ring and AWG caused by manufacturing error, eight different radius microrings are integrated with the AWG in Figure 4, and select the microring with the smallest error to test the crosstalk after connecting the AWG. Besides, in order to ensure that the MRR working spectral band matches the transmission spectrum of the AWG in testing, we designed a thermally tuned MRR (TiN heater), When the MRR is thermally tuned, the resonance wavelength will be shifted to λr with respect to the initial value λ0, the shift △λ is defined as λr−λ0 and △λ is smaller than FSR of the MRR. Figure 4 shows an optical micrograph of the fabricated low-crosstalk AWG consisting of a tunable MRR filter and an AWG. Microrings with different diameters, ranging from 59 μm to 66 μm, are integrated into the 8 input waveguides of the AWG, which avoids the problem of mismatch between the MRR operating spectral band and the transmission spectrum of the AWG due to process errors. The chip is fabricated on silicon-on-insulator (SOI) platform with a 220 nm silicon layer and a 2 μm silicon dioxide insulating layer, For MRR, the width of all straight waveguides is 500 nm, the ridge height is 220 nm, the width of the ridge waveguides in the ring is also 500 nm, the gap between the ring and the bus waveguide is 200 nm, the ring diameters of adjacent MRRs differ by 1 μm, the smallest diameter of the eight MRR is 59 μm and the largest diameter is 66 μm. The parameters of the eight MRR devices cascaded in the AWG input waveguide are shown in Table2. For the AWG, it consists of eight input and eight output channels, the free propagation regions (FPR) connect the input and output regions through 23 waveguide arrays The length difference of the waveguide array is 10 um, the output channel waveguide spacing is 49.5 μm, the output waveguide is a strip waveguide with a width of 0.5 μm, and the ridge waveguide is designed for the waveguide array with a width of 0.8 μm to reduce the optical fiber caused by manufacturing variation [19], loss and phase error. The design parameters of AWG are shown in Table 3, in Table 3, Nout is the number of output waveguides, λ0 is the center wavelength, R is the focal length, △λ is the channel spacing, m is the diffraction order, N is the number of arrayed waveguides, do is the output waveguide spacing, and da is the arrayed waveguide spacing. Neff is the waveguide effective refractive index, ng is the group refractive index, and ns is the plate refractive index.
[image: Figure 4]FIGURE 4 | Optical micrographs of the fabricated Low-crosstalk AWG.
TABLE 2 | Design parameters of the MRR.
[image: Table 2]TABLE 3 | Design parameters of the AWG.
[image: Table 3]The sectional structure of MRR is shown in Figure 5, fabricated on a SOI wafer (220 nm top Si layer) by the standard CMOS fabrication processes. The 248 nm deep ultraviolet optical lithography is used. As shown in Figure 5A, the waveguide is firstly formed by lithography and partially etching processes, the rib of the waveguide has a width of 500 nm and etch the slab of 90 nm [20]. Subsequently, an upper SiO2 cladding layer of 1.5 μm is deposited through PECVD (plasma-enhanced chemical vapor deposition) process, and the Chemical Mechanical Polishing (CMP) process is applied to smooth the surface, In Figure 5B, a 120 nm thick TiN metal was deposited and etched above the Si waveguide, the etched TiN electrode is shown in Figure 5C, Then, continue to deposit 2 μm thick silicon dioxide material on the chip by LPCVD, and etch the silicon dioxide layer on the TiN metal to form contact holes. Afterwards, 2 μm-thick Al layer was deposited in Figure 5D, and the 2 μm-thick Al layer was then patterned and etched to form the electrode as shown in Figure 5E. Finally, the trenches were formed by sequentially dry etching the adjacent SiO2 layer, and sulfur fluoride (SiF6) was used as etching ion source to etch Si substrate in Figure 5F, the trenches can well reduce the thermal crosstalk and enhance the thermal modulation efficiency.
[image: Figure 5]FIGURE 5 | The manufacturing process of MRR.
3 CHARACTERIZATION AND ANALYSIS
Transmission-type test method using end-face coupling, using a tunable laser source ASE (EXFO OSICS-8) 6.3 mw output power with 1,550 nm center wavelength module, the measurement setup includes a polarization controller, rotatable fiber holder, an optical polarizer, and a 6-axis automatic alignment system. Measurements were performed after selecting transverse electrical (TE) polarization. The chip is placed on Newport’s 6-axis aligned coupled system-on-chip stage. Make sure that the chip stage is level and the height is appropriate before placing the chip, the input/output fiber is fixed on the input/output robotic arm, in the X/Y/Z direction. The stroke of the upper manipulator is 25 × 25 × 25μm, and the step accuracy is 1 nm. By adjusting the input/output manipulator, fiber orientation position and angle can be determined, the alignment coupling system also includes a near-infrared CCD, located on the right side of the output end, the output light spot can be observed to determine whether the input optical signal is coupled into the chip. Photonic Dispersion and Loss Analyzers are used to characterize the optical performance of tunable filters.
Figure 6 shows the transmission spectra of the 8 output channels of the conventional AWG, the average channel spacing of AWG is 3.191 nm, the average insertion loss of the conventional AWG is about −3dB, the adjacent channel crosstalk at the center wavelength of 1550 nm is −17.1 dB, The sidelobe level of channel 4 is −16.3 dB, the 3 dB bandwidth is 1.72 nm, Within the 3 dB bandwidth, with the increase of the bandwidth, the crosstalk increases from −17.1 dB to −10.3 dB, and the maximum crosstalk is at the left and right limit of the 3 dB bandwidth.
[image: Figure 6]FIGURE 6 | Transmission spectra from 8 output channels of conventional AWG.
Due to manufacturing differences, the FSR of the MRR cannot be precisely controlled by simply design the diameter of the MRR. In order to ensure that the FSR of the microring is strictly consistent with the channel wavelength spacing of the AWG Accurately, we tested eight MRRs fabricated with a diameter difference of 1 μm and conventional AWG, respectively. Among them, the FSR of MRR4 is most consistent with the channel wavelength spacing of AWG. Figure 7 is the transmission spectra of conventional AWG and MRR4, the resonance wavelength measure result of MRR4 and the center wavelengths of the experimental conventional AWG are shown in Table 4. The deviation between the FSR of the microring and the wavelength spacing of the AWG channel is below 0.06 nm. Compared with the simulation results, the center wavelength of each channel in the experimental AWG has a red shift of 0.25 nm and the center wavelength of MRR has a blue shift of 0.3 nm. To matches the transmission spectrum of the AWG strictly, the heater-tunable MRR is adopted to actively control the resonance wavelength. Figure 8 shows the resonance wavelength change of MRR4 with the increasing voltage, the resonance wavelength shift of the MRR is 0.55 nm at an applied voltage of 7.7 V, this shift of resonance wavelength can eliminate the effect of wavelength blue shift by manufacturing variation, and realize strongly overlap with the resonance wavelength of the MRR and the AWG channels.
[image: Figure 7]FIGURE 7 | Transmission spectra of conventional AWG and MRR4.
TABLE 4 | Measured FSR of MRR4 and channel spacing of AWG.
[image: Table 4][image: Figure 8]FIGURE 8 | Resonance peak shift at different voltages of MRR4 drop channel.
Figure 9 is the transmission spectra from 8 output channels of the AWG integrated MRR filters, through by analyze the output channel 5, the insertion loss at the center wavelength of 1550 nm is −3.95 dB, the adjacent channel crosstalk is - 19.4 dB, the crosstalk at the left and right limit of the 3 dB bandwidth is −19.2 dB, which is similar to the center crosstalk, the 3 dB bandwidth is 0.31 nm.
[image: Figure 9]FIGURE 9 | Transmission spectra from 8 output channels of the crosstalk of AWG with MRR4.
In the test of the conventional AWG in Figure 6, side-lobe due to manufacturing errors is −16.3 dB, the crosstalk at the left and right limit of the 3 dB bandwidth is as high as −10.3 dB. But after cascading MRR4, through the filtering effect of MRR, the crosstalk level at the side-lobe is reduced to −19.2 dB. In addition, the crosstalk of the AWG cascaded MRR filter at the left and right limit of the 3 dB bandwidth is average −19.2 dB, which is 8.9 dB lower than that of the conventional AWG, this is mainly because the primary filtering effect of the MRR shapes the waveform of the AWG spectrum, so that the energy is concentrated near the main peak, which not only eliminates the side-lobe that appear due to process errors, also greatly improves crosstalk levels across the entire 3 dB bandwidth. Table 5 is the comparison of the performance of conventional AWG and low crosstalk AWG. while the insertion loss of the AWG cascaded MRR filter is slightly higher (about −3.8 dB), compared to the average insertion loss of the conventional AWG (−3 dB). The reason for the 0.8 dB increase in insertion loss is mainly the introduction of MRR devices, and the excess loss from the ring resonator can be ignorable in principle.
TABLE 5 | Comparison of the performance of conventional AWG and low crosstalk AWG with MRR filter.
[image: Table 5]4 CONCLUSION
We demonstrated a compact AWG with low crosstalk consist of a tunable MRR on SOI platform, The microring is worked as a filter to shape the AWG side-lobe, and the fabrication errors induced crosstalk in silicon nanowire AWG is efficiently suppressed. Through contrast with conventional AWG on the same chip, the crosstalk of side-lobe is improvement as high as 10.5 dB, the crosstalk at the maximum and minimum wavelength of the 3 dB bandwidth is reduced by 9 dB, it also effectively improves the crosstalk level within the entire 3 dB bandwidth. and the insertion loss is only increased by 0.8 dB. Therefore, the AWG designed in this paper with ring filter method can effectively reduce the crosstalk of the device.
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