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In this paper, a hybrid Mach-Zehnder optical modulator is proposed based on silicon nitride/organic polymer waveguides, which is expected to break through the performance bottleneck of the silicon-based optical modulator by exploiting the low-loss optical transmission property of silicon nitride waveguides and the excellent modulation performance of organic polymers. For reduction of the optical loss and ease of photonic packaging, perfectly vertical silicon nitride bidirectional grating couplers are utilized for both input/output optical coupling and power splitting/combining. Thus, a Mach-Zehnder interferometer can be constructed with a back-to-back configuration of such grating couplers. With grating apodization, the coupler can achieve a simulated coupling efficiency of 70%. To bridge the silicon nitride waveguides and the polymer waveguides, a longitudinal adiabatic mode-spot converter with a transmission efficiency of 99.2% was designed. In this paper, high-β donor-π bridge-accepter molecule YLD-124 combined with HD-BB-OH as the host polymer is utilized for a design example. The polymer waveguides with inverted ridge structure can be realized through the processes of silica cladding etching, spin coating or microfluidic trench filling of polymer. Following this design, we numerically demonstrate a hybrid silicon nitride-polymer Mach-Zehnder modulator with modulation efficiency of 1.57 Vcm and Electric-Optical bandwidth of 174 GHz. The total insertion loss is less than 5.74 dB, including two grating coupler losses of about 3.08 dB.
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1 INTRODUCTION
Silicon based Electric-Optical (E-O) modulators attracted great attention due to their CMOS compatibility and integration capability. Since Intel demonstrate the first Gigabit/s silicon optical modulator in 2004, the plasma-dispersion-based silicon optical modulators become the most popular device concept and huge effort are paid for performance enhancement of such kind of modulators [1]. At present, high speed E-O modulators are typically realized with reverse-biased pn junctions, exploiting the fast carrier-depletion mechanism. To convert phase modulation to intensity modulation, micro-ring resonators or Mach-Zehnder interferometers (MZI) are usually needed [2]. After development of about 2 decades, silicon optical modulators have gained substantial performance improvement on modulation speed, insertion loss and power consumption, while a few works reported are even comparable to the best performance of commercially available LiNbO3 modulators [3–5]. However, due to the inherent optical absorption and non-linear modulation response of plasma-dispersion effect, silicon optical modulators suffer from large optical loss and signal distortions when using advanced modulation formats. In addition, as the plasma dispersion effect in silicon is weak, the π-voltage-length product VπL is typically as large as 20 Vmm and the Mach-Zehnder modulators usually need a large phase shifter length to achieve enough modulation depth, which in turn results in a large microwave loss of the travelling-wave electrode and limits E-O bandwidth (<50 GHz). Although the microwave loss can be effectively reduced by doping optimization [6], single-drive push-pull configuration [7], better chosen electrode materials [8, 9] and substrate removal techniques [10], none of them can fundamentally solve the bandwidth bottleneck and performance tradeoff problems of present silicon optical modulators.
More recently, a second category of devices has emerged to overcome the shortcomings, relying on hybrid integration approaches that combine silicon photonic or plasmonic waveguides with Pockels-type E-O materials. Examples using the organic E-O (OEO) materials lead to the so-called silicon-organic hybrid (SOH) or plasmonic-organic hybrid (POH) approach [11–13]. Other approaches include the hybrid integration of lithium-niobate (LiNbO3) thin films or barium-titanate (BaTiO3) layers with silicon-on-insulator waveguides. Compared with LiNbO3 or BaTiO3, the OEO materials are usually advantageous for higher in-device E-O figure of merit n3r33 or modulation speed. Furthermore, the polymer materials can be easily spin-coated, micro-dispensed or printed in high through-put processes. Especially, the thermal stability of the E-O polymers is greatly improved in recent years [14, 15]. By combining the strong optical confinement of SOI waveguides and powerful E-O coefficient of OEO materials, hybrid silicon-organic modulators are theoretically predicted and experimentally demonstrated to be ultra-compact, operate with low-voltage and ultra-high bandwidth. In 2014, Luca Alloatti et.al demonstrated the world’s first silicon-organic hybrid modulator, with a modulation efficiency of 1.1 Vcm and 3-dB bandwidth of more than 100 GHz [16]. Although great potential in performance was shown, structure drawbacks exist in such kind of device. Firstly, silicon slot waveguides filled with OEO material is utilized, which means the overlap of the optical mode and the OEO material is very limited. Thus, the modulation efficiency cannot be maximized. Secondly, the strip-load RC configuration need introducing of electron accumulation layer for a better conductivity, which in turn contributes to the microwave loss and limits the bandwidth. In 2018, Feng Qiu et.al. demonstrate a hybrid Mach-Zehnder modulator using a plate-slot waveguide with silicon, E-O polymer and TiO2, with a measured modulation efficiency of 0.66 Vcm and 3-dB bandwidth of 31 GHz [17]. However, the device waveguide structure is complex and the introducing TiO2 leads to the uncertainty of fabrication process and incompatibility with CMOS technology. Except traditional photonic waveguide based modulators, hybrid plasmonic modulators are very promising in realizing micrometer-scale Mach-Zehnder modulators, thus enabling highly integrated on-chip optical interconnect possible [18–20]. However, while these devices feature very low VπL and large E-O bandwidth, they suffer from the intrinsic propagation losses which limits the application of the POH based devices.
Silicon nitride waveguides exhibit the same advantages of highly compact and CMOS compatibility as silicon optical waveguides. At the same time, silicon nitride waveguides have lower propagation loss and better thermal stability than silicon waveguides [21]. As a result, silicon nitride waveguide platform is very suitable for passive optical devices. However, due to its electrical insulation and central symmetric structure, both plasma dispersion effect and Pockels effect cannot be applied to silicon nitride waveguides and thus silicon nitride waveguide based active optical devices are very limited and poor in performance [22, 23]. To realize high performance E-O modulation with silicon nitride waveguides, hybrid integration of silicon nitride and other E-O materials is a viable solution. Many attempts are proposed including the adopting of graphene [24], PZT films [25], ZnO/ZnS [26], and LiNbO3 [27]. However, these devices show poor performance due to small Pockels coefficient of the E-O materials and complex fabrication processes. Polymers have large electro-optic coefficients and refractive index similar to silicon nitride. Thus, the combination of silicon nitride and polymers for high performance E-O modulation is believed to be very promising [28, 29]. However, due to the electrical insulation behavior, the traditional strip-load structure based on slot waveguide is not suitable for hybrid silicon nitride and polymer optical modulators. When adopting organic materials as the over cladding of silicon nitride waveguide, the optical mode is mainly confined in the silicon nitride and the E-O modulation effect is thus limited.
In this paper, a hybrid silicon nitride and polymer Mach-Zehnder E-O modulator is proposed and numerically demonstrated based on longitudinal evanescent wave coupling of two waveguides. To decrease the device complexity and optical loss, high-efficiency silicon nitride bidirectional grating couplers are designed for both fiber-chip coupling and 3-dB power splitting/combining. Based on high-β donor-π bridge-accepter molecule YLD-124 combined with HD-BB-OH as the host polymer, the organic E-O waveguide can be formed by spin coating or microfluidic injection. The coplanar waveguide traveling wave electrode and the organic polymer waveguide are in the same plane to improve the electro-optical overlapping factor. The waveguide structure parameters and electrode parameters of the organic polymer are analyzed and optimized, and the 3 dB bandwidth of the modulator reaches 174 GHz, and the modulation efficiency is 1.57 Vcm, which can achieve error-free transmission of 120 GBaud PAM4 signals.
2 DEVICE STRUCTURE AND PRINCIPLE
Figure 1A shows the schematic diagram of the proposed hybrid Si3N4 and E-O polymer electro-optical modulator, where silicon nitride waveguide and polymer waveguide are distributed in different layers of the vertical stack. From the view of the optical configuration, this device mainly includes two silicon nitride bidirectional grating couplers (BGCs), four silicon nitride inverse taper vertical mode converters, two E-O polymer waveguides for phase shifters. The two BGCs (as depicted in Figure 1B), which can realize the in-plane and out-of-plane coupling and 3-dB power splitting/combining [30], are apodized for an optimal coupling loss and minimized parasitic reflections. Thus, a Mach-Zehnder optical modulator can be formed by embedding the silicon nitride adiabatic mode converters and polymer waveguides into the back-to-back configuration of the BGCs. Four inverted taper mode spot converters can realize the mode spot conversion and adiabatic light transfer from the silicon nitride single-mode ridge waveguide to the organic polymer inverted ridge waveguide. The polymer inverted ridge waveguide can be realized by patterning the silicon dioxide cladding and trench filling with the E-O polymer. For the phase modulation, a single-drive push-pull configuration is formed by using the GSG travelling-wave electrode located in the same plane as the polymer waveguides, which is shown as Figure 1C.
[image: Figure 1]FIGURE 1 | (A) The schematic diagram of the structure of the silicon nitride/organic polymer Mach-Zehnder modulator. (B) The schematic view of the silicon nitride bidirectional grating coupler. (C) The cross-sectional view of the hybrid waveguide structure of the vertical mode converter.
3 DEVICE DESIGN AND SIMULATIONS
3.1 Grating coupler
The bidirectional grating coupler, as the beam splitter/combiner of the hybrid electro-optic modulator, greatly affects the performance of the whole device [31–33]. The main parameters of the grating coupler include grating pitches, waveguide height, etching depth, duty cycles. When the single mode fiber (SMF) is perfectly aligned with the grating center, the light incident from the optical fiber is coupled and divided into two beams with the same amplitude and phase. Ideally, the BGC should feature low coupling loss, low parasitic reflections and large optical bandwidth. Here, we propose a grating design that fits the design requirements. Figure 1B shows a schematic diagram of the proposed silicon nitride BGC. The grating length is designed as 12 µm. To optimize the device performance, 2D and 3D Finite-Difference Time-Domain (FDTD) simulations were carried out [34]. A series of 2D simulations were carried out for rapid parameter optimization, the 3D simulations were carried out for the performance validation of the finalized design. By optimizing the grating structure parameters, the effective refractive index and coupling strength distribution in the grating plane can be optimized to find the best coupling performance.
For our proposed bidirectional grating coupler, which is both a perfect vertical grating coupler and a 3 dB beam splitter, in-plane optical coupling can be achieved through two access waveguides. Its design process is as follows. Firstly, the effective refractive index of the gratings is estimated by the following equation:
[image: image]
where Neffo and Neffe are the effective indices of the original silicon nitride slab (400 nm-thick) and the etched areas (80 nm-thick), [image: image] is the grating filling factor which is defined as the ratio between the length of the unetched section to the total period length of the grating. If FF of 0.5 is assumed, the effective refractive index of the gratings is calculated to be about 1.6. According to the Bragg condition, the grating period fit for peak wavelength of 1550 nm is about 968 nm. From the starting design of a uniform grating, we try to optimize the coupling performance by grating apodization. Thus, through a series of calculations using parameter scan and particle swarm algorithm, the optimized grating pitch length and the filling factor for different periods are fully explored. As shown in Figure 1B, only 6 grating periods (Λj, FFj) need to be designed due to the grating symmetry. Table 1 shows the optimized design parameters of the apodized grating.
TABLE 1 | The parameters of the optimized grating.
[image: Table 1]Figures 2A, B shows the calculated optical field intensity distribution of in-plane and out-of-plane grating coupling respectively. As can be seen, this device can function well as a perfectly vertical grating coupler. Figure 2C shows the calculated performance of the designed silicon nitride bidirectional grating coupler, where the coupling efficiency (CE), the up-reflection towards fiber (UR) and the waveguide back-reflection (BR) spectra are all presented. The coupling efficiency reaches 70% at a wavelength of 1552 nm, implying that very close mode matching is achieved near the central coupling wavelength between the grating diffraction mode and the fiber mode. In addition, the waveguide back reflection is as low as -20.6 dB, and the minimum value of the upward-reflection to the fiber is 0.02%, corresponding to the return loss of -17 dB. The 1 dB bandwidth of the grating is 27 nm.
[image: Figure 2]FIGURE 2 | (A) Calculated optical field intensity of the bidirectional grating as an input coupler (B) Calculated optical field intensity of the bidirectional grating as an output coupler (C) The performance of vertical bidirectional grating.
3.2 Vertical adiabatic mode converter
Vertical adiabatic mode conversion is an effective way for optical transmission between different waveguide layers in vertical direction [35]. For this device, optical adiabatic transmission is realized by the longitudinal evanescent wave coupling between inversed-taper silicon nitride waveguides and organic polymer waveguides, in which the alignment between the two waveguides is achieved by silicon dioxide cladding etching and organic polymer filling processes. The E-O material utilized in this device is 3:1 HD-BB-OH:YLD124, which has a refractive index of 1.77 near the wavelength of 1550 nm and optical absorption coefficient of 3 × 10−5 cm−1. As depicted in Figure 1C, the structural parameters of the vertical mode converter (VMC) mainly include silicon dioxide spacer thickness HCLAD and HOX, silicon nitride waveguide height HNW, silicon nitride etching depth HNR, silicon nitride ridge waveguide width WNR, polymer waveguide height HPW, polymer waveguide ridge height HPR, the polymer waveguide width WPR.
The performance of the VMC is simulated using the EigenMode Expansion (EME) solver of Lumerical Mode solutions. To achieve high-efficiency coupling, three key device parameters should be carefully designed and optimized. The three parameters are the thickness of silicon dioxide spacer HCLAD, the VMC length L and the tip width of the silicon nitride inversed taper respectively. After analyzing the influence of these parameters with a series of calculations, an optimized design with 99.2% transmission efficiency is obtained with a device length of 32 µm and tip width of 0.2 µm. Such a design is compact and easy to fabricate, and design values of other parameters are shown in Table 2. Figure 3B shows the calculated optical field distribution of the VMC and the optical mode profiles at different positions along the waveguide direction. Figures 4A, B shows the calculated normalized transmission of the vertical mode converter as a function of taper length and wavelength respectively. In the process, the silicon nitride waveguide and the organic polymer waveguide may cause additional errors due to the incomplete alignment.
TABLE 2 | The parameters of mode spot conventer.
[image: Table 2][image: Figure 3]FIGURE 3 | Longitudinal field distribution of silicon nitride/organic polymer waveguide longitudinal adiabatic mode spot converter (A) the Schematic diagram (B) optical mode field at different positions.
[image: Figure 4]FIGURE 4 | The normalized transmission of the vertical mode converter (A) as a function of silicon nitride taper length (B) as a function of wavelength (C) the effect of the center of organic polymer waveguide deviating from the center of silicon nitride waveguide on device insertion loss.
We analyzed the transmission performance of the device when the center of the organic polymer waveguide deviates from the center of the silicon nitride waveguide, and obtained the results which is shown as Figure 4C. As the center of the organic polymer waveguide is shifted to both sides, the transmission performance will be reduced. However, in the range of about 250 nm for each deviation, the device can still maintain the transmission efficiency of more than 98%, and the insertion loss is less than 0.26 dB. Therefore, the device has a strong alignment tolerance.
3.3 Phase shifter
Figure 5A is a cross section of the polymer optical waveguide, and Figure 5B is a top view of the modulator. The phase shifter is made up by E-O polymer waveguide and coplanar travelling-wave electrodes, where a single-drive push-pull operation scheme is utilized. The E-O material YLD124 combined with HD-BB-OH as the host polymer. The molecular structure of the material is shown in Figure 5B. According to Ref. [36], The electro-optic coefficient r33 can reach the maximum value of 255 pm/V at the wavelength of 1550 nm. Here, the in-device r33 of 150 pm/V is assumed and utilized in simulation. At a certain temperature, by applying a polarization voltage Vpol to the ground electrode, a polarization electric field can be formed in the ridge, and the chromophore dipoles in the electro-optic material are aligned along the polarization field, as indicated by the red arrows in Figures 5A, B. A driving microwave signal Vdrive is applied on the signal electrode, and a strong electric field can be formed across the polymer waveguide. The modulation electric field of the left arm is antiparallel to the polarization direction of the chromophore, and the modulation electric field of the right arm is parallel to the polarization direction of the chromophore, as shown by the purple arrow in Figure 5A, thus realizing push-pull modulation features [37].
[image: Figure 5]FIGURE 5 | The structure diagram of phase shifter (A) the cross section of the optical waveguide (B) the top view of the modulator.
For this E-O polymer modulator, the modulation voltage can be expressed as the following equation [38],
[image: image]
where Vπ is the modulation voltage applied to achieve a π phase shift, L is the phase shifter length, λ is the light wavelength in vacuum, d is the gap between the signal electrode and the ground electrode, and Г represents the E-O overlapping integral factor, which can be expressed as,
[image: image]
where EE(x,y) and EO(x,y) represent the electric field profile induced by the applied voltage and the electric field distribution related to the optical modal profile of the polymer waveguide, A is the cross-sectional area of the polymer waveguide.
From the equation (2) and (3), it can be seen that the key to improve the modulation efficiency is to optimize the structure and relative location of the polymer waveguides and the coplanar travelling wave electrodes, when the E-O material is chosen. Normally, a better optical confinement of the polymer waveguide and a small electrode gap are beneficial to the E-O overlapping integral factor Г. However, decreasing the electrode gap will also lead to a larger overlapping between the electrode and the optical mode and thus a larger optical loss as a result. Therefore, the parameters of the phase shifter and the parameters of the electrodes can be optimized to achieve a compromise between the optical loss and the phase shift efficiency of the phase shifter. The optimization process is carried out using the Ansys Lumerical software package. Figure 6A shows the calculated modulation efficiency and optical loss of the phase shifter as a function of applied voltage and electrode spacing. As can be seen, the modulation efficiency and optical loss are all independent on the applied voltage, which is due to the linear modulation response of the Pockels effect. As a performance tradeoff, the electrode gap is designed as 4 μm, Г is 0.82, where a modulation efficiency of about 1.34 Vcm and optical loss of 9.48 dB/cm are obtained. The relative large optical loss is mainly due to the absorption of the OEO material. However, considering the polymer modulator is millimeter scale, the insertion loss is acceptable. The group refractive index of light wave is 1.81452 in optical simulation. In order to improve the bandwidth of the device, it is necessary to achieve rate matching and impedance matching. In addition, the microwave performance of the electrode is carefully analyzed and optimized for minimized microwave loss and impedance matching. After a series of calculations, all the design parameters are determined as shown in Table 3. Figure 6B shows the microwave loss and characteristic impedance of the travelling wave electrode as a function of microwave frequency. As can be seen, the microwave loss is lower than 14 dB/cm at the frequency of 100 GHz, and the characteristic impedance is around 50 Ω which shows a good impedance matching can be guaranteed. Figures 6C, D show the microwave refractive index and impedance at different signal electrode widths. With the decrease of the width of the signal electrode, the numeric matching between the group index of the microwave and the refractive index of the light wave is improved, which can achieve better rate matching. At the same time, the characteristic impedance is close to 50Ω.
[image: Figure 6]FIGURE 6 | The simulation results of phase shifter (A) Modulation efficiency and optical loss as a function of voltage and electrode spacing d (B) The microwave loss and impedance as a function of frequency of the phase shifter (C) The microwave group index under different signal electrode widths as a function of frequency (D) Impedance under different signal electrode widths as a function of frequency.
TABLE 3 | The specific structural parameters of the phase shifter.
[image: Table 3]3.4 The hybrid Mach-Zehnder modulator
The proposed silicon nitride/organic polymer hybrid modulator achieves a good balance between high modulation performance, low loss, and thermal stability. For ease of fiber packaging, silicon nitride bidirectional grating couplers are used as optical input/output interface and power splitter/combiner of the MZI modulator. Compared with silicon, silicon nitride exhibits the advantages of similar refractive index with E-O polymer [36], better thermal stability, large fabrication tolerance. To simulate the MZI modulator performance, all the optical components including the bidirectional grating couplers and the vertical mode converters are all modeled and simulated using FDTD or EME method, also S-parameter matrices are extracted for circuit-level simulation. The phase shifters are modeled and simulated with Lumerical Mode solutions and Charge, and then the optimized results and parameters are exported for circuit-level simulation.
Figure 7 shows the simulation link diagram of the modulator. The optical network analyzer (ONA) is adopted to obtain the static transmission spectra of the optical modulator, while a PRBS generator, a symbol mapper and a digital communication analyzer (DCA) are utilized for feeding PAM4 driving signals and eye diagram observation respectively. The length of modulator is chosen to be 3 mm. After setting the static bias conditions of the modulator and the wavelength of the laser, the static spectrum of the hybrid electro-optic modulator is obtained, as shown in Figure 8. Both balanced-arm MZI and unbalanced-arm MZI modulators are designed and simulated respectively, in a push-pull driving scheme. In Figure 8, it is shown that their half-wave voltages are both 2.29 V. Therefore, the modulation efficiency of the push-pull modulator is 0.67 V cm. Figure 9 shows the bandwidth of the modulator at different lengths. It can be seen the device length have a large impact on the bandwidth. In the simulation, the effect of the microwave loss, velocity matching and impedance matching of the device are all considered. Different microwave refractive index and impedance results have been obtained in Figures 6C, D, and the corresponding bandwidth is shown in Figure 9B. With a device length of 3 mm and signal electrode width of 28 μm, a bandwidth of 174 GHz can be obtained.
[image: Figure 7]FIGURE 7 | The circuit-level simulation diagram of the hybrid silicon nitride/organic polymer modulator.
[image: Figure 8]FIGURE 8 | The normalized optical transmission spectrum varies with voltage of (A) MZI with balanced arms (B) MZI with unbalanced arms.
[image: Figure 9]FIGURE 9 | (A) Modulator bandwidth at different lengths (B) Modulator bandwidth when L = 3 mm under different signal electrode widths.
Linearity is an important metric when simulating PAM4 eye diagrams. When the linearity is poor, the three eyes of the PAM4 output eye diagram have different heights, and the bit error rate of the eye diagram determines by the smallest eye. RLM is defined in IEEE 802.3bs to evaluate the linearity of the PAM4 eye diagram. VA, VB, VC and VD respectively represent the four level values from top to bottom in PAM4 eye diagram. The calculation formula is as follows:
[image: image]
[image: image]
The FSR of the anisotropic MZI is designed to be 5 nm. At a bias voltage of 1.25 V and a driving peak-to-peak voltage of 1.5 V, the modulator has good linearity. Considering the bandwidth limitation of the measurement setup, a low-pass filter with bandwidth of 65 GHz is utilized in the simulation of eye-diagram tests. In the simulation, the detector has a responsivity is 1A/W, dark current is 0A, and thermal noise is 1e−22 A/Hz^.05. Figure 10 shows the eye diagram of the modulator transmitting a 120 Gbaud PAM4 signal at 1550 nm. When transmitting signal with a balanced-arm MZI modulator, the bit error rate of the eye diagram is 1.58 × 10−15, and the extinction ratio is 4.63 dB, the overall insertion loss of the modulator is 5.74 dB. When transmitting signal with an unbalanced-arm MZI modulator, the bit error rate of the eye diagram is 1.66 × 10−15, and the extinction ratio is 4.38 dB, the overall insertion loss of the modulator is 5.71 dB. The noise and jitter of the eye diagram in Figure 10 are very small, and the PAM4 eye diagram also has good linearity, and its RLM>0.922. In summary, circuit-level simulations show that the modulator functions well both statically and dynamically.
[image: Figure 10]FIGURE 10 | Simulated PAM4 eye diagram results. (A) 120Gbaud PAM4 signal of balanced-arm MZI modulator (B) 120Gbaud PAM4 signal of unbalanced-arm MZI modulator.
Table 4 shows the comparison between the state-of-the-art electro-optic modulators based on silicon nitride waveguide platform. As can be seen, our device exhibits the advantage of high bandwidth and low insertion loss. The simulated bandwidth is 174 GHz, which is much higher than that seen in the literature. The insertion loss of our device is 5.74 dB, which include two grating coupling loss of 3.08 dB. Compared with other polymer/silicon nitride hybrid designs [41, 28, 43], our design shows the advantages of high bandwidth, high modulation efficiency and low insertion loss. The length of the active region of the structure is only 3 mm. Although the micro-ring modulator is smaller in size, it is more sensitive to the manufacturing tolerance and temperature change. In addition to the deposition of organic polymers on silicon nitride, there are also the deposition of PZT or ZnO structures. But the annealing temperature required for PZT [25, 42] deposition is about 620°, and such a high temperature can lead to compatibility problems with the metal process. When ZnO [26] material is deposited by atomic layer technology, the electro-optical coefficient of the electro-optical material is small, and the phase shift efficiency of the device is poor. In addition, the bandwidth of the device is limited by the photon lifetime of the microring resonator and the RC time constant, and the bandwidth is very small, less than GHz. Although organic polymer-based modulators show good performance, organic polymer materials are not compatible with the current CMOS process, so the integration process of organic polymer materials with silicon nitride needs to be carefully designed and discussed.
TABLE 4 | The performance comparison of modulators with different structures.
[image: Table 4]4 DISCUSSION ON INTEGRATION PROCESS AND METHOD
The process flow of the hybrid modulator is depicted in Figure 11. The fabrication starts from a silicon nitride on insulator platform. With Deep Ultraviolet Lithography (DUV) lithography and Inductively Coupled Plasma (ICP) etching, the silicon nitride waveguides are patterned. Then silicon dioxide cladding is deposited by plasma enhanced chemical vapor deposition (PECVD). Then chemical mechanical polishing is utilized for planarization and thinning of the overlayer. Next, metal electrodes are deposited and patterned by electron beam evaporation, DUV lithography and dry etching. After patterning of the metal electrodes, silicon dioxide cladding trenches need to be formed for the polymer waveguides. The above processes are all standard semiconductor technologies and CMOS compatible. As for the last step of device fabrication, polymer waveguide integration is the key process. There are two feasible methods, namely, the traditional spin coating process and the microfluidic filling process. For spin coating process [39], the film quality is largely dependent on the solvent and rotational speed. When choosing a solvent, the solubility of the material and the evaporation rate of the solvent are the two main factors. When the evaporation rate of the solution is high, the intermediate operation steps must be fast to avoid the solution becoming viscous and unable to obtain a high-quality film, and the spin coating time is usually kept below 3 s. In addition, the agglomeration of chromophores during the spin coating process will also make the film non-uniform, resulting in increased waveguide loss, and sometimes wrinkles will appear on the surface of the polymer film, which will destroy the quality of the film waveguide. Theoretically, the film thickness is a function of viscosity, solution density, spin time and spin speed, which can be measured by an ellipsometer. This method is simple in process, but wastes materials and may affect the performance of surface devices.
[image: Figure 11]FIGURE 11 | Two integrated process solutions for silicon nitride/organic polymer hybrid waveguide modulators. (A) The traditional spin coating process (B) The microfluidic filling process.
The second method is the microfluidic trench filling process [40], which is relatively new in the fabrication of polymer waveguides. Figure 12 shows the fabrication flow of polymer waveguides based on the microfluidic trench filling process. As can be seen, the process is divided into four steps. Firstly, a closed microfluidic channel can be formed by the metal electrode gap and the silicon dioxide trench. Then a microfluidic mold is produced, using glass as the substrate and spin-coating photoresist on the substrate as a sacrificial layer. After the photoresist is cured, two holes need to be etched through to form a liquid input and output. Through alignment and bonding process, the microfluidic mold and the chip surface are connected to realize a closed micro-channel cavity. Then the polymer waveguide can be formed by a microfluidic filling process. When the filling process is completed, the polymer waveguides are cured at high temperature. At the last step, the photoresist sacrificial layer is removed and the glass mold is peeled off. In this method, the polymer waveguide can be automatically formed and positioned, but it requires careful design of the metal electrode thickness, which will lead to a tradeoff of the electrode performance.
[image: Figure 12]FIGURE 12 | The schematic diagram of the fabrication process of organic polymer waveguides based on microfluidic injection technology.
5 CONCLUSION
In conclusion, we propose a hybrid silicon nitride/polymer optical modulator based on longitudinal evanescent wave coupling. Silicon nitride bidirectional grating coupler is designed to realize perfectly vertical coupling and beam splitting/combining, and Mach-Zehnder interferometer can be formed with the back-to-back configuration of this grating coupler. The simulation results show that the maximum coupling efficiency reach 70%, which is very suitable for low-loss integration. To achieve adiabatic transfer between silicon nitride waveguide and polymer waveguide, inverse taper based vertical mode converter is designed. Simulation shows a transmission of 99.2% can be obtained with a taper length of only 32 µm. By optimize the waveguide structure and electrode design, performance tradeoff between the optical loss and modulation efficiency can be achieved for the phase shifter. After simulation, the insertion loss of the modulator is 5.74 dB, including two grating coupler losses of about 3.08 dB. The eye diagram test results show that the modulator can support up to 120 Gbaud PAM4 signal transmission, the bit error rate meets the optical communication transmission standard, and the data transmission rate still has room for improvement.
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