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Abstract


Recently, Fano resonance modulators and photonic crystal nanobeam cavities (PCNCs) have attracted more and more attention due to their superior performance, such as high modulation efficiency and high extinction ratio (ER). In this paper, a silicon Fano resonance Mach–Zehnder modulator (MZM) based on a single arm coupled with a PCNC is theoretically analyzed, designed, and numerically simulated. By optimizing the coupling length, lattice constant, coupling gap, and the number of holes in the mirror/taper region, the ER of our MZM can achieve 34 dB. When the applied voltage of the MZM is biased at 4.3 V and the non-return-to-zero on–off keying (NRZ-OOK) signal at a data rate of 10 Gbit/s is modulated, the sharpest asymmetric resonant peak and the most remarkable Fano line shape can be obtained around a wavelength of 1550.68 nm. Compared with the traditional nanobeam cavities, along with the varying radii, our PCNC design has holes with a fixed radius of 90 nm, which is suitable to be fabricated by a 180 nm passive silicon photonic multi-project wafer (MPW). Therefore, our compacted lab-on-chip, resonance-based silicon photonic MZM that is coupled with a PCNC has the advantages of superior performance and easy fabrication, which provide support for photonic integrated circuit designs and can be beneficial to various silicon photonic application fields, including photonic computing, photonic convolutional neural networks, and optical communications, in the future.
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1. Introduction


In recent years, rapidly growing optical transmission capacities and photonic computing densities have required electro-optic modulators (EOMs) to have a higher modulation efficiency and lower component loss [1,2,3,4,5,6]. In particular, a modulator on the silicon-on-insulator (SOI) waveguide has attracted considerable attention in terms of its high integration, high modulation efficiency, high heat tolerance, and compatibility with the complementary metal oxide semiconductor (CMOS) processing technique [7,8,9,10]. Although the most ubiquitous modulators have spectral characteristics with symmetric Lorentzian line shapes, they have common disadvantages such as high loss, low response rates, and large footprints as photonic integrated circuits in the application of photonic computing [11,12,13,14]. Therefore, a novel silicon modulator with superior performance is required to solve the above-mentioned bottlenecks.



Compared with MZMs [15,16,17] and micro-ring resonators (MRRs) [18,19,20], the Fano resonance modulator has a high modulation efficiency, high ER, and sharp asymmetric resonance peaks, which mean that its wavelength tuning range is comparatively narrow when the optical intensity is altered from the minimum to maximum. Therefore, a photonic crystal electro-optic MZM is proposed, where the photonic crystal is implemented in regions with distinct positive and negative doping concentrations [21]. Although this component achieves a modulation speed of 10 Gbit/s, the driving voltage of this modulator is as high as (~7 V), also with large footprints. Furthermore, EOM side-coupled with a PCNC-loaded graphene/Al2O3 multilayer stack (GAMS) is proposed, which is modulated by the features of phase change materials with circular holes in the center of the PCNC [22]. However, this modulator exhibits an indistinct Fano line shape, a low ER of less than 10 dB, and a small hole radius (<90 nm), which pose challenges for passive MPW fabrication. Another reconfigurable silicon Fano resonance modulator with the help of thermal control is demonstrated, whose coupling and transmission coefficients are tunable by covering several phase shifters on the MRR and MZM, respectively [23]. Its footprint is large. And then, a thin-film lithium niobate (TFLN) modulator with an ultra-high modulation efficiency of 1.02 V·cm and a 3 dB electro-optic bandwidth of 108 GHz is proposed [24]. However, its ER (4.7 dB) is relatively lower than that of our designed Fano resonance modulator (34 dB). Moreover, its size (500 µm × 5 mm), which is much larger than that of our design, makes it less suitable for on-chip integration. Therefore, a design for a Fano resonance MZM with a small footprint, high ER, and easy fabrication is needed.



In this paper, a comprehensive scheme is proposed by utilizing PCNC holes with an equal radius of 90 nm and tuning the lattice constant of a PCNC to create equivalent discrete states. There are interferences between the discrete states from one arm of the MZM coupled with the PCNC and the continuous states from the other arm of the MZM at a multi-mode interferometer (MMI), respectively, which excites the Fano resonance at a wavelength of 1550.68 nm. Here, the ER for our designed Fano modulator is nearly 34 dB. As the holes of the PCNC are large enough (~90 nm), our component can be easily fabricated by utilizing a mature 180 nm microelectronic foundry that is suitable for a standard full-process silicon photonic passive MPW. Obviously, the processing cost and operation difficulty of our component structure are notably reduced. Above all, our proposed scheme of a Fano resonance MZM coupled with a PCNC has apparent significance for the design, fabrication, and development of a high-performance EOM and provides a reasonable solution for potential applications in the fields of photonic on-chip computing, photonic integrated circuits, optical storage, etc., in future.




2. Model and Theoretical Analysis


The asymmetric MZM is designed to have an optical phase difference in the two arms. A reverse bias voltage is applied to the P–N junction for the carrier-depletion MZM, which causes changes in the carrier concentration. Depending on the free-carrier dispersion effect, the change in the refractive index of the waveguide material will affect the effective refractive index of the optical mode, introducing phase changes in the optical signals in both arms. Intensity modulation is obtained by interferences between the two outputs of the MMI. Here, the corresponding output optical signals and the optical phase differences of the two arms are expressed as follows [25,26]:
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where the loss coefficients of the upper and the lower arms are α and β, respectively, and Δneff expresses the difference between the effective refractive indices of the two arms with the fundamental modes. λ and ω0 indicates the resonant wavelength and the angular frequency of the MZM output optical signal, respectively, and ΔL = L2 − L1 is the difference between the lengths of the upper and the lower arms. In addition, φrf = πV/Vπ represents the phase change introduced by the loaded radio frequency signal on the electrodes, and the phase difference is written as Δφ = φ2 − φ1, arising from the change in refractive indices due to the loaded electrical signals on the upper and the lower arms, respectively. Also, the transfer function of the phase response is noted as the T(ω) generated by the PCNC structure. Therefore, the total electrical field intensity of the output optical signal for the MZM is expressed as follows:
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As shown in Figure 1, the silicon PCNC and the bus waveguides are etched on the SOI platform, with an etching depth of 220 nm. The optical field propagation process in the structure of a single arm coupled with a PCNC is also illustrated. The optical wave first enters the left side of the bus waveguide, and then its corresponding resonant component is coupled into the nanobeam cavity and later reversely coupled from the cavity to the bus waveguide. Finally, the total optical signal goes out from the right port of the bus waveguide. Thus, according to the temporal coupled-mode theory [27], the transfer function T(ω) of the coupling structure is expressed as follows [28]:
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where γ1 and γ2 are the decay rates from the bus waveguide to the nanobeam cavity and from the nanobeam cavity to the bus waveguide, respectively. The resonant frequency of the nanobeam cavity is ω0. γin represents the intrinsic loss of the cavity, which is the decay rate of the cavity energy due to non-coupling mechanisms such as absorption and scattering. It is related to the intrinsic quality factor (Qin) of the cavity by the formula γin = ω0/(2Qin), where ω0 is the resonance frequency of the cavity. γ1 and γ2 represent the decay rates of the cavity energy coupled into the cavity from the bus waveguide and coupled out of the cavity back into the bus waveguide, respectively. A larger γ1 or γ2 indicates a stronger coupling between the cavity and the waveguide, making it easier for energy to couple from the cavity to the waveguide. Obviously, while fabricating the PCNC, the coupling gap between the bus waveguide and the nanobeam cavity can remarkably affect the coupling decay rates, which directly causes the coupling loss to the PCNC. Therefore, if the fabrication tolerance is limited, slight manufacturing deviations can lead to fluctuations in the coupling coefficient, thereby hindering the component performance. According to the relationship between the output power and the amplitude of the optical signal   P =   E   out   ·   E   out   *    , the optical power of the output signal can be represented as follows:
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where the φt represents the phase change induced by T(ω). The central wavelength of the resonant component for the output optical wave is around 1550 nm in the C band. The optical path difference between the two arms is 10 µm. The free spectral range (FSR) is expressed in terms of wavelength (m) [29], as follows:


  FSR  [ m ]   =       λ   2       n   g   × ∆ L    ,  



(7)




where c0 is light speed in vacuum, and ng is the group refractive index of the waveguide that has the following expression:


    n    g    =    n    eff     λ   − λ ×    d   n   eff     d λ    .  
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Meanwhile, to obtain velocity matching between the light and traveling wave electrodes, the relation between the effective refractive index neff(λ) and the wavelength is numerically simulated, and the slope rate at around 1550 nm is theoretically calculated. As there is a wavelength drift for the FSR corresponding to the adjustment of a DC bias voltage, the phase change component Δφ introduced by the plasma dispersion effect can be calculated as follows:


  ∆ φ  =      2 π ∆  λ   FSR    ,  



(9)




where Δλ represents the wavelength shift of the FSR. Therefore, the modulation efficiency of the EOM can be obtained as VπL, where Vπ is the required driving voltage corresponding to a phase shift of π radians with the optimal waveguide length of L.




3. Component Structural Design


As illustrated in Figure 2a, the overall structure of the Fano resonance MZM design consists of an asymmetric MZM and a PCNC that is coupled to one arm of the MZM. In Figure 2b, the cross-sectional diagram of the modulator doping region is based on the SOI waveguide. The resistivity of the silicon substrate layer is 750 ohm·cm with the thickness of 300 µm, and the thickness of the SiO2 insulating layer is 2 µm, which is used to separate the silicon waveguide layer from the substrate layer. A 220 nm thick silicon waveguide layer covers the SiO2 layers with a ridge waveguide. Aiming to guarantee the conditions of a single-mode transmission at a wavelength of around 1550 nm in the C band by numerical simulation, the structural parameters such as the ridge waveguide width W, the flat layer height Hslab, and the ridge height Hrib are chosen as 450 nm, 90 nm, 130 nm, respectively, which maintain the optical wave propagation direction and the low propagation loss. As shown in Figure 2b, the distribution of the optical field modes shows that the optical signal energy is remarkably confined in the ridge waveguide. Additionally, as depicted in Figure 2c, the relationship between the effective refractive index and the wavelength demonstrates that the effective refractive index at a wavelength of 1550 nm is around 2.52. Moreover, the length of the upper and the lower arm are 1.01 mm and 1.02 mm, respectively.



As shown in Figure 2b, the metal electrode chosen for the design is aluminum, which adopts the configuration of the co-planar metal strips. With the distance between the electrodes (G1) and the thickness of the electrode (Helec), the widths of the electrodes G and S are denoted as WG and WS, respectively. Through electromagnetic simulation, a set of electrode parameters with the impedance of 50 ohm are obtained. Ion implantation is used for doping in the carrier-depletion MZM. The three-dimensional finite-difference time-domain (3D FDTD) method and Ansys Lumerical CHARGE (2022 R2) are employed to achieve a high modulation efficiency of the waveguide. Moreover, CHARGE is employed to calculate the carrier distribution, and FDTD is used to compute the transmission spectrum in the waveguide. According to the different doping concentrations, the heavily doped regions (p++/n++), the lightly doped regions (p+/n+), and the P–N junction are formed, respectively. It is worth noting that the holes have a lower absorption than the electrons, i.e., a higher concentration of the holes than that of the electrons, which is beneficial to a larger phase change [30,31]. The heavily doped region connects the electrodes to the waveguide in order to obtain better ohmic contact. In addition, the lightly doped region connects the heavily doped region with the P–N junction, which affects the modulation efficiency. The reasonable design of the P–N junction can improve the modulation efficiency, the insertion loss, and the capacitance. All these parameters are organized in Table 1. Finally, the data are integrated into INTERCONNECT to perform the numerical calculations for the MZM. Under this set of parameters, the modulator exhibits a modulation efficiency of 1.6 V·cm. And the on-chip insertion loss includes a propagation loss from the doping-induced waveguide (2.3 dB/mm) and a coupling loss from the MMI (each 0.5 dB). Thus, the total on-chip insertion loss is 3.3 dB (2.3 dB/mm × 1 mm + 0.5 dB × 2 = 3.3 dB). Furthermore, when a bias voltage of 4.3 V is applied, the DC capacitance is approximately equal to 0.244 fF/µm.



As illustrated in Figure 3, the structure of the two-dimensional PCNC is centrosymmetric, which consists of two tapers in the middle region and two mirrors at the left and right sides of the nanobeam cavity, respectively. The red part represents the strongest optical intensity distribution in the PCNC waveguide, and the hole radii of both tapers and mirrors of the PCNC are selected as 90 nm. In our PCNC, the duty cycle of a lattice can be expressed as f = πr2/(ac), where a is the lattice constant, and c represents the waveguide width of the nanobeam cavity. In the taper region, the number of the asymptotic holes Ntaper is 40, and the distance between the adjacent holes increases gradually from the center to both sides, which varies according to the following formula: ai = a − (i − 1)2(a − Ataper)/(Ntaper − 1)2, (i increases from 1 to Ntaper) [32]. The lattice constant a of the hole in the center is 0.3 µm, and the maximum lattice constant of the asymptotic region Ataper is 0.43 µm, which makes the light obtain a Gaussian mirror image at the center of the nanobeam cavity. The number of the mirror holes Nmirror is five, and the lattice constant of the mirror holes Amirror is equal to Ataper, which allows for the formation of an efficient reflective region to enhance the light confinement, as well as improves the light transmission to obtain a high quality-factor (Q-factor). In addition, the coupling gap between the bus waveguide and the PCNC is 0.18 µm. The approach of introducing the discrete states by changing the lattice constant while using holes with the same radius (90 nm), rather than gradually varying radii or using radii smaller than 90 nm, is notable. Also, it was noted that the discrete states, the intrinsic properties created by the PCNC, can interfere with the continuous state of the other arm of the MZM, which generates a Fano resonance. The more superior the performance of the discrete states in the PCNC, the higher the ER is.



Furthermore, the performance of the PCNC is investigated by numerical simulations. A comparison of the normalized transmission spectra between the straight waveguide and the PCNC is shown in Figure 4a,b. The width of the straight waveguide is 0.45 µm, and the width of the PCNC and the bus waveguide are both 0.45 µm. Additionally, the coupling length Lcoupling between the PCNC and the bus waveguide is 1 µm, along with a = 0.3 µm, Ataper = 0.43 µm, gap = 0.18 µm, Ntaper = 40, and Nmirror = 5. In Figure 4b, it can be seen that there are discrete states produced in the nanobeam cavity, and the resonant wavelength such as 1550.68 nm is coupled into the nanobeam cavity.




4. Numerical Simulation and Results Discussion


In this section, the influence of the structural parameters on the performance of the PCNC is numerically simulated after the component design. In order to achieve a high Q-factor, the FDTD model is utilized to analyze the optimal values of Ataper, Ntaper, Nmirror, and gap. Initially, the PCNC is engineered on a standard SOI substrate. The single-mode light enters from the upper left port of the bus waveguide and exits from the upper right port. Upon completion of the structural setup, keeping the other parameters constant (gap = 0.18 μm, Ntaper = 40, and Nmirror = 5), the value of Ataper is gradually varied from 0.40 μm to 0.44 μm. The resulting variations in the normalized transmission spectra and the corresponding ER obtained by numerical simulation are presented in Figure 5 and its inset, respectively. The spectra illustrated by the different colored lines represent different Ataper. It can be seen that with the increase in Ataper, the spectra are gradually red-shifted, and the black line in Figure 5 illustrates this wavelength shift trend. At the same time, the spectral position of a resonant wavelength of 1550.68 nm can be obtained with Ataper = 0.43 µm. Furthermore, the length of the taper region also increases along with the increase in Ataper.



Meanwhile, with the increase in Ataper, the reason why the ER fluctuates at the resonant wavelength marked with a black line in Figure 5 and the transmission spectra curve at the resonant wavelength becomes gradually asymmetric is that the mirror strength at the different lattice constant changes the reflective optical intensity of the PCNC. As the length of the mirror region increases, the light intensity oscillating within the nanobeam cavity becomes too strong, resulting in mutual interference and causing the spectrum to jitter.



Following this, the impact of the number of holes in the taper region on the nanobeam cavity is investigated. Here, the value of Ntaper is selected from 21 to 45. As shown in Figure 6a, the variations in the normalized transmission spectra as illustrated by the different colored lines represent the relationships with different Ntaper, and the corresponding ERs are demonstrated by the respective calculations. It can be seen from Figure 6a that with the increase in Ntaper (21 ≤ Ntaper ≤ 45), the spectral width of the resonant peak grows narrower, and the intervals between the adjacent resonant peaks also decrease, while the confinement of the nanobeam cavity becomes stronger, such that the full width at half maximum (FWHM) of the PCNC gradually improves with the same trend. Here, the Q-factor is defined as ω0/FWHM, and the variation of the FWHM with Ntaper is shown in Figure 6b. It is seen from Figure 6b that the performance of the FWHM gradually improves with the increase in Ntaper. However, when Ntaper > 40, the spectra around the resonant wavelength start to fluctuate dramatically, which leads to undesired reflections of the cavity, making the spectra asymmetric and lowering the confinement of the optical field. The amount of holes in the taper region can not only lead to excessive scattering during the propagation of light, thereby increasing the optical loss, but also cause a mismatch between the modes in the taper region and the entire nanocavity thus lowering the light coupling efficiency. Thus, this effect could affect the resonant characteristics and confinement capabilities of the PCNC corresponding to the light propagation. After the theoretical analysis and numerical simulation, the optimized value of Ntaper is chosen as 40. Therefore, it can be seen that a reasonable selection of Ntaper matters to a considerable extent, which can bring about a high Q-factor and a high ER to the PCNC and determine the performance of a component or even the entire designed system.



Furthermore, the coupling gap between the nanobeam cavity and the bus waveguide can significantly affect the component performance, which is initially iterated from 0.1 µm to 0.26 µm. As shown in Figure 7a, the variations in the normalized transmission spectra as illustrated by the different colored lines represent the relationships with different coupling gaps, and the corresponding ERs are demonstrated by their respective calculations. Obviously, the coupling effects and the spatial distribution of the optical energy can be remarkably affected by the coupling gap between the bus waveguide and the cavity. Also, variations in the FWHM with the different gaps are shown in Figure 7b, where the performance of the FWHM initially improves and then deteriorates after the gap of 0.18 μm. When the coupling gap increases from a distance of zero, the optical signal will sequentially experience the over-coupled (gap < 0.1 μm), critically coupled (0.1 μm < gap < 0.22 μm), and under-coupled (gap ≥ 0.22 μm) states, which can determine the optical waveguide mode coupled from the bus waveguide to the cavity at a specific resonant wavelength. When the gap is ultra narrow, the discrete states do not appear in the spectrum due to the over-coupled state. With the increase in the gap, the discrete states gradually occur. Yet, the spectrum near the discrete states possesses asymmetry, with very low optical power on one side. When the gap is between 0.1 μm and 0.22 μm, the critically coupled state is generated, and the discrete states in the spectrum show a superior performance in optical intensity confinement. However, when the gap exceeds 0.22 μm, the discrete states gradually disappear. When critical coupling is achieved, the optical wave transiting the bus waveguide is maximally coupled to the PCNC if the input signal oscillates at its resonant wavelength. Therefore, after simulation verification and optimization, the optimal performance such as the minimum coupling loss, Q-factor = 2.247 × 103, and ER = 0.97 for the PCNC component can be obtained at a resonant wavelength of 1550.68 nm, when gap = 0.18 µm and Lcoupling = 1 µm. Thanks to our coupling gap not being ultra narrow, extra fabrication difficulties are avoided.



Overall, as illustrated in the schematic diagram of Figure 8a, a comprehensive platform consisting of a silicon photonic chip and discrete components is numerically simulated in Ansys Lumerical INTERCONNECT (2022 R2) to demonstrate the system performance. Firstly, the system link is constructed in the simulation software, as illustrated in Figure 8a. The performance of the PCNC, which is of importance to the system operation, can be directly characterized using the Optical N-port S-parameter element (SPAR) in Ansys Lumerical INTERCONNECT. Also, the S-parameters of the PCNC are imported into this element, and then the SPAR is connected to one arm of the MZM using a waveguide. The optical signal with a power of 10 mW and a central wavelength of 1550.68 nm from a CW laser transmits into the silicon photonic chip, which is our MZM design based on a single arm coupled with a PCNC, and the NRZ-OOK signal Vt at the bit rate of 10 Gbit/s generated from an arbitrary waveform generator (AWG) and the bias voltage Vbias are connected to the electrical input ports of the MZM, respectively. Here, the output optical signal from the silicon chip design is finely filtered by a tunable optical band pass filter (TOBPF) that is used to reduce the out-of-band noise, as well as improve the out-of-band rejection ratio and the optical signal to noise ratio (OSNR). The central wavelength of the TOBPF is set to 1550.68 nm, with a filtering bandwidth of 0.8 nm. The spectrum of this optical signal after the TOBPF is observed by an optical spectrum analyzer (OSA) to analyze and adjust the performance of this optical filtering.



Then, the signal received is observed by some signal analyzers. An ideal PIN photodetector is configured with a responsivity of 1 A/W and set to operate at a wavelength of 1550.68 nm, which is employed to convert the optical signal to the output photocurrent. And the eye diagram of our final output electrical signal can be observed and analyzed by a real-time oscilloscope (RTO), as shown in Figure 8b, where a clear profile with enough openness of an eye diagram is obtained. Herein, the brightest color in the eye diagram expresses the strongest intensity of the overlapped signal parts. When the modulation voltage of the MZM ranges from 4 V to 5.7 V, the transmission spectra from 1500 nm to 1600 nm with the same FSR are as illustrated in Figure 8c. Moreover, as depicted in Figure 8d, the spectral components from 1544 nm to 1556 nm are highlighted, which enlarges the Fano line shape of Figure 8c in detail. Thus, for the spectra of the Fano resonance MZM coupled with a nanobeam cavity within a single FSR around 1550 nm, when the applied voltage is biased at 4.3 V, i.e., the optimal operation point, the sharpest asymmetric resonant peak, the most remarkable Fano line shape, and the highest ER (34 dB) can be obtained. Along with the increase in the bias voltage, on the one hand, the spectra can be redshifted if the arm coupled with a PCNC is biased. On the other hand, the transmission spectra can also be blueshifted if the other arm of the MZM is biased. It can be observed from Figure 8c that the FSR equals to 20 nm; then, the VπL that equals to 3.9 V·cm can be calculated using Equation (7). Thus, according to the spectra in Figure 8d, the Fano resonance effects prove the feasibility of our design. Therefore, the advantages of our design for a Fano resonance MZM such as high ER, high modulation efficiency, and high integration will be beneficial to more quantization levels, more efficient matrix multiplication, and lower power consumption for silicon photonic on-chip computing.



In order to provide a more comprehensive comparison between our design for the Fano resonance modulator and the existing designs, Table 2 presents a summary of the performance parameters of the modulators with different structures. Overall, by comparison with the existing schemes of the modulators, it is seen from Table 2 that our Fano resonance modulator design has comparatively superior performance, with the obvious advantages of the ER and the PCNC radius (that are beneficial to fabrication compatibility with a passive MPW). If non-silicon materials are heterogeneously integrated, such as thin-film lithium niobate, it may further improve the modulation speed, efficiency, and integration, as well as offer more possibilities for the suppression of third-order nonlinear distortion.




5. Conclusion and Perspectives


In this paper, a Fano resonance MZM based on a single arm coupled with a PCNC is designed and theoretically analyzed. By means of free-carrier dispersion effects, bias voltages are applied to our Fano resonance modulator, and the optimal driving voltage of 4.3 V is obtained. Additionally, the interference between the discrete states from one arm coupled with a PCNC and the continuous states from the other arm of the MZM generates a Fano resonance at the output port of an MMI, and 180 nm passive silicon photonic facilities are considerably applicable to the fabrication of a PCNC with identical hole radii of 90 nm. To verify the component performance, an FDTD model is utilized by numerical simulations to prove that Ntaper, Nmirror, Ataper, a, and gap notably affect the transmission spectra of the PCNC, obtaining the corresponding optimized parameters of 40, 5, 0.43 µm, 0.3 µm, and 0.18 µm, respectively. Moreover, the adjustable doping concentration and the length of the active region determine a modulation efficiency of 3.9 V·cm. Compared with the same structure without a PCNC, our modulator with a single arm coupled with a PCNC has a sharper Fano line shape and possesses a higher ER, as well as a higher modulation efficiency, which can introduce a speedy variation in the optical intensity from minimum to maximum. Therefore, our design for a silicon Fano resonance MZM based on a single arm coupled with a PCNC has considerable potential for applications in the fields of photonic computing, photonic convolutional neural network, optical communications, optical interconnects, optical storage, and so on in the future.
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Figure 1. The structural diagram of the side-coupled photonic crystal nanobeam cavity. 
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Figure 2. Structure of MZM with a single arm coupled with a PCNC. (a) Schematic diagram of MZM with PCNC. (b) Cross-sectional view of MZM and optical waveguide mode. (c) Variations in effective refractive index with wavelength. 
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Figure 3. Optical waveguide mode of PCNC. a: lattice constant, Ntaper: the number of holes in the taper region, Nmirror: the number of holes in the mirror region, Ataper: the maximum lattice constant of holes in the taper region. 
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Figure 4. Normalized transmission spectra of (a) straight waveguide, and (b) two-dimensional PCNC. 
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Figure 5. Variations of transmission spectra and ER for PCNC with Ataper. 
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Figure 6. (a) Variations in transmission spectra and ER for PCNC with Ntaper. (b) Relationship between FWHM and Ntaper. 
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Figure 7. (a) Variations in transmission spectra and ER for PCNC with Gap. (b) Relation between FWHM and Gap. 
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Figure 8. System platform and performance for designed MZM with a single arm coupled with a PCNC. (a) Schematic diagram of system platform. (b) Eye diagram of NRZ-OOK signal at 10 Gbit/s. (c) Transmission spectra of Fano resonance modulator. (d) Enlarged spectrum of Fano line shape in detail. 
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Table 1. Design and performance parameters of modulator.
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	DP++
	DN++
	DP+
	DN+
	DP
	DN



	1 × 1020/cm3
	1 × 1020/cm3
	5 × 1018/cm3
	5 × 1018/cm3
	9 × 1017/cm3
	7 × 1017/cm3



	WP++
	WN++
	WP+
	WN+
	WP
	WN



	4.275 µm
	4.275 µm
	300 nm
	300 nm
	515 nm
	335 nm



	WS/WG
	G1
	Helec
	VπL
	Loss
	C



	50 µm
	5 µm
	2 µm
	1.6 V·cm
	3.3 dB
	0.244 fF/µm










 





Table 2. Comparison of the performances of the modulators with different structures.
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	Structure
	Footprint
	ER [dB]
	VπL [V·cm]
	Radius [nm]
	Fano Resonance
	Refs.





	MZM coupled with PCNC
	W: 25 µm

L: 2 mm
	34
	3.9
	90
	Yes
	This work



	Photonic crystal waveguide MZM
	W: 200 µm

L: 1.057 mm
	11
	7
	107.5
	Yes
	[21]



	PCNC loaded GAMS
	/
	< 10
	/
	Min: 26.63

Max: 113.13
	Yes
	[22]



	MRR assisted MZM
	W: 140 µm

L: 600 µm
	/
	0.96
	/
	Yes
	[23]



	TFLN–based MZM
	W: 500 µm

L: 5 mm
	4.7
	1.02
	/
	No
	[24]
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