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We present ring resonator-coupled Mach-Zehnder interferometers (MZI) based on silicon-on-insulator (SOI) rib 
waveguides, operating around the mid-IR wavelength of 3.8 μm. A number of different photonic integrated devices 
have been designed and fabricated experimentally to obtain the asymmetric Fano resonances in the mid-IR. We 
have investigated the influence of the coupling efficiency between the ring resonator (RR) and the MZI as well as 
the phase shift between the two arms of the MZI on the Fano-type resonance spectral features in agreement with 
theoretical predictions. Finally, wavelength-dependent Fano transmittances have been successfully measured with 
insertion losses up to ~1 dB and extinction ratios of ~20 dB. A slope of sharp Fano resonances as high as -547.6/µm 
has been achieved and estimated to be 35.5 % higher than the slope of single ring resonator Lorentzian-type 
resonances. © 2017 Optical Society of America 
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1. INTRODUCTION In recent years, the mid-IR wavelength range has become a very attractive and promising spectral region to be explored for a wide range of applications, such as environmental and biochemical-sensing, defence, security, communications, and astronomy, to name a few [1]. In this context, research effort has been carried out in order to extend the operation of silicon photonic devices from the near-infrared to the mid-IR wavelength range. Actually, several results on state-of-the-art mid-IR lasers and photodetectors have been recently reported in the literature [2-4] as well as passive and active photonic integrated devices successfully demonstrated, i.e. multimode interferometers, ring resonator, MZIs, spectrometers, modulators, multiplexers and (de)multiplexers, fabricated on silicon and germanium technology platforms and operating at wavelengths up to ~ 7.5 µm [5-13]. In this context, it is worth emphasizing the need of further extending the library of active and passive mid-IR photonic devices, especially operating in the short-wave spectral range (2-4 µm), where several molecules exhibit strong absorption and can be efficiently detected, paving the way to high-performance photonic sensing applications. Furthermore, this wavelength region has emerged as a very suitable candidate for optical communication systems due to the increasing internet traffic and consequent growing bandwidth demand. 

A combination of photonic devices, such as a ring resonator and an MZI, can be designed to exhibit special wavelength-dependent transmittances that can be useful to enhance the performance of photonic sensors and filters. In this context, Fano-type resonances have been widely investigated in the literature due to very sharp and asymmetrical shapes and potential application in high-performance sensing, optical filtering and switching applications [14]. In particular, Fano resonances result from the interference between a resonance pathway and a coherent background pathway. Moreover, they can be varied by tuning the relative phase between the resonances and coherent background pathways, and are ubiquitous in a large number of optical resonant configurations and nanophotonics devices [15-17], including, for example, integrated nested ring resonator, standard ring resonator and multiple ring resonators loaded on an MZI arms, as well as exotic photonic integrated architectures [18-33]. Finally, it has been demonstrated that RR-coupled MZI devices can exhibit a 30.5% enhancement in sensitivity over conventional ring resonators [22], making them suitable for photonic sensing and filtering. Recently, a few experimental investigations have been performed to obtain Fano resonances in the mid-IR. In particular, encouraging results have been demonstrated in photonic crystal membranes [34], heavily doped silicon and metallic nanostructures [35], graphene hybrid waveguide structures [36], semiconductor dielectric resonators 
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performing an optimal design of the waveguide structures in order to minimize the optical confinement of the fundamental mode in the buried silicon dioxide (SiO2). Moreover, state-of-the-art processing facilities and optimized recipes facilitated the fabrication of high-quality devices with low loss. In particular, the rib waveguide patterns were written using a JEOL JBX 9300FS e-beam lithography tool on 6-inch SOI wafer. A non-chemically amplified high resolution positive resist (i.e., ZEP-520A) from Nippon Zeon was used, and patterns in ZEP-520A were transferred to the SOI wafers by inductively coupled plasma etching (ICP), using an Oxford Instrument ICP 380 plasma system. A theoretical and experimental investigation of SOI ring and racetrack resonators based on the aforementioned rib waveguides and operating around a mid-IR wavelength of 3.8 μm is reported in [7]. In particular, it is worth specifying that different resonators were demonstrated exhibiting insertion loss less than 1 dB, quality factor up to 3,000, and extinction ratios up to ∼ 30 dB. Furthermore, an in-depth experimental analysis of bending losses in such devices was carried out, demonstrating that a radius as short as 20 μm introduces bending losses of 0.073 ± 0.003 dB/90°, while doubling the radius up to 40 μm losses decrease at a value of 0.033 ± 0.003 dB/90°. As a result, the bending radius used in the RR-coupled MZI architectures proposed in this paper is R = 60 μm so that negligible bending loss can be assumed in the design procedures as well as in real device operation. We have implemented a rigorous mathematical modelling based on the scattering matrix method for the simulation and design of different Fano device configurations [22]. In fact, the design of guided-wave directional couplers was performed using a sophisticated modelling already developed and successfully demonstrated in [42]. Finally, fabrication tolerances of ± 20 nm for the waveguide width, W, and etch depth, E, were taken into account, and chromatic dispersion in the 3.7-3.9 µm wavelength range was included in the simulations by means of silicon and silicon dioxide conventional Sellmeier equations. Two Fano RR-coupled MZI device configurations, namely Fano #A and Fano #B, were designed and fabricated and their geometrical parameters are listed in Table 1. In particular, #A and #B Fano architectures are characterized by the same ring resonator radius of 60 μm and a directional coupler gap, g, which was varied from minimum values of 300 nm (Fano #A) and 400 nm (Fano #B) to a maximum of > 1000 nm, namely ∞, which is practically equivalent to a coupling efficiency equal to zero. In addition, the interaction length of the directional couplers was designed to be 0 µm in Fano #A devices, thus determining a point coupling between the ring resonator and the MZI arm. Conversely, a length of  = 5 µm was designed in Fano #B devices, resulting in different coupling efficiencies compared to Fano #A architectures. Finally, referring to Fig. 1, it is worth specifying that the ring radius, R, also characterizes the bend waveguides in the upper arm of the MZI. Furthermore, the difference between the overall path lengths of the bottom arm without the ring resonator and the upper arm of the MZI is defined as ∆ + 2 ( − 2). Consequently, as the parameter R is fixed at the value of 60 μm in both Fano #A and Fano #B configurations, the phase difference between the signals propagating in the upper and lower MZI arms can be set by properly designing the parameter ∆ . In particular, values of ∆ = 50 μm (Fano 

#A) and ∆ =  0 μm (Fano #B) were selected to tune the reference signal phases in the upper MZI arm in the range = [ , ], where =  /2 corresponds to the optimal condition for achieving the best Fano sensitivity [22]. It is worth noting that predictions of  are difficult because experimental signal phase contributions strongly depend on the effective index of the fabricated structures, thus on the process variability of the foundry’s fabrication conditions. Finally, the parameter ∆  also affects the free spectral range of the Mach-Zehnder interferometer when the ring resonator is not loaded i.e., when the coupling efficiency tends to zero. As a consequence, we selected two values of ∆  also to achieve different MZI free spectral ranges in Fano #A and Fano #B devices, respectively. 
3. RESULTS AND DISCUSSION The mid-IR experimental setup described in [43] was used for the characterization of the devices reported here. In particular, the light was coupled by means of input and output grating couplers specifically designed for coupling TE polarized optical signal. A tunable quantum cascade laser emitting at wavelengths in the range of 3.7-3.9 µm was tuned with a spectral sampling step of 0.02 nm for experimental data acquisition. The quantum cascade laser operates at wavelengths in the range of 3.72-3.90 μm, in either continuous wave or pulsed modes. The laser temperature was maintained at 21°C by using a chiller. The maximum continuous wave optical output power of the laser is ~150 mW at its peak wavelength of 3.80 μm. The nominal tuning accuracy is ± 0.5 cm-1 (± 1.9 nm at λ = 3.8 μm), and the nominal linewidth is ± 0.003 cm-1 (± 11 pm at λ = 3.8 μm). Finally, the laser is not mode-hop free as it manifests a significant jitter of the laser wavelength which is approximately ± 1 nm. Experimental results of Fano #A and Fano #B devices are plotted in Fig. 3 and Fig. 4, respectively. In Figs. 3(a)-3(f), normalized measured transmittances of Fano #A devices are plotted in an arbitrary unit (a. u.) scale as a function of different directional coupler gaps. Furthermore, the corresponding theoretical spectra calculated by means of our implemented modelling are also shown. It is worth specifying that a propagation loss coefficient of = 2 dB/cm was used in simulations [39] and a group index of = 3.6533 corresponding to the waveguide nominal dimensions, was varied according to the waveguide fabrication tolerances of ± 20 nm in order to fit the experiments. Actually, spectral positions of the Fano transmittance discontinuities were estimated in good agreement with theory, while the amplitude values and shapes were not always perfectly matched with measurements. This is due to the fact that slightly varying values of  and power coupling coefficients, , across the chip can determine ring resonator dips with different extinction ratios and linewidths, thus affecting the Fano spectral features at the output. Finally, the maximum values of the calculated transmittances in Figs. 3(a)-3(f) are equal to 1 arbitrary unit because insertion losses were intentionally not included in the simulations. The reasons of this are the following: i) we were mainly interested in estimating the spectral positions and shapes of the Fano transmittance discontinuities as a function of directional coupler gaps, ii) the normalization of RR-coupled MZI device spectra with reference straight waveguide transmittances resulted in insertion losses that were not uniformly distributed throughout the wavelength range of ~ 3.72-3.86 µm due to slightly different input/output grating behaviour as shown in Fig. 3(f). It is worth specifying that the aforementioned insertion loss is the loss of the Fano device when it is inserted in the circuit and, because of the normalization with the reference straight waveguide transmittance, it does not include experimental setup loss, input-output coupling loss, and access waveguide loss. Figures 3(a)-3(f) refer to directional coupler gaps equal to 400 nm, 500 nm, 600 nm, 700 nm, 800 nm, and ∞, corresponding to estimated 

Table 1. Geometrical parameters of Fano #A and 
Fano #B architectures. Parameters Fano #A Fano #B ΔL (μm) 50 0 

R (μm) 60 60 
 (μm) 0 5 (nm) [400-∞] [300-∞] 
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devices were not optimized for photonic sensing. To this purpose, it is worth noting that mid-IR rib waveguide operating in TM (i.e., transverse magnetic) mode would enhance the sensitivity due to a better overlap between the optical mode and the upper cladding, where the measurand to detect is concentrated. However, a silicon layer thicker than 400 nm is required for TM rib waveguides, thus resulting in a technology platform that is no longer standard for both near-IR and mid-IR silicon photonic device fabrication. In this context, low-loss mid-IR slot waveguides, which have been already demonstrated by the authors at 3.8 μm using the standard silicon-on-insulator technology platform with a 400 nm-thick silicon layer, would allow to achieve the maximum sensitivity of  ≅ 1, and are the best option to maximize the Fano performance in case of photonic sensing application [44]. In conclusion, Fano sensors can assist the operation of sophisticated mid-IR spectrometers where it is useful to simultaneously measure both the optical absorption and refractive index changes [45]. Finally, optimized Fano sensing configurations can exhibit a limit of detection of ∆  ∼ 10 −  10  RIU and can be used for detecting small refractive index changes, thus providing accurate estimation of detrimental wavelength drifts due, for example, to contaminants in the sensitive area. 
4. CONCLUSION To summarize, we have demonstrated CMOS-compatible photonic integrated devices characterized by RR-coupled MZIs for the generation of the sharp asymmetric Fano resonance at mid-IR wavelengths. Insertion loss and extinction ratio equal to ∼ 1 dB and ∼ 19 dB, respectively, with a maximum Fano resonance slope of -574.61/μm have been achieved. Specifically, the Fano sensitivity is estimated to be 35.5 % higher than the slope of Lorentzian-type resonances of the single ring resonator when it is not loaded on the MZI arm. In fact, Fano #B devices with directional coupler interaction length ≠ 0 can offer design and fabrication approaches that are more tolerant against process variability compared to Fano #A configurations characterized by a point coupling ( = 0) between the ring resonator and MZI. Furthermore, a detailed experimental investigation of the influence of the power coupling coefficients on the Fano transmittances has been reported, demonstrating a good agreement with simulation results. In particular, threshold values of the directional coupler gap suitable for achieving strong coupling efficiency and asymmetric Fano resonances have been determined in both Fano #A and Fano #B configurations. As a result, gap values should be smaller than 700 nm in both architectures, corresponding to power coupling coefficients > 0.1 and > 0.18 in Fano #A and Fano #B, respectively. In addition, the free spectral range of the MZI should be larger than double the ring resonator free spectral range to exhibit Fano resonances and typical broadband flat-band spans with a pass band ripple less than 1 dB. In conclusion, it is worth specifying that the performances achieved are considered to be suitable for realizing efficient mid-IR tunable optical filters by means of heaters on ring resonator optical waveguides. Furthermore, design guidelines and optimization strategies for realizing high-performance refractive index sensing have been elucidated in detail. In particular, a limit of detection of 10 −  10  RIU has been estimated and application in next generation mid-IR integrated spectrometers is also suggested. Future work will focus on the experimental demonstration of filtering applications as well as photonic sensing functionalities by means of optimized mid-IR Fano devices.  
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