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Silicon photonic on-chip spatial heterodyne Fourier transform spectrometer exploiting the Jacquinot's advantage
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Silicon photonics on-chip spectrometers are finding important applications in medical diagnostics, pollution monitoring and astrophysics. Spatial heterodyne Fourier-transform spectrometers (SHFTS) provide a particularly interesting architecture with a powerful passive error correction capability and high spectral resolution. Despite having an intrinsically large optical throughput (étendue, also referred as Jaquinot's advantage), state-of-the-art silicon SHFTS have not exploited this advantage yet. Here, we propose and experimentally demonstrate for the first time an SHFTS implementing a wide-area light collection system simultaneously feeding an array of 16 interferometers, with an input aperture as large as 90 µm × 60 µm formed by a twoway-fed grating coupler. We experimentally demonstrate 85 pm spectral resolution, 600 pm bandwidth and 13 dB étendue increase, compared with a device with a conventional grating coupler input. The SHFTS was fabricated using 193-nm deep-UV optical lithography and integrates the large-size input aperture with the interferometer array and monolithic Ge photodetectors, in a 4.5 mm 2 footprint. © 2021 Optical Society of America http://dx.doi.org/10.1364/ao.XX.XXXXXX Miniaturized on-chip silicon photonics spectrometers have been identified as an enabling tool for a wide range of applications, including medical diagnostics, biological and environmental monitoring, astrophysics and planetary science [0], to name a few. In integrated photonic spectrometers, light is collected and processed with a dispersive [0, 0, 0, 0, 0, 0] or a Fourier transform device [0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]. Dispersive devices [0], e.g. arrayed waveguide gratings (AWGs) [0, 0] and waveguide echelle gratings [0, 0], have a single input waveguide, limit-ing the optical throughput, and therefore, compromising the signal-to-noise ratio. In addition, dispersive elements are quite sensitive to fabrication imperfections. Conversely, Fourier transform circuits enable multi-aperture inputs, where input area can be enlarged by increasing the number of apertures, benefiting from wider solid angles and thus an intrinsically large étendue, i.e., the Jacquinot's advantage [0]. A particularly promising architecture for miniaturized on-chip Fourier transform circuits is the spatial heterodyne Fourier transform spectrometer (SHFTS) [0, 0, 0, 0, 0, 0, 0]. SHFTS relies on an array of Mach-Zehnder interferometers (MZIs) with a linearly increasing optical path length imbalance, to form a spatial interferogram from which the input spectrum is retrieved [0]. SHFTS allows passive calibration techniques to correct amplitude and phase errors due to fabrication imperfections and achieve a high spectral resolution both in the near-IR (40 pm) [0] and the mid-IR ( Here, we propose and experimentally demonstrate a novel silicon on-chip SHFTS exploiting the Jacquinot's advantage, implementing on a wide-area collecting input formed by two grating couplers, side by side (see Fig.

In our SHFTS, a free-space propagating beam is collected and coupled into the chip using surface grating couplers. Due to the large difference between grating width and thickness, the design of transversal (along y axis) and longitudinal (along x axis) geometries can be treated separately [0]. On the one hand, grating couplers can be made arbitrarily wide. Thus, they can be readily designed to match any desired input beam width. On the other hand, the maximum effective grating length that can be implemented is limited by grating radiation strength. The effective grating length can be increased, weakening the radiation strength by reducing the grating contrast, e.g. using subwavelength index engineering [0]. Nevertheless, the minimum achievable strength may be limited by fabrication constraints like minimum feature size or sensitivity to imperfections. Here, we propose an alternative approach to increase the grating length, based on connecting two grating couplers with opposite radiation angles. This approach allows doubling the total length of the light collecting region without the need to halve the grating strength, while facilitating excitation of multiple waveguides as light is coupled towards the two sides of the grating.

Let us consider the 2D grating geometry shown in Fig.

To illustrate the advantage of this two-way-fed configuration, we calculate the coupling efficiency as a function of the grating length, L = L A + L B , when a plane wave truncated to 100 µm width is used as input. The plane-wave propagation angle θ, defined in Fig.

The single-mode operation. Length imbalance in the MZIs is implemented using spirals with bending radius ranging from 10 µm to 100 µm. The MZIs are implemented with 2×2 multi-mode interference couplers. One input of each MZI is connected to the wide-area two-way-fed grating coupler, and one MZI output is connected to an integrated germanium photodetector, with the responsivity of 0.6 A/W. The other two ports of the MZI are connected to conventional fibre-chip grating couplers, for reference. Conventional fiber-chip grating couplers have a period of 600 nm, a duty cycle of 0.5 and size of ∼ 20 × 20 µm 2 . The MZIs in the SHFTS can be excited simultaneously using the twoway-fed grating, or one by one using conventional fiber-chip couplers. The output of each MZI is readout either using integrated photodetectors, or with SMF-28 fibers and analyzed using external photodetectors. To illuminate the wide-area grating, we use a fiber gradient-index (GRIN) lens collimator with a beam diameter of 0.5 mm, at full-width at half maximum (FWHM).

As shown in Fig.

First, we characterize the étendue improvement of the twoway-fed grating. The étendue is the product of the input area, the coupling efficiency and the solid angle [0]. For comparison, we use a conventional grating coupler, with a size of 20 × 20 µm 2 , similar to the size of the individual inputs of our coupler, of 10 × 30 µm 2 each. Having comparable areas, they will have similar angular apertures, allowing direct comparison of the étendue using the peak coupling efficiency. We illuminate the widearea grating with the GRIN collimator and collect the output of the 16 MZIs, using an SMF-28 fiber and the ports connected to conventional fiber-chip grating couplers. The signal collected at each output port is normalized by the transmittance of two conventional grating couplers in a back-to-back configuration when using the GRIN collimator at the input and SMF-28 fiber at the output. The transmittance of the 16 MZIs near 1570 nm wavelength is shown in Fig. We have compared the spectral retrieval of the SHFTS using four possible configurations combining the two inputs (widearea two-way-fed and conventional grating) and the two outputs (integrated Ge photodetector and conventional fiber-chip coupler) of the MZIs. In each case, a different calibration matrix is recorded and used for spectral retrieval. As an example, Fig.

To optimize the signal-to-noise ratio of the retrieved spectrum, we truncate the callibration matrix to 600 pm wavelength range. Figure In summary, we report on the experimental demonstration of the SHFTS fabricated using 193-nm deep-UV optical lithography, comprising a wide-area light collecting aperture of 90 µm × 60 µm and integrated Ge photodetector array. The device relies on a novel two-way-fed grating geometry, combining two grating couplers with opposite radiation angle to simultaneously feed 16 Mach-Zehnder interferometers. We experimentally show a ∼13 dB increase in étendue, compared with a conventional input grating coupler aperture, when using a wide-area illumination beam of 0.5 mm FWHM. We compared different device configurations, illuminating all MZI simultaneously with wide-area collection input or one by one with conventional fiberchip couplers, and recording the MZI outputs with integrated Ge photodetectors and external photodetectors. The large étendue of the proposed configuration and the powerful phase and amplitude corrections provided by the pseudoinverse technique allowed the demonstration of 85 pm resolution using wide-area input aperture and integrated photodetectors, with no significant performance degradation compared to individual illumination of each MZI and readout with external photodetectors. These results open a new route to large-volume production of miniaturized silicon photonic on-chip spectrometers exploiting the Jaquinot's advantage, which can be particularly interesting for sensing applications in embarked systems where weight, robustness, and étendue are key parameters [0].

  3 nm) [0]. The parallel acquisition of the entire interferogram can be exploited to implement a multi-aperture light collection covering wide areas [0, 0]. However, silicon photonics on-chip SHFTSs reported to date have not yet exploited parallel acquisition with multi-aperture input, i.e. the Jacquinot's advantage. State-of-the-art SHFTS demonstrations use single-waveguide input and power splitting trees [0, 0, 0] or multiple inputs that are accessed separately, one by one [0, 0]. Reported SHFTSs rely on conventional fiber-chip grating couplers [0, 0] or facet couplers based on subwavelength engineered tapers [0, 0] of multimodal waveguides [0]. SHFTS have been monolithically integrated with one photodetector and one MZI [0].

Fig. 1 .

 1 Fig. 1. Optical images of: (a) wide-area two-way-fed input grating coupler, and (b) complete SHFTS device, comprising the wide-area coupler, 16 MZIs and Ge photodetectors.

Fig. 2 .

 2 Fig. 2. (a) Schematic 2D view of the two-way-fed grating coupler. (b) Coupling efficiency as a function of the grating length, when a plane wave of 100 µm length is used as the input. (c) Angular aperture as a function of the grating length.

Fig. 3 .

 3 Fig. 3. Transmittance of the 16 MZIs in the SHFTS near 1570 nm wavelength, when simultaneously illuminated with a GRIN lens collimator and the two-way-fed grating.

Fig. 4 .

 4 Fig. 4. Calibration matrix measured for the 16 MZIs and the input aperture illuminated using GRIN lens collimator, and output with integrated Ge photodetectors.
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Fig. 5 .

 5 Fig. 5. Retrieved spectrum of a monochromatic input and a doublet with peak-to-peak separation of 85 pm, for: (a) illumination with conventional grating coupler, readout with external photodetector, (b) illumination with conventional grating coupler, readout with integrated Ge photodetectors, (c) illumination with two-way-fed grating, readout with external photodetector, and (d) illumination with two-way-fed grating, readout with integrated Ge photodetectors.
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