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Integrated broadband dual-polarization Ge-rich SiGe mid-infrared Fourier-Transform spectrometer

Miniaturized on-chip spectrometers covering a wide band of the mid-infrared spectrum have an immense potential for multi-target detection in high-impact applications like chemical sensing or environmental monitoring. Specifically, multi-aperture spatial heterodyne Fourier transform spectrometers (SHFTS) provide high throughput and improved tolerances against fabrication errors, compared to conventional counterparts. Still, state-of-the-art implementations have only shown single polarization operation in narrow bandwidths within the near and short infrared. Here, we demonstrate the first dual-polarization ultra wideband SHFTS working beyond 5 µm wavelength. We exploit the unique flexibility in material engineering of the graded-index germanium-rich silicon-germanium (Ge-rich SiGe) photonic platform to implement a SHFTS that can be operated in an unprecedented range of 800 cm-1, showing experimental resolution better than 15 cm-1 for both orthogonal polarizations and free-spectral-range of 132 cm-1, in the range between 5 µm and 8.5 µm wavelength.

Molecules can be indubitably identified and quantified through their unique absorption spectra in the mid infrared (MIR) fingerprint region, from 500 to 1500 cm -1 . Hence, integrated MIR spectrometers, providing compact sizes, low power consumption and high-performance multi-target detection would have a great potential for a plethora of applications, including medical diagnosis [1,2], astronomy [3], chemical and biological sensing [4,5] or security [6], to name a few. In terms of photonic integration, silicon photonics has shown an excellent potential for developing efficient, compact and cost-effective photonic circuits. Integrated spectroscopic systems have thus been demonstrated based on different approaches such as array waveguide gratings (AWG) [7], echelle gratings [8] or Fourier transform-based spectrometers (FTS) [9][10][11][12]. Integrated multi-aperture spatial heterodyne Fourier transform spectrometers (SHFTS) provide high-resolution spectral retrieval, exploiting seamless phase and amplitude correction algorithms to substantially relax fabrication tolerances, compared with conventional counterparts, as typically employed in AWG or echelle gratings [9]. SHFTS rely on an array of Mach-Zehnder interferometers (MZI) with linearly increasing path lengths to implement the spatial heterodyne spectroscopy (SHS), thereby obviating the need for moving parts. In addition, this multi-aperture configuration provides unmatched optical throughput, which is a key aspect for spectroscopic analysis of spatially extended incoherent sources. Up to now, most of the FTS demonstrations use the Silicon-on-Insulator (SOI) platform, which provides a mature technology compatible with near-infrared and short-wave infrared (SWIR) wavelength range. Thus state-of-the-art integrated SHFTS have shown operation mainly at 1.55 µm [9][10][11] and in the SWIR spectral region, below 4 µm wavelength [12]. In all cases, the operation is limited to single-polarization because of the polarization dependence of the MZIs, while dual-polarization operation would be highly desirable for applications such as sensing in space satellites or unmanned aerial vehicles. Indeed controlling the polarization of the collected light in such environments is very challenging [13]. In the last years, the development of photonic platforms dedicated to longer MIR wavelengths has witnessed a burst of research activity [14][15][16][17][18][19][20][21][22][23][24][25]. A wide variety of materials have thus been used to demonstrate photonic integrated circuits operating at wavelengths beyond 4.5 µm, including III-V semiconductors [15,16], chalcogenides [17,18], suspended silicon approaches [19], Ge-on-Si [20][21][22] and SiGe alloys [23][24][25]. Recently, germanium-rich silicon-germanium (Ge-rich SiGe) has emerged as a promising integrated platform exhibiting a wide transparency range and a strong 3 rd order nonlinearity [26,27]. A linearly graded SiGe layer allows a smooth transition between pure silicon and Ge-rich material (see Fig. 1. a) that minimizes the threading dislocation density due to lattice mismatch, while confining the optical mode in the upper part of the waveguide by refractive index gradient. Furthermore, the flexible design of the slope and concentrations of the graded buffer and Gerich layer, respectively, releases new degrees of freedom to shape modal confinement, birefringence and dispersion [28]. These compelling features make the Ge-rich SiGe an excellent technology for next generation spectroscopic systems at long MIR wavelengths. Finally the recent experimental demonstration of broadband MIR interferometers [29] provides a promising departing point to develop new deep MIR spectroscopic systems. In this paper, we experimentally demonstrate an integrated SHFTS implemented in the Ge-rich SiGe technology platform, working in an ultra-wideband range in the MIR, between 5 µm (2000 cm -1 ) and 8.5 µm (~1170 cm -1 ) wavelength, for both transverse electric (TE) and transverse magnetic (TM) polarizations, and with a resolution better than 15 cm -1 . The low birefringence and wideband operation is enabled by the gradual index change in the SiGe graded layer, which permits an optimal mode confinement in the considered wavelength range.

The SHFTS is implemented using waveguides based on a 11 µmthick Si1-xGex graded layer with a linearly increasing Ge concentration x along the growth direction from 0 (Si) to 0.79 (Si0. 21Ge0.79) followed by a 2 μm-thick Si0. 2Ge0.8 guiding core layer. Details about device fabrication can be found in [26]. The waveguide facets were defined by mechanical dicing, which provides a reproducible coupling condition with a coupling loss around 4 dB/facet. Waveguides have an etching depth and width of 4 µm (see Fig. 1. a), providing flat propagation loss below 2.5 dB/cm from 5 to 8.5 µm wavelength for both, TE and TM polarizations [26]. The beam splitters/combiners in the MZIs are implemented by 12 multimode interferometer (MMI), optimized to achieve broadband operation for both TE and TM polarizations in the 5 to 8.5 µm wavelength range. The unprecedented ultra-wideband dualpolarization operation of the waveguides and splitters is of fundamental importance to overcome the limitations of conventional SHFTS. and the number of interferometers (N) determine the resolution ( 𝛿𝜐 ) and the free spectral (FSR) of the spectrometer expressed in wavenumber as [12]:

𝛿𝜐 = 1 Δ𝐿 𝑚𝑎𝑥 𝑛 𝐺 [cm -1 ]
(1)

𝐹𝑆𝑅 = 𝛿𝜐 𝑁 2 [cm -1 ] ( 2 
)
where nG is the group index. Considering a group index of 4.04, a maximum path-length difference of ∆Lmax = 178.6 µm and N=19 a theoretical resolution of 13.8 cm -1 and a FSR of 132 cm -1 is obtained. Note that the resolution of the spectrometer also influences the photometric accuracy, i.e. the ability to monitoring a given absorption peak because of the convolution of the real spectrum with the spectrometer response [30].

The experimental set-up uses tunable external cavity-based quantum cascade lasers covering the 1170 cm -1 to 2000 cm -1 spectral range. Each laser operates in a pulsed regime with a duty cycle of 5%, a 100 kHz repetition rate, and a maximal mean power of 15 mW at 1540 cm -1 . A polarization controller was used to set the input polarization to either TE or TM respectively. The light is then butt-coupled from free space in and out of each MZI by means of aspheric ZnSe lenses and on-chip adiabatic tapers. An MCT photodetector is then used to record the transmission. The measured transmissions are compatible with flat 2dB/cm waveguide losses and less than 1dB insertion loss for each MMI in the entire spectral range and for both polarizations as reported in previous works [26,29].

To validate the good operation of the proposed SHFTS, the spectrum of the input signal is reconstructed by a transformation matrix retrieval algorithm that provides effective correction of phase and amplitude errors arising from fabrication imperfections [9]. In this algorithm, the output of each MZI is recorded, forming the spatial interferogram y of the input signal. The input spectrum is then retrieved multiplying the interferogram y by the pseudoinverse of the calibration matrix T, containing the transmission spectrum of each MZI. The calibration matrix, T, is constructed by recording the spectrum of each MZI. Data processing is used to remove imperfections from the raw measurements, like the frequency dependence of the laser power. This data processing comprises two steps, which are illustrated in Fig. 2: (i Generally, fabrication errors produce phase shifts that may distort the interferogram. This typically results in a misalignment of the outputs spectrum of the MZIs. Interestingly, the reported SHFTS interferogram shows quite good alignment, without any phase error correction in the data processing. For instance, all MZI reach maximum transmission (Littrow frequency [30]) for frequencies of 1185, 1450 and 1715 cm -1 separated by two times the FSR of the SHFS. This is a clear evidence of low phase distortion, proving the robustness of the Ge-rich SiGe waveguides to fabrication imperfections. Figure 3 shows the experimental signal spectra retrieved for a monochromatic input scanned along the full operation range and for both for TE (Fig. 3.a) and TM (Fig 3 .c) polarizations. The Ge-rich SiGe spectrometer allows spectral retrieval in a wavelength range of 800 cm -1 centered at 1560 cm -1 . Note that, at each input frequency, a spectral range narrower than the FSR of 132 cm -1 has been considered. A Gaussian apodization window is applied in the spectral domain to reduce truncation ripple [30]. The resolution of the SHFTS, measured at full width at half-maximum (FWHM) of the retrieved signals, are evaluated at 12 cm -1 and 14.5 cm -1 for TE and TM polarizations, respectively (see Figs 3.c and 3.d). By building two calibration matrices, for TE and TM polarizations respectively, our SHFTS can be operated with any of the two polarizations. Still, only one (TE or TM) should be injected into the chip to enable proper spectral retrieval.

Finally, to evaluate the robustness of the proposed SHFTS we repeated the signal retrieval a few weeks after, using the calibration matrix built in previous experiment. Both the device resolution and eventual temperature variations in the chip (which is not controlled in our setup) could create errors in the retrieved spectrum. Interestingly, comparing the peak wavelength of the retrieved signal with the input wavelength, the error in frequency retrieval is always below 2 cm -1 .

In conclusion, a SHFTS working both in TE and TM polarization based on Ge-rich SiGe waveguide has been reported. Broadband operation is one of the key advantage of this MIR platform and is explained by the self-mode re-adaptation effect due to the graded refractive index profile [26]. The demonstrated on-chip SHFTS accounts for an operating frequency range of 800 cm -1 , a FSR of 132 cm -1 and a resolution below 15 cm -1 for the studied wavelength range. In terms of precision of the retrieved signal, the frequency error is below 2 cm -1 when using a calibration matrix measured a few weeks before. Interestingly, low phase errors have been demonstrated, indicating a good robustness of the waveguide design and fabrication against fluctuations of the waveguide effective index and optical path.

These results provide the first experimental demonstration of on-chip MIR silicon germanium-based Fourier-transform spectrometer. The device resolution and FSR can be seamlessly designed by increasing the number of Mach Zehnder interferometers or by tuning the phase delay. The resolution of the SHFTS can be further improved by exploiting advanced numerical techniques, like compressive-sensing, developed for Fourier transform spectrometers working in the near-infrared, at 1.55 µm wavelength [31]. It is also possible to combine the Ge-rich SiGe interferometers with digital Fourier Transform Spectrometers [11] to reach resolution below 1 cm -1 while maintaining FSR larger than 100 cm -1 . Finally, the on-chip integration of sensing circuits with the FT spectrometer could pave the way for future demonstration of robust, high resolution, and cost-effective multi-target spectrometers covering an ultra-wide band of the fingerprint wavelength range.
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 1 Fig. 1. (a) Schematic view of the waveguide cross-section and its corresponding refractive index at 7.5 µm wavelength; (b) Optical microscope image of the MIR Fourier-Transform spectrometer, (inset) SEM image of a multimode interferometer.

Fig. 2 .

 2 Fig. 2. (a)-(c) Example of an interferogram pattern from a MZI with L = 84.6 µm. The mean value (red curve in (a)) and the envelop wavefunction (green curve in (b)) are subtracted to obtain the curve shown in (c); (d) Experimental transmittance spectra for the fundamental transverse electric (TE) mode for each 19 MZIs in the interferometer array of the spectrometer. The on-chip spectrometer comprises 19 MZIs, arranged in a multi-aperture configuration, having total footprint of 1.5 cm 2 . Optical microscope image of the complete SHFTS is shown in Fig 1.b, and scanning electron microscope image of one MMI is shown in the inset of Fig 1. b. The maximum path length difference (∆Lmax)and the number of interferometers (N) determine the resolution ( 𝛿𝜐 ) and the free spectral (FSR) of the spectrometer expressed in wavenumber as[12]:

  ) subtraction of the mean value of the transmittance (red curve in Fig 2.a), (ii) division by the envelope wavefunction (green curve in Fig 2.b). The normalized transmittance spectrum is reported in Fig 2.c. This data treatment has been done for both TE and TM calibration matrixes. The insertion loss of MZI is measured as less than 1 dB for the full range of used laser both for TE and TM polarizations. The final calibration matrix T for TE polarization is reported in Fig 2.d.

Fig. 3 .

 3 Fig. 3. Experimentally retrieved spectra for a monochromatic input scanned between 1170 cm-1 and 1950 cm-1 for TE (a) and TM (c) polarizations; (b) and (d) report the FWHM of the retrieved signals in TE and TM polarization respectively.
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