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Introduction

Chemical and biological sensing devices exploiting the strong vibrational absorption lines of molecules in the mid-infrared (MIR) region are attracting an increasing interest for the envisioned applications in defense, early medical diagnostic and thermal imaging [1]. Nowadays, commercially available MIR sensing systems are based on bulky and expensive equipment and, as a consequence, the miniaturization of these systems down to chip scale is the subject of intense research efforts. In the last few years, different approaches have been explored, mainly based on the use of quantum cascade lasers (QCL) integrated with quantum cascade detectors [2] and on chalcogenides glasses [3]. Another promising option is to adapt the existing silicon photonics technology for MIR applications. This approach features the important advantage of the mature fabrication technology already developed for Si based microelectronics. In this context, Ge is a very promising material thanks to its transparency in the 1.9-15 m range and to the strong Kerr effect, which can be used to study and exploit non-linear optical phenomena in the MIR. Several photonic building blocks such as low loss waveguides [4], and Mach-Zehnder interferometers [5] based on Ge or Ge rich SiGe have already been demonstrated.

In this framework, we are investigating Ge-rich SiGe as a promising material platform to exploit non-linear optical phenomena in the MIR. In this work we report on the first experimental measurement of the Kerr non-linear refractive index n2 in Ge-rich SiGe waveguides with a Ge concentration ranging from 70% to 90%. This measurement is very important because the current theoretical models used to predict the third order nonlinear susceptibility in Si1-xGex alloys use either an indirect bandgap model for 0 ≤ x ≤ 0.8 or a direct one for 0.8 < x ≤ 1, which leads to a discontinuity 1around x = 0.8, making very difficult to properly design devices exploiting non-linear effects nearby this concentration. Moreover we will show that well engineered SiGe waveguides can feature a flat anomalous dispersion which can be exploited for supercontinuum generation in the MIR.

Measurements of the Kerr non-linear refractive index.

The samples have been grown by low energy plasma enhanced chemical vapor deposition (LEPECVD) on 001 Si substrates. The three samples consist of a graded buffer where the Ge concentration has been raised linearly between from 0% to the designed value. The top part of each sample is made by a 2 m thick constant composition layer. The final concentration of Ge was 70% for sample A, 80% for the sample B and 90% for the sample C (See fig. 1). Rib waveguides have been patterned by UV lithography and ICP etching. The measurement of n2 has been performed employing a bi-directional dispersive scan method [6] with a pulsed laser operating at 1.58 m. By using an indirect gap model for sample A and B and a direct gap model for the sample C, we found a very good agreement [6] between the experimentally measured values and the theoretical predictions, as it can be seen in fig. 2. The fair consistency between the theoretical models and the experimental results obtained at λ = 1.58 μm allows an estimation of the expected nonlinearities in the mid-IR wavelength range, where a strong increase of the non-linear refractive index with the Ge concentration larger than 80% is predicted.

Mode confinement and anomalous dispersion in the mid-infrared

In the last section it has been shown that a strong Kerr effect in the MIR is expected for Ge-rich SiGe. This property can be exploited for supercontinuum generation in waveguides specifically designed to achieve a small modal effective area and a small anomalous dispersion in a broad spectral range. In this work we have theoretically investigated [7] different rib waveguides geometries by modal and dispersive analysis in order to find the optimal configuration to meet the aforementioned requirements. The simulations have been performed considering a graded buffer structure in which the Ge concentration has been raised linearly from 0% to 100% with a grading rate of 16.7%/m. This particular concentration profile allows a linear increase of the refractive index through the structure which helps the confinement of the optical mode in the Ge-rich part of the structure. As can be seen in fig. 3, for an 4 m deep, 4 m wide rib waveguide the optical mode remains fairly confined in the Ge-rich part of the structure at different wavelengths. Moreover, the dispersive analysis has shown (see fig. 4) that this well-designed waveguide features a flat and small anomalous dispersion between 3 and 8 m for the TM mode, making it suitable for MIR supercontinuum generation. 

Conclusions

To summarize, we have investigated Ge-rich SiGe as a promising material to study and exploit non-linear optical phenomena in the near and mid infrared. As a first step toward the exploitation of such phenomena, we have experimentally measured the Kerr refractive index at 1.58 m and we have assessed the suitability of this material platform for supercontinuum generation in the MIR.
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 1 Fig. 1: Schematic of the samples used to measure the Kerr non linear refractive index and the two photon absorption coefficient.
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 2 Fig. 2: Comparison between the measured values of n2 and the theoretical models. A zoomed are around the operational wavelength can be seen in the inset.
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 3 Fig. 3: Schematic of the considered structure and optical mode profile at different wavelengths for the designed waveguide.
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 4 Fig 4. Dispersion as a function of the wavelength for TE and TM polarization.
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