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Ultra-wideband Ge-rich silicon germanium integrated Mach Zehnder interferometer for mid infrared spectroscopy

This work explores the use of Ge-rich Si0.2Ge0.8 waveguides on graded Si1-xGex substrate for the demonstration of ultra-wideband photonic integrated circuits in the mid infrared (mid-IR) wavelength range. We designed, fabricated and characterized broadband Mach Zehnder interferometers (MZI) fully covering a range of 3 µm in the mid-IR band. The fabricated devices are operating indistinctly in quasi-TE and quasi-TM polarizations and have an extinction ratio (ER) higher than 10 dB over the entire operating wavelength range. The obtained results are in good correlation with theoretical predictions, while numerical simulations indicate that the device bandwidth can reach one octave with low additional losses. This work paves the way for further realization of mid-IR integrated spectrometers using low-index-contrast Si1-xGex waveguides with high Germanium concentration.

Strong and sharp molecular absorption bands of liquids, gases and solids overlap with mid-IR spectral region 2-20 µm. In this context, mid-IR photonic integrated circuits (mid-IR PICs) are very attractive for a growing number of applications such as: medical diagnosis [1], astronomy [2], biosensing [3][4], security [5]. The common principle of operation of these devices is to exploit strong mid-IR absorption present in the substances of interest to detect small compounds of analyte. Concentrations of few parts per billion (ppb) are targeted. Interestingly, mid-IR PICs are also a powerful tool for thermal imaging, astronomy and life detection. Moreover, mid-IR photonic devices can potentially be used for free-space optical communications exploiting mid-IR atmosphere transparency windows: 3-5 µm and 8-13 µm. The use of siliconbased photonics platforms for the mid-IR presents several advantages such as the use of the state-of-the-art mature technology, with large volume fabrication and low production cost, as well as the possibility for component miniaturization which will lead to on-chip-mid-IR sensing platforms. In this context, SOI material platform seems to be a natural choice [6]. However, despite such a promising scenario, the implementation of the devices operating in the mid-IR range is challenging due to SiO2 absorption beginning around λ=3.6 µm [7]. To tackle this limitation, several approaches have been proposed so far: suspended silicon [8][9][10], silicon-on-sapphire [11][12], silicon nitride (SiNx) [13][14]. However, as silicon starts to absorb for wavelengths higher than 8 µm there is a growing interest for new materials to extend the operational wavelength of mid-IR devices. New approaches are currently suggested such as the use of chalcogenide [15][16][17], Ge-on-Si [18][19][20][21][22], Ge-on-SiNx [23], low Ge content Si1-xGex alloys [24]. Based on these material platforms low loss rib and strip waveguides have been demonstrated. Ge-on-Si exhibits losses between 0.6 dB/cm to 3 dB/cm for λ=3.8 µm and λ=5.4 µm [20,22], Ge-on-SiNx [23] and Si-on-sapphire [11,12] losses are close to 1-4dB/cm between 4.5 µm and 5.18 µm. Finally, chalcogenide structures pushed the operational wavelength up to 7.7 µm with 2.6 dB/cm [15]. Following these results, numerous building blocks have already been demonstrated using such different platforms including mid-IR wavelength (de)multiplexers based on planar concave gratings (PCGs) [19], arrayed waveguide gratings AWG [18,25], ring resonators [10,17], grating couplers [21] or MZIs [20] with 20 dB ER based on Ge on Si waveguides operating between 5.14 µm and 5.4 µm wavelength. Furthermore, low loss multimode interference structures (MMI) with suspended silicon with excess losses below 0.4 dB [8] have been reported. However, it is worth mentioning that all these results have been performed for a limited wavelength range and until now no broadband (higher than 1 µm wavelength span) operation has been shown in the mid-IR.

Interestingly Ge-rich Si1-xGex alloys are an alternative approach for the exploration of the mid-IR spectral region. Recent Ge-rich Si1-xGex on Si developments showed waveguide losses between 1.5-2 dB/cm at 4.7 µm [26]. Moreover, it has been demonstrated that the use of Si1-xGex alloys offers ultimate control of material bandgap, refractive index properties, light confinement and chromatic dispersion [27]. Additionally, the use of Ge-rich Si1-xGex waveguides potentially allows to address the entire transparency window of Ge i.e. up to λ=15 µm. Furthermore, as Ge has stronger nonlinear parameters than silicon and its TPA vanishes beyond λ=3.2 µm, Ge-rich Si1-xGex alloys are a promising platform for the realization of nonlinear devices in the mid-IR region [27][28][29]. Finally, this platform is compatible with plasmon-enhanced sensors in the mid-IR based on heavily doped Ge epilayers [30]. In this context we report unique properties of Si0. 2Ge0.8 waveguides on graded Si1-xGex substrate in term of ultra-wideband operation.

Low energy plasma enhanced chemical vapor deposition (LEPECVD) was used to grow the Si1-xGex material. Ge concentration is increased linearly from 0 to 0.79 along the growth direction over 11 µm thickness with a growth rate of 5-10 nm/s. Then 2 µm thick Si0. 2Ge0.8 guiding core layer is grown on top of the graded layer. Terminal graded buffer composition is inspected and confirmed by X-ray diffraction. With such approach the lattice parameter is gradually accommodated thus leading to the typical threading dislocation density (TDD) of 3×10 6 cm -2 and 3.5 nm rms roughness [31]. Furthermore thanks to the graded buffer layer the optical mode overlaps only with Ge-rich material. The structures were patterned using electron-beam lithography followed by inductively coupled plasma etching (ICP). The etching depth was 4 µm and the waveguide width was 4 µm, as shown in Fig. 1(a), allowing a good confinement for both TE and TM fundamental modes. The transmission measurements were carried out with a mid-IR tunable external Cavity Quantum cascade laser (MIRCAT) operating in pulsed regime. 5 % duty cycle and 100 kHz repetition rate are used. The laser maximum peak intensity was 300 mW, obtained at 6.5 µm wavelength and the exploitable wavelength range was from 5.5 µm to 8.5 µm. The light was coupled in/out of the chip using ZnSe aspheric lenses. A set of mirrors followed by a polarizer are used to collect the light towards an MCT detector. Measurements with 1 nm step were performed using a lock-in amplifier to synchronize the laser pulses with the collected signal. An air drying system was used to purify the air along the light path to minimize the contribution of the environmental absorption. Interestingly, as observed in Fig. 2, the measured transmissions of the 9.4 mm long waveguides are relatively flat on the full wavelength range. The coupling losses were estimated to be around 4 dB/facet and waveguide propagation losses are lower than 5 dB/cm for both polarizations and for the full wavelength range. These values are consistent with previously reported measurements on this type of waveguides [26]. The larger noise observed at wavelengths between 5.5 µm and 7 µm is observed in all measurements, and is attributed to residual atmosphere peak absorption. The characterizations of the different MZIs in both polarizations are also reported in Fig 2 . As it arises from the transmission plots, the devices are ultra-wideband: ER of at least 10 dB between 5.5 µm and 8.5 µm wavelength is obtained both in TE and in TM polarizations. In all the characterized structures we observe the expected decrease of the free spectral range (FSR) with the increase of arm length difference ΔL and the increase of the FSR with the increase of the wavelength. Moreover, no significant degradation of ER or transmission level of the MZI is observed. Additionally when comparing the transmission level of waveguides and MZI, the excess losses of the MZI are always lower than 2 dB in the entire wavelength range from 5.5 µm to 8.5 µm. The unique broadband properties are due to the low vertical confinement and the vertical refractive index gradient in the graded Si1-xGex substrate.

The field intensity profile maps of the MMI coupler are shown in Fig. 3 for different operating wavelengths (λ=5.5 µm, λ=7.5 µm and λ=8.5 µm) and for both polarizations. It is worth mentioning that although such wavelength range was chosen to match the lower and upper limits of our experimental setup, the study at wavelengths lying outside this range (i. e. below 5.5 µm and beyond 8.5 µm) by means of numerical simulations remains interesting to unravel the potentially attainable operation bandwidth of devices. The MMI losses as a function of the wavelength have thus been calculated and the results are reported in Fig. 4 where they are compared with experimental values obtained assuming the excess loss of the MZI comes only from the MMI couplers. A good agreement between theoretical predictions and experimental values is obtained for both polarizations. Several interesting properties of the designed structure arise from the calculation. First and the most remarkable is the device bandwidth. As can be seen from the plot, if we fix 1dB loss limit as a criterion to evaluate the MMI bandwidth (i.e. excess loss of the MZI of 2 dB including both input and output MMI couplers), in TE polarization the device accessible wavelengths are in the range between 5.5 µm and 9 µm i.e. an exploitable bandwidth of 3.5 µm. Moreover, by considering TM polarization, wavelengths between 5.5 µm and 11 µm can be addressed, in other words one octave spanning is accessible with a single device. It is important to point out that another design can be proposed to address the wavelength range from 11 µm to 15 µm to fully cover the Ge transparency window. In addition, the difference between MMI loss in TE and TM polarization is lower than 0.1 dB for λ ranging from 5 µm to 7 µm. Consequently, according to Fig. 4 it is possible to obtain polarization insensitive MMI operation between 5 µm and 7 µm wavelength and simultaneously maintain MMI losses below 1 dB threshold. The demonstrated broadband MZIs are the basic building block for the realization of broadband mid-IR spectrometer. Indeed, cascaded array of asymmetric MZIs can be used to further build an integrated waveguide Fourier-transform spectrometer [32][33].

In summary, low-loss ultra-wideband asymmetric Mach-Zehnder interferometers have been designed and experimentally demonstrated. The reported structures cover the full range of wavelengths between 5.5 µm and 8.5 µm and until now their operation have only been limited by the setup. Numerical simulations predict that the bandwidth can be extended up to 9 µm wavelength in TE and 11 µm in TM. These results provide a solid basis for further development of broadband mid-IR spectrometers using Ge-rich Si1-xGex approach that can potentially exploit the whole Ge transparency window, i.e. address wavelengths up to 15 µm.

Fig. 1 .

 1 Fig. 1. Fabricated structures: (a) waveguide cross section with the simulated fundamental TE mode, (b) top view of the MZIs, (c) design of the MMI coupler, (d) fabricated MMI, the etched regions appear in black.Finally, the sidewall roughness was smoothened using hydrogen peroxide solution. The fabricated sample contains

Fig. 2 .

 2 Fig. 2. Transmission measurements in TE and TM polarizations for 9.4 mm-long waveguide and asymmetric MZIs. The reported transmissions include coupling losses in/out of the chip. Red line shows the transmission of the straight waveguide. Blue, green, and purple lines represent the transmission of MZIs with arm difference of: 149 µm, 87 µm and 48 µm respectively. The transmissions are plotted separately to better highlight the spectral features.

Fig. 3 .

 3 Fig. 3. Electric field intensity profile at λ=5.5 µm, λ=7.5 µm, λ=8.5 µm. TE polarization: (a), (b), (c). TM polarization: (d), (e), (f).

Fig. 4 .

 4 Fig. 4. Experimental and simulated losses for optimized MMI structure in TE and TM polarization. The blue line corresponds to quasi-TE polarization calculation and red bars represent the losses measured on 3 different devices. Similarly for quasi-TM polarization green bars represent the distribution of the measured losses whereas the brown line shows the simulated values. Finally purple line represents 1 dB loss limit that is placed on the plots as eye-guide
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