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INTRODUCTION

The continuing miniaturization of Si based integrated circuits has led to high performance compact devices with reduced power consumption at lower cost. [START_REF] Chau | Integrated Nanoelectronics for the Future[END_REF][START_REF] Moore | Cramming More Components onto Integrated Circuits[END_REF][START_REF] Thompson | s Law: The Future of Si Microelectronics[END_REF] Associated with this rapid downscaling, metallic interconnects have become a severe bottleneck, due to their high space demand, signal delays and electromagnetic interference. [START_REF] Chaudhry | Interconnects for Nanoscale MOSFET Technology: A Review[END_REF][START_REF] Kaushik | Future VLSI Interconnects: Optical Fiber or Carbon Nanotube -a Review[END_REF] Thus, there is an increasing demand for high-speed data transmission in the optical domain. [START_REF] Soref | Silicon Photonics: A Review of Recent Literature[END_REF] While effective on-chip detection and transmission have already been demonstrated, [START_REF] Wang | High-Speed Circuits for Lightwave Communications; Selected topics in electronics and systems[END_REF] conventional light emitting diodes and lasers based on pure Si or Ge cannot be realized, due to their indirect band-gap. In this context, there is considerable interest in developing group-IV based Raman lasers. Nevertheless, the low quantum yield of SRS in Si and Ge requires large device footprints and high lasing thresholds. [START_REF] Claps | Influence of Nonlinear Absorption on Raman Amplification in Silicon Waveguides[END_REF][START_REF] Jalali | Silicon Photonics[END_REF] These centimeter-scale lasers are incompatible with the goal of fabricating on-chip energy efficient monolithically integrable lasers. [START_REF] Rong | A Continuous-Wave Raman Silicon Laser[END_REF][START_REF] Rong | Low-Threshold Continuous-Wave Raman Silicon Laser[END_REF] Meanwhile, semiconducting NWs may possess great future potential due to their quasi 1D cylindrical geometry and easy device integration. [START_REF] Appenzeller | Toward Nanowire Electronics[END_REF][START_REF] Pauzauskie | Nanowire Photonics[END_REF] In terms of optoelectronic devices, it was already demonstrated that NWs can function as both, active optical device elements [START_REF] Li | Advances in III-V Semiconductor Nanowires and Nanodevices[END_REF] and transmission lines. [START_REF] Wei | Plasmon Waveguiding in Nanowires[END_REF] Lasers fabricated from direct bandgap semiconductor NWs have been achieved using GaN, [START_REF] Gradečak | Nanowire Lasers with Low Lasing Thresholds[END_REF] ZnO, [START_REF] Pauzauskie | Nanowire Photonics[END_REF] and CdS. [START_REF] Duan | Single-Nanowire Electrically Driven Lasers[END_REF] However, there are only a few works on NW based Raman lasers, including the pioneering work on cavityenhanced SRS in GaP NWs 18 and cavity-mode enhanced SRS in Si NWs. [START_REF] Agarwal | Nanocavity-Enhanced Giant Stimulated Raman Scattering in Si Nanowires in the Visible Light Region[END_REF][START_REF] Agarwal | Cavity Engineering of Photon-Phonon Interactions in Si Nanocavities[END_REF] To our knowledge, there are no further reports on this important nonlinear optical effect in semiconductor NWs.

METHODS

Device fabrication:

Vapor-liquid solid [START_REF] Wagner | Vapor-Liquid-Solid Mechanism of Single Crystal Growth[END_REF] (VLS) grown Ge NWs with a length of several micrometer and diameters ranging from 40 nm to 140 nm were dispersed onto a Si substrate with 100 nm of thermally grown SiO2 atop. To synthesize the Al-Ge-Al NW heterostructures Ge NWs with diameters of 100 nm were contacted to Al pads fabricated by electron beam lithography, 150 nm Al sputter deposition, preceded by a 5s HI dip (14 %) to remove any Ge oxide, and lift-off techniques.

The Al-Ge exchange reaction is induced by rapid thermal annealing (UniTemp UTP 1100) at a temperature of T = 624 K in forming gas atmosphere and results in quasi-1D NW heterostructures. To achieve small Ge nanostructure devices, such as nanodots and nanodiscs, consecutive thermal annealing steps were applied, accompanied by SEM imaging. [START_REF] Kral | Abrupt Schottky Junctions in Al/Ge Nanowire Heterostructures[END_REF][START_REF] El Hajraoui | In Situ Transmission Electron Microscopy Analysis of Aluminum-Germanium Nanowire Solid-State Reaction[END_REF] 

Raman measurements:

A confocal μ-Raman setup (Alpha300, WITec) was employed in backscattering geometry with a grating monochromator and a CCD camera (DV401-BV, Andor). A frequency doubled Nd:YAG laser emitting linearly polarized light at λ = 532 nm was used as excitation source.

The laser light passes a beam splitter with an integrated polarizer and is focused onto the sample surface through an achromatic Nikon EPI EPlan 100x objective (NA = 0.9, WD = 0.23 mm), enabling a diffraction limited spot size of ∼720 nm. The scattered light was confocally collected through the objective and filtered to remove the excitation wavelength and then coupled into a fiber that guides the light to the spectrometer.

FDTD simulations:

Numerical 3D FDTD calculations were performed (based on the commercially available software Lumerical FDTD) at λ = 532 nm incident wavelength to estimate the strength of the Raman effect from the Ge TO mode. The electrical energy inside the Ge segment was calculated by integrating the simulated integrated field intensity over the entire Ge-volume
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with 𝑛 " = εr*µr and µr = 1, where εr is the relative permittivity and µr the relative permeability. The data is typically normalized to the peak value, hence According to the work of Agarwal et al. [START_REF] Agarwal | Nanocavity-Enhanced Giant Stimulated Raman Scattering in Si Nanowires in the Visible Light Region[END_REF][START_REF] Agarwal | Cavity Engineering of Photon-Phonon Interactions in Si Nanocavities[END_REF] cavity-mode enhanced SRS in Si NWs was demonstrated to arise from higher electric field intensity and lower mode volume of the electromagnetic modes inside the quasi-1D nanostructures. To investigate the dependence of the Stokes intensity of the Ge TO peak on the Ge NW diameter, numerical calculations were performed to calculate the electric energy confined to the Ge NW via the finite difference time domain (FDTD) method. [START_REF] Agarwal | Nanocavity-Enhanced Giant Stimulated Raman Scattering in Si Nanowires in the Visible Light Region[END_REF][START_REF] Taflove | Computational Electrodynamics : The Finite-Difference Time-Domain Method[END_REF] The calculations shown in Figure 2a clearly reveal that for λPump = 532 nm, the highest electric field intensity is observed for Ge NWs with a diameter of about 100 nm. The calculations were then compared with the integrated Ge TO Stokes intensity of Ge NWs with diameters between 40 nm and 140 nm. As heating not only induces red-shifts, but also decreases the Stokes intensity, [START_REF] Saltonstall | Single Element Raman Thermometry[END_REF] the recorded spectra were corrected for these temperature effects (see Figure S1). As shown in Figure 2b, Ge NWs with a diameter of 100 nm show the highest Stokes intensity. In all these cases, the Stokes intensity of the Ge TO peak increases linearly with the pump intensity, indicating spontaneous Raman scattering. To cope with the problem of laser induced heating and to further achieve and explore SRS, Ge

NWs were monolithically integrated in metal-semiconductor-metal (M-S-M) NW heterostructures (Figure 3a). Therefore, the Ge NWs on the oxidized Si substrate were contacted with 150 nm thick Al pads using electron beam lithography, Al sputter deposition preceded by a 5 s HI dip (14%) and lift-off techniques. To adjust the Ge NW segment length a thermally induced exchange reaction was applied using rapid thermal annealing. [START_REF] Kral | Abrupt Schottky Junctions in Al/Ge Nanowire Heterostructures[END_REF][START_REF] El Hajraoui | In Situ Transmission Electron Microscopy Analysis of Aluminum-Germanium Nanowire Solid-State Reaction[END_REF] This results in axial Al-Ge-Al NW heterostructures with ultra-scaled Ge segments contacted on both sides by selfaligned monocrystalline Al leads with abrupt M-S interfaces (see Figures S2 andS3). The The c-Al leads contacting the Ge segments are expected to effectively dissipate the energy introduced by laser excitation. Figure 4a shows the Raman shift and the corresponding calculated temperature increases at various laser pump intensities for a 100 nm long Ge NW and a Ge segment of the same length embedded in the Al-Ge-Al NW heterostructure (dashed and solid red lines, respectively). As expected, the bare Ge NW heats up significantly more than the Al-Ge-Al NW heterostructure device. This is attributed to an efficient heat transfer by the c-Al contact leads and dissipation by the large Al heat sinks. This is further supported by the investigation of various heterostructure devices between L = 500 nm and 20 nm, which revealed significantly lower laser induced heating effects for ever smaller Ge segments.

Figure 4b compares the normalized angle-dependent integrated Ge TO Stokes intensities of a

Ge segment, a nanodot and a nanodisc all integrated within Al-Ge-Al NW heterostructures.

Here, the electric field polarization is being rotated from being parallel (transverse magnetic, TM) to being perpendicular (transverse electric, TE) to the NW axis. Elongated Ge NWs (black) exhibit the highest integrated Stokes intensity of the Ge TO peak when the incident polarization is parallel to the NW axis. The anisotropic Raman scattering can be explained by considering the effect of the dielectric permittivity mismatch of the NW geometry. [START_REF] Zardo | Raman Spectroscopy of Wurtzite and Zinc-Blende GaAs Nanowires: Polarization Dependence, Selection Rules, and Strain Effects[END_REF][START_REF] Wang | Highly Polarized Photoluminescence and Photodetection from Single Indium Phosphide Nanowires[END_REF] In contrast, the Ge nanodisc (blue) shows much less anisotropy and the Stokes intensity of the Ge TO peak was found to be larger for the pump laser polarized perpendicular to the NW axis i.e. parallel to the elongated Ge nanodisc, which can again be associated to the dielectric permittivity mismatch of the geometry. However, according to the particular geometry of the nanodisc devices this effect was found to be quite weak. Finally, the Ge nanodot (red) shows no preferential polarization axis. Based on these investigations, the Raman response of the respective devices was maximized for the following investigations choosing the proper laser polarization. segments. Note that this is in line with results from Fan et al. [START_REF] Fan | Redesigning Photodetector Electrodes as an Optical Antenna[END_REF] where a Ge NW resonance was cascaded with a metallic slit resonance formed between two narrow metal electrodes to support standing wave resonances of gap surface plasmon-polaritons. [START_REF] Bozhevolnyi | General Properties of Slow-Plasmon Resonant Nanostructures: Nano-Antennas and Resonators[END_REF][START_REF] Chandran | Metal-Dielectric-Metal Surface Plasmon-Polariton Resonators[END_REF] These experimental observations and field calculations show that the metallic contacts are key to observing SRS within the narrow Ge-segment regime. The Al contacts to the Ge provide two functions: 1) optical confinement via a hybrid plasmonic mode to ensure a sufficiently large electric energy density to trigger SRS; and 2) the mitigation of Ge heating under the intense laser excitation.

CONCLUSION

In conclusion, we have systematically investigated Raman scattering in Ge NWs as well as axial Al-Ge-Al NW heterostructures with abrupt metal-semiconductor interfaces. We demonstrated that these quasi-1D heterostructures can be reassembled into Ge segments that are monolithically integrated between c-Al mirrors that also serve as effective heat-sinks.

Plasmonic mode resonances within these nanocavities result in SRS with thresholds as low as 60 kW/cm 2 . This is a significant step toward the development of a homogeneous group-IV nanolaser with low lasing threshold, which could lead to the development of the first monolithically integrable Ge based Raman nanolaser in the infrared as well as telecom wavelength range.
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 2 Figure 2. (a) FDTD calculation of the spatial distribution of the electric field intensity inside

  schematics and SEM images in Figure 3b show such Al-Ge-Al NW heterostructures with typical Ge geometries further denoted as Ge segment (L > d), nanodot (L ≈ d) and nanodisc (L < d).
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 4 Figure 4. (a) Comparison of the laser heating effect on the Raman shift of Ge NWs and Al-Ge-
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 5 Figure 5. (a) Temperature corrected integrated Stokes intensity of the Ge TO peak for Al-Ge-
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