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The generation of photon pairs from nanoscale structures with high rates is still a challenge for the integration of quantum devices as it suffers from parasitic signal from the substrate. In this work, we report type-0 spontaneous parametric down-conversion at 1550 nm from individual bottom-up grown zinc-blende GaAs nanowires with lengths of up to 5 μm and diameters of up to 450 nm.

The Nanowires were deposited on a transparent ITO substrate and we measured a background-free coincidence rate of 0.05 Hz in a Hanbury-Brown-Twiss setup. Taking into account transmission losses, the pump fluence and the nanowire volume, we achieved a biphoton generation of 60 GHz/Wm, which is at least 3 times higher than in previously reported single nonlinear micro-and nanostructures. We also studied the correlations between the second-harmonic generation and the spontaneous parametric down-conversion intensities with respect to the pump polarization and in different individual nanowires.

Miniaturization of biphoton light sources is an important requirement to achieve scalable and stable integrated quantum devices. [START_REF] Meyer-Scott | Single-Photon Sources: Approaching the Ideal through Multiplexing[END_REF] Photon pairs, or similarly heralded single photons, generated via spontaneous parametric down-conversion (SPDC) profit from high indistinguishability, roomtemperature operation, simple signal filtering, coherent emission as well as entanglement in several degrees of freedom. [START_REF] Meraner | Approaching the Tsirelson Bound with a Sagnac Source of Polarization-Entangled Photons[END_REF][START_REF] Brendel | Pulsed Energy-Time Entangled Twin-Photon Source for Quantum Communication[END_REF][START_REF] Morrison | Frequency-Bin Entanglement from Domain-Engineered down-Conversion[END_REF] Applications have been demonstrated in different quantum technologies, including communication, [START_REF] Burnham | Observation of Simultaneity in Parametric Production of Optical Photon Pairs[END_REF][START_REF] Bouwmeester | Experimental Quantum Teleportation[END_REF][START_REF] Jennewein | Quantum Cryptography with Entangled Photons[END_REF][START_REF] Ursin | Entanglement-Based Quantum Communication over 144km[END_REF][START_REF] Lo | Secure Quantum Key Distribution[END_REF][START_REF] Wang | Quantum Teleportation of Multiple Degrees of Freedom of a Single Photon[END_REF] imaging, 11-13 computing [START_REF] Pittman | Experimental Controlled-NOT Logic Gate for Single Photons in the Coincidence Basis[END_REF][START_REF] Zhong | 12-Photon Entanglement and Scalable Scattershot Boson Sampling with Optimal Entangled-Photon Pairs from Parametric Down-Conversion[END_REF][START_REF] Heitert | Producing Multiple Qubits via Spontaneous Parametric Down-Conversion[END_REF] and metrology. [START_REF] Brida | Single-Photon Detector Calibration by Means of Conditional Polarization Rotation[END_REF][START_REF] Castelletto | Optimizing Single-Photon-Source Heralding Efficiency and Detection Efficiency Metrology at 1550 Nm Using Periodically Poled Lithium Niobate[END_REF][START_REF] Polino | Photonic Quantum Metrology[END_REF] Despite its intrinsically limited efficiency to avoid multi-photon events, compared, for example, to quantum dot-or atom-based photon sources, [START_REF] Somaschi | Near-Optimal Single-Photon Sources in the Solid State[END_REF][START_REF] Jöns | Bright Nanoscale Source of Deterministic Entangled Photon Pairs Violating Bell's Inequality[END_REF] the brightness of SPDC-based photon sources can be improved with multiplexing without an increase in unwanted double photon pairs. [START_REF] Meyer-Scott | Single-Photon Sources: Approaching the Ideal through Multiplexing[END_REF][START_REF] Collins | Integrated Spatial Multiplexing of Heralded Single-Photon Sources[END_REF][START_REF] Mower | Efficient Generation of Single and Entangled Photons on a Silicon Photonic Integrated Chip[END_REF] Today's leading nonlinear light sources are bulk birefringent or periodically-poled crystals, [START_REF] Li | Metalens-Array-Based High-Dimensional and Multiphoton Quantum Source[END_REF][START_REF] Kwiat | New High-Intensity Source of Polarization-Entangled Photon Pairs[END_REF][START_REF] Mair | Entanglement of the Orbital Angular Momentum States of Photons[END_REF] and periodically poled waveguides, [START_REF] Kurimura | Quasi-Phase-Matched Adhered Ridge Waveguide in LiNb O3[END_REF][START_REF] Xue | Ultrabright Multiplexed Energy-Time-Entangled Photon Generation from Lithium Niobate on Insulator Chip[END_REF][START_REF] Zhao | High Quality Entangled Photon Pair Generation in Periodically Poled Thin-Film Lithium Niobate Waveguides[END_REF][START_REF] Briggs | Simultaneous Type-I and Type-II Phase Matching for Second-Order Nonlinearity in Integrated Lithium Niobate Waveguide[END_REF] with millimeter length scales, for which phase matching is required. Miniaturization to the micron or sub-micron scale, to sizes smaller than the coherence length, relaxes the phase-matching condition and reduces the footprint of the source. [START_REF] Saleh | Towards Spontaneous Parametric down Conversion from Monolayer MoS2[END_REF] SPDC with no phase matching requirements has recently been demonstrated in thin films, [START_REF] Okoth | Microscale Generation of Entangled Photons without Momentum Conservation[END_REF][START_REF] Sultanov | Flat-Optics Generation of Broadband Photon Pairs with Tunable Polarization Entanglement[END_REF][START_REF] Guo | Ultrathin Quantum Light Source Enabled by a Nonlinear van Der Waals Crystal with Vanishing Interlayer-Electronic-Coupling[END_REF] and metasurfaces, [START_REF] Santiago-Cruz | Photon Pairs from Resonant Metasurfaces[END_REF][START_REF] Parry | Enhanced Generation of Nondegenerate Photon Pairs in Nonlinear Metasurfaces[END_REF][START_REF] Zhang | Spatially Entangled Photon Pairs from Lithium Niobate Nonlocal Metasurfaces[END_REF][START_REF] Poddubny | Quantum Nonlinear Metasurfaces[END_REF] for example by taking advantage of resonances such as bound states in the continuum or Mie resonances. A single nanoantenna does not need phase matching either, [START_REF] Nikolaeva | Directional Emission of Down-Converted Photons from a Dielectric Nanoresonator[END_REF] and arrays of nanoantenna can be collectively excited for increased generation rate. To our knowledge, SPDC generation from a single structure has only been demonstrated at 1550 nm in two different types of geometries, top-down AlGaAs nanoresonators [START_REF] Marino | Spontaneous Photon-Pair Generation from a Dielectric Nanoantenna[END_REF] and free-standing LiNbO3 microcubes. [START_REF] Duong | Spontaneous Parametric Down-Conversion in Bottom-up Grown Lithium Niobate Microcubes[END_REF] This has however not been demonstrated in GaAs nanostructures despite the strong χ [START_REF] Meraner | Approaching the Tsirelson Bound with a Sagnac Source of Polarization-Entangled Photons[END_REF] tensor (d36=370 pm/V 42 ), high refractive index (3.4 for λ around 1550nm [START_REF] Papatryfonos | Refractive Indices of MBE-Grown AlxGa(1-x)As Ternary Alloys in the Transparent Wavelength Region[END_REF] ) and various fabrication methods.

Here we report type-0 SPDC in individual self-assisted grown zinc-blende (ZB) GaAs nanowires (NWs) with lengths of 5.2 ± 0.4 μm and diameter of 430 ± 30 nm. Due to the high tensor components of the GaAs crystal structure compared to other typical nonlinear materials (β-barium borate, potassium dihydrogen phosphate or lithium niobate), and the possibility to place the structure on a transparent substrate, we obtained at room temperature and for 15 mW incident power a high photon-pair rate of 0.05Hz with a corresponding coincidences-to-accidentals ratio (CAR) of 60 in the coincidence histogram. The efficiency given as a transmission-corrected photon pair rate normalized to the excitation fluence and nanostructure volume was 60 GHz/Wm. This is 40 times higher than AlGaAs nanoresonator 40 and 3 times higher than LiNbO3 microcube systems. [START_REF] Duong | Spontaneous Parametric Down-Conversion in Bottom-up Grown Lithium Niobate Microcubes[END_REF] Self-assisted GaAs NWs with ZB crystal structure and a slight Be p-doping were grown by molecular beam epitaxy on a silicon (111) substrate. It should be noted that the NWs possess also a short defective region at the bottom and at the top, including a wurtzite (WZ) segment at the top. [START_REF] Dursap | Crystal Phase Engineering of Self-Catalyzed GaAs Nanowires Using a RHEED Diagram[END_REF] We will discuss this aspect again in the experimental section. After growth, the NWs were mechanically transferred to a transparent thin ITO layer (10nm) on SiO2 substrate. The detailed fabrication steps are given in section 1 of the Supporting Information. In section 2 of the Supporting Information, we characterized the NWs optically. We show on the one hand that the NWs are non-resonant around 775 nm by collecting the scattering spectrum using a dark field microscope. On the other hand, we confirm optically the crystal uniformity in the middle of the NWs by imaging the dependence of the second-harmonic generation (SHG) intensity with the linear polarization of the incoming pump laser. [START_REF] Timofeeva | Polar Second-Harmonic Imaging to Resolve Pure and Mixed Crystal Phases along GaAs Nanowires[END_REF] We recorded SPDC with a Hanbury-Brown-Twiss (HBT) setup as shown in Figure 1. Firstly, a linearly polarized continuous-wave laser with a wavelength of 775 nm and 15 mW power was focused with a lens (f = 8 mm) on a single NW.

The generated photon pairs were then collected with a 50x NIR objective (f = 4 mm) and separated from the pump with two low-pass filters. After that, the light was coupled to a 1550 nm fiber, split in two channels and finally detected with superconducting nanowire single-photon detectors (SNSPDs). A time-to-digital converter (TDC) was used to measure coincidence counts between the two channels. A second 1550 nm laser was used for the SHG process and to maximize the fiber transmission and detection efficiency. In section 3 of the Supporting Information, we describe in detail the setup and give the alignment procedure to measure photon pairs. Additionally, we discuss in section 4 of the Supporting Information, the impact of the pump wavelength, which is smaller than the bandgap of GaAs. We excite a GaAs NW with a length of 5 μm and a diameter of 450 nm using a linearly polarized laser along its crystal axis, with a spot size of around 6 μm radius (Figure 2a). The measured coincidence counts over 30 min show a photon pair rate of 0.05Hz (90 counts over 30 min, see Figure 2b) with a CAR equal to 60, which should be greater than 2 for photon pairs. The SPDC process is also confirmed by the linear increase in photon-pairs with respect to the incoming power, as shown in Figure 2c, indicating that only one photon is involved as pump in the nonlinear process. Phase matching in such nanostructures is not necessary as the coherence length of GaAs is around 2.7 μm, which is much more than the thickness of the NW (see calculation in section 4 of the Supporting Information). well above 2. The detected biphoton arrivals is calculated as the sum of the coincidence counts around zero-time difference, which is here 90. c) Linear dependence of photon pair counts with incoming pump power.

From the quantum-classical correspondence relation between SPDC and SHG as depicted in

Figure 3a, [START_REF] Lenzini | Direct Characterization of a Nonlinear Photonic Circuit's Wave Function with Laser Light[END_REF] we expected a similar polarization dependency of the second-order nonlinear signals for non-resonant structures [START_REF] Duong | Spontaneous Parametric Down-Conversion in Bottom-up Grown Lithium Niobate Microcubes[END_REF] and we could indeed observe it. The SPDC (SHG) intensity measured for different polarizations of the 775 nm (1550nm) pump laser is indicated by red circles (blue diamonds) in Figure 3b. A maximum SPDC (SHG) signal intensity was obtained for a linear polarization along the NW. In addition, we characterized the polarization of the photon pairs by placing a linear polarizer before the fiber coupling. The linear polarization of the pump was fixed along the NW, for which the photon-pair rate without polarizer was the highest, as shown previously in Figure 2b. Figure 3c shows in red the photon pair counts without polarizer and for different orientations of the polarizer. We measured a maximum photon-pair rate for the polarizer oriented along the NW and no signal for the polarizer oriented perpendicularly to the NW. As a matter of fact, the maximum rate was only (90%) [START_REF] Meraner | Approaching the Tsirelson Bound with a Sagnac Source of Polarization-Entangled Photons[END_REF] that of the biphoton rate without polarizer, which corresponds to the transmission losses of photon pairs from the polarizer. We compared the impact of the polarizer's rotation on the photon-pair rate (red points) directly with the transmission squared of a 1550 nm laser (blue curve), for which the linear polarization was the same as the SPDC pump laser. We observed a very good matching, as shown in Figure 3c. We thus conclude that the SPDC is type-0 for NWs pumped along the long axis. Polarization-dependent Raman scattering, SHG or single photon emission were already observed from single NWs. [START_REF] Timofeeva | Polar Second-Harmonic Imaging to Resolve Pure and Mixed Crystal Phases along GaAs Nanowires[END_REF][START_REF] Xiong | Raman Scattering Studies of Individual Polar Semiconducting Nanowires: Phonon Splitting and Antenna Effects[END_REF][START_REF] Ren | Enhanced Second-Harmonic Generation from Metal-Integrated Semiconductor Nanowires via Highly Confined Whispering Gallery Modes[END_REF][START_REF] De Ceglia | Harmonic Generation in Mie-Resonant GaAs Nanowires[END_REF][START_REF] Yu | Nanowire Quantum Dot Surface Engineering for High Temperature Single Photon Emission[END_REF] Considering the crystal structure orientation of GaAs, in our case, the dependency of SHG and SPDC on the pump polarization matches the expectation from our calculation of the χ [START_REF] Meraner | Approaching the Tsirelson Bound with a Sagnac Source of Polarization-Entangled Photons[END_REF] tensor in the new rotation frame. In section 5 of the Supporting Information we show similar polarizationdependent SHG emission profiles for 14 different structures. The second-order nonlinear emission from GaAs, described in bulk by the strong d36 component, should in this case indeed lead to a strong SHG emission intensity for a polarization along the x-axis, which is along the NW's axis.

The slight mismatch between the polarization measurement shown in Figure . 3b and 3c can be understood from the alignment procedure, which involves multiple waveplates (see section 3 in the Supporting Information). respect to the horizon (laboratory reference frame). c) Similar measurement at a fixed pump polarization (90°/270°) with a linear polarizer set before the fiber in-coupling. We give with red dots, the photon-pairs measured for different orientations of the polarizer and with the blue dotted line the expected squared transmission from photons polarized along the NW's axis, as the 775 nm pump laser.

Finally, we measured similarly the second-order nonlinear intensities (SHG and SPDC) from 14 single GaAs NWs. We observed a linear correlation between SHG intensity and biphoton rates, as shown in Figure 4. NWs generating low SHG intensities also emit low photon-pair rates. We noticed that the nonlinear emission intensity was not depending on the NW's size, see for example NW n o 10 in Figure 4 with a higher volume compared to the average but with lower nonlinear intensities. We confirm this dependency by analyzing more in detail the impact of the NW's size on the biphoton rate (see section 6 of the Supporting Information). We also evaluated for each NW if their linear optical properties are correlated with the nonlinear properties. When taking into account the losses in the setup (objective transmission, fiber in-coupling, fiber splitter and detector), we find a photon pair rate of up to 20Hz. This correction does not take into account photon pairs emitted backwards or forward but only collected by a NA=0.65 objective. In order to compare with other miniaturized sources, we normalized this transmission corrected rate as in Marino et al. [START_REF] Marino | Spontaneous Photon-Pair Generation from a Dielectric Nanoantenna[END_REF] with the volume of the NW and the pump fluence. The resulting efficiency of the SPDC process can reach 60 GHz/Wm for GaAs NWs (see purple scale bar in Figure 4a). The detailed calculations, the numerical values of the efficiencies are given in section 6 of the Supporting Information. The overall crystal structure uniformity is shown in Figures S3 andS4 of the Supporting Information, but nanoscopic crystal structure defects or doping concentration variations may be present and could still have some impact on the biphoton emission efficiency. In comparison, the SPDC efficiency from GaAs NWs is 40 times higher in similar AlGaAs nanoantennas [START_REF] Marino | Spontaneous Photon-Pair Generation from a Dielectric Nanoantenna[END_REF] and 3 times higher than in LiNbO3 microcubes. [START_REF] Duong | Spontaneous Parametric Down-Conversion in Bottom-up Grown Lithium Niobate Microcubes[END_REF] We consider this was possible thanks to the NW's growth and transfer method and the geometry of the system, the one-dimensionality of the NW, leading to an accessible and strong d36 component of the bulk GaAs ZB χ [START_REF] Meraner | Approaching the Tsirelson Bound with a Sagnac Source of Polarization-Entangled Photons[END_REF] tensor.

CONCLUSION:

We have investigated type 0 photon pairs generated at 1550 nm wavelength from SPDC in single GaAs NWs. We have tested the quantum-classical correspondence by comparing on the one hand the pump polarization impact on the SHG intensity with the SPDC rate, and on the other hand the nonlinear generation from 14 similar NWs. We observed a linear correlation between SPDC and SHG intensities. For individual self-assisted grown ZB GaAs NW with 5 μm length and 450 nm diameter we obtained a maximum photon pair rate of 20 Hz. We have demonstrated GaAs NWs as photon pair sources profiting from stability, time coherence and room temperature operation. These structures could be directly grown on a photonic chip or transferred and freely positioned on it using an atomic force microscopy tip. They would act as quantum light emitters that do not need quantum confinement engineering. Further study into the geometry and crystal orientation of III-V nanostructures would benefit not only research in nonlinear processes such as SHG and SPDC, but also in single photon emitters such as defects and quantum dots. ASSOCIATED CONTENT Supporting Information. Details about fabrication, nanowires optical characterization, setup and alignment to measure SHG and SPDC, the GaAs coherence length, the GaAs bulk χ (2) tensor specific to this experiment and the summary of the NWs efficiency are available as Supporting Information. The following file is available free of charge ("Supplementary_Material.docx"). 
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 1 Figure 1. Hanbury-Brown-Twiss (HBT) setup using a continuous-wave pump laser with
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 2 Figure 2. a) Scanning electron microscopy image (SEM) of the GaAs nanowire (NW) with a
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 3 Figure 3. a) Schematic of energy transitions involved in the SHG and SPDC process. b)
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 4 Figure 4. a) Correlation between SHG (x-axis) and SPDC (y-axis) intensity for 14 different NWs.
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