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Tunneling-current-induced local excitonic luminescence in p-doped WSe 2 monolayers

We have studied the excitonic properties of exfoliated tungsten diselenide (WSe2) monolayers transferred to gold substrates using the tunneling current in a Scanning Tunneling Microscope (STM) operated in air to excite the light emission locally. In obtained spectra, emission energies are independent of the applied bias voltage and resemble photoluminescence (PL) results, indicating that, in both cases, the light emis-sion is due to neutral and charged exciton recombination. Interestingly, the electron injection rate, that is, the tunneling current, can be used to control the ratio of charged to neutral exciton emission. The obtained quantum yield in the transition metal dichalcogenide (TMD) is ∼5 × 10 -7 photons per electron. The proposed excitation mechanism is the direct injection of carriers into the conduction band. The monolayer WSe2 presents bright and dark defects spotted by STM images performed under UHV. STS confirms the sample as p-doped, possibly as a net result of the observed defects. The presence of an interfacial water layer decouples the monolayer from the gold support and allows excitonic emission from the WSe2 monolayer. The creation of a water layer is an inherent feature of the sample transferring process due to the ubiquitous air moisture. Consequently, vacuum thermal annealing, which removes the water layer, quenches excitonic luminescence from the TMD. The tunneling current can locally displace water molecules leading to excitonic emission quenching and to plasmonic emission due to the gold substrate. The present findings extend the use and the understanding of STM induced light emission (STM-LE) on semiconducting TMDs to probe exciton emission and dynamics with high spatial resolution.

Introduction

Group-VI transition metal dichalcogenides (TMDCs or TMDs), like MoS2 or WSe2, are two dimensional (2D) semiconductors that display a transition from indirect band gap to direct band gap when thinned to a monolayer. 1 These materials have inter-esting properties like high quantum efficiency (QE), and high exciton binding energy and are flexible. [2][3][4][5][6] Moreover, some of their features can be engineered by defects which may, for instance, enhance their QE and act as single-photon emitters. [7][START_REF] Nan | Strong photoluminescence enhancement of MoS2 through defect engineering and oxygen bonding[END_REF][START_REF] Tonndorf | Single-photon emission from localized excitons in an atomically thin semiconductor[END_REF][START_REF] Qian | Defect creation in WSe2 with a microsecond photoluminescence lifetime by focused ion beam irradiation[END_REF] Such properties have triggered considerable inter-est for applications in several areas, including light-emitting devices and photovoltaic panels, among many others. [START_REF] Withers | Light-emitting diodes by band-structure engineering in van der Waals heterostructures[END_REF][START_REF] Li | Engineering graphene and TMDs based van der Waals heterostructures for photovoltaic and photoelectrochemical solar energy conversion[END_REF][START_REF] Akama | Schottky solar cell using few-layered tran-sition metal dichalcogenides toward large-scale fabrication of semitransparent and flexible power generator[END_REF][START_REF] Wong | High Photovoltaic Quantum Efficiency in Ultrathin van der Waals Heterostructures[END_REF] However, the exciton dynamics in the nanometer scale is far from been understood, despite the profound effect it has on the optical and electronic properties of such materials. The reports mentioned above lack nanometer-scale information on the exciton dynamics due to the resolution limit of widespread optical techniques, like photoluminescence (PL).

Recently, Pommier et al. 4 successfully applied Scanning Tunneling Microscopy Induced Light Emission (STM-LE, also referred to as STM induced Luminescence, STML) to study MoSe2. They observed excitonic emission and confirm the diffusion of excitons at room temperature up to 2 micrometers. Their study was performed in MoSe2 mechanically transferred to an ITO substrate. Previous STM-LE studies of gold or gra-phene supported TMDs could not observe excitonic emission even in quasi-freestanding MoS2 (instead, reported light emis-sion is due to radiative plasmonic modes). [START_REF] Krane | Electronic Structure and Luminescence of Quasi-Freestanding MoS2 Nanopatches on Au(111)[END_REF][START_REF] Schuler | Electrically driven photon emission from individual atomic defects in monolayer[END_REF] Moreover, in the case of metallic supports, the Purcell effect could have even enhanced the light emission if it is possible to void quenching by fast charge transfer to the metal. [START_REF] Kröger | Fano Description of Single-Hydrocarbon Fluorescence Excited by a Scanning Tunneling Microscope[END_REF][START_REF] Wang | Giant photoluminescence enhancement in tungsten-diselenide-gold plasmonic hybrid structures[END_REF] Indeed, for TMD monolayers, similarly to STM-LE performed on mole-cules, understanding the possibly quenching effect of the sup-porting substrate is crucial. [START_REF] Kröger | Fano Description of Single-Hydrocarbon Fluorescence Excited by a Scanning Tunneling Microscope[END_REF][START_REF] Qiu | Vibrationally resolved fluorescence excited with submolecular precision[END_REF][START_REF] Imada | Real-space investigation of energy transfer in heterogeneous molecular dimers[END_REF][START_REF] Zhang | Visualizing coherent intermolecular dipole-dipole coupling in real space[END_REF] However, intriguingly, metallic substrates have been observed both to quench and to enhance luminescence from TMDs. 18,22- 24 Also, recently bothtip-enhanced PL and subsequent PL quenching for short tip-sample distance were observed for WS2 and WSe2 monolayers, including on gold substrates. [START_REF] Park | Hybrid Tip-Enhanced Nanospectroscopy and Nanoimaging of Monolayer WSe2 with Local Strain Control[END_REF][START_REF] Park | Radiative control of dark excitons at room temperature by nano-optical antenna-tip Purcell effect[END_REF][START_REF] Kuhnke | Atomicscale imaging and spectroscopy of electroluminescence at mole-cular interfaces[END_REF] Finally, very few results of STM-LE applied to study the TMDs have been reported so far, even if STM-LE is an undeniably powerful technique to investi-gate the exciton dynamics and the optoelectronic response of 2D semiconductors together with their electronic structure and morphology at the nanometer scale. [START_REF] Liu | Molecular-beam epitaxy of monolayer and bilayer WSe2: a scanning tunneling microscopy/ spectroscopy study and deduction of exciton binding energy[END_REF] Furthermore, the enhancement or quenching effects in the light emission of TMDs due to metallic substrates are ambiguous in the literature.

Here, we report the first observation of excitonic emission from a TMD on a metallic substrate using electron tunneling current as a nanoscale excitation source. We studied exfoliated WSe2 monolayers transferred to gold thin film substrates and locally excited them using the tunneling current in an STM. STM-LE and PL spectra present the typical spectroscopic characteristic associated with the radiative recombination of bright A-neutral excitons and A-trions (charged excitons). The charge injection rate, adjusted by setting the tunneling current setpoint, controls the ratio of light emission due to trions and to neutral excitons. STM images and Scanning Tunneling Spectroscopy (STS) evidenced the presence of intrinsic struc-tural defects and confirmed the ptype doping of the WSe2. The STM-LE excitation mechanism proposed is the injection of negative charges into the conduction band of the semi-conductor. Injected negative charges form neutral and charged excitons by Coulomb interaction with the positive charges in the p-doped sample. We propose the presence of a thin water decoupling layer to explain the absence of (excitonic light emission) quenching (due to the metallic substrate). Without quenching, excitonic STM-LE and PL become possible. The luminescence can be quenched on the whole flake by thermal annealing under ultra-high vacuum conditions or very locally removing the interfacial water using the tunneling current at the STM tip position. The results presented here give a clearer understanding of the excitonic light emission in STM-LE applied to TMDs and the quenching effect in 2D semiconduct-ing materials supported by metallic substrates.

Experimental details

The STM-LE experiments were performed using an STM (RHK Technology Inc.), where a light collector device has been installed. In the setup, both STM-LE and in situ PL can be performed, the latter using a 532 nm laser diode operated below 100 µW. Spectra are recorded using an imaging spectrometer coupled to a cooled CCD camera. In situ PL experiments were performed with the tip retracted but otherwise on the same sample location. STM-LE signal can also be recorded panchromatically using a photomultiplier tube (PMT). STM images were acquired in the constant current-mode using a virtually grounded tungsten tip and a bias voltage applied to the sample. Tungsten tips were prepared by electrochemical etching with a NaOH solution and using a circuit for quickly stop the etching process. Tips were replaced frequently (at least every three days) to avoid thick tungsten oxide layers. Differential conductance was measured by STS using the lockin technique with a modulation voltage of 40 mV and a fre-quency of 650 Hz. [START_REF] Tonndorf | Photoluminescence emission and Raman response of monolayer MoS2, MoSe2, and WSe2[END_REF] Monolayers were obtained from the same WSe2 crystal purchased from HQ Graphene (p-type, having typical charge carrier densities of ∼10 15 cm -3 at room temperature and a hole density of p ∼ 8 × 10 12 cm -2 ). Flakes of WSe2 were exfo-liated on commercial PDMS films (Gel-Film® PF-40-X4 sold by Gel-Pak) using blue tape. The PDMS stamp with WSe2 was placed on a transparent quartz plate and upon slowly bringing WSe2 in contact at room temperature with a gold thin film substrate (∼100 nm), deposited by sputtering on silicon. The ensemble was heated to ∼65 °C for two minutes using a Peltier module kept underneath the Si/Au substrate. After allowing the ensemble to cool down, the PDMS stamp was slowly detached, leaving behind the WSe2 flake transferred on top. This transfer process was performed in a cleanroom at (23 ± 1) °C and a humidity of (55 ± 5)%. STM imaging and STS were performed under UHV (base pressure 5 × 10 -8 Pa) in samples that undergone annealing also under UHV. STM-LE was per-formed in air in as transferred samples at room temperature, (23 ± 1) °C, and in a controlled humidity of (35 ± 5)%. In total, six large monolayers similar to Fig. 1(a) were prepared follow-ing this recipe and were studied. The presented results show a compilation that is entirely consistent with all acquired data. Raman spectroscopy and ex situ PL were performed out-side the STM in a Horiba MicroRaman system using a 532 nm laser at 10 µW.

Results and discussion

Monolayer WSe2 on gold decoupled by a water layer

Fig. 1(a) and (b) show light optical and Atomic Force Microscopy (AFM) images of a typical WSe2 flake, respectively. The gold substrate gives sufficient visual contrast to assist in identifying monolayers by optical microscopy. Raman and PL of the as transferred samples are similar to those observed in monolayers transferred to silicon dioxide substrates (see Fig. S1 in ESI †). [START_REF] Zeng | Optical signature of symmetry variations and spin-valley coupling in atomically thin tungsten dichalcogenides[END_REF][START_REF] Terrones | New First Order Raman-active Modes in Few Layered Transition Metal Dichalcogenides[END_REF][START_REF] Zhao | Lattice dynamics in mono-and few-layer sheets of WS2 and WSe2[END_REF][START_REF] Liu | Chemical Vapor Deposition Growth of Monolayer WSe2 with Tunable Device Characteristics and Growth Mechanism Study[END_REF] The height of the monolayer WSe2 above the substrate is about 2.4 nm and, considering that the thick-ness of the monolayer is about 0.9 nm, [START_REF] Nelz | Near-Field Energy Transfer between a Luminescent 2D Material and Color Centers in Diamond[END_REF] the height profile shown in Fig. 1(b) indicates the presence of the expected water layer under the 2D material transferred to a substrate in ambient conditions (see also Fig. S2 †). [START_REF] Li | Two-dimensional material confined water published as part of the accounts of chemical research special issue '2d nanomaterials beyond Graphene[END_REF][START_REF] Zhang | Reliable Synthesis of Large-Area Monolayer WS2 Single Crystals, Films, and Heterostructures with Extraordinary Photoluminescence Induced by Water Intercalation[END_REF][START_REF] Yu | Engineering Substrate Interactions for High Luminescence Efficiency of Transition-Metal Dichalcogenide Monolayers[END_REF][START_REF] He | Scanning tunneling microscopy study and nanomanipula-tion of graphene-coated water on mica[END_REF][START_REF] Hong | Decoupling the Interaction between Wet-Transferred MoS2 and Graphite Substrate by an Interfacial Water Layer[END_REF][START_REF] Song | Evidence of Stranski-Krastanov growth at the initial stage of atmospheric water condensation[END_REF][START_REF] Sanchez | Mechanics of spontaneously formed nanoblisters trapped by transferred 2D crystals[END_REF][START_REF] Palleschi | On the role of nano-confined water at the 2D/SiO2 interface in layer number engineering of exfoliated MoS2 via thermal annealing[END_REF] A detailed study of the presence of interfacial water and its effects on exfoliated MoS2 was recently published by S. Palleschi et al. [START_REF] Fang | Quick Optical Identification of the Defect Formation in Monolayer WSe2 for Growth Optimization[END_REF] In their study, a nano-confined water layer at the interface (TMD-sub-strate) has been probed by AFM in as transferred and annealed samples. Similarly, we have performed AFM measurements in as transferred and in annealed samples, and, as shown in Fig. S2 of the ESI, † the height profile of the annealed sample gives 0.9 nm, the expected thickness for a single WSe2 mono-layer, typically observed in as-grown monolayers. [START_REF] Nelz | Near-Field Energy Transfer between a Luminescent 2D Material and Color Centers in Diamond[END_REF][START_REF] Diware | Characterization of wafer-scale MoS2 and WSe2 2D films by spectroscopic ellipsometry[END_REF][START_REF] Liu | Thermal Oxidation of WSe2 Nanosheets Adhered on SiO2/Si Substrates[END_REF] For WSe2 flakes, water trapped between the exfoliated WSe2 and the substrate can also lead to bottom flake surface oxidation. [START_REF] Marion | Atomic-scale defects and electronic properties of a transferred synthesized MoS2 monolayer[END_REF] In ESI, Fig. S3 † illustrates the STM tip approach process on he flake of interest for STM, STS, and STM-LE measurements. As prepared, the samples had atmospheric residues and trans-fer polymer residues on the surface. Such residues make them unsuitable for STM imaging or STS, both in air and under UHV. Samples are cleaned by mild thermal annealing at 400 K for 12 hours under UHV, as performed in other studies. [START_REF] Addou | Surface Analysis of WSe2 Crystals: Spatial and Electronic Variability[END_REF] Annealing under these conditions should not modify the sample, and we consider it to be still the pristine WSe2 mono-layer only outgassed and cleaner after such process. After annealing, images a s the one shown in Fig. 1(c) could be acquired, showing a surface undulation revealed as a height modulation. STM images recorded in TMDs samples fre-quently observe this type of surface morphology. It could be related to different sample substrate distances as proposed by I. Delač Marion et al. [START_REF] Addou | Surface Analysis of WSe2 Crystals: Spatial and Electronic Variability[END_REF] or to the way the monolayer attaches to the (not atomically flat) gold substrate (see Fig. S4(a) in ESI †). Also, STM images show the presence of defects as bright and dark spots, similar to reported in the literature. [START_REF] Edelberg | Approaching the Intrinsic Limit in Transition Metal Diselenides via Point Defect Control[END_REF][START_REF] Addou | Surface Defects on Natural MoS2[END_REF][START_REF] Zhang | Defect Structure of Localized Excitons in a WSe2 Monolayer[END_REF][START_REF] Liu | Temperature-Triggered Sulfur Vacancy Evolution in Monolayer MoS2/Graphene Heterostructures[END_REF] The appar-ent defect profile width and height/depth largely depend on the bias voltage, [START_REF] Zhang | Defect Structure of Localized Excitons in a WSe2 Monolayer[END_REF][START_REF] Liu | Temperature-Triggered Sulfur Vacancy Evolution in Monolayer MoS2/Graphene Heterostructures[END_REF] and so does their visibility. As shown in Fig. S4, † the observed depth, ∼0.5 nm, and width, ∼5 nm, of the dark defects are roughly similar to (depth) or significantly larger (by a factor 2 to 3, width) than reported for MoS2 and MoSe2. [START_REF] Addou | Surface Defects on Natural MoS2[END_REF][START_REF] Zhang | Defect Structure of Localized Excitons in a WSe2 Monolayer[END_REF] The defects observed here are intrinsic in the pris-tine sample, [START_REF] Edelberg | Approaching the Intrinsic Limit in Transition Metal Diselenides via Point Defect Control[END_REF] since thermal annealing treatments at (or below) 400 K in TMDs should not induce defect creation but should only clean the surface from atmospheric contaminants. [START_REF] Fang | Quick Optical Identification of the Defect Formation in Monolayer WSe2 for Growth Optimization[END_REF][START_REF] Mcdonnell | Hole contacts on transition metal dichalcogenides: Interface chemistry and band alignments[END_REF][START_REF] Mcdonnell | Physico-Chemical Characterisation of MoS2/Metal and MoS2/Oxide Interfaces[END_REF][START_REF] Lu | Bandgap, mid-gap states, and gating effects in MoS2[END_REF] The density of dark defects is about 4 × 10 10 defects per cm 2 , and of bright defects is 1 × 10 10 defects per cm 2 (see Fig. S4 in ESI †). The order of magnitude of these intrinsic defects densities is consistent with reported results in exfoliated samples. [START_REF] Addou | Surface Defects on Natural MoS2[END_REF][START_REF] Mcdonnell | Hole contacts on transition metal dichalcogenides: Interface chemistry and band alignments[END_REF][START_REF] Magonov | On the nature of nanometer-scale ring structures in the scanning tunneling microscopy images of tungsten diselenide WSe2[END_REF] Previous STM/STS studies of point defects in TMD materials have shown that dark defects are related to transition metal defects (vacancies) inducing p-doping in the sample whereas bright defects are associated with chalcogen defects or adsorbate impurities with n-doping effect. [START_REF] Edelberg | Approaching the Intrinsic Limit in Transition Metal Diselenides via Point Defect Control[END_REF][START_REF] Addou | Surface Defects on Natural MoS2[END_REF][START_REF] Zhang | Defect Structure of Localized Excitons in a WSe2 Monolayer[END_REF][START_REF] Liu | Temperature-Triggered Sulfur Vacancy Evolution in Monolayer MoS2/Graphene Heterostructures[END_REF][START_REF] Matthes | Imaging of dopants in surface and sub-surface layers of the transitionmetal dichalcogenides WS2 and WSe2 by scanning tunneling microscopy[END_REF][START_REF] Zhang | Atomically Resolved Observation of Continuous Interfaces between an As-Grown MoS2 Monolayer and a WS2/MoS2 Heterobilayer on SiO2[END_REF] Therefore, since ∼80% of the defects are of the dark type, the nominal p-doped character of the sample can be associated with dark defects. However, the difference between nominal p doping and the observed defect density could indicate other sources of doping or the existence of more defects than those observed in Fig. 1(c). [START_REF] Zhang | Defect Structure of Localized Excitons in a WSe2 Monolayer[END_REF] We measured the density of states (DOS) using STS. In the STS curve, presented in Fig. 1(d), the Fermi level is closer to the valence band edge, indicating the hole-doped ( p-type) nature of the sample. This result agrees with the expected (nominal) doping type and with reported for WSe2 growth on highly oriented pyrolytic graphite (HOPG). [START_REF] Liu | Temperature-Triggered Sulfur Vacancy Evolution in Monolayer MoS2/Graphene Heterostructures[END_REF] Additionally, in Fig. 1(d), the low DOS in the conduction band could indicate band bending, such as has been perceived in ref. 48, 49, 58 and 59. The reported band gap in the literature for exfoliated WSe2 monolayers at room temperature lays between 1.9 and 2.0 eV. [START_REF] Bruix | Single-layer MoS2 on Au(111): Band gap renormalization and substrate interaction[END_REF][START_REF] Krane | Moiré structure of MoS2 on Au(111): Local structural and electronic pro-perties[END_REF] However, the estimation or determination of a band gap value from the spectrum in Fig. 1(d) might be inac-curate since band edges are not observed clearly. The dI/dV curve may also be affected by the adhesion of the monolayer with the metallic substrate, such as found in systems such as MoS2/Au(111), [START_REF] Krane | Electronic Structure and Luminescence of Quasi-Freestanding MoS2 Nanopatches on Au(111)[END_REF][START_REF] Dendzik | Substrate-induced semiconductor-tometal transition in monolayer WS2[END_REF][START_REF] Lippert | Influence of the substrate material on the optical properties of tungsten diselenide monolayers[END_REF] WS2/Ag(111) and WS2/Au(111). [START_REF] Zhao | Exciton-Plasmon Coupling and Electromagnetically Induced Transparency in Monolayer Semiconductors Hybridized with Ag Nanoparticles[END_REF] In such reports, samples are epitaxially grown on monocrystalline substrates and the interaction between the TMD and the metallic surface causes a hybridization of semiconductor states with substrate states leading to a band gap reduction. Also, it has been reported that this hybridization may produce other effects such as doping or metallization of the 2D semi-conductor. However, these effects are expected only in epitaxial samples with high interfacial quality, and not in samples pre-pared by mechanical exfoliation methods. [START_REF] Zhao | Exciton-Plasmon Coupling and Electromagnetically Induced Transparency in Monolayer Semiconductors Hybridized with Ag Nanoparticles[END_REF] The latter and the fact that the metallic substrates used in this work are not atomically flat could help explaining why, after all, to some extent, the STS data in Fig. 1(d) might be used as confirmation of the doping type. Finally, it is important to note that the STS in Fig. 1(d) refer to the monolayer WSe2 absorbed on the gold substrate and it is a different scenario with respect to the water decoupled monolayer.

Fig. 1(e) and (f) show the (ex situ) PL and Raman spectra measured in a monolayer WSe2 in air and at room temperature. These results were obtained before and after the UHV thermal annealing treatment. Before annealing, PL shows a sharp excitonic peak centered at 1.66 eV (747 nm), and the Raman spectrum shows the characteristic splitting of 12 cm -1 between the degenerate E 1 + A1g and the 2LA(M) Raman modes around 250 cm -1 . One must note that PL experiments on TMDs are generally performed on samples grown on (or mechanically transferred to) isolating substrates like silicon dioxide. [START_REF] Tonndorf | Single-photon emission from localized excitons in an atomically thin semiconductor[END_REF][START_REF] He | Scanning tunneling microscopy study and nanomanipula-tion of graphene-coated water on mica[END_REF][START_REF] Bruix | Single-layer MoS2 on Au(111): Band gap renormalization and substrate interaction[END_REF][START_REF] Garg | Photoluminescence Quenching and SERS in Tri-layer MoS2 Published in Nanoscale[END_REF] Studies of TMDs on metallic substrates report luminescence enhancement or quenching, depending on the growth or transfer method. [START_REF] Krane | Electronic Structure and Luminescence of Quasi-Freestanding MoS2 Nanopatches on Au(111)[END_REF][START_REF] Wang | Giant photoluminescence enhancement in tungsten-diselenide-gold plasmonic hybrid structures[END_REF][START_REF] Bhanu | Photoluminescence quenching in gold-MoS2 hybrid nanoflakes[END_REF][START_REF] Kuhnke | Electroluminescence properties of organic nanostructures studied by scanning tunnelling microscopy[END_REF][START_REF] Rogez | The mechanism of light emission from a scanning tunnelling microscope operating in air[END_REF] However, it is known that mechanically transferred 2D material encapsulates thin airborne water (moisture) layers. [START_REF] Zhang | Reliable Synthesis of Large-Area Monolayer WS2 Single Crystals, Films, and Heterostructures with Extraordinary Photoluminescence Induced by Water Intercalation[END_REF][START_REF] He | Scanning tunneling microscopy study and nanomanipula-tion of graphene-coated water on mica[END_REF][START_REF] Fang | Quick Optical Identification of the Defect Formation in Monolayer WSe2 for Growth Optimization[END_REF][START_REF] Marion | Atomic-scale defects and electronic properties of a transferred synthesized MoS2 monolayer[END_REF] Such water layer could act as a spacer (also called barrier or buffer layer) [START_REF] Koperski | Optical properties of atomically thin transition metal dichalcogenides: Observations and puzzles[END_REF] to decouple them and avoid the quenching by the metallic substrate, such as is illustrated in the inserts in Fig. 1(e). This decoupling layer is very similar to the needed spacer to observe STM luminescence of molecules in conducting substrates: a spacer that decouples to prevent quenching but allows electric contact within a reasonable compromise. [START_REF] Qiu | Vibrationally resolved fluorescence excited with submolecular precision[END_REF][START_REF] Imada | Real-space investigation of energy transfer in heterogeneous molecular dimers[END_REF][START_REF] Zhang | Visualizing coherent intermolecular dipole-dipole coupling in real space[END_REF] We consider the existence of a water layer beneath the monolayer WSe2, as evidenced by AFM results in Fig. 1(b) and S2 † after the mechanical transfer to the gold substrate. This layer acts as a dielectric insulating layer, and it is responsible for the effective semiconductor-metal (sample-substrate) decoupling and the observed PL and Raman spectra from Fig.

1(e) and (f ).

After annealing, the step height, shown in Fig. 1(b) and S2(f), † reduces from 2.3 nm to 0.9 nm, as shown in Fig. S2(i), † indicating the removal of the water layer by the thermal annealing. That is, the step height after annealing is the mono-layer thickness, suggesting the evaporation of the water that was under the monolayer. The drastic change in luminescence and Raman response after annealing also firms the vanished decoupling layer. After the annealing, the PL signal is severely quenched, and Raman peaks are broader (with respect to the Raman peaks in the as transferred samples) and the splitting between Raman peaks E 1 + A1g and 2LA(M) is gone. These results suggest that the annealing produced a relevant electronic and mechanical contact between the monolayer and the gold substrate. This is consistent with the STS results which show that the sample-substrate interaction produces an elec-tronic hybridization. The Raman peak widths could be related to stress gradients due to the monolayer adhesion on the gold thin film surface (see Fig. S4(a) †). Curiously, water intercala-tion enhanced the PL of sapphire supported WS2, indicating its relevance even for insolating substrates. [START_REF] Yu | Engineering Substrate Interactions for High Luminescence Efficiency of Transition-Metal Dichalcogenide Monolayers[END_REF] However, water moisture trapped under TMDs was also reported to induced doping and be deleterious for the QE (as seen in PL) of MoS2 and WS2 but had a negligible effect on WSe2. [START_REF] He | Scanning tunneling microscopy study and nanomanipula-tion of graphene-coated water on mica[END_REF] 

Excitonic light emission induced by the tunneling current

Being demonstrated above that there will be a sample-substrate decoupling that avoids the luminescence quenching, we performed STM-LE experiments in air on as transferred WSe2 monolayers without previous annealing. The insert in Fig. 2(a) shows the STM tip approached on top of a monolayer WSe2, as observed to find the sample. Fig. 2(a) shows STM-LE and in situ PL spectra obtained sequentially from the same monolayer WSe2. In STM-LE, the sample bias was 4.0 V with a between the degenerate E 1 + A1g and the 2LA(M) Raman current setpoint of 44 nA in a fixed tip position. Panchromatic detection of the STM-LE signal using a PMT gave a Quantum Yield (QY) of ∼5 × 10 -7 photons per electron (see Fig. S5 in ESI †), a similar value to the reported for MoSe2. 4 As shown in Fig. S5, † using a PMT, it is also possible to observe fluctuations of the light emission as expected in air. [START_REF] Jadczak | Probing of free and localized excitons and trions in atomically thin WSe2, WS2, MoSe2 and MoS2 in photoluminescence and reflectivity experiments[END_REF] No light could be detected for bias voltages of 1.9 eV or below, in agreement with the reported band gap, 2.0 eV. [START_REF] Krane | Moiré structure of MoS2 on Au(111): Local structural and electronic pro-perties[END_REF] As pointed out in ref. 4 and 19, the close resemblance between the PL and STM-LE spectra (Fig. 2(a)) and the constant emission energies for different bias voltages in STM-LE spectra (Fig. 2(b)) are evidence that the emission mechanism is the same: radiative recombination of bright A excitons through the direct band gap of the semiconductor, [START_REF] Lippert | Influence of the substrate material on the optical properties of tungsten diselenide monolayers[END_REF] In TMDs, the difference between the electronic band gap energy and the emitted photon energy is due to the exciton binding energy, 0.37 eV, that prevents the band-to-band radiative recombination and leads to excitonic light emission with smaller energy than the band gap even at room temperature. [START_REF] Krane | Moiré structure of MoS2 on Au(111): Local structural and electronic pro-perties[END_REF] Additionally, neutral excitons and charged excitons (trions) dominate the optical properties of TMDs. [START_REF] Bruix | Single-layer MoS2 on Au(111): Band gap renormalization and substrate interaction[END_REF] STM-LE spectra in Fig. 2(a) is a convolution of the radiative recombination of bright A-neutral excitons at 1.65 eV (751 nm) and A-trion at 1.62 eV (765 nm). Fig. S7 † shows fitted spectra in close agree-ment with recent literature. [START_REF] Huang | Probing the origin of excitonic states in monolayer WSe[END_REF][START_REF] Peimyoo | Chemically driven tunable light emission of charged and neutral excitons in monolayer WS2[END_REF][START_REF] Ross | Electrical control of neutral and charged excitons in a monolayer semiconductor[END_REF] In the PL spectra, the neutral exciton and trion emissions are observed at 1.66 eV (747 nm) and 1.63 eV (761 nm), respectively. The difference between the neutral exciton and trions peaks gives a trion binding energy of 30 meV. As mentioned previously, the neutral or charged exciton emission energies are independent of the bias voltage or tunneling current (see Fig. S8 †). Fig. S8 † indicates that the observed light emissions are related to what is happening inside the WSe2 monolayer and do not depend on the proxi-mity of the tip (tunneling cavity size) or the electric field under the tip.

Trion emission control using the tunneling current

The control and manipulation of neutral excitons and trions are crucial for improving and tuning the performance of TMDs based devices. Several approaches have been used with this propose in the last years, such as chemical doping, [START_REF] Mitioglu | Optical manipulation of the exciton charge state in single-layer tungsten disulfide[END_REF] gate doping, [START_REF] Bellus | Tightly Bound Trions in Transition Metal Dichalcogenide Heterostructures[END_REF] photoexcitation, [START_REF] Mouri | Nonlinear photoluminescence in atomically thin layered WSe2 arising from diffusion-assisted excitonexciton annihilation[END_REF] and charges transfer in TMDs heterostructures. [START_REF] Mohamed | Long radiative lifetimes of excitons in monolayer transition-metal dichalcogenides MX2 (M = Mo, W; X = S, Se)[END_REF] More recently, He et al. have reported the nanoscale control of negative trions using a plasmonic picocavity in WS2 monolayers. [START_REF] Park | Hybrid Tip-Enhanced Nanospectroscopy and Nanoimaging of Monolayer WSe2 with Local Strain Control[END_REF] In STM-LE, the charge carrier injection rate given by the tunneling current can control A trion emission. Fig. 3(a) shows STM-LE spectra acquired for different tunneling currents indicating this systematic change of the light emission related to trions for currents ranging from 25 nA to 90 nA. Below 25 nA, no exploitable spectrum could be acquired. As in other cases, each spectrum was acquired in a different (fresh) region to avoid any possible sample modification or cumulative effects. Also, optical microscopy before and after these measurements spotted no sign of STM related sample damage.

As shown in Fig. 3(b), which summarizes the data of Fig. 3(a) and other spectra not shown, the area of the trion peak, AT, divided by the area of the neutral exciton, A0, (area ratio AT/A0) scales linearly with the tunneling current. Interestingly, the low laser power PL spectrum in Fig. 2(a), also represented in Fig. 3(b) as the point at 0 nA, shows the ratio 0.5 when both electrons and holes are created with relatively low density (laser power below 100 µW in a spot with ∼2 microns in diameter). In this case, trion formation relates to the sample doping. In STM-LE, with single carrier type (electron) injection, a 0.5 AT/A0 ratio would correspond roughly to a tunneling current of 20 nA (that is below our detection limit). 20 nA could be considered as the maximum charge injection rate that does not increase trion formation by an excess of injected electrons. On the other limit, at 90 nA, the trion emission is nearly four times greater than the emission of neutral excitons.

Considering the exciton lifetime that ranges from 0.4 ns to 4 ns in WSe2 monolayers at room temperature [START_REF] Zagonel | Nanometer-scale monitoring of quantum-confined Stark effect and emission efficiency droop in multiple GaN/AlN quantum disks in nanowires[END_REF][START_REF] Merino | Bimodal exciton-plasmon light sources controlled by local charge carrier injection[END_REF] and the time interval between consecutive injected electrons, that is, for instance, 6.4 ps in average for a tunneling current of 25 nA, the tunneling current should affect the trion formation. That is, at low currents, each injected electron would have time to find a hole and form an exciton and latter possibly form a trion with another hole from the sample. At high currents, there would be an increased probability that an injected electron would find an already formed exciton before it had time do decay or to diffuse away. Using the diffusion coefficient of excitons measured by S. Mouri et al. in ref. 78, ∼(2.2 ± 1.1) cm 2 s -1 , and the time interval between consecutive injecting electrons (supposing one electron arrives at a time in regular intervals), an exciton created under the tip could diffuse less than 10 2 nm before the next one arrives at 25 nA and half of this distance for 90 nA. Additionally, at least for high currents, one can consider that the observed trions are most likely negatively charged since the overwhelming electron injection forms them into the p-doped material. A more quantitative analysis, however, would require details that go beyond the scope of this work. In contrast to reported in ref. 25, where trions are controlled in a light excited picocavity, here we show that, in STM-LE, trions could be controlled by the tunneling current at the nanoscale. Dynamical effects due to the charge injection rate on light emission have also been explored in other semi-conducting systems using STM-LE and Cathodoluminescence in Scanning Transmission Electron Microscope (STEM-CL). [START_REF] Tian | Density-matrix approach for the electroluminescence of molecules in a scanning tunneling microscope[END_REF][START_REF] Schneider | Plasmonic exciation of light emission and absorption by porphyrine molecules in a scanning tunneling microscope[END_REF] Whereas the effect of the tunneling current on the charged to neutral exciton ratio is about fivefold in the available tunneling current range and can be interpreted as an accumulation of injected negative charges, changing the sample bias also presents a similar effect, as shown in Fig. 3(c). Indeed, for constant current and increasing sample bias, the ratio changes from ∼2.5 to ∼0.5 (the ratio decreases for increasing bias). This effect is not expected in the simple view of charge injection. However, in STM, changing the sample bias changes more than the end state of elastically tunneled electrons. One could expect different ratios of elastic to inelastic tunneling, among other effects. In this sense, one must consider that the bias voltage has a broader impact on the experiment than the tunnel current, and a comparison between results obtained under different bias voltages requires care. It is worthy to note that the trion to neutral exciton ration increases for decreasing tip distance in both situations in Fig. 3(b) and (c). Nonetheless, as shown in Fig. S8, † the bias voltage and the tunneling current have no significant effect on the trion and neutral exciton emission energies, indicating the absence of energy shifts due to the tip electric field.

Local excitonic emission quenching

We also observed that the excitonic light emission quenching due to the gold substrate could be produced locally by the tunneling current. Fig. 4 shows STM-LE spectra measured sequentially in the same point of the monolayer just after moving the STM tip to a new region and keeping the tip position fixed during the spectra integration time (100 s per spectrum). The sample bias was 4.0 V and the tunneling current setpoint 44 nA. We note that the excitonic emission at 1.65 eV progressively vanishes, and a broad plasmonic emission appears. This plasmon emission is interpreted as a cavity mode between the tip and the gold substrate surface with the TMD in the middle, similarly as previously observed for MoS2. [START_REF] Krane | Electronic Structure and Luminescence of Quasi-Freestanding MoS2 Nanopatches on Au(111)[END_REF] Other tunneling parameters can also lead to plasmon emission after the excitonic light emission from the WSe2 is quenched (see Fig. S9 †). Particularly, approaching the tip to create a brief contact between sample and tip (a tip reconstruction process called 'tip pulse') quickly quenches excitonic emissions and triggers plasmonic emission. The tip and the tunneling current causes the progressive change from excitonic to plasmonic emission by the local removal of water molecules that move away from the tip position, as already observed in graphene transferred on mica [START_REF] Hong | Decoupling the Interaction between Wet-Transferred MoS2 and Graphite Substrate by an Interfacial Water Layer[END_REF] and MoS2/HOPG samples. [START_REF] Song | Evidence of Stranski-Krastanov growth at the initial stage of atmospheric water condensation[END_REF] The direct sample-sub- strate contact when the water under the monolayer is removed quenches exciton emission locally by creating fast nonradiative recombination paths. A transition from excitonic to plasmonic emission has also been systematically obtained in STM-LE studies on molecular systems by varying the effectiveness of the decoupling between the optically active molecule and the conducting substrate. [START_REF] Qiu | Vibrationally resolved fluorescence excited with submolecular precision[END_REF][START_REF] Liu | Molecular-beam epitaxy of monolayer and bilayer WSe2: a scanning tunneling microscopy/ spectroscopy study and deduction of exciton binding energy[END_REF] It is interesting to note also that plasmon emission could be readily obtained using the parameter given in Fig. 4 in some regions. However, in other regions, pure excitonic emission would persist for longer times, possibly due to the gold support topography. Also, using lower sample bias voltages, excitonic emission is observed for longer times with no significant plasmon emission. Finally, sample damage (defect creation) can be ruled out due to the absence of luminescence changes when using high current or high bias (see Fig. 2 and3) and since plasmon emission appears when excitonic emission vanishes which indicate the collapse of the monolayer into the substrate (following water removal).

Excitation mechanism due to the tunneling current

In Fig. 5, we summarize a proposition of the light emission and excitation mechanisms in STM-LE in monolayer WSe2 together with a scheme of the experiment and band diagrams. First, the emission mechanism, as discussed previously, is the neutral exciton and trion recombination, as observed in PL. The sample-substrate decoupling due to the substrate-borne water moisture is fundamental to avoid luminescence quenching by the gold substrate. Fig. 5(a) illustrates the experiment and the emission mechanism. Unlike PL, however, the excitation in STM-LE happens in the nanoscale, and the excitation mechanism is not the creation of electron-hole pairs. In this work, we propose the direct electron injection in the conduction band by the STM tip as the excitation mechanism. Subsequently, injected electrons form excitons and trions with the holes already present in the monolayer. The following results support this excitation mechanism: (i) the STM/STS results evidenced the presence of defects and p-type doping (in agreement with the nominal sample doping), which imply that positively charged carriers (holes) are present in the sample and, by injecting electrons, exciton formation is possible; (ii) no STM-LE signal was observed with negative biases, in connection to the p-doped nature of the sample, which also rules out the possibility ofplasmon mediated emission;82-84 (iii) excitonic light emission was only observed with positive bias voltages at or above 2.0 V, which is expected for electron injection luminescence mechanisms, where biases higher than the electronic band gap are necessary to excite the light emission. [START_REF] Qiu | Vibrationally resolved fluorescence excited with submolecular precision[END_REF][START_REF] Zagonel | Visualizing highly localized luminescence in GaN/AlN heterostructures in nanowires[END_REF][START_REF] Kociak | Cathodoluminescence in the scanning transmission electron microscope[END_REF] In Fig. 5(b), a band diagram summarizes such excitation mechanism. First, the electrons tunnel elastically into the conduction band of the 2D semiconductor. Then, they bound with existing holes into excitonic states. The substrate-borne water moisture acts as a dielectric barrier to decouple the monolayer and the gold substrate (support), preventing nonradiative recombinations due to substrate effect (quenching). Next, the recombination of neutral excitons and trions gives rise to the light emission. The possible band banding in the monolayer, if present, does not affect excitonic emission energies, as shown in Fig. 2(b) and S8. † Finally, an electron tunnels from the mono-layer to the substrate to neutralize the monolayer. Regarding the role of the water layer, one might consider its effects go beyond that of mere decoupling the monolayer WSe2 and making it behave as if it were freestanding. Additionally, TMDs on top of trapped water layers have much smaller PL efficiency than truly suspended ones. [START_REF] He | Scanning tunneling microscopy study and nanomanipula-tion of graphene-coated water on mica[END_REF] Indeed, the water layer might change the TMD quantum efficiency and light emission by chemical doping, [START_REF] He | Scanning tunneling microscopy study and nanomanipula-tion of graphene-coated water on mica[END_REF] similarly as observed for aromatic solvent. 87 Generally speaking, one must also note that, in STM-LE, only one carrier polarity is created (injected). Hence, exciton formation depends on the sample doping for the other carrier, while, in PL, both carriers are created inside the sample. Another striking contrast between these techniques is that, in STM-LE, the excitation is exceptionally local, certainly in the sub-nanometer range. While, in PL, the excitation region spams over at least nearly one squared micrometer. Also, it is important to note that the light detection region in STM is different from that in PL or in a Scanning Near-Field Optical Microscope (SNOM) in which both excitation and detection are local and similar.28 In STM-LE, similarly to CL-STEM, the excitation is local (local excitation, possibly below one squared nanometre), but the region from which emitted light is detected is much larger (global detection).88,89 This means that one knows where the excitation was performed (tip or electron probe position) but does not know the location of the emitted light. In the context of the local quenching due to the point contact between the monolayer WSe2 and the gold substrate, global light detection means that all injected carriers are lost into the gold substrate before any diffusion in the TMD could take place. This is expected since the electrons in the WSe2 conduction band should recombine non-radiatively through the metal very quickly (quench effect), and the vast majority of the injected carrier would follow this recombination path since the contact is precisely at the tip position.

Conclusions

We observed excitonic light emission from WSe2 monolayers excited by the tunneling current within an STM in ambient conditions, using a non-plasmonic (tungsten) tip and on a metallic support. The luminescence excited by the tunneling current resembles that excited by light (PL) and is attributed to radiative recombination of bright A-neutral excitons and Atrions. The ratio of trions to neutral excitons emission can be controlled and manipulated using the tunneling current, but the emission energies remain unaffected by tunneling parameters. The gold support where the monolayers were transferred to did not quench the excitonic light emission from the monolayer due to an inherent interfacial water layer that effectively decouples them. Quenching could be triggered either by thermal annealing under vacuum, as confirmed by PL and Raman, or locally using the tip and tunneling current, as observed by STM-LE. Both processes remove the underneath interfacial water layer, either globally or locally, respectively. Without the water layer, plasmonic emission could be observed by STM-LE due to the gold substrate. These results contribute to the understanding of the STM-LE use in the investigations of light emission from TMDs and of the quench-ing effect due to metallic supports. eV. The Raman and PL spectra have the same characteristic of those observed in samples deposited on silicon dioxide substrates [1][2][3][4] , indicating that in as-transferred samples there is no coupling between the TMD and the metallic substrate (quenching effects are not observed). The results indicate the variation of the observed signal as well as the ease of getting the signal back after establishing a tunneling current. The signal variations are also observed due to the short PMT integration time: 0.3 seconds. Similar variations are typically observed in the tunnel current, as one could expect in air 5 . In the first 1100 s (~18 minutes) the signal was acquired scanning the tip on a surface area of 130 nm  130 nm, after that the STM tip position was fixed, and signal of about 9×10 3 counts per second was obtained with 50 nA. This gives a Quantum Yield (QY) of ~5 10  -7 photons per electron, similar to observed in MoSe 2 mechanically transferred on ITO 6 .
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 1 Fig. 1 (a) Light optical microscopy image of a typical WSe2 flake. (b) AFM image of a region indicated in (a) by the dashed square. The average step height is 2.4 nm, as shown in the insert. (c) STM image obtained at room temperature and in UHV using a sample bias of 1.0 V and tunneling current of 65 pA. (d) dI/dV spectrum showing the p-doped nature of the WSe2 sample. (e) PL and (f) Raman spectra before and after the UHV thermal annealing on the same monolayer WSe2. The inserts in (e) illustrate the sample-substrate decoupling by the interfacial water layer.

Fig. 2 (

 2 b) (see also Fig.S6†) shows STM-LE spectra acquired with different sample bias, each with a fixed STM tip position on the sample surface at different regions inside an area of 100 nm × 100 nm.

  see also Fig.S7. † As shown in Fig.S8, † STM-LE spectra as a function of the sample bias voltage show no systematic peak energy shift, thus discarding any plasmon related emission from the tunneling cavity. Also, plasmon emission is distinctively different

Fig. 2 (

 2 Fig.2(a) PL and STM-LE spectra of a monolayer of WSe2. PL is excited with a laser (λ = 532 nm) when the tip is retracted. For STM-LE, the sample bias was 4.0 V, the current setpoint was 44 nA, and the integration time was 100 s. Insert: Zoom-lens optical micrograph showing the STM tip on top of the same flake shown in Fig.1. The scale bar has 100 μm. (b) STM-LE for different sample bias voltages and different tunneling currents. The symbol * indicates those spectra taken using 25 nA as tunneling current, whereas the current was 44 nA for the others. In the spectra, the gray curves represent the raw data, and the solid colored lines are the result of curve fittings.

Fig. 3 (

 3 Fig. 3 (a) STM-LE spectra for 2.4 V (sample bias) shows the effect of different tunneling currents. Higher currents enhance trion emission. (b) and (c) show the dependence of the ratio of trion to neutral exciton emission as a function of the tunneling current and sample bias, respectively. In (b), the ratio for the PL spectrum is also indicated.

Fig. 4

 4 Fig. 4 STM-LE spectra taken sequentially in the same sample region with the tip position fixed (44 nA, 4.0 V, and 100 s). The highlighted region shows the position of excitonic emissions.

Fig. 5 (

 5 Fig. 5 (a) Scheme of the experiment showing the presence of the decoupling water layer. (b) Proposed STM-LE excitation mechanism. Elastically tunneling electrons are injected as hot carriers in the WSe2 conduction band (1), after thermalization, the injected carrier binds into an excitonic state (2) then photons are emitted by exciton recombination (3), and, finally, electrons tunnel from the monolayer to the gold to keep the monolayer neutral (4). The sample bias voltage is larger than the electronic band gap.

Figure S1 : 2 FigureFigure S1 :

 S12S1 Figure S1: Pre-characterization of WSe 2 samples

Figure S2 :

 S2 Figure S2: (a) Optical microscope image showing the Monolayer WSe 2 on top of the gold substrate. (b) Topography and (c) Phase AFM images of the gold substrate. (d) Topography and (e) Phase AFM images of the interface between the gold substrate and the monolayer WSe 2 before the 400 K thermal annealing in UHV for 12 hours. (f) AFM line profile obtained from (d) averaging a 3 m  long and 1 m  large area indicating a step height of 2.3 nm. (g) Topography and (h) Phase AFM images of the interface between the gold substrate and the monolayer WSe 2 after the 400 K thermal annealing in UHV for 12 hours. (i) The AFM line profile obtained from (g), averaging a 3 microns long and 1 m large area, indicates ~0.9 nm of step height. Since the expected thickness of the monolayer WSe 2 is about 1 nm, we consider that before the thermal annealing in UHV there was a water layer under the TMD.

Figure S3 :

 S3 Figure S3: Localization of the flake of interest inside the STM microscope for the tip approach. (a) Optical microscopy image. The flake indicated by the red arrow is used as a reference point to localize the flake of interest with monolayer WSe 2 as indicated by the blue arrow. (b) By using a zoom lens, the monolayer WSe 2 is localized inside the STM, and the tip is approached. In the image, the STM tip and its reflection on the metallic substrate are observed. The tip wire diameter is 250 m.  This procedure is the same for STM measurements in UHV, and STM-LE in air.

Figure S4 :

 S4 Figure S4: STM images obtained in UHV at room temperature in monolayer WSe 2 /Au/Si annealed at 400 K. (a) STM-image of 1.0 m   1.0 m of the Au thin film surface (3.5 V,  300 pA). (b) STM-image of 0.8 m   0.8 m of the WSe  2 surface (1.0 V, 65 pA). A surface height undulation (red arrows) is observed in addition to some dark and bright point defects. (c) STM-image of 226 nm  226 nm of the WSe 2 surface (1.0 V, 65 pA) showing dark defects and (d) the depth profile of one of them. (e) Quantification of the defects density in the image shown in (b). Dark and bright defects are indicated in white and black circles, respectively.
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 S5 Figure S5: The STM-LE signal was recorded panchromatically as a function of time using a PMT to evaluate the quantum yield and temporal stability. Three cycles of tip approach and retraction are shown. Sample bias is set to 2.0V, and the tunneling current increased up to 50 nA. The results indicate the variation of the observed signal as well as the ease of
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