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INTRODUCTION Semiconducting

2-dimensional transition metal dichalcogenides (2D-TMDs), such as monolayer hexagonal molybdenum disulfide (2H-MoS2), show strong light-matter coupling, leading to intense photoluminescence (PL) in the visible ~ near-infrared (NIR) region. Furthermore, they possess high phonon-limited carrier mobility (predicted to be 410 cm 2 /Vs at room temperature), [START_REF] Kang | 2D semiconducting materials for electronic and optoelectronic applications: Potential and challenge[END_REF] and their carrier density can be tuned through gating. These excellent characteristics have led to flexible and/or transparent transistors and phototransistors with an on/off ratio larger than 10 7 . [START_REF] Aftab | Emerging trends in 2D TMDs photodetectors and piezo-phototronic Devices[END_REF][START_REF] Huo | Recent progress and future prospects of 2D-based photodetectors[END_REF][START_REF] Selamneni | Mixed dimensional transition metal dichalcogenides (TMDs) vdW heterostructure based photodetectors: A review[END_REF][START_REF] Nalwa | A review of molybdenum disulfide (MoS2) based photodetectors: from ultra-broadband, self-powered to flexible devices[END_REF][START_REF] Jiang | Flexible electronics based on 2D transition metal dichalcogenides[END_REF] One attractive property of TMDs is their ability to host very stable excitonic species, including excitons (A0), trions (A + o A -), and biexcitons (AA), due to the strong Coulomb interaction in these 2D systems. New excitonic species become possible upon interaction with nearby materials. One of the most significant examples is interlayer excitons in vertical van der Waals heterostructures, where photoexcited electrons and holes are spatially separated into adjacent layers. [START_REF] Ceballos | Probing charge transfer excitons in a MoSe2-WS2 van der Waals heterostructure[END_REF][START_REF] Ceballos | Ultrafast charge separation and indirect exciton formation in a MoS2-MoSe2 van der Waals heterostructure[END_REF][START_REF] Rivera | Observation of long-lived interlayer excitons in monolayer MoSe2-WSe2 heterostructures[END_REF][START_REF] Zheng | Interlayer exciton formation, relaxation, and transport in TMD van der Waals heterostructures[END_REF] Due to the small overlap of electron and hole wavefunctions, lifetimes of interlayer excitons typically become 20 times longer than those of intralayer excitons. [START_REF] Zheng | Interlayer exciton formation, relaxation, and transport in TMD van der Waals heterostructures[END_REF] Interaction with zero-dimensional (0D) molecules is another effective way to engineer the optoelectronic properties of 2D-TMDs. [START_REF] Daukiya | Chemical modification of 2D materials using molecules and assemblies of molecules[END_REF] Organic 0D-molecules are usually insulators with staggered band alignment (type II) with TMDs. This results in new charge-separated excited states with relatively long lifetimes. For example, photoexcitation of pentacene-functionalized MoS2 shows PL from chargeseparated states, where electrons and holes localize on MoS2 and pentacene, respectively, with a lifetime of 5.1 ns. [START_REF] Homan | Ultrafast exciton dissociation and long-lived charge separation in a photovoltaic pentacene-MoS2 van der Waals Heterojunction[END_REF] Similar excited states have also been observed in noncovalently functionalized TMDs. [START_REF] Zhu | Highly mobile charge-transfer excitons in two-dimensional WS2/tetracene heterostructures[END_REF][START_REF] Zhang | Efficient and layer-dependent exciton pumping across atomically thin organicinorganic type-I heterostructures[END_REF][START_REF] Tajima | Photoinduced electron transfer in a MoS2/Anthracene mixed-dimensional heterojunction in aqueous media[END_REF] Chromophores such as porphyrin (H2P) are organic molecules with areas around 1 nm 2 and one-atom height. Their 1-3 eV HOMO-LUMO gaps and planar structure ensure that the whole surface interacts with 2D materials via noncovalent interactions. The main advantage over organic molecules such as pentacene is their relatively small HOMO-LUMO gap and long excitation lifetimes. When both TMDs and chromophores are excited simultaneously, the system can have large electron and hole populations. Such circumstance is ideal for studying electronic interactions such as energy or charge transfer. [START_REF] Canton-Vitoria | Excited-state charge transfer in covalently functionalized MoS2 with a Zinc phthalocyanine donor-acceptor hybrid[END_REF][START_REF] Vallan | Interfacing Transition Metal Dichalcogenides with Carbon Nanodots for managing photoinduced energy and charge-transfer processes[END_REF][START_REF] Sideri | Unveiling the Photoinduced Electron-Donating Character of MoS2 in covalently linked hybrids featuring perylenediimide[END_REF] Indeed, the interaction between TMDs and chromophores has been demonstrated to result in improved photo-sensing and energy-harvesting properties. [START_REF] Furchi | Photovoltaic effect in an electrically tunable van Der Waals heterojunction[END_REF][START_REF] Yao | 2D material broad band photodetectors[END_REF][START_REF] Li | Light-induced interfacial phenomena in atomically thin 2D Van Der Waals material hybrids and heterojunctions[END_REF][START_REF] Mao | Ultrafast, broadband photodetector based on MoSe2/silicon heterojunction with vertically standing layered structure using graphene as transparent electrode[END_REF][START_REF] Zeng | Controlled synthesis of 2D palladium diselenide for sensitive photodetector applications[END_REF] The functionalization of 2D-TMDs with 0D molecules is typically performed via non-covalent interactions. However, in this case, molecules tend to produce large aggregates, losing their 0D character. [START_REF] Homan | Ultrafast exciton dissociation and long-lived charge separation in a photovoltaic pentacene-MoS2 van der Waals Heterojunction[END_REF][START_REF] Zhu | Highly mobile charge-transfer excitons in two-dimensional WS2/tetracene heterostructures[END_REF] For example, the optoelectronic properties of TMDs non-covalently functionalized by chromophores, such as porphyrin and phthalocyanines, are dominated by H-and J-aggregates or islands of chromophores. In this case, systems are more appropriately described as 3D-2D or 2D-2D heterostructures. [START_REF] Obaidulla | MoS2 And Perylene Derivative Based Type-II heterostructure: Bandgap engineering and giant photoluminescence enhancement[END_REF][START_REF] Zheng | Heterointerface screening effects between organic monolayers and monolayer transition metal dichalcogenides[END_REF][START_REF] Zhang | Tailoring Photoelectrochemical properties of semiconducting transition metal dichalcogenide nanolayers with porphyrin functionalization[END_REF][START_REF] Mutz | Excited-state charge transfer enabling MoS2/phthalocyanine photodetectors with extended spectral sensitivity[END_REF] Consequently, PL emission from chromophores without 0D-2D interactions usually masks the TMD-related emission, and analysis of the new excitonic species is complicated. 0D-2D heterostructures featuring organic photoactive species covalently anchored to TMDs are limited. Several techniques have recently been developed to accurately control the functionalization of TMDs, eliminating aggregates and impurities, with organic molecules through covalent functionalization. Thiol, [START_REF] Chen | Functionalization of two-dimensional transition-metal dichalcogenides[END_REF] dithiolane, [START_REF] Canton-Vitoria | Functionalization of MoS2 With 1,2-Dithiolanes: Toward donoracceptor nanohybrids for energy conversion[END_REF] and dithiolene [START_REF] Sideri | Covalently functionalized MoS2 with dithiolenes[END_REF] additions form organometallic bonds with TMDs without damaging the lattice are the most studied. Indeed, such chemical reactions preserve or even improve the intrinsic properties of TMDs due to sulphur healing. [START_REF] Li | Charge transport and mobility engineering in two-dimensional transition metal chalcogenide semiconductors[END_REF][START_REF] Qiu | Electrical Characterization of Back-Gated Bi-layer MoS2 field-effect transistors and the effect of ambient on their performances[END_REF][START_REF] Bertolazzi | Engineering Chemically Active Defects in Monolayer MoS2 transistors via ion-beam irradiation and their healing via vapor deposition of alkanethiols[END_REF] For example, dithiolanes bearing 0D chromophores, such as porphyrin, [START_REF] Canton-Vitoria | Ping-pong energy transfer in covalently linked porphyrin-MoS2 architectures[END_REF][START_REF] Canton-Vitoria | Electrostatic Association of Ammonium-Functionalized Layered-Transition-Metal Dichalcogenides with an Anionic Porphyrin[END_REF][START_REF] Minadakis | Tungsten disulfide interfacing nickel-porphyrin for photo-enhanced electrocatalytic water oxidation[END_REF] phthalocyanine, [START_REF] Canton-Vitoria | Excited-state charge transfer in covalently functionalized MoS2 with a Zinc phthalocyanine donor-acceptor hybrid[END_REF] quantum dots [START_REF] Vallan | Interfacing Transition Metal Dichalcogenides with Carbon Nanodots for managing photoinduced energy and charge-transfer processes[END_REF] , or perylediimide [START_REF] Sideri | Unveiling the Photoinduced Electron-Donating Character of MoS2 in covalently linked hybrids featuring perylenediimide[END_REF] have been synthesized and employed to functionalize fewlayered TMDs covalently. However, these examples only show functionalization at the edges, and the covalent functionalization of chromophores on the basal plane of TMDs has been exclusively explored for biosensors. [START_REF] Canton-Vitoria | Field-effect transistor antigen/antibody-TMDs sensors for the detection of COVID-19 samples[END_REF] In this study, we successfully synthesized a 0D-2D mixheterostructure, Zn-porphyrin (ZnP), onto single-layered WS2 or MoS2, by transferring the 1,2-dithiolane addition from the edge to the basal plane of large-area TMDs. In ZnP-WS2, a new PL-emission peak emerges at 1.4 eV, with a lifetime of 3.5 ns at 77.5 K and low power densities arising from a charge-separated exciton. After ZnP functionalization, the light sensitivity of WS2 and MoS2 improves by order of magnitude, with improved time response. Also, the materials remain stable for more than 300 days. METHODS Materials: MoO3, WO3, NaCl, ZnO(Ac)2•2H2O, PPC, DPEA, DMAP, DCM, IPA, and MeOH were purchased from Sigma Aldrich with a purity of < 99.5 %. 5-(4-aminophenyl)-10,15,20-triphenyl-21H,23H-porphin was purchased from TriPorTech GmbH. Characterizations: Room-temperature PL spectra were measured using a confocal Raman microscope (Renishaw InVia Raman and Horiba Jobin Yvon LabRAM HR-800) with 1.96 and 2.33 eV excitation. A x 100 (0.8 NA) objective lens was used to focus the laser light on the samples. A notch filter was used to filter out Rayleigh scattering, and Raman and PL signals were detected with a charge-coupled device (CCD). Low-temperature spectroscopy was carried out with a homebuilt microspectroscopy system with a liquid-He-flow cryostat, and PL (λ < 2.26 eV) was detected with a CCD camera (Princeton Instruments PIXIS-1024BR-eXelon). We used a supercontinuum light source (SuperK EXTREME EXR-15, NKT photonics) with a monochromator (SP-2150, Acton) for excitation in low-temperature experiments. Steady-state UV-Vis electronic absorption spectra were recorded on a PerkinElmer (Lambda 19) UV-Vis-NIR spectrophotometer. Lifetime measurements were carried out using a single photon detection module (SPC-130 TCSPC module, Becker & Hickl GmbH and ID-100-50-ULN avalanche photodetector). High-resolution transmission electron microscopy (HRTEM) was performed with a JEOL JEM-2100F equipped with an Energy Dispersive X-Ray spectrometer, working at 80 keV. [START_REF] Kang | 2D semiconducting materials for electronic and optoelectronic applications: Potential and challenge[END_REF] HNMR spectra were recorded in a 300 MHz Varian instrument operated by Vjnmr software; Tetramethylsilane (TMS) was used as the internal standard and CD3Cl as the solvent. Atomic force microscope (AFM) observations were performed by the Veeco AFM system (Dimension 3100SPM, Nanoscope IV) operated at a scanning rate of 1 Hz. The typical size of transistors used to characterize transport properties was 0.2 x 0.2cm 2 ; electrodes have a width of 1 μm with a gap of 3 μm. Transfer and output characteristics were measured using a Keithley semiconductor parameter analyzer (4200-SCS). Cyclic voltammograms were recorded with an Autolab PGSTAT128 N potentiostat/galvanostat equipped with a dual-mode bi-potentiostat (BA module) electrochemical analyzer. A platinum button electrode was used as the working electrode. A platinum cloth served as the counter electrode, and a platinum wire was used as the reference electrode. Ferrocene/ferrocenium redox couple was used as an internal standard fixed at a potential of 0.0 mV. All solutions were purged prior to electrochemical and spectral measurements using nitrogen gas. Single layer WS2 (or MoS2): Chemical vapor deposition (CVD) growth was carried out using a home-built thermal CVD setup. [START_REF] Canton-Vitoria | Field-effect transistor antigen/antibody-TMDs sensors for the detection of COVID-19 samples[END_REF][START_REF] Canton-Vitoria | Stabilization of metallic phases through formation of Metallic/Semiconducting lateral heterostructures[END_REF][START_REF] Canton-Vitoria | Synthesis and characterization of transition metal dichalcogenides nanoribbons based on a controllable O2 etching[END_REF] Before CVD growth, (210 nm) SiO2/Si substrates 6 x 2 cm 2 were washed in piranha solution for 15 minutes under sonication, followed by 1 minute of sonication in ultrapure H2O and MeOH. After the sonication, substrates were dried using N2 blowing and then were heated at 735 o C under an airflow of 400 ml/min for 30 minutes. For CVD growth, 15 mg of WO3 (or MoS2) containing 5% NaCl was placed at the center of an alumina boat (10 x 1.5 cm 2 ) with a height of 1.1 cm (or 0.5 cm). The boats were put in a quartz tube 3 cm in diameter. The Argon flow rate was 500 ml/min, and WO3 (or MoO3) was gradually heated up to 780 o C (735 o C) in 13 minutes. And then, sulphur was also heated up to 210 o C for 10 minutes, and 10 minutes later, argon flow was reduced to 250 ml/min. All CVD parameters were kept constant during 5-10 additional minutes before cooling down. And then, cooling down between 780 o C (725 o C)-200 o C was carried out for several hours to preserve the semiconducting properties of TMDs. [START_REF] Canton-Vitoria | Stabilization of metallic phases through formation of Metallic/Semiconducting lateral heterostructures[END_REF][START_REF] Canton-Vitoria | Synthesis and characterization of transition metal dichalcogenides nanoribbons based on a controllable O2 etching[END_REF] Synthesis of 5-(4-aminophenyl)-10, 15, 20-(triphenyl) porphyrin (ZnP 2b): Firstly, ZnP bearing lipoic acid (2b) was synthesized according to the bibliography. [START_REF] Canton-Vitoria | Ping-pong energy transfer in covalently linked porphyrin-MoS2 architectures[END_REF][START_REF] Minadakis | Tungsten disulfide interfacing nickel-porphyrin for photo-enhanced electrocatalytic water oxidation[END_REF] Concretely, in a 250 ml round bottom flask, fresh α-lipoic acid (1.6 mmol, 1 equiv. ), 4-dimethylaminopyridine (4.8 mmol, 3 equiv.) and 4-(10,15,20-triphenylporphyrin-5yl)aniline (1.6 mmol, 1 equiv.) were added in dichloromethane (DCM) previously dried (100 mL). The mixture was stirred under an inert atmosphere at room temperature overnight. And then, the organic phase was washed with water (2 x 100 mL), dried over MgSO4, and purified by ethyl acetate (EtoAc) in petroleum ether of column chromatography (Finally, EtoAc/petroleum ether 1/1). Compound 2b was a purple solid. 4) was carried out by substituting 4-(10,15,20-triphenylporphyrin-5-yl)aniline (1.6 mmol, 1 equiv.) for tert-butyl (2-(2-(2-aminoethoxy) ethoxy) ethyl) carbamate (2.00 mmol, 1.6 equiv.), yield 4: 50%. 29 Synthesis of ZnP 2: Addition of Zinc was carried out by a modified methodology described in the bibliography. [START_REF] Minadakis | Tungsten disulfide interfacing nickel-porphyrin for photo-enhanced electrocatalytic water oxidation[END_REF][START_REF] Canton-Vitoria | Graphene performs the role of an electron donor in covalently interfaced porphyrin-boron azadipyrromethene dyads and manages photoinduced chargetransfer processes[END_REF] Free-porphyrin 2b was dissolved in 10 ml DCM. Drop a solution of ZnO(Ac)2•H2O (10 equiv.) of 10 ml of MeOH under stirring. The mixture was stirred at room temperature for several hours and then dried in a vacuum. The solid was dispersed in water (20 ml), and the supernatant was removed (repeat 5). Lately, the remained purple solid was dissolved in DCM and washed several times with water (1:1). After drying the organic phase, solid material 2 was obtained. [START_REF] Kang | 2D semiconducting materials for electronic and optoelectronic applications: Potential and challenge[END_REF] HNMR and MALDI-TOF (Fig. S1) were compared and confirmed with the bibliography. [START_REF] Alea-Reyes | Nanostructured materials for photodynamic therapy: Synthesis, characterization and in vitro activity[END_REF] (yield: 95%) Materials 3a, 3b, 5a, and 5b were synthesized by the following procedure. 2 or 4 were dissolved in Dimethylacetamide (DMAc) and heated at 40 o C. Then, WS2 or MoS2 on a substrate was immersed and covered with an aluminum foil; The mixture was not stirred to prevent material damage. The substrate was immersed in DCM four days later and dried with a N2 gun. For pure covalent functionalization, the substrate was washed several times with DCM and DMAc and washed with a Soxhlet extractor. Pretreatment of AFM samples Single layers of 1a or 1b were picked up from SiO2 by employing a drop of solid polypropylene carbonate (PPC). Concretely, the PCC drop was contacted with the surface of SiO2 at 90-100 o C, and several minutes later, ultrapure water was added. After this, single layers of 1a or 1b are transferred from SiO2 to the PCC surface. And then, the flakes were put on substrates. Finally, the sample was thoroughly purified by using DCM under Solhex reflux. TEM grid preparation: A polypropylene carbonate (PPC) 15 % in anisole film was spin-coated (5-seconds spinning at 1000 r.p.m followed by a 45-second coating at 6000 r.p.m) on a SiO2 substrate with CVD-grown MoS2 or WS2. After heating at 125 o C for 1 minute, the SiO2 substrate was soaked in water, and the PPC film was spontaneously separated from the substrate. The PPC film floating on the surface of the water was directly scooped up with a TEM grid. After drying at room temperature, the TEM grid was annealed at 135 o C for 1 minute. Finally, the PPC film was dissolved in acetone overnight, and the resulting TEM grid was heated at 100 o C in a vacuum for 30 minutes. Theoretical studies: All theoretical DOS investigations were carried out by DFT calculations using AIMPRO. [START_REF] Briddon | LDA calculations using a basis of Gaussian orbitals[END_REF][START_REF] Rayson | Rapid filtration algorithm to construct a minimal basis on the fly from a primitive Gaussian basis[END_REF] Generalized gradient approximation (GGA) with the Perdew-Burke-Ernzerhof (PBE) exchange energy was used. Relativistic pseudopotentials with a finite electron Fermi temperature of kT=0.04eV were used in sufficiently large hexagonal supercells (30.261147218x58.725894 Å). >30 Å vacuum between neighboring porphyrins was ensured. Kohn-Sham wave functions were constructed by localized Cartesian Gaussian orbital functions (38 functions for C, 50 for N, 12 for H, 24 for W, and 40 for S and Zn). For the structure optimizations, the positions of all atoms were independently optimized until they converged in positions of 10 -6 Ha and energy of 10 -7 Ha. For PDOS calculations, k-points with a grid of 36 x 36 x 1 were used. Device fabrication: PPC 15 % in anisole film was spincoated (5-seconds spinning at 1000 r.p.m followed by a 45second coating at 6000 r.p.m) on a SiO2/Si substrate with 1a or 1b; after heating at 135 o C for 1 minute, the SiO2/Si substrate was soaked into water, and then, the PPC film was spontaneously separated from the substrate. The PPC film floating on the surface of the water was directly scooped up with a SiO2/Si with interdigitated electrodes with an electrode gap of 2μm and a width electrode of 3 μm. After drying at room temperature, the device with the PPC film was annealed at 135 o C for 1 minute. After removing the PPC film by immersing it in chloroform overnight, functionalization with 2 or 4 was carried out.

Synthesis of tert-butyl (2-(2-(2-aminoethoxy) ethoxy) ethyl) carbamate (

RESULTS & DISCUSSION

Figure 1 shows the preparation scheme of 0D-2D heterostructures composed of TMDs. Monolayer semiconducting WS2 (1a) and MoS2 (1b) were synthesized by the NaCl-assisted CVD method. [START_REF] Canton-Vitoria | Field-effect transistor antigen/antibody-TMDs sensors for the detection of COVID-19 samples[END_REF][START_REF] Canton-Vitoria | Stabilization of metallic phases through formation of Metallic/Semiconducting lateral heterostructures[END_REF][START_REF] Canton-Vitoria | Synthesis and characterization of transition metal dichalcogenides nanoribbons based on a controllable O2 etching[END_REF] A lipoic acid derivative of tetraphenyl porphyrin was obtained following a previous study and coordinated with Zn 2+ yielding 2 as proved by [START_REF] Kang | 2D semiconducting materials for electronic and optoelectronic applications: Potential and challenge[END_REF] H NMR and mass spectroscopy (Fig. S1). Employing the 1,2dithiolane addition protocol for the functionalization of TMDs, we obtained ZnP-WS2 (3a) and ZnP-MoS2 (3b). Details of sample preparation are described in the methods. In addition, 1a and 1b were also functionalized with a lipoic acid derivative without porphyrin (4), yielding 5a and 5b containing alkyl chains exclusively on WS2 and MoS2, respectively, as a blank to distinguish the effect of covalent functionalization and orbital hybridization between ZnP and TMDs, BOC-WS2 (5a) and BOC-MoS2 (5b). Optical microscopy images of 3a and 3b show triangular single crystals of monolayers with lateral sizes between 1-100 μm (Fig. S2). TEM observation confirmed efficient basal-plane functionalization (Fig. 2a) and preservation of the TMDs lattice structure after the functionalization (Fig. 2b). The EDX spectrum of 3b (Fig. 2d) shows peaks from Zn at 8.63 (Kα1) and 9.57 (Kβ1 ) keV, in addition to Mo at 2.29 (Lα1) and S at 2.30 (Κα) keV, confirming the presence of ZnP within 3b. Note that electron diffraction (Fig. S3) shows hexagonal patterns, confirming that crystallinity is maintained after the functionalization; FWHM of the diffraction spot (0,-1,1,0) before and after the reaction does not show a significant change (0.88 vs. 0.96 nm -1 ). These results are consistent with the TEM characterization of Zn-MoS2 3a in Fig. S3. Figures 2d ande show atomic force microscopy (AFM) images of 1a and 3a, respectively. While a single crystal of monolayer WS2 shows a flat surface with a height of less than 1 nm (Fig. 2d), the height of 3a ranges from 0.6 to 1.6 nm (Fig. 2e). This height profile shows that 3a has isolated ZnP species on WS2. Similar results were obtained for 1b and 3b; PL image (recording light between 2.25-1.46 eV) shows that PL intensities of single crystals of 1a and 1b are (d,e) AFM of 1a and 3a, respectively. (f) Line height profile of 1a (gray) and 3a (olive). (g,h) PL mapping emission of 1a and 3a, respectively. (i) Line height profile of 3a (olive) and 1a (red). Note: TEM pictures correspond to the same area of a layer before and after functionalization. AFM and PL mapping emission correspond to the same layer before and after functionalization. intense at the edges, [START_REF] Canton-Vitoria | Stabilization of metallic phases through formation of Metallic/Semiconducting lateral heterostructures[END_REF][START_REF] Canton-Vitoria | Synthesis and characterization of transition metal dichalcogenides nanoribbons based on a controllable O2 etching[END_REF] and a similar intensity profile has been seen after functionalization with ZnP in 3a (Fig. 2g vs. Fig. 2h and line profile shown in Fig. 2h). However, the PL intensity of 1b decreases after functionalization, yielding 3b. On the other hand, adding 4 in 1a and 1b strongly decreases the PL intensity of 5a and 5b. Conclusively, the 1,2dithiolane addition on the surface of 1a or 1b has a negative effect on the PL emission, but the addition of ZnP seems beneficial for WS2 in 3a.

A Raman spectrum of 1a measured with an excitation wavelength of 2.33 eV shows a band at 417 cm -1 , which corresponds to the A1g band, and a peak at 355 cm -1 arising from the combination of E 1 2g and 2LA(M) modes. [START_REF] Berkdemir | Identification of individual and few layers of WS2 using Raman spectroscopy[END_REF] Regarding Raman spectra of 3a, the A1g remains unaltered, but the combination of 2La(M) and A1g decreases by 20 %. This decrease in intensity should arise from the healing of defects through the 1,2-dithiolane addition since the intensity of the 2LA(M) band increases with the defect density. [START_REF] Mignuzzi | Effect of disorder on Raman scattering of single-layer MoS2[END_REF] Raman bands at 1200-1400 cm -1 confirm the existence of the organic addends on the TMDs (Fig. 3a). Raman mapping in Fig. 3b(i) and (ii) shows the superposition of the A1g mode of WS2 with that from the organic species; Raman intensity distribution of A1g (blue) and organic species (green) almost coincides. As seen in the Raman map, the intensity from the organic moieties lies exclusively on WS2 with no presence on the substrate, demonstrating the absence of non-covalently interacting ZnP. Figure 3b(iii) and (iv) also shows a reduction of the 2LA(M) band after functionalization. Materials 3b and 5a-b show similar results (Fig. S4). All Raman spectroscopic information of 3b can be found in supporting information (Fig. S4).

Figure 3. (a)

Raman spectrum of 1a (gray), 2 (purple), 3a (olive) 4 (red) and 5a (black). (b) Mappings of (i) 3a and (ii) 5a highlighting the A1g mode (blue) and organic part (green); Each pixel corresponds to 1 x 1μm and the same intensity scale is used in (i) and (ii). In addition, (iii) 1b and (iv) 3b of 2LA(M) mode ); Each pixel corresponds to 0.5 x 0.5 μm and the same intensity scale is used in (iii) and (iv). XPS of 3a for (c) Zinc, (d) nitrogen, (e) carbon and (f) tungsten. XPS of 1a (g) sulphur, (h) molybdenum, and (i) sulphur.

XPS measurements unambiguously confirmed the covalent functionalization. The signal from Zn (Fig. 3c), aromatic nitrogen, and amide groups (Fig. 3d-e) confirm the presence of ZnP in 3a and 3b, with the density of ZnP at 0.1 molecules/TMD unit cell. Sulphur S2p signatures in 1a and 3a blueshift from 162.15 and 163.35 eV to 162.60 and 163.8 eV, respectively, after functionalization. Similar blueshifts occur for W4f; W4f signatures at 32.60, 34.75, and 37.95 shifted to 32.96, 35.11, and 38.19 eV in 3a, respectively (Fig. 3 f-g). Such shifts are a signature of the covalent functionalization of WS2 with ZnP. [START_REF] Zhang | Tailoring Photoelectrochemical properties of semiconducting transition metal dichalcogenide nanolayers with porphyrin functionalization[END_REF][START_REF] Canton-Vitoria | Synthesis and characterization of transition metal dichalcogenides nanoribbons based on a controllable O2 etching[END_REF][START_REF] Briddon | LDA calculations using a basis of Gaussian orbitals[END_REF] Similar trends were observed in 3b (Fig. 3 h-i). XPS spectra from pristine materials 1a and 1b are given in Fig. S5. Next, we focus on the photophysical properties of 3a and 3b. The absorption spectrum of 3a (Fig. 4a) shows bands from WS2 and ZnP; a blueshift in the ZnP Soret band of 32 meV is found. Similarly, the Soret band in ZnP-MoS2 3b is blue-shifted by 45 meV (Fig. S6). These shifts suggest strong orbital interactions between ZnP and TMDs, in concordance with theoretical modeling (see below). In more detail, ZnP shows a sharp Soret band at 2.82 eV and Q bands at 2.21, 2.07, and 1.24 eV. WS2 1a has absorption bands at 2.91, 2.26, and 1.93 eV and MoS2 1b at 3.07, 2.71, 1.99, and 1.85 eV. The absorption spectra were used to estimate the degree of functionalization, giving one ZnP per 10 WS2 or MoS2 units, in concordance with XPS. All PL spectra of 1a, 2, and 3a measured at 300 K show PL peaks at around 1.9 eV, which originate from excitonexciton recombinations in WS2 and emission from ZnP (Fig. 4b). On the other hand, only 3a shows peaks at around 1.4 eV when sample temperature decreases down to 80 K (Fig. 4c; See PL temperature dependence in Fig. S7a andb). The presence of this new band is the first proof of charge separation states: when ZnP and WS2 in 3a are simultaneously excited at 2.55 eV, holes and electrons are created at ZnP HOMO and WS2 CB, respectively, leading to the formation of a charge-separated state that recombines producing a new fluorescence band at 1.4 eV. These results agree with PLE (Fig. 4d), where the intensity of 3a enhances when the excitation wavelength is close to ZnP absorption (Fig. 4a). The new signal can be deconvoluted into six peaks at 1.29, 1.33, 1.35, 1.40, 1.42, and 1.46 eV. Hereafter, we label the six peaks as NB1-6. Excitation power versus intensity shows an almost linear correlation for NB1-6 with an exponent  (In-tensity(Power)  ) of 0.42; intensity saturates at powers above 60 W/cm 2 (see fig. S7c). Saturation is expected if NB1-6 arises from ZnP-related excited states since the number of ZnP isolated on the surface of WS2 is limited (Fig. 2, TEM and AFM), and all ZnP can be excited at low or middle excitation power densities. NB1-6 was archived around all WS2 layers on the substrate, proving that the results are reproducible. For example, Fig. S7d shows the PL image (recording light between 1.45-1.24 eV) of the NB1-6 band in a single layer of 3a. Figure S7e, on the other hand, shows the PL spectroscopy of NB1-6 of different WS2 layers. PL peaks of 1a, 2, and 3a at around 1.9 -2.0 eV were also deconvolved and analyzed. First, excitation power dependence measurements of ZnP 2 give  close to 1 (0.91 and 0.92). PL peaks of WS2 1a can be deconvoluted into three components at 1.96, 1.98, 2.00, and 2.17 eV. These are assigned to the biexciton (AA, α=1.81), trion (A-, α=1.09), and neutral exciton (A0, α=0.73), respectively. [START_REF] Kim | Biexciton emission from edges and grain boundaries of triangular WS2 monolayers[END_REF] In the PL spectrum of 3a, the band arising from ZnP J-aggregates is lacking, demonstrating that 0D-ZnP are individually anchored on the surface of the 2D WS2. Although the complete assignment is not straightforward because PL peaks from WS2 and ZnP are close to each other, we conclude that peaks at 1.98 eV, α=0.58; and 2.00 eV, α=0.72 correspond to ZnP emission, and those at 1.95 eV, α= 1.88; 1.98 eV, α=1.09; and 2.03 eV, α= 1.1 correspond to AA, A0, and A -, respectively. Cyclic voltammetry provides valuable information about oxidation and reduction energies of 3a, indicating a type-II band alignment consistent with the charge-separated states. [START_REF] Pommerehne | Efficient two layer Leds on a polymer blend basis[END_REF] Based on oxidation and reduction peaks obtained in the couple Fc/Fc + , we conclude that HOMO -1 , HOMO, LUMO, and LUMO +1 of 2 are located at -5.36, -5.13, -3.11, and -2.76 ±0.08 eV, respectively. Moreover, the band gap of ZnP 2 is 2.02 eV. Similar results were obtained by squarewave voltammetry and differential pulse voltammetry (Fig. S8). The valence band maximum (VBM) and the conduction band minimum (CBM) of WS2 in 3a are located at -5.82 eV and 3.84 eV, respectively, [START_REF] Kang | Band offsets and heterostructures of two-dimensional semiconductors[END_REF] indicating a type-II alignment. In order to shed light on the orbital interaction between ZnP and WS2, we performed ab-initio density functional theory (DFT) calculations of ZnP without the covalent tail (since this will not participate directly in electronic coupling), both isolated and in surface contact with WS2. Fig. 5a shows the resulting structure and calculated projected density of states (PDOS) on the ZnP and WS2. We find sizeable binding energy (5.19 eV/ZnP) to the surface, suggesting axial organometallic-bounding between zinc in ZnP and sulphur on TMDs. Thus, while the covalent linker will prohibit the surface mobility of ZnP, the binding between ZnP and WS2 is intrinsic and does not require the linker. [START_REF] Canton-Vitoria | Functionalization of MoS2 With 1,2-Dithiolanes: Toward donoracceptor nanohybrids for energy conversion[END_REF][START_REF] Minadakis | Tungsten disulfide interfacing nickel-porphyrin for photo-enhanced electrocatalytic water oxidation[END_REF] We can see several changes when comparing the PDOS for the isolated species (above the line Fig. 5a) to the coupled system (below). For the occupied states, the HOMO of ZnP is shifted to the higher energy side than the WS2 valence band (confirming alignment type II). The ZnP occupied states shift in energy, but only the HOMO -2 level strongly mixes with WS2. In contrast, the unoccupied states, especially LUMO +1 , are more significantly coupled with the WS2 (Fig. 5a). Moreover, the electron transfer probably occurs primarily through the LUMO +1 , which is strongly coupled with the CB of the WS2, consequently, the reduction of the fluorescence lifetime of ZnP is expected. The strong coupling can also be seen in spatial distributions of HOMO, LUMO, and LUMO +1 shown in (Fig. 5b-d).

Next, PL lifetimes of the NB1-6 were measured with solid state Time-Correlated Single Photon Counting (TCSPC) technique. The lifetime of NB1-6 at 77.5 K with an excitation power of 17 W/cm 2 was found to be 3.5 ns. It should be noted that an additional short-lifetime component was observed when excitation power density was larger. For example, at 77.5 K under an excitation power of 200 W/cm 2 , a second component with a lifetime of 100 ps was observed (figure S7f). Such emergence of the short-lifetime component can be explained by exciton-exciton annihilation (EEA). Under high exciton density, excitons frequently collide with each other, leading to non-radiative recombination. The increase in non-radiative decay at high exciton density is consistent with the power dependence experiments, wherein saturation of the NB1-6 bands was observed. 3.5 ns lifetime is comparable to other interlayer excitons. 12- 15 Since 1,2-dithiolane addition ensures a 0-2D mixed dimensional structure, the charge-separated states localize near the porphyrin, ~2 nm 2 (Fig. 5d). The chargeseparated interlayer excitons are quickly saturated due to the low loading compared to 2D materials, and annihilation effects contribute to shortening lifetime under high excitation power densities. Fluorescence lifetimes at 1.96-2.1 eV have also been investigated. 1a and 2 show lifetimes of 0.175 ns and 3.14 ns, respectively. In contrast, 3a shows a much shorter lifetime of 0.075 ns. At this energy range, the contribution of WS2 and ZnP exist, and the complete assignment is challenging. Still, the short lifetime indicates an additional relaxation pathway, probably arising from electron transfer from LUMO and LUMO +1 of ZnP to CB of WS2 as well as CB of WS2 to HOMO or HOMO -1 of ZnP. Based on the above results, we conclude that NB1-6 bands originate from charge-separated states between ZnP and WS2, i.e., ZnP • + WS2 • -. A simple electron-hole mechanism of Zn-WS2 has been proposed in Fig. 5e. Shortly (i) once ZnP in 3a is photo-irradiated, the electrons are excited from the HOMO and HOMO -1 states to the LUMO and LUMO +1 , (ii) and then, electrons, especially at LUMO +1 (Based in Fig. 5c), can be transferred to WS2. (iii) Finally, electron-hole recombination from the conduction band of WS2 to HOMO and HOMO -1 of porphyrin is responsible for NB1-6. Indeed, the energy difference between CB top of WS2 and ZnP orbitals HOMO and HOMO -1 predicts radiative recombination from the charge-separated states should appear at 1.46-1.29 eV, which agrees with the observed peak positions of NB1-6. We also investigated the optoelectronic properties of 3ab. [START_REF] Obaidulla | MoS2 And Perylene Derivative Based Type-II heterostructure: Bandgap engineering and giant photoluminescence enhancement[END_REF][START_REF] Li | Hybrid photodetectors: Distinct optoelectronic signatures for charge transfer and energy transfer in quantum dot-MoS2 hybrid photodetectors revealed by photocurrent imaging microscopy[END_REF] The conductivity of 1a or 1b without photoexcitation decreases by one order of magnitude after functionalization with ZnP. Since the ZnP HOMO lies above the VB top of TMD (Fig. 5a), holes generated in TMDs should be trapped at the ZnP, which results in the reduction of conductivity. Depending on the choice of illumination, we can predominately excite LUMO +1 of porphyrin (at 3.05 eV), LUMO of porphyrin (2.33 eV), and TMDs (1.96 eV), or all states at the same time (white light excitation); see a representative result in Fig. 6a and others in Fig. S9 and Table S1. With each excitation, sensitivity increases after functionalization by a factor of 6.0±0.1, 1.45±0.2, 2.0±0.06, 3±0.02 from 1a to 3a and 12.0±0.1, 11.0±0.1, 7.0±0.1, and 10±0.8 from 1b to 3b, respectively. This sensitivity increase is consistent with previous non-covalent functionalization studies, where ZnP suppressed the recombination of electron-hole pairs in the photoexcited TMDs layers [START_REF] Zhang | Tailoring Photoelectrochemical properties of semiconducting transition metal dichalcogenide nanolayers with porphyrin functionalization[END_REF][START_REF] Huang | Van Der Waals Coupled organic molecules with monolayer MoS2 for fast response photodetectors with gate-tunable responsivity[END_REF] and better than previous WS2 photoresistors devices based in 1,2 dithiolane functionalization with pyrene [START_REF] Canton-Vitoria | Pyrene-functionalized tungsten disulfide as stable resistive photosensor[END_REF] or Ni-porphyrin. [START_REF] Minadakis | Tungsten disulfide interfacing nickel-porphyrin for photo-enhanced electrocatalytic water oxidation[END_REF] The significant enhancement in photoresponse of 3b under 3.05 eV laser illumination, where LUMO +1 of ZnP is mainly excited, agrees with theoretical studies (Fig. 5a). The strong coupling between LUMO +1 of ZnP and CB of WS2 allows electron transfer from porphyrin to CB of TMDs in 3a or 3b yielding ZnP •+ WS2 •-, but less effective when LUMO (2.33 eV laser excitation) of ZnP is excited. White light shows a remarkable enhancement since it excites TMD and ZnP simultaneously. Excitations with the wavelength of 1.96 eV do not show any response in ZnP 2 sensors (Fig. S9a); no electrons are excited to the LUMO of ZnP at this excitation energy. Under any laser excitation, the photoresponses show linear dependences at low incident power densities. For example, the plot of excitation power density against the signal response of 3b gives a slope of 0.54 Acm 2 /W at 3.05 eV (Fig. S9b). Time response and time recovery improve from hundreds in 1b to tens of seconds in 3b (Fig. 6b, Table S1), another benefit of ZnP addition. Responsivity (R), external quantum efficiency (EQE) [START_REF] Ghosh | Recent advances in perovskite/2D materials based hybrid photodetectors[END_REF] , transconductance (G), and the carrier mobility (μ) of 3a and 3b are close to non-covalent functionalization with H2P. [START_REF] Zhang | Tailoring Photoelectrochemical properties of semiconducting transition metal dichalcogenide nanolayers with porphyrin functionalization[END_REF][START_REF] Huang | Van Der Waals coupled organic molecules with monolayer MoS2 for fast response photodetectors with gate-tunable responsivity[END_REF] Details of the field-effect transistor (FET) sensor are shown in supporting information, and device analysis (Fig. S9-11). Finally, it is worth noting that ZnP 1 stabilizes TMDs in 3a and 3b. After functionalization, TMDs remain stable for a very long time, ca. almost a year. Under atmospheric conditions, electrons placed on sulphur vacancies of pristine MoS2 and WS2 are depleted by O2, causing cracks. [START_REF] Li | Charge transport and mobility engineering in two-dimensional transition metal chalcogenide semiconductors[END_REF][START_REF] Huang | Van Der Waals coupled organic molecules with monolayer MoS2 for fast response photodetectors with gate-tunable responsivity[END_REF][START_REF] Nurdiwijayanto | Stability and nature of chemically exfoliated MoS2 in Aqueous Suspensions[END_REF][START_REF] Longo | Intrinsic air stability mechanisms of two-dimensional transition metal dichalcogenide surfaces: basal versus edge oxidation[END_REF][START_REF] Tongay | Broad-range modulation of light emission in two-dimensional semiconductors by molecular physisorption gating[END_REF] Electron injection of the valence band of TMDs by ZnP in 3a-b can block the electron depletion process; see 3b as representative material in Fig. S12. Similar protection coating with organic molecules has only been observed via non-covalent interactions with pyrene. [START_REF] Canton-Vitoria | Pyrene Coating Transition Metal Disulfides as Protection from Photooxidation and Environmental Aging[END_REF] 

CONCLUSIONS

We functionalized MoS2 and WS2 with ZnP by employing the 1,2-dithiolane addition protocol. XPS, Raman, AFM, and PL spectroscopy showed that the loading of ZnP onto TMDs is low enough to consider the prepared material as a 0D-2D mix-dimensional heterostructure without surface aggregations of ZnP. ZnP-WS2 shows a new peak at the NIR region with a long lifetime of 3.5 ns at 77.5 K with an excitation power of 17 W/cm 2 , corresponding to an interlayer exciton confined in 1 nm 2 . In addition, the photo-response under 3.05 eV laser irradiation in ZnP-MoS2 and ZNP-WS2 was enhanced ten times. Finally, we found that ZnP-TMD produces long-lifetime electron-hole separation, enhancing the photo-response, especially at the ZnP absorption energy. This work demonstrates successful control of optical/electronic properties of 2D materials through forming a 0-2D mixed dimensional heterostructure.

Figure 1 .

 1 Figure 1. Preparation of ZnP-WS2 3a and ZnP-MoS2 3b (left panel) and BOC-WS2 5a and BOC-MoS2 5b (rigth panel) from monolayered WS2 and MoS2. Red squares highlight S vacancies.

Figure 2 .

 2 Figure 2. (a,b) Representative TEM images of 1b and 3b, respectively. (c) EDX of 3b.(d,e) AFM of 1a and 3a, respectively. (f) Line height profile of 1a (gray) and 3a (olive). (g,h) PL mapping emission of 1a and 3a, respectively. (i) Line height profile of 3a (olive) and 1a (red). Note: TEM pictures correspond to the same area of a layer before and after functionalization. AFM and PL mapping emission correspond to the same layer before and after functionalization.

Figure 4 .

 4 Figure 4. (a) UV-Vis absorption spectra of 1a (gray), 2 (purple), and 3a (olive). (b) PL spectra under broadband light excitation centered at 2.55 eV with a filter cutting energies lower than 2.48 eV, 1a (gray), 2 (purple), 3a (olive), and 5a (black) measured at 50 W/cm 2 , (c) PL spectrum of NB1-6 measured at 1.2 W/cm 2 . (d) PLE spectrum of the new band (NB1-6) in 3a.

Figure 5 .

 5 Figure 5. (a) Orbital diagram of 3a. theoretical modelling orbital of 3b complex from (b) HOMO, (c) LUMO and (d) LUMO +1 . (c) Proposed electron-hole transfer mechanism based in energy diagram.
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