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Large-area 2D/3D MoS2-MoO2 heterostructures with thermally stable exciton and intriguing electrical transport behaviors
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enables novel 2D devices for optoelectronics and light harvesting. [9] In the TMD/graphene heterostructures, such hybrid systems exhibit obvious rectification and ambipolar properties with a high field-effect on-off ratio of > 10 6 due to the strong interlayer coupling and large band offset between two layers, suggesting their great potentials for future novel optoelectronic devices. [10] Additionally, TMD/graphene heterostructures also demonstrate excellent chemical sensing capability and stability, which provide an essential sensing platform for wearable electronics. [5] Despite the progress made so far, there are still issues remaining for the controlled fabrication of TMD-based heterostructures. Typical TMD-based heterostructures include 2D/2D vertically stacked and laterally overlapped heterostructures. [11] Mechanical exfoliation [or chemical vapor deposition (CVD)] in conjunction with physical transfer is a popular method for obtaining vertical heterostructures, owing to the better quality and performance. However, multistep exfoliation (or CVD growth) and transfer are required; and these processes carry a serious risk of introducing chemical contamination, poor coupling, and poor reproducibility. Although a hot pick-up technique has been recently developed that enables the rapid batch fabrication of van der Waals (vdW) vertical heterostructure stacks with close to a 100% yield, [12] the smaller effective areas of stacked layers make it difficult to fabricate devices and limit real applications of the technique. The direct one-step (or two-step) CVD methods popularly used for growth of 2D/2D lateral heterostructures, [13] although scalable and relatively simple, encounter similar disadvantages as compared to 2D/2D vertical heterostructure fabrication, i.e., smaller domain sizes and complicated processes for device fabrication.

All the above discussions are limited to all-2D heterostructures. Recently, more complex TMDbased 2D/three dimensional (3D) semiconductor heterostructures as one kind of mixed-dimensional vdW heterostructures [14] have also been explored for potential use in hybrid 2D/3D novel electronic and optoelectronic devices. [15][16][17] A recent example is a 2D/3D p-n junction based on 2D bilayer n-MoS 2 and 3D p-Ge, which presents a unique opportunity to realize highly doped p-n junction and resonant tunneling devices for logic applications. [18] In addition, 2D/3D MoS 2 /Si heterostructures have been investigated for device application such as photodetectors and solar cells. [19,20] More recently, 2D/3D heterostructures based on epitaxially grown MoS 2 on GaN substrates have been reported, which present a promising platform for the design of energy-efficient, high-speed, highpower vertical devices incorporating 2D-layered materials with 3D semiconductors. [15] However, MoS 2 monolayer coverage is low (only 50% with sheet sizes of only ~ 1 μm). [15] Thus, developing robust methods for direct (without physical transfer) and large-scale growth of 2D/3D heterostructures with unique optical and electrical features is an immediate prerequisite. To the best of our knowledge, little has been reported on the direct growth of 2D/3D semiconductor/metal heterostructures. In addition, associated structural, electrical, and optical study is expected to offer a comprehensive approach to fundamental research and practical applications of these novel 2D/3D heterostructures.

In this article, for the first time, we report on the controllable synthesis of large-area and continuous 2D/3D semiconductor/metal heterostructures consisting of monolayer MoS 2 and a bulk MoO 2 via one-step, vapor-transport-assisted rapid thermal processing (VTA-RTP). We then systematically studied the thermal evolution of electrical and optical properties of as-synthesized 2D/3D MoS 2 -MoO 2 heterostructures in comparison with those of as-grown monolayer MoS 2 . The temperature-dependent electrical transport measurements revealed that the 2D/3D MoS 2 -MoO 2 heterostructure grown on SiO 2 /Si substrates exhibits metallic phase, while this heterostructure becomes a low-resistance semiconductor when it is grown on fused silica, which is attributed to the different degrees of sulfurization on different substrates which has been confirmed by surface 

Controllable synthesis and characterization

We developed a new VTA-RTP method for controllable growth of large-area MoS 2 -based heterostructures (MoS 2 -MoO 2 ) and MoS 2 thin films (from monolayer to a few layer) (Figure 1).

Different from the conventional CVD methods, VTA-RTP provides two obvious advantages: 1) time savings due to faster heating/cooling rates (150 o C/min), and 2) the possibility of quick, nonthermal equilibrium reacting between various precursors for the generation of new low-dimensional materials. The details of the processing conditions can be found in the experimental section. Here, two kinds of substrates (SiO 2 /Si and fused silica) placed downstream with four different precursorsubstrate distances were used for the controlled material growth (Figure 1a, Supporting Information, Figure S1a) [For convenience of discussion, the as-synthesized products are labeled as (top, from left to right) P1-SiO 2 /Si, P2-SiO 2 /Si, P3-SiO 2 /Si, and P4-SiO 2 ; and (bottom, from left to right) P1-fused silica, P2-fused silica, P3-fused silica, and P4-fused silica (see Supporting Information, Figure S1b-i)]. S1b-i display optical images of the corresponding samples. We can see that all of the as-synthesized films show uniform color contrast, suggesting homogeneous thickness and continuous films on a large scale.

Figure 1b and backgrounds in Figure

It is interesting to find that, by varying the precursor-substrate distances and the substrate types, the layer number and composition can be well controlled from a monolayer (P4-SiO 2 /Si) to few-layer MoS 2 (P2-SiO 2 /Si and P3-SiO 2 /Si) and from pure MoS 2 to MoS 2 -based hybrids (P1-SiO 2 /Si and P1-fused silica), as evidenced by Raman and PL spectra statistically taken in a large area from each sample (Figures 2a and2b, Supporting Information, Figure S1 and Table S1). We noted that the normalized PL intensities of the MoS 2 -based hybrids were exceeding 6 and 3.8, respectively, for P1-SiO 2 /Si (Figure 2a, black line) and P1-fused silica (Figure 2a, red line). The intensity is much stronger than those of few-layer or thin-film MoS 2 (Figure 2b, red line) samples, indicating that a direct bandgap MoS 2 monolayer exists in the MoS 2 -based hybrids. [21] We also observed a red shift of PL peak in the P1-fused silica compared with that in the P1-SiO 2 /Si, which can be attributed to growth substrate-induced variations in the doping level in MoS 2 . [22] The Raman spectra of MoS 2 -based hybrids (inset in Figure 2a) showed that the frequency difference between the . This result is similar to the previous report, [23] where MoS 2 atomic layers can be produced by the surface sulfurization of MoO 2 microplates.

X-ray diffraction (XRD) measurements were used to study the phase of the samples (Figure 2d).

The XRD peaks for P1-SiO 2 /Si (red line) were mainly indexed to monoclinic MoO 2 in space group P2 1 /c with the lattice constants of a = 5.6 Å, b = 4.85 Å, and c = 5.53 Å. [24] No peaks of MoO 3 (blue line) or other molybdenum oxides were observed, indicating that MoO 3 was completely reduced into the single-phase MoO 2 in P1-SiO 2 /Si, which is consistent with Raman analyses. Unfortunately, no obvious (100) and ( 110) diffraction peaks for the monolayer MoS 2 could be detected for P1-SiO 2 /Si and P4-SiO 2 /Si, [25] which could be attributed to their ultrathin layer thicknesses. X-ray photoelectron spectroscopy (XPS) was utilized to further examine the chemical composition and bonding types of the samples (Figure 2e, Supporting Information, Figure S2). Both Mo and S were detected by survey spectra and high-resolution scans of P1-SiO 2 /Si (Figure 2e). From the high-resolution scans of the Mo3d spectrum, we can see three peaks at 225.5, 228.7, and 231.0 eV, corresponding to Mo 4+ 3d, Mo 4+ 3d 5/2 , and Mo 4+ 3d 3/2 ; meanwhile the S2p spectrum exhibited only the bonding energies for S 2-.

These features are the result of MoS 2 and MoO 2 formation in P1-SiO 2 /Si, consistent with the XRD and Raman results.

To assess the continuity and uniformity of the as-synthesized films, we performed Raman and PL mappings of two typical samples, monolayer MoS 2 (P4-SiO 2 /Si) and MoS 2 -MoO 2 heterostructure (P1-SiO 2 /Si) (see Supporting Information, Figure S3), demonstrating the excellent uniformity and high crystallinity of MoS 2 and MoS 2 -MoO 2 heterostructures grown on a large scale using VTA-RTP.

Scanning electron microscopy (SEM) and atomic force microscopy (AFM) were applied to investigate the morphology and structure of the as-synthesized MoS 2 -MoO 2 heterostructures and monolayer MoS 2 . Figure 3a is the SEM image of the MoS 2 -MoO 2 heterostructure, which reveals that this film is composed of randomly stacked micro-/nano-polycrystalline (MoO 2 ) particles [with sharp edges and a lateral size of approximately several hundred nanometers (see Supporting Information, Figure S4a)],

forming a continuous 3D structure (Figure 3b). The uniform spatial distribution of Mo, S, and O elements in the MoS 2 -MoO 2 heterostructure were identified using SEM/energy-dispersive X-ray spectroscopy (SEM/EDS) (Supporting information, Figure S4), further indicating that the MoS 2 film was formed and continuously distributed on the surfaces of 3D MoO 2 , forming the 2D/3D MoS 2 -MoO 2 heterostructures. However, the exact one-step growth mechanism of such novel 2D/3D

heterostructures requires further study. The AFM images in both Figures 3d andS5b show that the thickness of the MoS 2 film (P1-SiO 2 /Si) is ~ 1 nm, further confirming its monolayer characteristics. [26] It is also worth noting that the grain boundaries were observed in as-synthesized monolayer MoS 2 , indicating that it is a polycrystalline film formed by grain-grain coalescence with a random distribution of lattice orientations. Additionally, the typical grain size in the polycrystalline monolayer MoS 2 film is confirmed to be ~ 400 nm (see Supporting Information, Figure S5b).

2D/3D semiconductor heterostructures (such as MoS 2 /Si [17] and MoS 2 /GaN [15] ) have been recently explored, presenting an area of opportunity to extend the functionality of 3D The electrical properties of monolayer TMD and TMD-based heterostructures are profoundly affected by vacuum/thermal annealing. [19,27] In this work, for monolayer MoS 2 (P4-SiO 2 /Si), after several cycles of vacuum annealing, there was an obvious improvement in sheet resistance from ~ 1.35 to ~ 0.01 GΩ/□ (see Supporting Information, Figure S7). Therefore, the measurements of the temperature-dependent electrical transport were conducted after several cycles of vacuum annealing since the device has improved and more stable performance with thermal annealing than that without the annealing process (Supporting Information, Figure S8).

Sulfurization-induced phase transition

Figure 4a shows the temperature dependence of the resistance of a monolayer MoS 2 . It exhibits a typical semiconducting behavior, with the resistance increasing to a large value as the temperature decreases. Similar behavior was also observed in the thin film MoS 2 (see Supporting Information, Figure S8b). For the monolayer MoS 2 , the conductance, as a function of 1/T, showed a linear trend at T > 150 K (Supporting Information, inset in Figure S8a), suggesting thermally activated conduction.

Using the Arrhenius-activation energy model, the conductance can be fitted by

0 exp[ ( / )] aB G G E k T  , ( 1 
)
where a E is the activation energy corresponding to thermal activation of charge carriers at the Fermi energy into the conduction band, B k is the Boltzmann constant, and 0 G is a fitting parameter, from which we extracted the activation energies a E of ~ 95 and ~ 62 meV, respectively, for the monolayer MoS 2 and thin film MoS 2 .

We then investigated the MoS 2 -MoO 2 heterostructures grown on SiO 2 /Si and fused silica substrates, which exhibited significantly different electrical transport properties (Figure 4b and4c).

For a MoS 2 -MoO 2 heterostructure grown on SiO 2 /Si, the resistance () RT showed a metallic behavior, similar to the metallic characteristics of MoO 2 (Figure 4b). [28] The temperature dependence of the resistivity can be well fitted by the Bloch-Grüneisen model which is commonly used in metallic conductor devices,

R n n T xx R Tx R T R A dx ee       , 0 ( ) (0) ( ) ( 1)(1 ) 
where (0) R is the residual resistivity due to defect scattering;

A is a constant that depends on the velocity of electrons at the Fermi surface, the Debye radius, and the number density of electrons; R  is the Debye temperature; and n is an integer that depends on the nature of the interaction. By fitting the experimental data with the above formula, we obtained a resistivity (0) R of ~ 3.69 Ω, constant A of ~ 8.94, a Debye temperature R  of ~ 709.3 K, and an n of 2, indicating electron- electron interaction in the metallic phase. The MoS 2 -MoO 2 heterostructures grown on fused silica, on the other hand, show behavior similar to the monolayer MoS 2 , exhibiting a low resistivity in the semiconducting phase (Figure 4c). In addition, we found that neither the Arrhenius nor the Mott variable range hopping (VRH) model can individually describe the () RT over a wide temperature range. [29] An excellent fit to () RT can be achieved by including both transport mechanisms,
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where a E and 0 T represent the activation energy and the hopping energy, respectively; and 01 G and 02

G are the corresponding conductance coefficients, indicating that a dual model transport mechanism must be working here. From the fitting, we extracted the activation energy heterostructure on SiO 2 /Si, and MoS 2 -MoO 2 heterostructure on fused silica. In addition, the workfunction of metallic MoO 2 was known to be ~ 6.5 eV, [31] much higher than that of MoS 2 . [32] Based on this analysis, we can deduce that for the MoS 2 -MoO 2 heterostructure on SiO 2 /Si, which has a larger work-function, its metallic behavior is attributed to a lower coverage of MoS 2 (or insufficient sulfurization) on MoO 2 , while sufficient sulfurization in the MoS 2 -MoO 2 heterostructure on fused silica with a lower work-function enables its semiconducting behavior. Thus, the ability to phaseengineer 2D/3D MoS 2 -MoO 2 heterostructure through substrate, ranging from metallic to semiconducting, could lead to unique electronic transport properties, and open up the possibility for novel electronic devices and architectures.

Thermal evaluation of optical transitions

The temperature dependence of the optical transitions in MoS 2 -MoO 2 heterostructures has not been explored in detail. However, this information is very essential to explore the potential applications of 2D/3D semiconductor/metal heterostructures in valleytronics and spintronics. In this section, we analyze and compare the exciton behaviors of MoS 2 -MoO 2 heterostructures and monolayer MoS 2 using temperature-dependent PL spectroscopy. MoO 2 heterostructure as a function of temperature. For monolayer MoS 2 , we clearly observed a significant increase in the whole PL intensity when cooling from a high temperature (510 K) down to a low temperature (77 K), which is in agreement with the previous reports of monolayer MoS 2 and MoSe 2 . [33] A similar trend was also observed in the MoS 2 -MoO 2 heterostructure (Figure 5b). This trend can be explained using exciton-photon coupling associated with a large fraction of the excitons lying within the radiative cone at reduced temperature. [34] Figure 5c,d compare the PL spectra for (c) monolayer MoS 2 and (d) MoS 2 -MoO 2 heterostructure measured at 77 K, where the PL spectrum for monolayer MoS 2 can be fitted using a Gaussian model with two peaks and the PL spectrum for the MoS 2 -MoO 2 heterostructure can be fitted with three peaks, indicating their distinctly different emission features. We observed that the as-synthesized MoS 2 -MoO 2 heterostructure exhibited the simultaneous presence of neutral excitons (A o and B) and strong negative trions (A -) (A o + e  A -) (Figure 5d), [35] although the trion and A o exciton features were not fully resolved because of the relatively high temperature (77 K). [36] While only neutral excitons (A o and B) were observed in monolayer MoS 2 (Figure 5c). The energy band diagrams of the three exciton transitions are schematically shown in the inset of Figure 5b. The presence of A o and B excitons is attributed to spin-orbit-coupling-induced valence band splitting. [37] The trion observed in and B is ~ 135 meV. The energy difference between trion (A -) and A o is ~ 30 meV, very similar to that of monolayer MoSe 2 and MoS 2 , as previously reported. [37,38] We then compared the temperature dependence of the extracted A o exciton PL intensity for monolayer MoS 2 and the MoS 2 -MoO 2 heterostructure, which showed differences (Supporting Information, Figure S9, insets in Figure 5c,d). For the MoS 2 -MoO 2 heterostructure, the A o exciton PL intensity decreased significantly as the temperature increased. For monolayer MoS 2 , the A o exciton PL intensity first decreased as the temperature increased (from 77 K to 300 K) and then gradually increased as the temperature continued to increase (from 300 K to 510 K). Generally, the PL intensity of a semiconductor decreases as the temperature increases due to the thermal activation of nonradiative recombination centers, which model applies well to both samples as the substrate temperature is lower than the room temperature. The fitting functions were plotted using red lines in the insets of Figure 5c,d. The fitting functions used is

0 () 1 exp[ ( / )] aB I IT A E k T   , ( 5 
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where a E , 0 I , and B k represent the activation energy, A o exciton PL intensity at 0 K, and Boltzmann constant, respectively. [39] From the fits, we extracted the activation energies From the evolution of the extracted trion (A -) as a function of temperature (see Supporting Information, Figure S9d), we noted that the A -trion intensity decreased rapidly at ~ 200 K, meanwhile the peak width of the A -trion increased as the temperature increased. Similar to the observed exciton states in MoSe 2 , [37] the decrease in A -trion intensity can be attributed to the thermal fluctuations, where the trion is thermally excited to the neutral exciton state (A - A o + e).

However, it is exciting to note that the trion still exists at a higher temperature (~330 K) though it becomes relatively weak as compared to A o exciton, indicating its significant stability at room temperature. We also found that the I(A -)/I(A o ) intensity ratio can be effectively controlled, ranging from 2.3 to 0.4, by varying the temperature (Supporting Information, Figure S9g). This is attributed both to the varying thermal fluctuation and the photoionization effect in the MoS 2 -MoO 2 heterostructure. Using a standard mass action model, we showed that the temperature dependence of the I(A -)/I(A o ) intensity ratio can be well fitted, demonstrating a similar but more stable excitonic behavior as compared to that of other 2D semiconductors (such as MoSe 2 ). [37] This effect paves the way to potentially realizing well-controlled excitonic interconnects and high-efficiency valleytronics. [6,38,40] The effect of temperature on the exciton transition energy (or peak position) was also investigated. As shown in Figure 5e, the energy positions of all exciton states red-shifted as the temperature increased due to increased electron-phonon interactions as well as slight changes in the bonding length, which was very similar to that observed in the conventional semiconductors. [41] We then used a standard semiconducting bandgap model to quantify the observed behavior. In this model, the exciton energy is

( ) (0) [coth( ) 1] 2 gg B E T E S kT      , (6) 
where (0) g E is the bandgap value at 0 K, S is a parameter describing the strength of the electron- phonon coupling, and  is the average phonon energy involving in the electron-phonon interaction. We found that this model fits the temperature dependence of neutral excitons and negative trions well. The extracted parameters are summarized in the Supporting Information, Table S2. Figure 5f displays the temperature dependence of the trion binding energy (estimated from the energy difference between A o and A -) and the excitonic splitting energy between A o and B. We can see that the trion binding energy in the MoS 2 -MoO 2 heterostructure remain constant, ~ 27 meV, over a wide temperature range, indicating a strong Coulomb interaction of the carrier in the semiconductor/metal heterostructures. Similarly, there is no clear temperature dependence of the splitting energy between A o and B for both samples when the temperature is lower than 330 K.

However, the splitting energy was slightly reduced when the temperature was further increased Raman and PL measurements: Temperature-dependent Raman and PL spectroscopy was performed in a micro-Raman system (Renishaw InVia plus, Renishaw, Gloucestershire, UK) in combination with a commercial liquid nitrogen heating/cooling chamber (77800 K, THMS600, Linkam Scientific, UK).

The excitation source was an Ar + laser with a wavelength of 514.5 nm and a tunable power ranging from ~ 3 mW to ~ 10 μW. The spot size focused onto the sample was ~ 1.5 μm. Raman and PL spectra were collected through a 50× long-focus objective lens with an accumulation time of 10 s.

AFM and KPFM:

The AFM and KPFM images were obtained using a Bruker Multimode 8 AFM system. To evaluate and determine the thickness of the samples, an AFM tip (SCANASYST-AIR, Bruker Nano Inc., USA) was applied to probe the topography in the peak-force working mode. The KPFM measurements were performed using a conductive tip (SCM-PIT, Bruker, USA) with a resonant frequency of 75 kHz. During the KPFM measurement, the lift height was 60 nm, and the AC bias was 0.5 V.

SEM and EDS:

The surface morphologies and dimensions of as-synthesized samples were studied using a field emission scanning electron microscope (FE-SEM, S4700, Hitachi, Japan). An energy dispersive X-ray spectroscopy (EDS, Oxford Instruments) mapping was applied to analyze the composition and element distribution in MoS 2 -MoO 2 heterostructures. 

  potential analyses. Photoluminescence (PL) measurements demonstrated that the MoS 2 -MoO 2 heterostructures grown exhibit the simultaneous presence of both negative trions (A -) and neutral excitons (A o and B), while only neutral excitons are observed in the monolayer MoS 2 . The trionbinding energy is determined to be ~ 27 meV; and it still exists at high temperatures, indicating significant stability at room temperature. The activation energies extracted from the temperature dependence of A o exciton intensity are ~ 80 meV for monolayer MoS 2 and ~ 40 meV for the MoS 2 -MoO 2 heterostructure. This result is consistent with the values obtained from the electrical transport measurements. This work not only provides a new platform for understanding the intriguing physics in TMD-based heterostructures but also enables the design of more complicated devices with potential applications in nanoelectronics and nanophotonics.

Figure

  Figure S6 presented I DS -V DS characterization for (a) monolayer MoS 2 and MoS 2 -MoO 2

a E of ~ 32 meV and hopping energy 0 T

 320 of ~ 86 K. Both terms of Equation (3) are plotted in Figure 4c as pink and blue dashed lines, respectively, to show the contributions of each term at different temperature regimes. It is clear that the VRH model dominates at low temperature, while () RT starts to deviate from the VRH model at a temperature of ~ 60 K, suggesting that the thermal activation transport mechanism becomes progressively important at high temperatures. As we know, 2D/3D MoS 2 -MoO 2 heterostructures grown on SiO 2 /Si and fused silica substrates have the same components and similar morphologies. The electrical behaviors of two MoS 2 -MoO 2 heterostructures should be similar and dominated by the top layer MoS 2 , which was contrary to the actual measurement. We conjectured that the different transport characteristics observed in two MoS 2 -MoO 2 heterostructures were probably due to the different degrees of sulfurization on different substrates, corresponding to different work functions. To verify our assumption, we performed Kelvin probe force microscope (KPFM), from which the work functions of MoS 2 and MoO 2 -MoO 2 heterostructures could be estimated by surface potential measurements. The work functions can be calculated using the following equation: -functions of the sample, Pt-Ir tip, and the surface potential, respectively. In the insets of Figure 4a-c, we show the KPFM images of (a) monolayer MoS 2 and MoS 2 -MoO 2 heterostructures grown on (b) SiO 2 /Si and (c) fused silica substrates, from which we obtained the average surface potentials CPD V for each film: 140, -286, and -231 mV, respectively. In this research, the work-function of the Pt-Ir tip was ~ 5.4 eV. From the equation above, the workfunctions were estimated to be ~ 5.3, 5.7, and 5.6 eV, respectively, for monolayer MoS 2 , MoS 2 -MoO 2

Figure 5a ,

 5a Figure 5a,b show the color mappings of the PL spectra of (a) monolayer MoS 2 and (b) MoS 2 -

aE

  of ~ 82 and ~ 55 meV for monolayer MoS 2 and the MoS 2 -MoO 2 heterostructure, respectively. A dramatic decrease in activation energy was observed in the MoS 2 -MoO 2 heterostructure, indicating that the excitons in MoS 2 -MoO 2 heterostructures have a tendency to dissociate into free carriers as compared to the MoS 2 monolayers.

(

  from 153 meV to 95 meV for monolayer MoS 2 , and from 135 meV to 108 meV for the MoS 2 -MoO 2 heterostructure), which could be attributed to the screening of the Coulomb interaction at higher temperatures. Overall, the observed large exciton binding energies in MoS 2 -MoO 2 would have a significant impact in the next-generation photonics applications based on 2D/3D semiconductor/metal heterostructures.In summary, we have demonstrated, for the first time, controllable synthesis of 2D/3D semiconductor/metal heterostructures (MoS 2 -MoO 2 ) via a single-step, vapor-transport-assisted rapid thermal processing. As-synthesized 2D/3D heterostructures were composed of semiconducting monolayer MoS 2 and metallic bulk MoO 2 and were continuous in a large scale, as confirmed by a combination of techniques including Raman, PL, XRD, XPS, and SEM. Temperature-dependent electrical transport and PL studies were carried out to explore their unique electrical and optical characteristics. The electrical transport behavior of MoS 2 -MoO 2 heterostructures exhibits extreme sensitivity to the degrees of sulfurization. We observed the simultaneous presence of neutral and charged excitons (trions) in the MoS 2 -MoO 2 heterostructures via PL spectroscopy, the ratio of which can be effectively controlled by varying the temperature. The trion binding energy is large (~ 27 meV) and remains constant over a wide temperature range, indicating a strong Coulomb interaction of carriers in the MoS 2 -MoO 2 heterostructures. Our work demonstrated that 2D/3D MoS 2 -MoO 2 heterostructures can serve as a promising platform for studying novel physical properties in semiconductor/metal heterostructures and open up a new avenue for creating 2D TMD-based heterostructures for electronic and optoelectronic devices. Experimental Section Controllable growth of monolayer MoS 2 and MoS 2 -MoO 2 heterostructures: The vapor-transportassisted rapid thermal processing (VTA-RTP) method was developed to realize controllable growth of MoS 2 and MoS 2 -MoO 2 heterostructures. The schematic of the VTA-RTP setup is shown in Figure 1a. Sulfur (S) (99.998% trace metals basis, Sigma-Aldaich) and molybdenum oxide (MoO 3 ) powders (ACS reagent, ≥ 99.5%, Sigma-Aldaich) were selected as S and Mo precursor sources, respectively. A ceramics (Al 2 O 3 ) boat containing S powder (~ 30 mg) was placed in the upstream, and the other Al 2 O 3 boat containing MoO 3 powder (~ 200 mg) was placed into the center of the RTP tube. Two kinds of substrates (SiO 2 /Si and fused silica) placed in downstream with four different precursorsubstrate distances (adjacent substrate distance: ~ 1 cm) were used for the controllable material growth. The RTP tube was first pumped down and maintained at ~ 1.05 Torr. Ar carrier gas with a flow rate of 40 sccm was then introduced to the RTP tube. The temperature of the RTP tube was increased from 20 to 750 o C with a heating rate of 150 o C/min, kept unchanged at 750 o C for 10 min, and then reduced to room temperature. The samples were taken out for analyses without any further treatments.Device fabrication and temperature-dependent electrical transport characterization: Devices were fabricated using a standard photolithography and lift-off process. A Ti/Au (5/50 nm) thin film was deposited using e-beam evaporation to form the source and drain electrodes with a channel width of 15 μm. Electrical transport measurements were carried out using the Quantum Design Physical vacuum pressure of ~ 5 Torr combined with a Keithley 2400 SourceMeter ® . First, the I DS -V DS curves at different temperatures were measured. The temperature dependence of resistance measurement was then taken at a cooling/heating rate of ~ 10 K/min in the linear I-V regime, where the resistance value is current-independent.

Figure 1 .

 1 Figure 1. Structure controlled growth of large-area 2D/3D MoS 2 -MoO 2 heterostructures and MoS 2 thin films via VTA-RTP. a) Experimental setup of the VTA-RTP system. b) A schematic view (top) and optical micrographs (bottom) showing the structure evolution of growth products, from 2D/3D MoS 2 -MoO 2 heterostructure to few-layer and then monolayer MoS 2 , by varying the precursorsubstrate distance. Scale bars in (b): 40 μm.

Figure 2 .

 2 Figure 2. Spectrum characterization. a,b) Representative PL and Raman (inset) spectra measured from samples grown on different substrates with different precursor-substrate distances [(a) P1-

Figure 3 .

 3 Figure 3. Structural analyses. a,b) (a) Top and (b) cross-sectional SEM images of MoS 2 -MoO 2 heterostructure grown on SiO 2 /Si. c,d) (c) AFM topography and (d) magnified view of monolayer

Figure 4 .

 4 Figure 4. Temperature-dependent conduction characterization in vacuum. a-c) Resistance as a function of temperature for (a) monolayer MoS 2 with a fit to Equation (1), (b) MoS 2 -MoO 2 heterostructure on SiO 2 /Si with a fit to Equation (2), and (c) MoS 2 -MoO 2 heterostructure on fused silica with a fit to Equation (3). Insets in (a-c) show KPFM surface potential images for (a) monolayer MoS 2 , (b) MoS 2 -MoO 2 heterostructure on SiO 2 /Si, and (c) MoS 2 -MoO 2 heterostructure on fused silica. Scale bars: 400 nm for inset (a) and 1 μm for insets (b and c).

Figure 5 .

 5 Figure 5. Temperature-dependent PL spectra. a,b) PL spectra of (a) monolayer MoS 2 and (b) MoS 2 -MoO 2 heterostructure as functions of the temperature. Inset in (b) shows the schematic energy band diagram for atomic MoS 2 . c,d) Representative PL spectra of (c) monolayer MoS 2 and (d) MoS 2 -MoO 2 heterostructure measured at 77 K, where the black lines are experimental data, pink, blue, and green lines are the fitting curves for the peaks of A o excitation, B excitation, and A -trion, respectively. Insets in (c,d) show the corresponding temperature dependence of A o exciton PL intensity with a fit to Equation (5). e) Peak position of each exciton (neutral exciton A o , exciton B, and trion A -) as a function of temperature for monolayer MoS 2 (top) and MoS 2 -MoO 2 heterostructure (bottom) with a fit to Equation (6). (f) Temperature dependence of the binding and splitting energy extracted from (e).

  .008 eV) is ~ 154 meV in monolayer MoS 2 . For the MoS 2 -MoO 2 heterostructure, the energies of B, A o , and A -are 2.050, 1.918, and 1.889 eV, respectively. Therefore, the energy splitting between A o

the MoS 2 -MoO 2 heterostructure is considered due to the existence of a large number of electrons provided by MoO 2 . Tersoff model suggested that, for semiconductor/metal heterostructures, the metal atoms can introduce gap states (metal-induced gap states) on the semiconductor side, which will affect the optical response of heterostructures. The energy splitting between A o (1.854 eV) and B (2

MoS 2 grown on SiO 2 /Si. The inset in (d) shows the cross-sectional profile along the dashed green line. Scale bars: 1 μm for (a-c), 200 nm for (d).
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(Rigaku D/Max B diffractometer, Co Kα 1 λ = 1.788 Å).

XPS:

The chemical composition and bonding types of the samples were studied using a home-built XPS system. The XPS data were collected using a hemispherical analyzer (Scienta Omicron SES-50, VG Scienta, Sweden) with monochromatic X-rays generated by an aluminum K α anode. The base pressure of the vacuum chamber was 5.4 × 10 -10 Torr during the measurements. The spectra were calibrated against the C 1s signal from adventitious hydrocarbons.
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