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Abstract

:

Two dimensional (2D) materials have gained significant attention since the discovery of graphene in 2004. Layered transition metal dichalcogenides (TMDs) have become the focus of 2D materials in recent years due to their wide range of chemical compositions and a variety of properties. These TMDs layers can be artificially integrated with other layered materials into a monolayer (lateral) or a multilayer stack (vertical) heterostructures. The resulting heterostructures provide new properties and applications beyond their component 2D atomic crystals and many exciting experimental results have been reported during the past few years. In this review, we present the various synthesis methods (mechanical exfoliation, physical vapor transport, chemical vapor deposition, and molecular beam epitaxy method) on van der Waals heterostructures based on different TMDs as well as an outlook for future research.
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1. Introduction


The family of two-dimensional (2D) materials has grown appreciably since the first isolation of graphene [1,2,3,4,5,6]. 2D materials usually have some unique properties that are very different from those of their 3D counterparts. During the past decades, more and more 2D materials have been reported [7,8,9,10,11,12,13] and offered a broad range of electronic properties from insulating (e.g., hexagonal boron nitride (h-BN)) or semiconducting (e.g., MoS2, WSe2) to semi-metallic (e.g., PtSe2, TiS2) or metallic (e.g., NbSe2), even superconducting (e.g., NbS2). This diversity offers the opportunity to construct atomically thin electronics based entirely on 2D materials [14,15,16]. Van der Waals heterostructures (combining several 2D layers by van der Waal forces) have been an attracting topic for both fundamental research and applied physics [17,18,19,20,21,22,23,24,25,26]. In 2010, Dean et al. reported the first heterostructures based on 2D materials, in which graphene was placed on top of thin h-BN layers [27]. In this heterostructures, graphene exhibits that the mobilities are almost an order of magnitude better than on SiO2. As the family of 2D materials is increasing gradually in recent years, this kind of heterostructures allows a greater freedom and a far greater number of combinations than any traditional growth method. Furthermore, van der Waals heterostructures have already led to the observation of numerous exciting physical phenomena and novel applications such as correlated light emitters [28,29,30,31], ultra-high speed photodetectors [32,33], new generation field effect transistors [34,35,36,37], and memory devices [38,39,40,41] compared to their individuals. Therefore, the investigation of van der Waals heterostructures shows great importance. In 2013, Geim et al. explained the significance of 2D heterostructures and proposed some possible directions in this area [42]. The most significant challenge to realize applications for these van der Waals heterostructures is the scalable synthesis of large-area and high-quality heterostructures. Even though the controlled growth of van der Waals heterostructures has gained increasingly attention [28,43,44,45,46,47,48], it is still an interesting and important topic in the future.



There are two strategies for obtaining heterostructures. One is assembling the different layers in a plane to form lateral heterostructures (Figure 1c) and another is vertically stacking different layered materials layer-by-layer (vertical heterostructure, Figure 1d). Figure 1 is the schematic illustration of the preparation of heterostructures. In a typical synthesis method, one layer of 2D materials is firstly put on the substrates (Figure 1a). Next procedure (Figure 1b) is growing or transferring another layered material to the first layer, which is the key step. If the two layers are connected in-plane (Figure 1c), they will form lateral heterostructures. If one layer is stacking onto another layer, vertical heterostructure will be constructed (Figure 1d).



For individual 2D materials, exfoliation techniques and chemical vapor deposition (CVD) are the most used technique. These two techniques are still the most popular methods for heterostructures based on TMDs. Compared to the physical method, CVD has shown its advance in the direct growth of 2D heterostructures. More importantly, this route could lead to the formation of heterostructures consisting of lattice aligned TMDs layers for both vertical and lateral cases. In addition, physical vapor transport/deposition (PVT/PVD) and molecular beam epitaxy (MBE) method are also used to grow TMDs heterostructures. In this review, we emphasize on various type of synthesis method on van der Waals heterostructures based on the most popular branch of 2D materials-TMDs.




2. Mechanical Exfoliation Method


Mechanical exfoliation is the most widely used technique to synthesize ultraclean 2D-TMDs with variable thicknesses down to a single lattice unit [49]. Various kinds of 2D materials can be prepared on different substrates by mechanical exfoliation. Thus, such 2D samples can be stacked layer by layer to obtain vertical heterostructures [50]. In this process, Scotch tape [1] was used to produce flakes of 2D materials, which can overcome the van der Waals interaction between each layer. After that, such flakes of 2D materials can be transferred onto different substrates, such as quartz, SiO2/Si, polydimethylsiloxane (PDMS), etc. Then, one monolayer flake is precisely transferred onto another flake to obtain heterostructures under a microscope. Figure 2 shows a typical procedure of the Scotch-tape based micromechanical cleavage method of graphene [51]. The methods are also employed to other 2D materials, such as TMDs, black phosphorus (BP), etc.



To probe interlayer interactions in transition metal dichalcogenide heterostructures [52], Rigosi’s group [53] successfully prepared the MoS2–WS2 and MoSe2–WSe2 heterostructures, respectively, by simply exfoliating the relevant crystals and then constructing the heterostructures by using mechanical transfer technique. In another case, to explore the interlayer exciton dynamics in a dichalcogenide monolayer heterostructure, MoSe2–WSe2 heterostructures were prepared by exfoliation of MoSe2 and WSe2 flakes from their bulk counterparts followed by a transfer process [54]. Furthermore, the preparation of high quality MoS2–MoSe2 [55] (Figure 3a–c), MoSe2–WS2 [56], WSe2–SnSe2 [57], and MoS2–WSe2 [58,59] was achieved by this method as well. Shi et al. [60] reported the fabrication of SiC with WSe2 surface flakes whose thickness ranged from several layers to several microns by this method and further studied the effects of energetic ion irradiation on such heterostructure. Lopez-Sanchez et al. [61] showed the realization of electroluminescent devices and solar cells based on vertical heterojunctions composed of n-type monolayer MoS2 and p-type silicon. Britnell et al. [62] first successfully obtained WS2–graphene heterojunction by combining the mechanical exfoliation and dry transfer method. MoS2–graphene heterostructures are also obtained by using the similar procedure by transferring MoS2 onto the graphene surface (Figure 3d,e) [63]. By using the same strategy, Moriya et al. [64] fabricated the graphene–MoS2–metal vertical field effect transistor, which showed superior electrical performance when compared with those of other graphene based vertical transistors.



A novel mechanical exfoliation method, so-called “random transfer”, was proposed by Chen’s group to fabricate vertical heterostructures [65]. The few-layer BP and WSe2 were both mechanically exfoliated from bulk counterparts (Figure 4a–c). Furthermore, SnSe2–WSe2 heterostructures were obtained by using the same method (Figure 4d–f) [66]. The cross-sectional TEM image confirmed the heterostructures and a thin barrier (~1.8 nm) at the interface between SnSe2 and WSe2 is formed.



The mechanical exfoliation can also be applied to organic-inorganic heterostructures [37,68,69]. Liu et al. [70] reported an organic-inorganic heterostructure based on p-type organic rubrene single crystal and n-type 2D MoS2 (Figure 5). They fabricated FET devices based on MoS2–rubrene inorganic-organic heterostructures. MoS2 thin flakes were prepared by mechanical exfoliation on the Si wafer (Figure 5a,d,g). Then, gold electrode is evaporated thermally on top of MoS2 flake. Only one electrode was contacted to MoS2 flakes, and another was left empty (Figure 5b,e,h). After that, one side of rubrene single crystal was laminated on the fabricated gold electrode, and another side contacted with MoS2 flakes, forming bottom contacts and bottom gate geometry (Figure 5c,f,i). The as-prepared devices showed good photoresponse properties with a photoresponsivity of ~500 mA W−1 and a fast response time. These findings open up a new route to facilitate optoelectronic devices based on layered 2D inorganics and organic crystals.




3. Physical Vapor Transport/Deposition (PVT/PVD) Method


PVD and PVT methods are also used for synthesis TMDs-based heterostructures. Zhang et al. developed a high-quality topological crystalline insulator (TCI) SnTe film–Si vertical heterostructure by the growth of TCI SnTe film on Si substrate using a simple physical vapor deposition process (Figure 6a) [71]. High-purity SnTe powder was used as the precursor for evaporation. Different thickness of the SnTe films could be obtained by tuning the deposition time. The resultant heterostructure exhibits an obvious diode characteristic with a higher rectification ratio, which enables the fabrication of high-performance and self-driven photodetectors capable of broadband detection of near-infrared lights. Moreover, the successful synthesis of multiple-component heterostructures, (SnSe)1.16(MoSe2)1.06(SnSe)1.16(NbSe2)1, was achieved by carefully designed modulated precursors obtained by using a custom-built PVD system [72]. Ai et al. showed the ready growth of CdI2 nanoplates on other 2D TMDs (e.g., WS2, WSe2, MoS2) and the successful synthesis of regular arrays of CdI2–TMD van der Waals heterostructures by a two-step PVD strategy (Figure 6b) [73]. The as-grown 2D-TMDs nanosheets were used as the substrate for the van der Waals epitaxial growth of CdI2 nanoplates to obtain target heterostructures. The axial heterostructure nanowires consisted of ZnTe and Bi4Te3 segments which had an interesting fletching shape with three wings surrounded by ZnO shells. Furthermore, the two-dimensional CdS–CdSe lateral heterostructure nanobelts with a central CdSe region and lateral CdS structures can be also prepared via a two-step PVT method [74].




4. Chemical Vapor Deposition (CVD) Method


CVD, one of the most promising methods to grow high-quality 2D materials, can be adapted to create large-area heterostructures. It has proven to be the most effective technique to synthesize both vertical and lateral heterostructures [11,75]. The relative high-quality 2D material could be grown on surfaces with a well-controlled lateral size and layer thickness, which is well suited for device fabrications [49]. By directly growing one kind of material onto the surface of another, vertical heterostructures could be obtained. The surface defects will be significantly reduced if the surface of one-layer 2D materials has no dangling bonds. Thus, when forming vertical heterostructures, a clean interface between two different 2D materials can be realized [50].



Many researchers investigated diverse types of TMDs-based heterostructures grown by CVD technique. Among all the kinds, TMDs–TMDs heterostructures are the most extensively studied. Ajayan’s group firstly developed one-step CVD to obtain WS2–MoS2 lateral and vertical heterostructures [22]. MoS2–MoSe2 lateral heterostructure film was successfully grown on SiO2/Si substrate for the first time using a two-step CVD technique by Chen’s group (Figure 7a) [76]. Triangular MoS2 monolayers were firstly grown on SiO2/Si substrate. Then, in the second CVD step, large-area MoSe2 film is merged with triangular MoS2 monolayers formed in the first step, generating a continuous mosaic MoS2–MoSe2 lateral heterostructures membrane. Furthermore, Zhang et al. [77] achieved a direct synthesis of monolayer MoS2–WS2 and MoSe2–WSe2 lateral heterostructures (Figure 7b). Sulfur and Se powders were placed in the crucible upstream and heated with a temperature of 200 and 300 °C, respectively. The WO3 powders were filled in the homemade quartz reactor and placed in the HT zone of the furnace. The WO3 vapor directly flows to the LT zone, which can be reacted with S/Se. By carefully adjusting the quantities of reactants and the distance between source and substrate, lateral heterostructures with different TMD atomic layers could be obtained. Additionally, by using a one-step and facile CVD method, Jung et al. [78] prepared MoS2–WS2 and MoSe2–WSe2 heterostructures that owned vertically aligned 2D layers with well-defined structures and compositions over a large area. First, SiO2/Si substrates were deposited with lithographically patterned Mo/W thin films. Subsequently, the Mo/W films converted into homologous TMDs by reacting with sulfur (selenium) via a CVD process. The heterostructures can be obtained after 15 min growth. Li et al. [79] designed Au@MoS2 core-shell heterostructures that were synthesized by direct growth of multilayer fullerene-like MoS2 shell on Au nanoparticle cores (Figure 7c). During deposition, volatile MoO3 and its partially decomposed suboxides react with sulfur vapor to form a MoS2 shell on the Au nanoparticles. In another example, a novel 2D–3D Ge–MoS2 heterostructure consisted of single crystalline Ge (110) thin film and monolayer MoS2 was prepared via low-pressure CVD [80]. The growth of ZnCdSSe quaternary alloy heterostructures was obtained by this method as well [81]. CdSe and ZnS powders were used as source materials and placed into the high-temperature zone. The final heterostructures can be obtained by controlling the growth time and substrate position.



MoS2–graphene structure [82] were also fabricated by CVD method. Isolated hexagonal graphene grains were first synthesized by ambient-pressure CVD and then transferred onto a SiO2/Si substrate. After that, triangular single-layer MoS2 were grown on the graphene by reacting MoO3 and S in a pure Ar flow, which results in the formation of MoS2–graphene. The studies of electronics based on TMDs face challenges of making reliable electrical contacts to TMDs with low-ohmic contact resistance. Thus, Zheng et al. [83] came up with a seedless template-grown CVD method to prepare large-area graphene-WS2 heterojunctions and directly observed their 2D electrostatics and ohmic contacts. The preparation process is illustrated in Figure 8. Patterned graphene acted as the template for growing WS2 on sapphire. Monolayer WS2 selectively grew on the sapphire substrate and ultimately formed continuous films intimately connected to graphene (Figure 8c,f). This technique paves a new way to fabricate lateral graphene-TMDs heterostructures that can be transferred to various substrates.



Lu et al. [84] reported a localized CVD growth of MoS2 on patterned graphene, and the specific processing steps are showed in Figure 9a. Graphene was grown on Cu foil and transferred into silica substrate firstly, and then the patterned graphene was obtained by using photolithography technique. In subsequent steps, the few-layer MoS2 has directly grown the top of the patterned graphene by CVD. Yue et al. [85] prepared the MoS2(1−x)Se2x–graphene heterostructure by growing a continuous high-quality monolayer MoS2(1−x)Se2x film on the transferred monolayer graphene film by using low-pressure CVD with different Se contents (Figure 9b). First, the monolayer graphene film was synthesized on a Cu foil and then transferred onto a SiO2/Si wafer. High-quality monolayer MoS2(1−x)Se2x films were grown on the graphene film using low-pressure CVD with different Se contents by adjusting the weight of the S and Se powders. Thus, the MoS2(1–x)Se2x–graphene heterostructures were obtained.



Yu et al. reported the preparation of precisely aligned MoS2 domains on the basal plane of h-BN by a low-pressure CVD method [86]. By using S and MoO3 powders as evaporation sources, high-quality monolayer MoS2 film was deposited on the h-BN substrates. MoS2–h-BN heterostructures with controlled MoS2 crystal morphology were also obtained by Antonelou’s group by using the same technique [87]. A heterostructure from a 1D-Bi2S3 nanowire and a 2D-MoS2 monolayer was achieved by the one-step CVD growth, in which a mixture of Bi2O3 and MoO3 nanopowder was chosen to be the precursor [88]. Besides, Gu et al. demonstrated, for the first time, the construction of high-quality TCI SnTe–Si heterostructures with excellent diode characteristics by a simple CVD process [89]. The fabrication was achieved by depositing polycrystalline SnTe films onto Si windows on pre-patterned SiO2/Si substrates. Wang et al. prepared n-type topological insulator Bi2Te3–p-Si junctions and characterized their photovoltaic responses [67].



Very recently, Zhang et al. [90] reported a general synthetic strategy for highly robust growth of different kinds of heterostructures from two-dimensional (2D) crystals, such as diverse heterostructures, multi-heterostructures, and superlattices (Figure 10). Reverse flow is employed to grow heterostructures, which is crucial in the process. In the beginning, flow from the substrate to the source is applied during the temperature ramping and stabilization stage, which prevents impurities flow onto the substrate (step 1 in Figure 10a). After reaching the growth temperature, a reversed flow (from the source to the substrate) is applied to grow the heterostructures on the substrate (step 2 in Figure 10a). This procedure can be repeated several times to obtain multi-heterostructures (Figure 10c–e). Such robust synthesis of different heterostructures creates the system for fundamental studies and novel device demonstrations.



It is worth mentioning that several kinds of TMDs-based heterostructures have been fabricated using CVD method, such as p-MoS2–n-MoS2 [91], MoS2–TaS2 [92], MoS2–SnS2 [92,93], WS2–SnS2 [93], WSe2–SnS2 [93], WS2–WSe2 [94,95], and WSe2–MoS2 [21].




5. Molecular Beam Epitaxy (MBE) Method


Besides mechanical exfoliation, PVD/PVT, and CVD approach, the MBE technique has also been employed to grow diverse heterostructures that certainly including the TMDs-based kinds. MBE requires ultra-high vacuum (UHV). Elements with ultra-high purity are heated in an effusion cells or electron beam evaporators until they begin to slowly sublime. Then, the gaseous elements react with each other and condense on the substrate. The most important factor of MBE is the deposition rate and the slow deposition rate allows the films to grow epitaxially. The in situ reflection high-energy electron diffraction (RHEED) is always used for monitoring the growth of the crystal layers. It is an approach to grow crystalline and ultrathin heterostructures. By using this method, heterostructures coupling 2D TMDs and insulating h-BN were grown [96]. The van der Waals epitaxy growth approach provides the grown heterostructure film with undetectable misfit dislocations or strain despite large lattice mismatch.




6. Other Methods


There are multiple ways of fabricating heterostructures based on TMDs other than the methods aforementioned, including polymer-assisted transfer method, pulsed laser deposition (PLD), cation exchange, and wet chemical approach.



A polymer-assisted transfer method was employed using polyvinyl alcohol (PVA) and polymethylmethacrylate (PMMA) as a double stack film to form MoS2–BP vertical heterostructures (Figure 11) [69,97]. First, a mechanical exfoliated BP flake was placed onto the surface of a gold metal pad. Then, a layer of 70 nm hydrogen silsesquioxane (HSQ) is patterned on the BP flake but leaving an opening. After that, a MoS2 flake was transferred onto the BP flake where have the opening. After dissolving the PMMA film, a titanium electrode was deposited onto the top of the MoS2 flake. Such vertical heterostructures exhibit much smaller rectification in an atomically sharp p/n-junction.



The MoS2–WS2 heterostructure was prepared by transferring monolayer MoS2 onto monolayer WS2 on sapphire utilizing PMMA as the transfer “tool” [52]. Specifically, after the spin-coating of PMMA on CVD-grown MoS2 single layer, the PMMA/MoS2 film was separated from the substrate by KOH etching. In order to remove KOH residue under MoS2, the film was transferred to deionized water, followed by being transferred onto WS2 on sapphire and soaked in acetone to dissolve the PMMA. Tongay et al. fabricated the MoS2–WS2 heterostructures using PDMS as the transfer agent [98].



Butun et al. [99] utilized e-beam lithography techniques to fabricate Ag nanodisk arrays on WS2 monolayers to obtain Ag–WS2 heterostructure. WS2 monolayers were firstly prepared by typical CVD method. Then, Ag nanodisk arrays were deposited on WS2 monolayers by a standard e-beam lithography technique (Figure 12a). The Ag–WS2 heterostructure exhibit an enhanced PL due to the interaction between localized surface plasmon resonance of Ag nanodisks and WS2 (Figure 12b). Laser treatment technique can also be utilized to create heterojunctions. Ma et al. [100] prepared a WS2 thin film and porous WS2 structure was formed after laser treatment. Due to the high power of the laser, partially WS2 was oxidized to WO3. Thus the WS2–WO3 heterostructures were facile produced (Figure 12c,d).



Compared to other methods, PLD holds many merits in synthesizing high-quality heterostructures. PLD technique provides not only little contamination in products, but also obtains tunable thickness and large area samples. Moreover, the growth rate can be easily controlled by adjusting the experimental parameters. Yao et al. fabricated a WS2–Bi2Te3 heterostructure by successively depositing Bi2Te3 and WS2 films via PLD procedure [101].



Facile fabrication of MoS2 thin films on CdS nanowires was achieved by cation exchange in solution at room temperature [102]. Meanwhile, the magnetism in the MoS2–CdS heterostructure was studied. In detail, CdS nanowires can completely transform into MoS2 when being dipped into ethylene glycol containing 0.1 M MoCl4 for 6 h. An MoS2 shell with different thickness can be prepared by adjusting the reaction time.



Large-area films of vertical graphene–XS2 (X = W, Mo, or W and Mo alloy) heterostructures with dendritic-like morphology formed with alternating graphene and TMDs alloys are obtained by wet chemical routes. It was found that the resulting graphene–W0.4Mo0.6S2 films exhibit enhanced HER catalytic activity [103]. In this contribution, for the preparation of target alloy material, the mixture of (NH4)2WS4, (NH4)2MoS4 and graphene oxide solution was spin-coated on the Si/SiO2 substrate, and then went through the process of water evaporation and annealing.



We summarized the typical works for growing TMDs based 2D Heterostructures chronologically in Table 1.




7. Conclusions


The creation of van der Waals heterostructures has opened up a new paradigm for nanoscale materials and has enabled lots of extraordinary properties and devices. Great achievements in 2D materials have stimulated the exploration of 2D heterostructures over the past several years. These studies have brought us to a new world of heterostructures. In this review, we have summarized recent progress on the fabrication of heterostructures based on TMDs materials. Currently, most 2D heterostructures are synthesized by direct stacking of individual monolayer flakes of different materials. Although this method allows ultimate flexibility and many kinds of heterostructures can be easily prepared, it is slow and complicated. Especially, lateral heterostructures are difficult to prepare in this way. Thus, techniques of one-step growth of heterostructures are desired. In this case, direct growth of heterostructures by CVD, physical epitaxy, or the one-pot solution method are being developed. Especially, the CVD method has shown its advance in the direct growth of large-area and high-quality 2D heterostructures. More importantly, this route could lead to the formation of heterostructures consisting of lattice-aligned TMDs layers for both vertical and lateral cases. Knowing the route to obtain the heterostructures of 2D systems provides us the materials for investigating the interface phenomenon, device applications, etc. In addition, application-oriented growth of heterostructures could be an important field. For instance, toward catalyze application, we should take advantage of materials that have high catalytic activity with other materials that have high electrical conductivity. In order to have a better electronic transistor, designing a heterostructures that can solve the low on/off ratio of graphene and low carrier mobility of TMDCs will be a promising target. To realize this purpose, h-BN would be a good choice to be grown for the interface modification on the gate dielectric materials. Given the fast progress of 2D materials, we can expect that more and more techniques will be developed for obtained different kinds of heterostructures.
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Figure 1. Schematic illustration of the preparation of lateral heterostructure and vertical heterostructure (transition metal dichalcogenides (TMDs) are examples in Figure 1): (a) First TMD layer on substrate. (b) Second TMD layer construct with the first TMD layer. (c) Two types TMDs construct to lateral heterostructure. (d) Two types TMDs construct to vertical heterostructure. 
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Figure 2. An illustrative procedure of the Scotch tape–based micromechanical cleavage of graphene. Data are reproduced with permission from [51]. Copyright © 2015, Royal Society of Chemistry. 
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Figure 3. Mechanical exfoliation methods: (a) Optical image of a MoS2 flake that contains a monolayer (ML) region. (b) Optical image of a MoSe2 ML. (c) the MoS2–MoSe2 heterostructure. (d) Optical image of MoS2–graphene heterostructure. (e) Atomic force microscopy (AFM) morphology of MoS2-graphene heterostructures. (a–c) are reproduced with permission from [55]. Copyright © 2014, American Chemical Society. (d,e) are reproduced with permission from [63]. Copyright © 2016, American Chemical Society. 
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Figure 4. (a) Optical image of the device based on a vertical BP–WSe2 heterostructure. (b,c) AFM height images of the surface morphology of the junction. The size bar is 15 µm. (d) Schematic of the WSe2–SnSe2 van der Waals heterostructure (not to scale) with a flake of SnSe2 transferred to a flake of WSe2 on a silicon substrate with Al2O3 as a dielectric. The inset shows the crystal structure of SnSe2 and WSe2. (e) Atomic force microscope image of the device based on WSe2–SnSe2 van der Waals heterostructure. (f) Cross-sectional TEM image of WSe2–SnSe2 van der Waals heterostructure. Scale bar, 5 nm. (a,b) are reproduced with permission from [67]. Copyright © 2017 Elsevier Ltd. (c–e) are reproduced with permission from [66]. Copyright © 2017 John Wiley & Sons, Inc. 
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Figure 5. (a–c) Side view, (d–f) top view and (g–i) typical optical images of the fabrication process of the organic-inorganic heterostructures fabrication process. Data are reproduced with permission from [70]. Copyright © 2015 John Wiley & Sons, Inc. 
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Figure 6. (a) Schematic of the physical vapor deposition apparatus. (b) Optical image of a CdI2–WSe2, CdI2–WS2 and CdI2–MoS2 heterostructure. (a) is reproduced with permission from [71]. Copyright © 2017, American Chemical Society. (b) are reproduced with permission from [73]. Copyright © 2017, American Chemical Society. 
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Figure 7. Chemical vapor deposition (CVD) method: (a) Schematic illustration of the two-step CVD technique for the preparation of mosaic MoS2–MoSe2 lateral heterojunctions film on SiO2/Si substrate. (b) Schematic illustration of the synthesis setup and various modes of hetero-epitaxial growth of TMD atomic layers. (c) Schematic showing the CVD process of MoS2 shell growth on Au nanoparticles. (a) is reproduced with permission from [76]. Copyright © 2017, American Chemical Society. (b) is reproduced with permission from [77]. Copyright © 2015, American Chemical Society. (c) is reproduced with permission from [79]. Copyright © 2016, American Chemical Society. 
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Figure 8. Schematic illustration of the steps of preparing a graphene–WS2 heterojunction: (a) wet transfer of CVD graphene on a sapphire substrate, (b) patterning the graphene by lithography and O2 plasma etching, and (c) selective growth of WS2 monolayer connecting to graphene. (d–f) Optical images are corresponding to the three steps. The scale bar is 20 μm and can be applied to all the images. Data are reproduced with permission from [83]. Copyright © 2017, American Chemical Society. 
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Figure 9. (a) Illustration of processing steps (clockwise from top left) resulting in localized CVD growth of MoS2 on patterned graphene. (b) Schematic illustration of the growth of the MoS2(1−x)Se2x–graphene heterostructure. (a) is reproduced with permission from [84]. Copyright © 2017, Royal Society of Chemistry. (b) is reproduced with permission from [85]. Copyright © 2017, Royal Society of Chemistry. 
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Figure 10. The robust epitaxial growth of 2D monolayer heterostructures, multiheterostructures, and superlattices with a modified CVD process. (a) Schematic illustration of a modified CVD system for the robust epitaxial growth of lateral heterostructures. (b) monolayer seed A. (c) A-B heterostructure. (d) A-B-C multiheterostructures. (e) A-B-A-B superlattices. Data are reproduced with permission from [90]. Copyright © 2017, American Association for the Advancement of Science. 
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Figure 11. (a) Graphic representation of the fabrication process flow for the vertical devices: Step 1, BP flake is peeled onto a gold pad, which is deposited on a 90 nm SiO2/p++ Si substrate. Step 2, an HSQ mask is created by e-beam lithography, serving as an isolation layer, leaving an opening to the BP flake. Step 3, MoS2 is transferred and the supporting film is dissolved. Step 4, the top electrode is deposited in the opening region and across the isolation layer. (b) Cross section view of a vertical device. A Ti electrode serves as the drain and the gold pad serves as the source in this 2-terminal device. Data are reproduced with permission from [69]. Copyright © 2017, American Chemical Society. 
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Figure 12. (a) A conceptual schematic of the proposed WS2–Ag plasmonic heterostructure on sapphire. (b) 2D photoluminescence measurement of the fabricated plasmonic Ag arrays with periodicity 300 nm. (c) Schematic diagram of nanosecond pulse laser treatment on samples with a moving laser beam. (d) Zoom-in structural model of porous WS2 film after laser treatment. (a,b) are reproduced with permission from [99]. Copyright © 2017, American Chemical Society. (c,d) are reproduced with permission from [100]. Copyright © 2017, Rights Managed by Nature Publishing Group. 
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Table 1. Typical works of TMDs based 2D heterostructures.
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	Heterostructures
	Method
	Type
	Year
	Reference





	WS2/MoS2
	CVD
	Vertical and Lateral
	2014
	[22]



	WS2/MoS2
	Mechanical exfoliation
	Vertical
	2014
	[32]



	WS2/MoS2
	CVD
	Vertical and Lateral
	2015
	[23]



	WSe2–MoS2
	CVD
	Lateral
	2015
	[21]



	WSe2/MoSe2
	CVD
	Vertical and Lateral
	2015
	[11]



	Rubrene/MoS2`
	Mechanical exfoliation
	Vertical
	2015
	[70]



	MoSe2/SnSe/NbSe2/SnSe
	Mechanical and chemical exfoliation
	Vertical
	2015
	[72]



	SnSe2/WSe2
	Molecular beam epitaxy
	Vertical
	2016
	[19]



	Ge/MoS2
	CVD
	Vertical
	2016
	[80]



	SnSe2/WSe2
	Mechanical exfoliation
	Vertical
	2016
	[57]



	MoS2/WS2
	CVD
	Lateral
	2016
	[44]



	MoSe2/WSe2
	Pulsed-laser-deposition-assisted selenization
	Lateral
	2017
	[45]



	WSe2/SiC
	Mechanical exfoliation
	Vertical
	2017
	[60]



	BP/WSe2
	Mechanical exfoliation
	Vertical
	2017
	[67]



	SnSe2/WSe2
	Mechanical exfoliation
	Vertical
	2017
	[66]



	Pentacene–MoS2
	PVT
	Vertical
	2017
	[68]



	CdI2/MoS2 (WS2, WSe2)
	PVT
	Vertical
	2017
	[73]



	MoS2/Graphene
	CVD
	Lateral
	2017
	[75]



	WS2/Graphene
	CVD
	Vertical
	2017
	[83]



	h-BN/MoS2
	CVD
	Vertical
	2017
	[87]



	WS2/WO3
	Laser drilling
	Vertical
	2017
	[100]











© 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file8.jpg





media/file13.png
(a)
M MoS
05, ?MoSe,,
Monolayer =N Mosaic MoSz/MOS‘e2
MoS, Growth 4 ateral Heterojuncﬁons

HT Zone LT zone
900 °C 750~650°C

(b)

Ar/ H,
w=) S/Se vapor f_\_;;_’ _"d_? ~
ﬂﬂl‘l
Ld > —* s d2 substrate

« >d3
00000000000000
c) LSy JOxrxkxEyy

Resistance heater
® © © ¢ © © © 0 0

D N SRR s R SN S 2
PR = = S N NS S 2
R et e S0 SO

§°£¢¢¢¢¢¢¢¢4¢¢

IS
Temperature gradient YRS, .. |- '





media/file12.jpg
Mos,

MoS, " Mose,

Mosaic MoS, M
e

HT Zone LT zone
900°C 750-650°C
(b)
0000000000000 0
Ar/H,

s siSe vapor —> - Fdi—p
Wo—> —»
—

i
d2_substrate

Ar SI:r.Se o

(c)






media/file18.jpg





media/file9.png





media/file14.jpg
(@) wet transfer (b)Plasma etching () cvD growth

) 2 42 &

(d) ©) U]





media/file20.jpg
Ste Y52 hsa  step MoS: sq
Gom em
[ves T (™,

N L S
OO0 OLO00ee MoS, fiake

JSUSUSRSNSERESSSY
AN,





media/file23.png
(*m @) Lpsuan

w w -

nlad
w
= %
od
<
a9
& aad
o | ove’s
W ] .






media/file5.png
(a) vos, ML |®  Mose,ML|(©)  Mos, -Mose,
. /
1ﬁm
(
- 1Mo
g MO/2G
.' .......... %
ol






media/file15.png





media/file19.png
Substrate

Powder

(a)

r

A

(b)





media/file2.jpg





nav.xhtml


  crystals-08-00035


  
    		
      crystals-08-00035
    


  




  





media/file11.png
Substrate
C-@ \ A
Source

Oy Fald

Cdl/MoS,





media/file6.jpg
(a) &5






media/file1.png
(c¢) Lateral heterostructure

(d) Vertical heterostructure





media/file10.jpg
Substrate
V¥ (
Source





media/file7.png
nm Section Analysis
-"(c)
N~

- 10.0 20.0 30.0 40.0
vert distance 6.760 nm
vert distance 13.050 nm

Snm

SnSe2





media/file16.jpg
J

Graphene ‘Transferred Graphene Photolithography
sio;
MoS; on Gr GVD of Mos; on Gr

R
werasne

Fusuny

GO

sio;






media/file3.png
)
W= |

. Single-layergrapheﬁé

-
1 y
1 LLIT






media/file22.jpg





media/file17.png
()

Graphene

Transferred Graphene

SiO;

MoS; on Gr

CVD of MoS; on Gr

Photolithography

Graphene

Graphene

\'u‘\-hl ‘,S(:.






media/file4.jpg
MoSe, ML |(©)  Mos, -Mose,

\






media/file0.jpg
(@)

(b)

(c) Lateral heterostructure

e

(d) Vertical heterostructure





media/file21.png
90nm SiO e
(a) m— oS, [ on p++ Si PVA film
B BP @mmEsE HSQ PMMA film

MoS;

Stepe | BP | Step@ H_SQ -
Gold 4 - s — Gold

v

M MoS
StepQ °52HsQ  step@ 2 HSQ

* e ]

(b)

Gnld

iiiiijawvumgqtp:\‘
FEBRBEBEREIFIEND
COLOOOOOOOEO00E
PEFEBERIIENNIING

WA
WYY WYYV | L BP flake

- MoS; flake

JL

L






