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Figurel (Color online) Controllable preparation of 2D material heterostructures
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Figure2 (Color online) Preparation of graphene/h-BN heterostructures. (a) Schematic illustrating the growth of graphene/h-BN heterostructures via
co-segregation method™; (b) the epitaxial growth of h-BN along the edge of graphene on Cu fail'®?; (c) schematic illustrating the different stitching
ways between graphene and h-BN[™
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Figure 3 (Color online) Preparation of TMDCs/h-BN heterostructures. (a) Schematic illustrating the common methods for the preparation of
MoS,/h-BN heterostructures™; (b) schematic illustrating the growth mechanism of h-BN on SiO,/Sil™; (c) schematic illustrating the fabrication of
MoS,/h-BN heterostructures via sul fide-resistant alloy!®”
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Figure4 (Color online) Synthesis and characterizations of TMDCs/TM DCs heterostructures. (8) Schematic illustrating the preparation of WS,/MoS,
heterostructures by APCVD!®; (b) the PL properties of MoS, in WSe,/MoS; heterostructures; (c) Raman mapping of peak position corresponding to
the Ayy and E,y mode of M0S,®; (d) schematic illustrating the structure of vertical WS,/MoS; heterostructures grown at 850°C; (e), (f) corresponding
optical microscope (OM) and SEM images of the vertical WS,/MoS; heterostructures illustrated in (d); (g) schematic illustrating of the structure of
lateral WS,/MoS; heterostructures grown at 650°C; (h), (i) corresponding OM and SEM of lateral WS,/M oS, heterostructures illustrated in (g)®; (j)
schematic illustrating the twinned growth of WS,/ReS, heterostructure via a liquid Au CVD strategy; (k), (I) Raman mappings of pesk intensity for

corresponding to the E,, mode of ReS, and WS, respectively!®
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Figure5 (Color online) Schematic illustrations and working mechanism of 2D heterostructure-based memory cells and FETSs. (8) Schematic of the
two-terminal TRAM, in which MoS;, h-BN and monolayer graphene are served as channel material, tunneling layer and floating gate, respectively. The
arrow indicates the charge tunneling between drain electrode and graphene; (b) schematic band diagrams and numerical simulations of potential distri-

bution in TRAM®™; (c) schematic of fabrication process and band diagrams of the dual-channel FET based on WSey/MoS, heterostructure; (d) Ip-Ve
curves of single-channel MoS, FET (curve (1), Vp=1 V) and dual-channel WSe,/MoS; FET (curve (2), Vp=1V; curve (3), Vp=3 V); (€) band diagrams

of the dual-channel WSe,/M oS, FET at positive and negative V®
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Figure6 (Color online) Constructions and properties of 2D heterostructure-based FETs. () Conductivity-Vg curves of different areain a lateral gra-
phene/h-BN heterostructure-based FET; (b) OM image and Raman mapping of D and G peak intensity ratio of the heterostructure; (c) SEM image of
the FET with different drain electrodes and the same source electrodd®?; (d) schematic illustrations of MoS, FET, MoS,/h-BN FET and MoSy/h-
BN/graphene FET; (€) Ip-Vs curves of MoS, FET and MoS,/h-BN FET, and the inset shows Ip-Vp curves of MoS,/h-BN FET at different Vg values; (f)
transfer curves of MoS,/h-BN/graphene FETs with MoS; of different thickness, in which the FET with a thicker MoS, shows a higher mobility!*®
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Figure7 (Color online) Constructions and working mechanism of optoelectronics based on 2D heterostructures. (a) Schematic of the p-n diode based
on BP/MoS,; heterostructuré”’®!; (b) schematic illustration of the flexible photo detector based on MoS,/graphene heterostructure; (c) the photo of the
flexible photo detector based on MoS,/graphene heterostructure; (d) band diagrams of the photo detector at different Vg values; (€) schematic
three-point bending setup; (f) the | snpend/l phres towards different bending radius; (g) the change of | pnpend/l pnres towards bending cycles™™
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Figure 8 (Color online) Constructions and properties of sensors and other electronics based on 2D heterostructures. (a) Schematic of MoS, on pat-
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150°C™M: the differential tunneling conductance (di/dV)-voltage bias curves of Hf Tes/Hf (€) and Hf Tey/Hf Tes/Hf (f) heterostructures™
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Figure9 (Color online) Constructions and properties of 2D heterostructure-based electromagnetic devices. (a) Magnetoresistances of graphene/WS,
heterostructure in different magnetic field for different carrier types and densitied™™; (b) OM image of a four-electrode device of graphene/h-BN het-
erostructure on SiO,; (c) resistance-Vg curves of graphene/h-BN heterostructure at magnetic fields of 0 and 9 T, respectively; (d), (€) magnetoresistanc-
esand Hall resistivities towards different magnetic field of graphene/h-BN heterostructure at different Vg values™?
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Controllable synthesis of two dimensional heter ostructures and
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Since the successful exfoliation of graphene in 2004, many attentions have been paid to two-dimensional (2D) materials,
which include graphene, h-BN, transition metal dichalcogenides (TMDCs), black phosphorus (BP) and so on. Although
these materials have shown unique characteristics, there are numerous challenges in this emerging field. For example,
charge trap between the substrate and the 2D materials seriously influences their excellent electrical properties; some 2D
materials are unstable while exposed in air, which will lead to their degradation. To have an intensive study of the basic
properties of 2D materials and broaden their field of application, researchers pay attentions to the heterostructures of
these materials, which consist of vertically stacked or laterally pieced 2D materias, including graphene/h-BN,
TMDCg¢h-BN, TMDCs/graphene, and TMDCs/TMDCs heterostructures, et al. For vertical heterostructures, graphene/h-
BN vertical heterostructures mainly take advantage of h-BN to decrease the charge trap between insulating layer and
graphene, thus to increase the carrier mobility in graphene. TMDCs/graphene vertical heterostructures mainly combine
the good photo responsivity of TMDCs with the high conductivity of graphene, which can be utilized for high
performance optoelectronics. TMDCs/TMDCs vertical heterostructures mainly combine the band structures of two
different materials to control the carrier transport behavior, thus realizing excellent carrier storage or high performance
photo responsivity. Lateral heterostructures are only suitable for materials with low lattice mismatch, and they are usualy
used for studying the carrier transport behavior between the interfaces of materials. Along with the increasing
reguirements on integration and multifunction, 2D heterostructures-based electronic and optoelectronic devices are paid
much more attention to. Controllable synthesis of 2D heterostructures is the precondition of constructions of
high-performance and highly-integrated devices. This review first introduces the preparation methods of 2D materials,
including exfoliation, molecular beam epitaxy (MBE) and chemical vapor deposition (CVD). Exfoliation method mainly
pieces the exfoliated materials together to form heterostructures with the help of polymer. MBE can overcome the
difficulties of the transfer processin exfoliation, however they are not suitable for large scale preparation. Compared with
exfoliation and MBE, CVD has less restrictions on the substrate, as well as a simple preparation process with lower cost
and higher quality of the as-prepared materials. 2D heterostructures can be prepared by the combination of exfoliation
and CVD, or CVD process only. Then, considering the problem of the interface contamination in these preparation
methods proposed at present, we put forward aliquid metal strategy in the controllable preparation of 2D heterostructures.
Furthermore, we introduce the construction and performance of 2D-heterostructures-based electronic and optical devices.
The opportunities and challenges in the preparation and application of 2D heterostructures are also discussed.

two dimensional heterostructures, exfoliation, chemical vapor deposition, electronics, optoelectronics
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