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Fig. 1. Schematic illustration of three key aspects for the

growth of large-size 2D single crystals.
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Fig. 2. Growth modulation of 2D single nucleus: (a) Optical image of centimeter-scale graphene domains on oxygen-rich Cu ex-

posed to O,7; (b) logarithmic plots of graphene domain growth rate dr/dt versus 1/TH*7; (c) schematic illustration of controlling

single nucleus growth; (d) schematic illustration of the experimental design of local-oxygen-feeding method®; (e) the corresponding

energy profile of carbon species with the assistance of local fluorinel; (f) isotope-labelled Raman mapping of the 2D band for

graphene domain grown by local fluorine supply®”; (g) optical image of single-crystal monolayer WSe, domain grown on an Au foill%.
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Fig. 3. Preparation of single-crystal substrate: (a) A photograph of 2 in Cu(111) film on sapphire®; (b) atomic force microscopic
image of Cu(111) film with noncontact mode®; (c) schematic illustration of experimental design for the continuous production of
single-crystal Cu(111) foil with a hot temperature zone at the central area of the furnace tubel; (d) the obtained 5 cmx50 cm
single-crystal Cu(111) foil®; (e) the preparation of high-index Cu(hkl) with typical size of 35 cmx21 cm driven by oxide layer(1%);
(f) electron backscatter diffraction inverse pole figure maps of the as-prepared high-index single-crystal Cu foils/'%!].
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Fig. 4. Alignment control of 2D single-crystal domains: (a) Optical image of unidirectionally aligned graphene domains grown on
Cu(111)P); (b) Cu(211) atomic steps tend to connect with the N atom of hBNP®; (c) scanning electron microscopic image of as-
grown aligned hBN domains on the Cu(110) substratel™; (d) high-resolution transmission electron microscopic image of the stitched
domain boundary in monolayer MoS, on sapphire substrate/!?’; (e) schematic illustration of MoS, nucleation and epitaxial growth
process on Au(111) substratel'®; (f) WS, domain grown along the Al,04(1101) stepsl®); (g) photograph of the full-coverage WS,

monolayer on a 2 in sapphire substratel6?,
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SPECIAL TOPIC—Scalable production of two-dimensional materials

Atomic-scale manufacture of metre-sized two-dimensional
single crystals by interfacial modulation®

Liu Tian-Yao!) Liu CanV’ Liu Kai-Hui V21

1) (School of Physics, Peking University, Beijing 100871, China)
2) (Songshan Lake Materials Laboratory, Dongguan 510670, China)

( Received 27 December 2021; revised manuscript received 22 January 2022 )

Abstract

With the shrinkage of the chip feature size, the short-channel effect becomes more and more predominate.
The development of new quantum materials for high-performance devices has become imperative for the current
technological development. Two-dimensional (2D) materials, due to their excellent physical and chemical
properties, are thought to be the promising candidate of quantum materials for achieving the high-end
electronic and optoelectronic devices. Like the development of silicon-based chips, the wafer-scale device
applications of 2D materials must be based on the fabrication of high-quality, large-size 2D single crystals.
However, the existing manufacturing techniques of the well-studied bulk single crystals cannot be fully applied
to the fabrication of 2D single crystals due to the interfacial characteristics of 2D materials. So far, single
crystals of metre-sized graphene, decimetre-sized hBN and wafer-sized TMDCs have been successfully prepared
by chemical vapor deposition, but the sizes of other 2D single crystals are still very limited and not in the same
league as conventional semiconductor materials. Therefore, it is urgent to develop an effective preparation
strategy for the manufacture of various 2D single crystals. In this review, we mainly overview the fabrication
techniques for the meter-scale growth of 2D single crystals, and propose three key modulation aspects in the
atomic-scale manufacture, i.e. the growth modulation of 2D single nucleus, the preparation of single-crystal
substrates, and the alignment control of 2D single-crystal domains, in order to provide a universal method of
fabricating the large-size 2D single crystals. Finally, the prospect of chip devices based on these high-quality
large-size novel 2D single crystals is discussed, thereby paving the way for the future industrial applications of

electronics and optoelectronics.

Keywords: two-dimensional materials, interfacial modulation, epitaxial growth, alignment control
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