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Fig. 1. Direct measurement of chemical bonding from individual Si impurity in graphene (191 (a) STEM-ADF

images (upper panel) and the corresponding structural models (lower panel) of three-fold and four-fold coordinated
Si atoms in graphene lattice (blue: Si, green: N, brown: C); (b) STEM-EELS spectra of Si L-edge from three-

and four-fold coordinated Si in graphene; (c) density of states of 3dgy orbital and the distribution of 3dsy electron

density for the fourfold coordinated Si.
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Fig. 2. Measurement of STEM VEELS from a single silicon atom in graphene [20]: (a) STEM-ADF image of
monolayer graphene with a single substitutional silicon atom; (b) the 11-18 eV energy filtered image of STEM
VEELS; (c) line profile of ADF and VEELS signals along the straight line in (b). Scale bars: 0.2 nm.
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Fig. 3. Atomic structure of the AB/AC stacking boundaries in bilayer graphene [21], (a) STEM-ADF image
showing the transition from AB to AC stacking, the stacking boundary region is highlighted by the red

rectangle; (b) STEM-ADF image of perfect AB stacking bilayer graphene and the corresponding structural

model (upper inset); (c) three-dimensional structural model of AC/AB stacking boundaries optimized by

molecular dynamics calculations. Scale bars: 1 nm.
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Fig. 4. Monolayer WSz/MoSs2 in-plane heterojunctions 23]: (a), (b) Optical images of the WSz/MoSs
in-plane heterojunctions grown by CVD method; (c), (d) STEM-ADF images of the WSz /MoS2 interfaces

along the (c) zigzag and (d) armchair directions. The atomic models on the right correspond to the structure

in the rectangular regions. Scale bars: 0.5 nm.
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Fig. 5. STEM-ADF images of intrinsic point defect in monolayer MoSg [24: (a)—(f) Mono-sulfur vacancy (Vg), di-

sulfur vacancy (Vgz), anti-site defect with Mo replacing So (Mogs), vacancy complex of Mo and three surrounding

S atoms (Vpos3), vacancy complex of Mo and three surrounding S pairs (Vyese), and anti-site defect with Sg

replacing Mo (S2no)-
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Fig. 6. STEM-ADF images of grain boundaries in monolayer MoSz [24: (a)-(c) 18.5° grain boundary
consisting of dislocations with five- and seven-fold rings (5/7) and six- and eight-fold rings (6|8); (d), (e) 17.5°
grain boundary consisting of dislocations with four- and six-fold rings (4|6), either pristine (d) or with Mo-

substitution (e); (f), (g) 4/4P type 60° grain boundary with the structural model overlaid; (h) a 4|4E type

60° grain boundary linked by 4-fold coordinated Mo atoms.
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Fig. 7. STEM-ADF image of Se-doped monolayer MoSz and the corresponding structural model based on quanti-

tative image intensity analysis (167,
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Fig. 8. Electron-beam induced reversible structural evolution of a Sig cluster confined within a graphene nanopor

(a)—(h) %% STEM-ADF it %iZE T

o (28],

(a)—(h) Sequential STEM-ADF images showing the reversible structural changes. Scale bar: 0.2 nm.
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Fig. 9. Sequential STEM-ADF images of Se vacancy evolution in monolayer MoSez under electron-beam
irradiation [3%): (a)—(d) The process from random Se vacancies to the vacancy single-line defect; (e), (f) for-
mation of vacancy double-line defect. The white dashed circles indicate mono-selenium vacancy, yellow the
di-selenium vacancy, and red the new mono-selenium vacancy. The white arrows indicate the migration

path of the Se vacancy. Scale bars: 0.5 nm.
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Fig. 10. STEM-ADF images of Si atom manipulation in graphene using a focused electron beam (291, In the first
image, the three-coordinated Si in the dashed circle is selected for manipulation. In the following images, the solid

dots show the position of the parked beam, and the solid arrows trace the single-site shift.
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Fig. 11. Electron beam induced monolayer CuO nanosheet on a graphene substrate [38]: (a) Schematic of the forma-

tion process; (b) STEM-ADF image of an ordered CuO monolayer nanosheet on a graphene substrate; (c) Fourier

transform of (b), which shows the lattice relationship between graphene and copper oxide monolayer; (d) theoretical

model of monolayer CuO on a graphene substrate. Blue balls are copper, red balls are oxygen and gray balls are

carbon. Scale bars: 1 nm.
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Fig. 12. Electron beam fabrication of MoSe nanowire structure in monolayer MoSeg (401 (a) STEM-ADF im-

age of an individual nanowire; (b) Y junction made of three nanowires; (c) schematic showing its application

in integrated circuits built on two-dimensional semiconductors.
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Abstract

Two-dimensional (2D) materials, such as graphene and transition-metal dichalcogenide monolayers, have unique
properties that are distinctly different from those of their bulk counterparts, and hopefully possess a wide range of
applications in 2D semiconductor device. Structural defects are known to have profound influences on the properties
of crystalline materials; thus, correlating the defect structure with local properties in 2D material is of fundamental
importance. However, electron microscopy studies of 2D materials on an atomic scale have become a challenge as most
of these materials are susceptible to electron beam irradiation damage under high voltage and high dose experimental
conditions. The development of low voltage aberration-corrected scanning transmission electron microscopy (STEM) has
made it possible to study 2D materials at a single atom level without damaging their intrinsic structures. In addition,
controllable structural modification by using electron beam becomes feasible by controlling the electron beam-sample
interaction. New nanostructures can be created and novel 2D materials can be fabricated in-situ by using this approach.
In this article, we review some of our recent studies of graphene and transition-metal dichalcogenides to showcase the

applications of low voltage aberration corrected STEM in 2D material research.

Keywords: two-dimensional materials, scanning transmission electron microscopy, low voltage, defect
engineering
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