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2D materials and their heterostructures

Common properties of 2D materials: flexibility, transparency, large surface area,
designability of heterostructures

ikimedia

- S hitp: 2 co.uk/graph i
EIE, IS oo
Datetae.e
Lot e
Graphene
Semimetal | Hexagonal boron nitride (hBN)

High carrier mobility
Ultra-wide-band optical materials

{
¥ OO
https://upload.wikimedia.org/wikipedia/co | Tew “I
v
"

mmons/4/ab/Phosphorene_structure.png | Innovative devices ‘

_ ) : 2

M. Xuetal., Ehem. Rev. 113, 3766 (2013).
Transition metal dichalcogenides (TMDCs)

Insulator (Eg=6 eV)

Phosphorene Semiconductor
Direct bandgap semiconductor Thickness-dependent bandgap
High carrier mobility Indirect-to-direct bandgap transition
Thickness-dependent bandgap Spin-valley coupling 3

Library of 2D Materials

A. K. Geim and I. V. Grigorieva, Nature 499, 419 (2013).

Graphene fabrication method

v Exfoliation from graphite

Fabrication methods of graphene
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electrons with the typical energy of 1-100 eV

v'High reflectivity
v'Short inelastic mean free path
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v’ Dynamical observations
v’ Structural characterization
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Graphene segregation on (111) grain in poly-Ni film

Graphene growth from Ni grain boundaries . C. Shelton et al. Surf. Sci. 43, 493 (1974).
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Graphene nucleation on poly-Ni foil

Real-time LEEM observations
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Approach towards single crystal growth

(1) Epitaxial growth;
coalescence of grains with the same orientation

Ry

(2) Isolated growth;
enlargement of a single grain as large as possible

B0

Millimeter- to centimeter-sized graphene

Inch-sized graphene
O Local supply of feedstock

O Cu-Ni alloy substrate
. Wu et al,, Nature Mater. 15, 43 (2016).

Fast growth

|| O Continuous Oxygen supply

from oxide support
X. Xu et al., Nature Nanotechnol. 11, 930 (2016).
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Single-orientation graphene grown by CVD

O CVD growth on heteroepitaxial metal films

Graphene/Cu(111)/MgO(111)
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Dependence of alignment on CVD temperature

Graphene/Cu(111)/spinel(111)
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H. Ago et al., Chem. Mater. 27, 5377 (2015).
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Highly uniform bilayer graphene on Ni-Cu(111)
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Y. Takesaki et al., Chem. Mater. 28, 4583 (2016).

CVD @1075°C =
Slow cooling with 850°C-anneal for 1h
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Domain structure in bilayer graphene on NiCu
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Y. Takesaki et al., Chem. Mater. 28, 4583 (2016). 24
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CVD growth of monolayer h-BN on Co(0001)

With NH3-BH3
@1000°C gy

C. M. Orofeo et al., Nano Res. 6, 335 (2013).
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CVD growth of monolayer h-BN on Co(0001)
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CVD-grown monolayer h-BN on Co(0001)

O Monolayer h-BN on Co O h-BN/graphene lateral heterostructure

(h-BN growth after graphene growth)
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Low-energy electron reflectivity of graphene/h-BN
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Artificial graphene/h-BN heterostructure

C. M. Orofeo et al., RPGR 2013.
Graphene/h-BN/Co(0001): CVD-graphene grown on Cu foil was transferred onto h-BN.

Band structure of Gr/BN superlattice
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relatively clean interface between layers

Direct growth of TMDCs on 2D materials

Merits of direct growth:
scalability, cost efficiency, clean interfaces

O cvD-grown WS,/ O cvD-grown WS,/
exfoliated graphite flake exfoliated h-BN flake
Y. Kobayashi et al., ACS Nano 9, 4056 (2015).
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SUMMARY

(1) 2D materials

v New physics and new applications from individual
materials and their heterostructures

(2) Structural characterizations using LEEM

v Powerful tool for investigating growth dynamics and
characterizing various structural features of 2D materials

(3) Growth processes of 2D materials
v’ Rapid progress in crystal quality and versatility
v’ Comparatively little knowledge about growth mechanism
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