Two-dimensional materials and applications
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History of Synthesis in 2D Materials
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Source Supply for 2D Material Growth

1. Evaporation of powder
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v/ Easy process
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ACS Nano (2014) Nature Mater. (2013)
2. Sulfurization of metal film
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Nanoscale (2014) Chem. Mater. (2017)
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Main Stages for 2D Material Growth

Nucleation

Nucleation sites
Seed
Flatness

Nature Mater. (2013)

Growth
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DF-TEM

Science (2013)
ACS Appl. Mater. Inter. (2018)
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Nature Mater. (2013)
2D Materials (2018)




Chemical Vapor Deposition of MoS,
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MoO, powder

Grain boundaries in CVD-grown MoS,

Mirror twin boundary: 8-4-4 defects (n-doped Mo-rich)
Tilt boundary: 5-7 defects (p-doped S-rich)

A. M. van der Zande et al. Nature Mater. (2013) & J. Zhang et al. ACS Nano (2014) & S. Najmael et al. Nature Mater. (2013)



Map of 2D Material Synthesis
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Growth Method |

Scalable synthesis of uniform monolayer MoS, on Au foils
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Growth Method i

Sulfurization of Mo thin film
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Growth Method lli
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Nucleation and Patterned Growth

Pre-patterned nucleation control (SiO, pillars)

Nazmaei et al. Nat. Mater. (2013)
Plasma patterned nucleation control Au patterned nucleation control

a 1.0, plasma treatment of IO, 2. Selective growth of MoS, 3. Pattemed MoS; atomic
by using shadow mask via CVD method layer on SiO,

Chen et al. Nanoscale (2016) Lietal. ACS Nano (2018)



Epitaxial Growth

Random growth (polycrystalline)
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Three step process of WSe, growth on c-Sapphire
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Epitaxial growth of In,Se; on c-sapphire

B pecreasing TMIn Flow Rate

Se:In = 91, thickness ~ 60 nm Se:In = 182, thickness ~ 25 nm Se:ln = 450

Zhang et al. J. Crys. Growth (2020)



Low Temperature Growth of MoS,

Safe temperature for the silicon process (400°C)

Decomposition temperatures of Mo(CO), (~250°C) and (C,H5),S (550°C)
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Promoter-assisted MOCVD
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Growth of Heterostructures

Growth of graphene-hBN heterostructure
(@) i) First growth ii) Etchin iii) Second Growth

-

M. P. Levendorf et al. Nature (2012) Z. Liu et al. Nat. Nanotech. (2013)
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C. Huang et al. Nature Mater. (2014) & Y. Gong et al. Nature Mater. (2014) & G. S. Duesberg et al. Nature Mater. (2014)



Growth of Heterostructures

Sequential growth of coplanar heteroepitaxy (1T/2H MoTe,)
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Growth of Heterostructures

Phase-selective synthesis of MoS,
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Growth of Heterostructures

Growth of MoTe, Effect of temperature and time on the phase
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Growth of Heterostructures V

Conventional two-dimensional vdW Heterostructure One-dimensional vdW Heterostructure (nanotube)
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Graphene Transfer Techniques

Carrier film Stamp Self-release

Growth substrate ' Growth substrate .

Metal etching and deliver to device substrate
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J. Y. Choi, Nature Nanotechnol. (2013)



General PMMA Transfer Technique

Cu + Graphene
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Other Transfer Techniques

Bubble Transfer Technique

L. Gao et al. Nature Commun. (2012) & C. J. Lockhart de la Rosa et al. Appl. Phys. Lett. (2013)

Face-to-Face Transfer Technique

Cu sputter and CVD growth
Graphene
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‘ L. Gao et al. Nature (2014)

Cu etching

Si0, .

Si




Other Transfer Techniques

First exfoliation Second exfoliation

Layer-Resolved Transfer Technique
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Other Transfer Techniques

Layer-by-layer assembly of TMDs
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Residue Issue in Transfer

PMMA residue after annealing

Annealing
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