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Van der Waals epitaxy
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Hvad 
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Hvad 
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2D surface

1D surface

In a 2D material the bulk is a surface, and 

the surface is an edge
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https://onlinelibrary.wiley.com/doi/full/10.1002/anie.201501473 https://www.pdc.kth.se/research/academic-research/examples/scientific-
discovery/producing-nanocircuits-with-graphene-fluoride-1.737572

Functionalise 2D material with other
molecules

Convert 2D material into another
material, and back 
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https://spectrum.ieee.org/graphenebased-gas-
membranes-promise-reduced-carbon-dioxide-emissions •Yuan Huang, Xiao Wang, Xu Zhang, Xianjue Chen, 

Baowen Li, Bin Wang, Ming Huang, Chongyang Zhu, 

Xuewei Zhang, Wolfgang S. Bacsa, Feng Ding, and 

Rodney S. Ruoff; "Raman Spectral Band Oscillations in 

Large Graphene Bubbles"; Phys. Rev. Lett.; 2018

Create holes for ionfilters, molecular
sieves, and DNA translocation

Trap molecules and do chemical reactions inside
attoliter cavities, with extreme reaction rates
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PRL 115, 245501 (2015)

Create strong pseudomagnetic fields by 
straining graphene

30 JULY 2010 VOL 329 SCIENCE www.sciencemag.org
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Create new electronic or photonic
properties by controlling twist angle 
between two crystals
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1. What is graphene?
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Graphene is a 2D sheet of 
carbon atoms with record 
electrical and thermal 
conductivity, mechanical 
strength, stability, 
impermeability. 
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Graphene is a 2D sheet of 
carbon atoms with record 
electrical and thermal 
conductivity, mechanical 
strength, stability, 
impermeability. 
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Graphene is a 2D sheet of 
carbon atoms with record 
electrical and thermal 
conductivity, mechanical 
strength, stability, 
impermeability. 
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Graphene is a zero-bandgap 
semiconductor with a 
linear dispersion :

EF = c*p = 𝑣𝐹 ∙ ℏ𝑘𝐹

Beenakker, Rev Mod Phys, 80 (2008), 1337 

Graphene is a 2D sheet of 
carbon atoms with record 
electrical and thermal 
conductivity, mechanical 
strength, stability, 
impermeability. 𝑣𝐹 =

𝑐

300

Graphene electrons are
massless relativistic
quasiparticles, travelling at 
the ”speed of light”
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A ”free” electron in a semiconductor – a ”quasiparticle”
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Wavevector k
(momentum)

Real space

Momentum space

GaAs Bandstructure (from quantumwise.com)
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”Hole” quasiparticle

E = p2/2mhole

”Electron” quasiparticle

E = p2/2melectron
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Birong Luo og Tim Booth, DTU Nanotech
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Graphene is being scaled as we speak
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2. 2D van der Waals

epitaxy
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Graphene: p-resonant electrons→ p-electrons can hop between atoms

19

Nixor.co.uk
Nixor.co.uk

What special properties does graphene have?
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Graphene: p-resonant electrons→ p-electrons can hop between atoms
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Nixor.co.uk
Nixor.co.uk
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Van der Waals forces – heterostructures

21

6
,

vdW
AB

i j ij

C
W

r
= 6

ab
AB A A B B

ab

C
W dV dV

r
 = -  

6 6

orient ind disp

ab

C C C C
W

r r

+ +
= - = -



DTU Fysik23-06-2022 PETER BØGGILD

AB, AA and turbostratic stacking

AB stacked AA stacked                     Turbostratic/Twisted
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Energy
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Chemical Physics Letters 2011, 512 (4-6), 146-150.
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Superlubricity



DTU Fysik23-06-2022 PETER BØGGILD 25



DTU Fysik23-06-2022 PETER BØGGILD

AB, AA and turbostratic stacking

M. Terrones et al., Nano Today 5, 351 (2010)
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Magic angle superconductivity

Cao, Nature 556, pages 43–50, 2018
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Challenges in using vdW epitaxy for engineering….

31

Upscaling Patterning
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3. vdW epitaxy –

patterning?
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Nanopatterning through hBN

Mobility : 

800 cm2/Vs 

2 orders of 

magnitude better

than for typical 10-

15 nm 

constrictions

Typical Landau
fan in graphene

160 meV

ga
p

Jessen, Gammelgaard, Nature Nanotech. 14 340 (2019)
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Experiment vs numerical and analytical predictions

with increasing edge disorder

Jessen, Gammelgaard, Nature Nanotech. 14 340 (2019)
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Moiré bandstructure – before and after patterning
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4. vdW epitaxy : 

up-scaling?
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High precision structuring
is crucial for charge 
distribution and transport

Caridad, Nature Communications 2018

Thomsen, ACS Nano 2019

Polar molecule ferroelectric 
switching at the edge of graphene, for
sensors and memory devices

Caridad, Nano Letters 2018

Lithographic bandgap 
engineering on 10 nm scale
- preserving superlattice effects
Jessen, Gammelgaard, Nature Nanotechology (accepted)

EPFL scientists identified more than 1000 2D materials.©EPFL/G.Pizzi SKIP

2000 2D materials and counting
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Cold pickup Hot pickup
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Optical assay of N-layer stacked MoS2
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Controlled angular epitaxy
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Hvad 
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2D surface

1D surface

In a 2D material the bulk is a surface, and 

the surface is an edge
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2D surface

1D surface

Nature Materials volume 13, pages1135–1142 (2014)

https://www.nature.com/nmat
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Engineering

vdW epitaxy:

materials?

Modelling?

Patterning?

Upscaling?

Applications?
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