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Sample
Tip Tunnel junction

Scanning Tunnelling Microscopy/Spectroscopy

•Topography

•Local density of states



Lattice mismatchTwist 

Moiré patterns in 2D materials 



2D Moiré platform  

Nature Physics 17, 155–163 (2021)
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Moiré patterns from mixed symmetry systems

• For two materials with different crystal structures, the moiré patterns emerge due to the 
interference of extended unit cells

M. Le Ster, et al. 2D Mater. 7(1), 011005 (2020). 



Primitive Unit Cells

(Mismatched)
Extended Unit Cells

(Nearly the same on the diagonal)

n=2 q=3

Primitive Unit Cells:

{a1, a2}

{b1, b2}

Extended Unit Cells:

{m*a1, n*a2}

{p*b1, q*b2}

m=2 p=9

Moiré patterns from mixed symmetry systems



Graphene - Rhenium Disulfide vertical heterostructures

ReS2
Au film 

20μm

graphene

JAP 128 (4), 044303 (2020)



Graphene - Rhenium Disulfide vertical heterostructures

Graphene/ReS2

ReS2

STM image
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JAP 128 (4), 044303 (2020)



Graphene - Rhenium Disulfide vertical heterostructures

JAP 128 (4), 044303 (2020)

Band alignment at the interface
Scanning Tunneling Spectroscopy  

STM image



Graphene - Rhenium Disulfide vertical heterostructures

JAP 128 (4), 044303 (2020)
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Graphene, ReS2

M. Le Ster, T. Märkl, and S. A. Brown, 2D Mater. 7(1), 011005 (2020) 

Mohammed Ezzi, Shaffique Adam. (National University of Singapore)

m = 1

Gmn = m*G1 + n*G2 Spq(θ) = p*S1(θ) + q*S2(θ) 

Moiré wavelength as a function of angle

Theory: Mohammed Ezzi, Shaffique Adam. 

(National University of Singapore)

Moiré patterns from mixed symmetry systems



Graphene - Rhenium Disulfide vertical heterostructures

JAP 128 (4), 044303 (2020)

{a1 , a2} , {b1 , b2} Basic unit cells 
{m a1, n a2}, {p b1, q b2}   Extended unit cells 

𝜆𝑚𝑛𝑝𝑞 = |𝐾𝑚𝑛𝑝𝑞|
−1

12° twist  with periodicity 5.2 nm.



Mixed symmetry patterns 

JAP 128 (4), 044303 (2020)

Anisotropic Dirac cone?

Sci. Adv. 5(7), 2347 (2019)

ReSe2/Graphene

Nat. Nano. 13(9), 828–834 (2018).

Graphene/BP

Nature Nanotechnology volume 16, pages 525–530 (2021)
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Twisted transition metal dichalcogenides 



Twisted transition metal dichalcogenide WS2

Scanning Tunneling Microscopy (STM)



Twisted transition metal dichalcogenides - WS2
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Twisted transition metal dichalcogenides – reconstruction domains  

W
S

MX’XM’

Periodicity 78 nm → twist angle 0.23°



Twisted transition metal dichalcogenides – reconstruction domains  

parallel (P) antiparallel (AP)

atomic relaxation→ minimize the additional energy due to misalignment

Enaldiev V. et al. Phys. Rev. Lett. 124, 206101 (2020).

Weston, A. et al. Nat. Nanotechnol. 15, 592–597 (2020).

Rosenberger, M. R. et al. ACS Nano 14, 4550–4558 (2020).

Naik, M. H. & Jain, M. Phys. Rev. Lett. 121, 266401 (2018).

Wang, X. et al. Nat. Nanotechnol. (2022)

Carr, S. et al. Phys. Rev. B 98, 1–7 (2018).



Twisted transition metal dichalcogenides – polarization domains  

W
S

MX’XM’

Spontaneous interlayer charge transfer →

out-of-plane ferroelectric polarisation

Ferreira, F., et al. Sci. Rep. 11, 1–10 (2021).

Enaldiev, V. et al. Nano Lett. 22, 1534–1540 (2022)

Wang, X. et al. Nat. Nanotechnol. (2022)

Wu, M. & Li, J. Proc. Natl. Acad. Sci. U. S. A. 118, 1–9 (2021).

Weston, A. et al. Nature Nano. (2021)



Twisted transition metal dichalcogenides WS2
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Electric field control over the ferroelectric domains 
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Twisted transition metal dichalcogenides 
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Twisted transition metal dichalcogenides WS2
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Twisted transition metal dichalcogenides 
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Twisted transition metal dichalcogenides 
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Strain map
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Gated Quantum Dots
Nano-Constriction for Charge 

Detection
Quantized Transport in a 1D 

Channel

Tungsten Diselenide (WSe2)

Appl. Phys. Lett. 119, 133104 (2021)

Appl. Phys. Lett. 115, 231603 (2019)

preprint arXiv:2203.11871 (2022) In preparation

With Dr. Louis Gaudreau
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Wafer-scale growth 

✓ uOttawa instrument capabilities:



Merci! Thank you!



Part 1: Prepare Ingredients

Flake 1 on 
substrate

Flake 2 on 
substrate

Gold-coated 
substrate

Spin-coat PPC on 
substrate 
→ add tape 

frame

Cut PDMS square 
and place on 
glass slide →
plasma etch

Use tape frame 
to pick up PPC, 
place it on the 
PDMS, secured 
to glass slide 

with tape frame

The stamp



40°C40°C

Part 2: Assemble the heterostructure

Flake 1 on 
substrate

Gold-coated 
substrate

Glass slide
PDMS
PPC

Pick up flake 1 Pick up flake 2

Flake 2 on 
substrate

Flake 1

Invert, so the 
flakes are on 

top

By hand, move the 
PPC+sample onto the 
gold-coated substrate

Flake 1

Flake 1



STM clean 

Part 3: Invert

Glass slide
PDMS
PPC

Flake 1
Flake 2

Invert, so the 
flakes are on 

top

By hand, remove the 
PPC+sample using the 

tape frame

Flake 1
Place onto substrate 

and cut away the 
tape frame with 

needle

Gold-coated 
substrate

Hot plate (160°C for a few seconds)
Annealing (300°C for 10H in 

60sccm H2/Ar)
Vacuum furnace (300°C for 30m)

AFM Brooming (~100-300nN)

Part 4: Cleaning Steps


