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Outline - Lecture 9

• Band engineering with 1D and 2D super lattices and super potentials.

• Moiré patterns in graphene on hBN.

• Hofstadter butterfly in graphene on hBN.
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Quantum Wells

• By sandwiching a thin layer of semiconductor with another semiconductor with a straddling gap, 
one can create quantum wells, in which electrons are confined just like a particle in a box, and form 
bound states.
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Grown heterostructures – combining materials ’80
Semiconductor Heterostructure:

 Combining materials with different properties
 Interfaces rule

2000

“The interface is the 
device.”

GaAs/AlAs
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1D Superlattices

• A superlattice is a periodic structure of layers of two (or more) materials. Typically, the thickness of one layer is
several nanometers. It can also refer to a lower-dimensional structure such as an array of quantum dots or
quantum wells.

• For a high-mobility superlattice (mean free path >> superlattice constant) new Bloch states with a periodicity of the
superlattice constant Z=a+b can be constructed.

• The superlattice gives rise to an enlarged unit cell and forms a new reduced mini-BZ with new mini-gaps arising at its
boundaries.
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1D Superlattice band-structure and mini-BZ

• For a high-mobility superlattice (mean free path >> superlattice constant) new Bloch states with a periodicity of the
superlattice constant Z=a+b can be constructed.

• The superlattice gives rise to an enlarged unit cell and forms a new reduced mini-BZ with new mini-gaps arising at its
boundaries.
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Band structure engineering with superlattices

• Superlattice engineering offers a highly versatile platform to artificially engineer different band-structures with
desired properties (topology, magnetism, superconductivity).

• F.e. one can construct a graphene band-structure in a semiconducting GaAs quantum well, by imposing a
hexagonal superlattice on top of it.

• Problem lithographically defined superlattices are disordered and it is hard to make small (<50nm) patterns.
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Twisting 2D materials – moiré superlattice



Dmitri K. Efetov

Moire interference pattern – large scale superpotential

Yazdany group (2023).

Scanning tunneling microscopy image of twisted bilayer graphene:

λ ~ 10nm
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Graphene on hBN
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Graphene on hBN - 2D Superlattice

• Graphene is a Dirac semi-metal with a lattice constant of 0.246nm.

• hBN is in insulator with a 6eV band-gap and a lattice constant of 0.250nm.

• Overlaying graphene with the hBN produces a moiré superlattice even at 0 degree twist angle and induces a new
mini-BZ.

• The moiré super potential breaks the C2 symmetry of the graphene and induces a multitude of band-gaps.
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Moire patterns
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Gaps through C2 symmetry breaking with hBN
Graphene on hBN – lattice mismatch:

Renormalized band-structure 
of Graphene on hBN:

Gapped Dirac cones on graphene/hBN:
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Graphene/hBN transport properties
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Bloch waves – Periodic waves
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Landau Levels – Cyclotron Orbits
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Harpers equation – competition of two length scales



Dmitri K. Efetov

Hofstadters butterfly
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Wannier diagram
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Hofstadters butterfly
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Experimental challenge
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Search for Hofstadter butterfly
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Normal graphene QHE fan diagram
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Abnormal QHE in graphene/hBN
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Evidence of Hofstadters butterfly
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Few years later


