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Abstract:

Here, we explore a bilayer system which includes graphene and a graphene nanomesh with a potentially
tunable bandgap. Using computational methods, we find that the behavior of the system is similar to
a superposition of the two monolayers. Additionally, we find that the stacking symmetry of the system
affects its band structure; AA graphene/nanomesh bilayers exhibit semiconductor behavior whereas AB
graphene/nanomesh bilayers exhibit conductor behavior.

Introduction and Methods:

Graphene has become a material of interest in the past
few years due to its unique band structure features. Its
Dirac cone band structure (as shown in red in Figure 1 at
the I' point) makes it an effective conductor. Additionally,
Du, et al, found that introducing pores into graphene,
such as the one shown boxed in blue in Figure 1, causes
a direct band gap opening of 3.2 eV [1].

Recent efforts to synthesize these nanomeshes have
been successful using bottom-up polymerization
methods [2]. Due to its physical and electronic structure,
graphene nanomeshes have potential application in
many fields including phonon control, hydrogen storage,
and water filtration. Additionally, when two of these
sheets are stacked with any lattice constant mismatch
or angle mismatch, it results in large-scale interference
patterns, or moiré lattices. In a moiré lattice, the overall
structure is periodic with many local differences.

Two regions of significance can be defined as an AA
stacked region, where two layers are aligned so every
carbon atom is directly on top of another carbon
atom, and an AB stacked region, where two layers are
staggered so the top layer is shifted along the diagonal
of the nanomesh unit cell by exactly one side length of
the hexagon. This difference in structure can result in
unique electronic behavior which could indicate that
electrons can be localized to certain regions of the moiré
lattice.
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Calculations were completed using GGA functionals
in Quantum Espresso, an open-source program which
calculatestheelectronicpropertiesofnanoscalematerials
using density functional theory, pseudopotentials and
plane waves [3,4]. The crystal structure of the materials
was visualized using XCrysDen [5,6].

Results and Discussion:

First, the crystal structure for a graphene monolayer
and the graphene nanomesh (shown boxed in blue in
Figure 1) monolayer were optimized. The unit cell of
graphene was found to have a lattice constant of 2.464 A
(7.3920 A for the 3x3 supercell), and the unit cell of
the graphene nanomesh was found to have a lattice
constant of 7.5115 A. Using these optimized structures,
the band structure for both monolayers were calculated.
The graphene band structure (using the 3x3 supercell
to have symmetry with the nanomesh) contains the
distinctive Dirac cone at the I" point, and the band gap
of the nanomesh is found to be 2.4021 eV. This band gap
is much less than literature values [1], but this is due to
GGA being used, which is known to underestimate band
gaps, whereas HSE06 was used in literature calculations,
which usually gives more accurate results. The overall
shape of the band structures for both the graphene and
nanomesh monolayers match literature results [1,7].



Using the optimized monolayer structures, AA and AB bilayers were
approximated by stacking one nanomesh monolayer on one graphene
monolayer with the nanomesh lattice constant and a bilayer distance
equal to bilayer graphene, shown in the inserts of Figure 2 and 3
respectively. Using these unit cells, the band structure for each bilayer
was calculated, as shown in Figure 2 and 3 for AA and AB respectively.
There are many similarities in the band structures of the bilayers and
the superposition of the 3x3 graphene supercell and the graphene
nanomesh, especially for AB. Specifically, the band gap at the K point
and curve at the I’ point appear in both the AA and AB band structures.
Additionally, the Dirac cone of the 3x3 supercell at the I" point is observed
exactly in the AB band structure. In the AA band structure, the feature is
similar, butitalso has a band gap opening of 0.0557 eV. This is significant
because it indicates that while the structures are very similar, the AB
bilayer behaves like a conductor whereas the AA bilayer behaves like a
semiconductor.

Conclusions and Future Steps:

In conclusion, the band structure of a graphene/nanomesh bilayer
depends on its stacking symmetry: the AA bilayer has a direct band
gap and the AB bilayer has a Dirac cone. This difference suggests in a
moiré lattice, electrons will be confined to the AB, or conductive, regions.
Further work is needed to fully model the moiré lattice and determine
what relaxation effects may occur when stacking the two layers.
Additionally, further research consists of determining the band structure
of these bilayers with different types of nanomeshes, including changes
in pore size and distance between pores.
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Figure 1, top: Superposition of a graphene monolayer and a nanomesh monolayer. Many of
the prevalent features — such as the Dirac cone of graphene at the I' point and the band gap
in the nanomesh at the K point — are observed in both bilayer band structures, especially
for AB stacking.

Figure 2, middle: Calculated band structure for the AA stacked graphene/nanomesh bilayer.
It exhibits a band gap of 0.0557 eV at the I point.

Figure 3, bottom: Calculated band structure for the AB stacked graphene/nanomesh bilayer.
It exhibits a Dirac cone at the I' point. Its features are very similar to the superposition of
the graphene and nanomesh monolayers, especially the Dirac cone of the graphene at the I
point and the band gap of the nanomesh at the K point.
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