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Stability and electronic properties of new AB-stacking and moiré bilayer graphene superlattices with closed edge

nanoholes are studied using DFT method calculations. The closing of the edges is made by C-C bonds that form after
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folding the borders of the holes. Superlattices with periodic hexagonal symmetry are considered with more details. The

electronic band structure of the nanomeshes has metallic to semiconductor characteristics, depending not only on the size

of the holes and the distance between them, but also on the hole shape. Bilayered graphene is considered as platform for

the engineering of

Introduction

Graphene is a marvelous material whose characteristics have
more than amply be described in the literature. It has
drawbacks, however, which have the same origin as its
remarkable properties. With its intrinsic zero band gap, on the
one hand, graphene is neither a metal nor a semiconductor.
Due to the linear dispersion of the graphene energy bands
near the Fermi level, on the other hand, a potential barrier
induced by a gated electrode is transparent to electrons
arriving at normal incidence. These two effects are unwanted
for most applications of graphene in nanoelectronic devices. A
lot of efforts are therefore put worldwide to modify the
intrinsic properties of graphene without affecting much its
remarkable useful characteristics such as a high carrier
mobility. These modifications can be physical (effect of the
substrate that holds graphene or application of a magnetic
field), chemical (doping, functionalization), geometrical (finite
width, mechanical deformation) or structural.’™ The present
work belongs to the last cited category of modification, namely
the perforation of holes to create a superstructure at a larger
scale than the atomic lattice parameter.

Two-dimensional (2D)1'6 and 1D one-dimensional””® graphene
superstructures (SS) are attracting a growing interest primarily
for their semiconducting properties contrasting the graphene
ones'™. Many SS options proposed, and partially implemented
today, consist of graphene nano-meshes (GNM) or antidot
3-6,11-15 16-18

For arrays of holes can be

lattices. example,

fabricated in graphene by using a thin anodic aluminum oxide
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nanostructures with folded edge holes

etching mask, electron irradiation with energies below the
knock-on damage threshold of graphene, and etching in
oxygen-nitrogen atmosphere. The behavior of the gap value E,
is directly dependent on the distance between the nanoholes,
their shape and size.¥®113 1f GNMs are promising for filtration
of molecules™® for instance, they can also find applications in
nanoelectronic devices. In particular, they can sustain high
electric and exhibit negative differential
conductance.” In addition, they can be used in field-effect

currents

transistors with enhanced properties20 and supercapacitor
electrodes.”
The motivation for conducting research on bilayer graphene
nanomeshes is manyfold: 1) this form of perforated graphene
does not contain chemically active atoms on the hole edges
and then its hole edges are less reactive than the ones in single
GNMs and are therefore more stable; 2) it should present an
electron mobility better than in single-layer GNMs because
this sp2 system can be viewed as a multiply connected surface
that has no boundaries, the electrons move freely through the
surface as in the case of carbon nanotubes with small number
defects; 3) a bilayer GNM have
semiconductor or metallic properties depending on its

of topological can
structure.

Bilayer AB- or AA-stacking of graphene is attracting a growing
attention due to its unusual electronic structure compared to
that of single graphene.22 Furthermore, in the case of moiré
packing the related periodic superlattice may give rise to many
cones in the electronic spectrum.23 Recently we proposed
«honeycomb» nanomesh structures based on bilayer AA-

#26 |t was shown that

stacking graphene with hexagonal holes.”
the zig-zag edges of face-to-face holes lead to covalent bridges
resulting in an energetically favorable closed structure with sp2
topologically connected layers. Thus we obtained much

connected topological surface or quasi 2D schwartzite which
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Fig. 1 Schematic construction of bilayered graphene nanomeshes: preparation by cutting along zig-zag directions AA- (or
AB-) stacking bi-G using electron beam (a), and transformation (b, c) during reaction of covalent bonding of C-atom pairs of
two zig-zag edges into bi-G nanomesh with folded edge holes. In the GAA case (b) red circles show C-atom octagons at the
corners of the 120° graphene fold conversion24_26’35; in the case of AB-stacking brown circles show pairs of heptagons at

120° corners at the intersection of one Z direction with another Z of graphene fold.

was proposed first in Ref.” as analog 3D carbon schwarzites.”®
* However the AB-stacking and moiré graphene systems with
interconnected holes (hereafter called «folded» holes) have
not yet been studied in details, though some bilayered G,g SS
with unfolded holes have been recently investigated.30"31 It is
only very recently that folded holes in bi-graphene producing
have been reported.32

Here we focus our attention mainly on new nanomeshes of
bilayer AB-stacking Bernal graphene with «round» folded holes
which are triangle-like holes in each layer. Their electronic
structures are compared with the ones of single graphene and
AA-stacking nanomeshes which geometry similar to the AB-
stacking one. It is known that the chemical reactivity of
graphene edges depends of their configurations: the zigzag (Z)
edge atoms are more reactive than atoms of an armchair
edge.33 Therefore, we will consider nanomesh SSs with Z edge
holes only.

It is possible to prepare a structure with holes whose edges
resemble smooth graphene folds by putting electron beam on

. 32-38
bi-G surface

as it is shown in Fig. 1la. Thus a fully
continuous unbroken honeycomb bilayered structure of sp2 -
hybridized carbon atoms (Fig. 1b,c) is formed. By moving the e-
beam spot, elongated holes can be obtained — Fig.1 a,b.
«Round» holes— Fig. 1c - are obtained by using local e-beam
irradiation. The smooth and closed boundaries in the holes
should affect scattering of charge carriers much less than in
single GNMs.

This paper contains the following parts: calculation methods;
how «round» holes with closed edges can be constructed in
AB-stacking graphene; architectonics of bi-G hexagonal SS
nanomeshes including comparison of the Gy, and G,z meshes
with GNMs of similar geometry; hexagonal bi-G,gNMs with

2 | J. Name., 2012, 00, 1-3

«oval» closed edge holes; moiré bi-G nanomeshes with closed
edges of the holes on AB- and AA-stacking regions; main
electronic parameters of the considered bi-G nanomeshes;
nanoengeeniring on the base bi-GNMs; summary.

Calculation methods

First-principle calculations within the framework of density
functional theory were performed using SIESTA Package."’9
Ab-initio LDA DFT calculations with standard norm-
conserving pseudo-potentials, flexible numerical LCAO
double zeta + polarization orbital basis sets were used. The
2D system is separated from its periodic images by a
vacuum distance of 10 A. The exchange-correlation
potential due to Perdew—Zunger40 was incorporated at the
level of the local density approximation (LDA) for electronic
structure calculations. To calculate the equilibrium atomic
structures, the Brillouin zone (BZ) was sampled according
to the Monkhorst—Pack scheme®! with a k-points density
0.06 A™. Structural relaxation was carried out until the
change in the total energy was less than 10_4eV, or forces
acting on each atom were less than 10 eV A™. This
method has the drawback to underestimation of the band
gap of about 25-40%.% Nevertheless, its qualitative
predictive ability suffices for the present exploratory work.

Results and discussion

How «round» holes with closed edges can be construct in AB-
stacking graphene

This journal is © The Royal Society of Chemistry 20xx
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Fig. 2 Details on the construction of bilayered graphene GAB with «round» holes Ry, =0, 1, 2: (a) the hole R; is represented
before interconnecting the edges by covalent bonds liking corresponding pairs of atoms shown in red, (b and c) triangular
holes in the top G, layer and the bottom Gg layer whose superposition gives (a); (d) the torus-like hole Ry has 6 joined
octagons (8 atoms drawn in blue belong to the one of them - 5 atoms in G, and 3 atoms in Gg); right-hand side: green G, and
violet Gg layers after extraction of 4x2 close atoms; (e) the hole R; after extraction of 44 close atoms has 6 pairs of joined
heptagons (one of them is shown in blue) and 6 pairs of bounded atoms located one above another in bi-graphene (shown in
red in the left-hand side structure), between them, pairs of atoms are situated on opposite Z- edges of G,g; (f) hole R, after
extraction of 104 atoms has 12 heptagons interconnected two by two (blue atoms together with 6 bounded pairs of red
atoms situated one above another). G, layer is indicated by cyan atoms, the G layer by violet atoms in (c-e). Bottom
drawings in (d) and (e) are side views of the corresponding folded holes Ry ;.The arrows in (e) and (f) show the Z connected
atoms in a corner of the holes (one such atom in each corner of Ry, two in each corner of R,).

Bilayer graphene is slightly more stable with the Bernal lattice
(Gag) than with the AA-stacking configuration Gaa (where each
atom in one layer is located exactly over an atom of the other
Iayer).43 We constructed a hole using connection of Z edges
mainly along the same way as in Refs.>*>> and considered first
Gpg superlattices with hexagonal-like «round» holes. The
principle of their formations is shown in Fig.2. When narrow
electronic beam is focused on Gug surface with =1nm size spot
it can be form a «round» hole by, for example, knocking 22-
atoms out of Gpg (11 atoms from each layer, Fig. 2a). The 12
pairs of edge atoms (each atom in one layer is located close
over the atom of the other layer) are connected and form all
sp2 smooth folded hole with radius R; (one Z atom in each
corner) - Fig. 2e. The hole in the top layer has a triangular form
as a truncated triangle similar to the one considered earlier in
GNMs.****® The hole in the bottom layer has the same shape
but is rotated by 180° - Fig. 2 b,c. By reducing the spot size of
the focused electron beam, 4x2 atoms can be knocked on after
what a smallest hole Ry can be formed (Fig. 2d), where two
pairs of atoms on zig-zag sectors lying between two pairs of

This journal is © The Royal Society of Chemistry 20xx

atoms located exactly one above another can be connected
and all of them organize the folded hole.

«Round» hexagonal holes in AB-stacking graphene are shown
In Fig. 2 d-f. The insets in Fig. 2e-f show truncated triangular
holes after extraction of N(q) atoms from each graphene sheet
for g= 1 and 2. Hole radius Ry=(g+1)ac.cV3 is the distance
between two close red pairs of atoms in units of ac.c=1.42A.
For each g, the Rg,; hole follows from R, by the addition of one
hexagon row along the zigzag sides of the truncated triangular.
Each side of the truncated triangle hole R, increases by ac.cv3
when g increases by one.

Each torus-like hole has topological defects: 6 octagons in the
Ro hole, and 12 heptagons in R;>1 holes. In these 2D
schwarzites the number of non-hexagonal rings in each inner
torus region must satisfy a relation extracted from Euler
theorem formula: n;+2ng = 12, where n; and ng are the
numbers of heptagons and octagons in the hole structure. The
R; hole is organized from Ry by extracting 36 atoms close to
the border. The next R, hole is organized in a similar way after
60 atoms are removed from the border of the hole R, - Fig. 2f.

J. Name., 2013, 00, 1-3 | 3
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Fig. 3 Atomic structures of hexagonal SSs and their electronic band structures: (a) graphene, (b-d) G{5,t,}, G{5,t:}, G{5,t,}
nanomeshes with triangular or truncated triangular holes, respectively. UC (red rhombus) has parameter Ls=5x3ac.c; the inset
shows first BZ scheme, H-atoms are adsorbed on the hole edges.

The holes R, of larger radius (g>2) can be generated in a
similar fashion with formation of truncated triangles in each
graphene layer. It is easy to obtain a simple recurrence
formula between the numbers of extracted atoms: N, =2N(q),
N(q)=N(g-1) +6(2g+1) were qg=1, N(0)=4. For example, Ngy
(2)=104 (N(2)= (22+30) for the «round» R, holes of Gg SS.

Architectonics of bi-graphene nanomeshes

First we will consider single-layered and AA bilayered meshes
with the same geometry as triangle-like hole structure in AB
«round» hole - Fig. 2. Next, the electronic properties of
hexagonal G{L,t;} meshes (with similar truncated triangle
holes tq45) will be compared with new hexagonal superlattices
Gan{lp tq} and Gag{L,,Ry} on the example of hexagonal unit cell
(UC) parameter Ls=5x3ac.c along armchair direction (see Fig. 3).
According to the rule derived for nanomeshes (see eq. (3) in

Ref.s) we obtain semiconductor behavior for all G{L,t;} NMs
with a gap E; ~ leV. Besides that, all NMs with translation
vectors codirectional to «armchair» are semiconductors.®
However, due to the triangular shape of the holes, we obtain a
flat or dispersionless band near E; induced by electron
localization close to hole corners (see Refs.4'13) for the meshes
G{5,t4}. The situation is similar to hydrogenated graphene SS
with hydrogen atoms>® adsorbed on the very same C atoms
than those that were extracted here. The band structure
depends weakly of the hole size.

Another semimetal behavior is obtained when we consider the
nanomeshes Gua{5,t;} constructed from two connected
meshes G{5,t,} - Fig. 4. Here the C atom bonds near the holes
are strained and, therefore, electrons remain somewhat
localized near the holes and form minizones near E;. This is not
full localization, however, for the electrons can move from one
layer to the other through sp2 hole edge bonds that stitch the
layers together. This topology changes the band structure

M K
(b)

4| J. Name., 2012, 00, 1-3

()
Fig. 4 Atomic structure and electronic band structure of nano-meshes obtained from two meshes G{5,t,} in AA-stacking with
folded holes: (a) Gaa{5,t0}, (b) Gaa{5,t1} and (c) Gaaf{5,t,}. For comparison purpose, (d) represents corresponding graphene SS.

(d)
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shown in Fig. 3b. In the case of mesh Gaa{5,t,} (Fig. 4a), there
are two band crossings (Dirac points) in the spectrum with a
flattened branch between the two Dirac points. In the mesh
Gaaf5,t1} (Fig. 4b), electrons can pass from one layer to another
through their small-strained C-C bonds of the torus parts.
Therefore, there are two Dirac points in the spectrum, which is
the result of electron moving in different semimetal ribbon-
like parts of the 2D superlattice. The structure Gaa{5,t,} has
larger holes than in Gaa{5,t,} - Fig. 4c. Nevertheless C-C bonds
remain strained, and some localization of electrons remains
close to the holes. Remarks that we have collapsed (8,8), (6,6)
and (4,4) CNT fragments between the holes in the Gaa{5,to},
Gaaf{5,t1} and Gaa{5,t,}, respectively.

The holes in Gaa{5,t5} are closed by octagons that conserve two
sublattices like in graphene. This topology preserves part of
the electron-hole symmetry of the band structure of this
nanomesh, which is required for the existence of Dirac cones
in the band structure.

A possible reason for the appearance of two Dirac points in the
band structures of the meshes Gaa{5,t;} is the twofold
symmetry of the holes (see direction J-J’ Fig. 4). The Dirac
points do not stay at high-symmetry points of the SS Brillouin
zone. There is no gap opening, because the structures possess
an overall symmetry in spite of the holes. Thus we observe the
presence of massless charge carriers near the Dirac points in
these structures. However the slopes of the main electron-
hole branches in the Dirac cones decrease compared to
graphene monolayer (see Figs. 4 a-d) and so do the Fermi
velocities. This is due to the fact that the C-C bonds in
octagons of the nano-holes are strained and angles between
bonds in folded parts are smaller 120° (for example, some
lengths ac.c~1.45-1.47A and some angles =112° in the mesh
Gaaf{5,t1}). Therefore charge carriers are localizated near these
topological features of the bi-graphene meshes. The
degeneracy of branches in graphene with the supercell
parameter Ls (Fig. 4d) splits partially in triangular nanomeshes
(Fig. 4a-c). As a consequence of this Dirac cones are deformed
near Fermi level. The Fermi velocities vi are smaller than
vF=1x106 m/s in 2D graphene: Vgy,/Ve=0.67, 0.53, 0.75,
respectively. This spectrum behavior is greatly different from
that of the semiconductor biGaa with
hexagonal structures and hexagonal holes.”®

meshes similar

AB-stacking cases

In this Section, we study folded nanomeshes obtained from
AB-stacking  Gpp{5,Rq} single
nanomeshes, which are rotated one another by 180° as shown
in Fig. 2. First, meshes with small holes and large distances
between neighbor holes are considered — Fig. 5 a,b.

The meshes Gug{5,R,} have strained C-C bonds in their hole
torus regions. The Gag{5,Ro} structure (Fig. 5a) reveals metallic
character ,which can be related to reconstructed bonds of
atoms near narrow holes - this is indicated in the MK region by
flat bands related to electron localization near the hole. The
Gpg{5,R1} structure is semiconductor with and indirect gap
E,=0.21 eV. Increasing the hole even further (104 atoms

two constructed from

This journal is © The Royal Society of Chemistry 20xx
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(c) (d)
Fig. 5 Geometry and electronic structure of G,gNMs with
hexagonal SS parameter Ls=2nm: (a) n-type carrier metal
Gag{5,Rp} and semiconductors: (b) Gag{5R;} and «c)
Gas{5,R2} with Eg=0.21 and 0.19 eV, respectively. For
comparison purpose, (d) represents the nanomesh
Gan{5,h,}, Eg=0.21eV.

removed) leads to the Gug{5,R,} structure It has a band gap
0.19 eV. The optimized UC parameter L decreases slightly from
21.25 to 20.99A as the number of atoms in the UC decreases
and the regions between holes become less flat. Because of all
nanomeshes Gag{l,,Ry} have chemically low active sp2 - atoms
on the hole edges, there are no magnetic atoms on the hole
corners in contrast with single layered G{L,,t,} (see Fig. 3, and
Refs.11’4s). There is no strong electron localization near the
nanomeshes holes shown on the Fig. 5b,c. Therefore they have
band gaps of the order of 0.2 eV, not as big as in the case of
single layered meshes G{5,t4} (compare with Fig. 3) because of
some leakage of electrons through folded hole edges.

We compare now nanomeshes Gpg{5,R;} and Gaaf{5,h,} with
the same parameter Ls. The mesh Gua{5,h,} has a smaller
number of C-atoms (192) than in the GAg{5,2} UC (196). In the
AA-stacking mesh the presence of symmetrically arranged
atoms leads to generation of two mini-zones formed by tree mn-
branches near E; and separated by the gap 0.23 eV (Fig. 5d).
These mini-zones, in turn, are separated the gaps (E = 0.7eV
from the following permitted zones. The mesh Gpg{5,R,} has

J. Name., 2013, 00, 1-3 | 5
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Fig. 6 Details of the construction of AB-stacking bilayer graphene with «oval» hole O,: preliminary view of hexagonal holes
with radius R, after extracting 24 carbon atoms (a); the blue circles show atoms extracted from the upper layer (b) and the
bottom one (c); the hole with long size R, before connecting the edges by covalent bonds of corresponding pair atoms (14
such atoms of the upper layer are marked by yellow circles) in two A and B (red atoms) layers (c); view of the G,z hole with 8

heptagons and 2 octagons on the oval region.

lower symmetry thus the UC has a smaller number of
equivalent atoms. The mini-zones are wider then Gaa{5,h,}
ones (compare Fig. 5¢c with Fig. 5d).

Remarks that the nanomesh Gag{5,R,} — Fig. 5¢, is a periodic
structure of Y-junctions made of (4,4) CNTs**? - compare it
with the Gaa{5,h,} structure with hexagonal holes in Fig. 5d.
Both structures are semiconductors because of potential
barriers that are present in Y junctions of cNT.Y

The meshes Gug{Ly,R,} and Gaa{L,, by} with larger UC parameter
L, (p>6) will have nanotube elements with larger diameter.
CNT elements with diameter D>1.5 nm should more easily be
deformed in the shape of flattened CNTs through the
interaction between graphene bilayers.46 The gaps E; of these
SSs should decrease with increasing CNT diameter or the
distance between neighboring holes.?®

Hexagonal G,g superlattices with «oval» closed edge holes

The «oval» holes O, can be built in the Gz bilayers when they
form under an elongated spot of electron beam or with
catalytic nanoparticles of oval form. We used a simple
construction using connection Z edge carbon atoms (Fig. 6): 1)
starting from hexagonal holes with radius Rq=(q+1)ac.cV3
(9=1,2,3,...) in the layers, which were considered recently,31 2)
excluding (1+q)4 edge atoms (see, for example, blue atoms on
Fig. 6b,c in O, case), 3) after the atom removing, we connect
the pairs of chemically active atoms, 3) than we optimize the

resulting hole O, with short side /= gac.cV3 entirely of sz_
hybridized carbon atoms to form topological defects -
heptagons and octagons (see Fig. 6e).

We constructed and optimized the structure of possible
nanomeshes with oval holes O,. Fig. 6a shows AB- stacking
graphene with hexagonal holes (the radius R, = 3accV3 is
similar to the hole structure shown on the Fig. 1 and 2d in
Ref.*). In Fig. 6b,c we present non bonded upper A layer (b)
and bottom B layer (c) with the 4x2 atoms (blue circles) which
must be removed in order to obtain oval hole O; with short
side I,= 2ac.cV3 and all sp2 covalent bonds of corresponding 14
pair chemical active atoms (Fig. 6 d,e).

It can be possible using the same method to construct AB-
stacking SS with bigger oval holes by similar transformation of
non-folded hexagonal holes with bigger radius.

We denote the oval mesh as Gpg(L,, Rq), where L= px3acc is
the lattice parameter along X axis of the superlattice, Ry and /,
are long and short sides of the oval hole (indicated by the
arrows in Fig. 6).

AB bi-graphene nanomeshes are shown in Fig. 7a,d. The
initially chosen hexagonal SS UCs with L, = p x3ac.c (L, =1.7nm
and Ls= 2.1nm) changed slightly after optimization to vyield
parallelogram unit cells with UC vectors L,# L, and angle (L,,L;)
# 60° because of the less symmetry of oval holes compared to
hexagonal and «round» holes (see Tabl.1). Meshes Gag(4,R,)
and Gpg(5,2) have energy gaps E;=0.5, 0.3 eV, respectively (Fig.
7b,c). If in the case of Gag(4,2) mesh, we have periodic Y-
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Fig. 7 Atomic and electronic band structures of AB bi-graphene hexagonal semiconductor nanomeshs with «oval» holes:

Gag(4,2) - (a, b), Gag (5,2) - (c,d), respectively.
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junctions of identical (4,4) CNT fragments, characterized by a
bigger band gap than for the Gug(5,2) mesh where the (6,6)
nanotube fragments are more flattened then in the Ga(4,2)
case. So elongated hole shape leads to semiconductor
behavior of the meshes Gag(4,2) and Gpg(5,R,) due to a distinct
symmetry from that of graphene like in the case of meshes
Gas{5,R1} and Gag{5,R,} (Fig. 5b.c).

Moiré bi-graphene nanomeshes with closed edges of «hexagonal»
AA and «round» AB holes

Besides AA- and AB-stacking of bilayer, infinitely many
configurations can be obtained by applying a rotation of two
identical lattices by an angle 8. That so-called moiré
bigraphene structure can be viewed as a hexagonal SS with
several periodically repeating parts in which the layers are
packed in different ways. The unit cell with period L(8) consists
of one AA- stacking part and two AB- stacking parts. As an
example, we considered moiré biG nanomeshes with angle
6=6° and UC parameter Ls=2.2 nm - Fig. 8.

Moiré initially chosen hexagonal SS with angle 6=6° and
parameter L=2.39 nm is schematically shown in Fig. 8a.
Regions where bilayer graphene arranged in AA and AB
packings are clearly visible in Fig. 8a (pink and blue areas,
respectively), so creation of holes is possible along the same
scheme as discussed above. The atomic and electronic
structures of the Gys{5;AA2} mesh are presented in Fig. 8b. In
the band structure of Fig. 8(b), two crossing branch points in
M and IK regions show a metallicity of the mesh and reflects
the high symmetry of corresponding SS. Some electron
localization near holes leads to the formation of branches

ARTICLE

closer to Fermi level E;. Here, the velocities v in Dirac points
are smaller than the value v; of graphene, as it was also the
case for the band structure of meshes Gpa{5,t,} in Fig. 4. The
UC parameter of the optimized bilayer SS is slightly shorter
than for the moiré pattern without holes, L=2.36 nm and the
UC contains 316 atoms (N.,;=48). The energy per atom E/N = -
155.19 eV is comparable with other nanomeshes.

Hexagons carving of the AA-stacking regions of various sizes
leads to a structure consisting of Y-junction elements. Here,
the nanomesh Gys{5;AA3} that would be obtained by cutting
the pink areas in Fig. 8a consists of Y-type junction of (6,4)CNT
fragments. Thus we have the first example of Y-junction of
chiral CNTs which was not considered earlier.

Making holes is possible in the AB areas of the moiré patterns
too. The construction of AA-, AB- holes combination is also
possible. For example, moiré 6° mesh Gys{5;AA2,2AB0} with
one hole in AA and two small holes in AB areas of their unit cell
is shown on Fig. 8c. In contrast with the mesh Gys{5;AA2}, this
SS is metallic , is more strained and has many flat branches in
its band structure - Fig. 8c.

Different GNMs with moiré structure will be studied in more

details in a forthcoming paper.
Main parameters of biG nanomeshes

Table 1 lists the main parameters of the SSs considered in this
paper. It is worth remarking that all the total energies E/N of
the nanomeshes are found between the one of graphene and
the one of CNTs, except for the case of the very strained mesh
Gag(4,04). Their UC parameters are somewhat smaller than the
corresponding parameters L of graphene and bi-graphene UCs.

(a)

(b) (c)

Fig. 8 Moiré graphene nanomesh structures: (a) 6° SS; pink and blue areas show areas with almost AA- and AB- stackings,
respectively; (b) the nanomesh Gye{5;AA2} with one hole Raa, in the center of the AA region of the hexagonal UC (red
parallelogram) and its band structure; (c) the mesh Gy{5;AA2,2AB0} with the same hole Raa; and two Ragg holes in the center

of the AB regions of the UC.

This journal is © The Royal Society of Chemistry 20xx
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(a)

Fig. 9 Engineering of nanoelectronic elements from bilayered

(b)

graphene: example of fabrication some complex mesh-like

structure with four (6,6) and two (4,4)CNT terminals (a)- sketch of the biG cutting, (b) cutting — view before connection of the

edges, (c) upper view is the element,
Bohm CNT ring-like «trap».

«pillow trap», below view is some more simple nanoelectronic elements — Aharonov-

Nanoengineering on the base bi-GSSs

Fig. 9 sketches the preparation steps and some electronic
elements based on bi-graphene in the AA stacking with six CNT
terminals. The borders of the future device are shown by the
red lines in Fig. 9a. Electron beam exposure removes the red
areas (Fig. 9b). The same procedure can be performed at a
catalytic nanoparticles location on the red areas as in the case
of graphene nanomeshes (for example, copper particles
using49). Connections of the atoms occurs at the layers
boundaries during such a procedure. Thus bi-graphene with six
CNT terminals is formed (Fig. 9c). Using the same preparation,
it is possible to conceive a structure containing two (6,6) and
four (4,4) nanotubes connected with a central (6,6)CNT «ring»
part (see Fig. 9b) or similar element with central «pillow» part
(see Fig. 9c upper). If (4,4)CNT parts were moved away, a CNT
hexagonal-like «ring» with two (6,6)CNT electrodes would be
obtained. This structure looks like an Aharonov-Bohm
element®™® at the nanoscale. Fig. 9 demonstrates that it is
possible to prepare different nanoelectronic circuits by this
method. For example, it is possible to use simplest «karigami»-
like structure Fig. 9b (compare with «karigami» GNR structures
in Ref.51). Here, the central part of the structure may be
pushed away from the plane by the application of a load which
leads to some stretching of the six attached long CNTs, thereby
changing the electrical current in the system by applying a
voltage to oppositely disposed electrodes. Similar structures
can be obtained using AB or Moire bilayered graphene.

Like membrane, similar structures with nanopores can be used for
filtration of gases and liquids. In another context, perforated bilayer
graphene with folded edges may present interesting thermal
properties, in particular zero thermal expansionsz. Thanks to the
interlayer bonds at the hole edges, the bilayer should be more rigid
than with van der Waals interactions only, which should influence

8 | J. Name., 2012, 00, 1-3
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the flexural wave mode and, thereby, the mechanical and thermal
. 53
properties of the structure

Conclusions

We have performed a systematic study of a wide class of new
graphene bilayer nanomesh systems with different periodic
arrangements and with a large variety of hole shapes. Only a
few examples have been reported in this paper. Stability and
electronic properties of the modeled structures were
investigated by DFT calculations. It has been shown that the
zig-zag edges of the considered hexagonal holes can lead to
sz_ stitching bonds of the edges of superimposed holes,
forming closed structure with perfect threefold coordination.
We show that there is a rich and sometimes subtle
dependence of the electronic structure of the considered
systems on their geometry. The combination of quantum
confinement at hole edges, the modified symmetry and
periodicity due to the nanohole arrangement leads to
interesting and unexpected band structures. For some
symmetric cases, Dirac points typical of graphene are
conserved along high-symmetry directions of the Brillouin
zone. For less symmetric superstructures of bilayer
nanomeshes, a semiconducting behavior is obtained. We
propose also possible methods for constructing different
bilayer nanoelectronic elements. Thus, our study points to the
manipulation of graphene materials at the nanoscale for
tailoring desirable properties.
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Structures N, (UC atoms) -E/N, (eV/atom) Eg (eV) L, (A% Nt
Graphene 150 155.279 0 21.30 0
Gaat{5, a}

q=0 292 155,260 1.0 21.22 8
1 256 154.739 1.2 21.10 44
2 196 155.041 1.1 21.02 104
Gan h{5, Ry} 192 155.040 0.23 21.07 108
Gas t{5,9}
q=0 292 155,266 0 21.26 8
1 256 155.177 0.2 21.25 44
2 196 155.040 0.17 20.99 104
Oval holes L1 L2
Gae0(4, 1)
136 154,999 0.48 16.2 16.80 56
<(L1,02)=118.9°
Ga O (5, 1)
244 155.139 0.25 20.9 21.24 56
<(L1,L2)=119.5°
Moiré
Gme{5;AA2} 316 155.191 23.36 48
Gwe{5;AA2,2AB0} 300 155.027 23.24 64
(6,6)CNT 24 155.170 0 0
(4,4)CNT 16 155.021 0 0

Table. 1 Main parameters of biG nanomeshes.
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