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A B S T R A C T

Creating a graphene nanomesh, that is graphene sheet with a regular array of holes, which can also be
referred to as antidot lattice, is one of the ways to open the electronic band gap in graphene. Using focused
electron irradiation in a transmission electron microscope and programmed beam displacements, we prepare
nanomeshes with periodicities below 10 nm and hole sizes below 3 nm. We find that the formation of the
mesh is frequently accompanied by the appearance of vacancy lines, which should give rise to the mechanical
strain in the system. Moreover, strain can also appear upon heating or cooling graphene sheet along with
the supporting frame, or exerted externally. At the same time, the effects of strain on the electronic structure
of graphene nanomeshes has not been studied. The main goal of this work is to investigate theoretically
how tensile strain and vacancy lines can affect the band gap in the nanomeshes with and without hydrogen
termination. Using first-principles calculations, we demonstrate that for most structures the gap (if present)
monotonously decreases with strain. However, when strain gives rise to the changes in the morphology of
the edges, the gap can be opened or closed, which is associated with the spatial localization of the electron
wave functions at the valence band maximum and conduction band minima. The magnetic moments localized
at the edge atoms of the nanopore change as well. We further discuss such a behavior in the context of the
optoelectronic properties of graphene antidot lattices, along with the implications for strain engineering of the
characteristics of the nanomeshes.
1. Introduction

Graphene, a two-dimensional (2D) material which has been at the
forefront of research in physics and materials science since its isolation
in 2004 [1], possesses many unique properties such as record-high
Young’s modulus, excellent electron mobility and thermal conductance,
just to mention a few [2]. However, pristine graphene has no elec-
tronic band gap, which limits its applications in electronics [3,4],
photovoltaics [5,6] and sensing [7,8]. Not surprisingly, various strate-
gies to open the gap in graphene have been explored theoretically
and experimentally, which include chemical functionalization [9–12],
placing graphene on various substrates [13–18], application of electric
field (in bilayer graphene) [19–22], creation of superlattices [23–25],
patterning and nanostructuring [26]. Specifically, a sizable band gap
of up to 4.7 eV can be created in monolayer graphene by attaching
various chemical groups (OH, F, H) and essentially converting it to
another material, that is graphene oxide [27,28], graphane [29,30] or
C–F compound [31–33]. A smaller band gap (less than 0.3 eV) can
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be induced in graphene on specific substrates, e.g., Au (001) [18], or
h-BN [16,34].

As for the nanostructuring, first-principles [35,36] and tight-binding
[37] calculations showed that graphene ribbons exhibit gaps with
the value being dependent on ribbon width and edge type due to
quantum confinement. Experimental studies [38–44] confirmed this
conjecture. In particular, scanning tunneling spectroscopy experiments
have revealed a bandgap of up to 0.39 eV for H-terminated zigzag
graphene nanoribbons [38]. Another study where scanning tunnel-
ing microscopy/spectroscopy (STM/STS) measurements were employed
has reported a bandgap of 0.75 eV in the armchair graphene nanorib-
bons [39]. Sub-nanometer ribbons synthesized inside carbon nanotubes
have exhibited a bandgap of 1.83 eV [45].

Calculations [46–52] also indicated that creating an array of regu-
larly spaced nanopores (NPs) in graphene, which can be referred to as
a mesh of antidots, can convert it from semimetal to semiconductor.
The gap opening and its magnitude was shown to be dependent on
NP sizes, their shapes, periodicity and separations, and it could reach
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Fig. 1. (a) An example of the antidot lattice produced by the electron beam in the TEM at elevated temperatures. (b) Close up of a vacancy line near a nanopore
in graphene, corresponding to the area b in panel (a). (c) Close up of the nanopore shown in panel (a), area c. Pentagons at the edge of the nanopore are clearly
visible. Scale bars are 3 nm.
Fig. 2. (a) Example of a zigzag supercell with translation vectors 𝑎1 = (10,0), 𝑎2 = (10,0) expressed in terms of graphene unit vectors and a pore where 12 atoms
are missing. (b–d) Examples of pores with various geometry and supercell sizes with and without hydrogen termination at the edges. Carbon atoms are colored
brown and hydrogen atoms red.
several tenths of eVs for realistic structures. The influence of hydrogen
passivation of the dangling bonds at the edges on the electronic struc-
ture was addressed as well [47]. The role of disorder at the edges was
also investigated [53,54]. It was found that the gap is rather robust
against geometrical disorder, and only a large deviation of the antidot
array from the perfect periodicity leads to a narrowing and eventually
closing of the energy gap.

Concurrently to the theoretical studies, a substantial progress in
the manufacture of the antidot lattices was achieved [55]. The main
fabrication methods for creating graphene NPs include electron beam
milling, ion beam bombardment, plasma etching, electric breakdown,
chemical treatments, photothermal effect-mediated etching and laser
illumination, see Ref. [56] for an overview. In particular, nanomeshes
were created in graphene on metal substrates using ion beam bom-
bardment together with high-temperature annealing responsible for
diffusion and agglomeration of irradiation-induced vacancies in specific
areas of the moire pattern [57], but removal of the mesh from the
substrate is not trivial due to the enhanced interaction of the substrate
with the dangling bond atoms at the edges of the NPs. NPs with
diameters ranging from 2 to 40 nm were produced by employing a
focused electron beam in the transmission electron microscope (TEM)
at an acceleration voltage of 300 kV [58,59]. Holes in bilayer graphene
2 
were also manufactured using this approach [60]. However, it was
found that the electron irradiation carried out at room temperature can
introduce undesired defects and artifacts, such as fast amorphization
of the graphene crystal structure and carbon deposition, which may
adversely affect the performance of the graphene nanomeshes.

At the same time, using electron beams at high temperatures in the
in-situ TEM experiments can create clean, large area graphene antidot-
lattices with very small spacing of 5 to 10 nm and hole sizes below
3 nm. The carbon atoms are sputtered by the electron beam [61–63]
followed by vacancy diffusion and agglomeration as well as the recon-
struction of the atomic lattice facilitated by elevated temperatures. An
example is shown in Fig. 1. Besides the holes, vacancy lines which form
partial dislocations are observed. Such defects are associated with local
distortions of the lattice and hence indicate the presence of mechanical
strain in the system [64].

Moreover, external strain can also be a way to tune the properties
of a nanomesh if it can be applied in a controlled way. We note
that although mechanical strain has widely been used to tune the
electronic properties of 2D materials [65–67], application of strain to
pristine graphene does not seem to open the gap, see Ref. [65] and
references therein for the discussion. At the same time, strain created
in the 2D material by the AFM tip [68], or its transfer to a special
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Fig. 3. Schematic diagram of the density of states of a graphene nanomesh
illustrating the extended states at the valence band maximum and conduction
band minimum and those localized at the holes. The states can be fully
extended or at least one of the band edge states can be localized, in the former
case we denote the gap 𝛥 as 𝛥ext .

substrate [69,70], its bending [71], or due to the presence of gas/water
bubbles between sheets of the 2D material [72] can be used to tune
the electronic structure of graphene nanomeshes. However, the effects
of strain, external or due to the vacancy lines, on the characteristics
of the nanomeshes with actual holes, not small vacancies [73], have
not yet been addressed. The main goal of this paper is to theoretically
study these issues. Using first-principles calculations, we systematically
investigate the effects of tensile strain on the morphology and electronic
structure of graphene nanomeshes with holes of various types, sizes and
separations. We also study how vacancy lines influence the electronic
structure of the antidot lattices.

2. Experimental and computational details

2.1. Experimental

The graphene meshes shown were formed by nano-patterning a
graphene sheet in a JEOL ARM200F transmission electron microscope
(TEM). The TEM was operated at 200 kV in the scanning-TEM mode
for patterning and at 80 kV in the aberration-corrected TEM mode
for imaging. The sample was kept at an elevated temperature (ca.
500 ◦C) during patterning and imaging to avoid contamination [74].
For patterning, a script was used to move the beam to points, placed
in a nearly hexagonal pattern. The details of the manufacture process
will be published elsewhere.

2.2. Calculation setup

Our spin-polarized density functional theory (DFT) calculations
were carried out using generalized gradient approximation (GGA) with
the Perdew–Burke–Ernzerhof parametrization [75] as implemented in
3 
the VASP code [76,77]. A plane-wave cut-off of 400 eV was used in all
the calculations. Vacuum space of 16 Å was added for all systems in the
directions perpendicular to the graphen planes to avoid the spurious
inter-layer interactions. The full geometry and shape optimizations
were performed with the force tolerance being set to 0.01 eV/Å. The
Brillouin zone of the studied systems was sampled using a 9 × 9 × 1
k-point mesh for the supercells. For accurate density of states (DOS)
calculations we used the tetrahedron method [78–80]. The partial
charge densities and spin difference densities were processed using,
VESTA [81] and VASPKIT [82].

2.3. Different types of pore geometries

To assess the effects of strain on the electronic structure of graphene
antidot lattices, we employed the supercell approach. As theoretically
demonstrated in a number of papers [47,48,52], the appearance of the
gap upon nanomesh creation depends on the shape of the NPs, their
symmetry and unit vectors of the lattice. For example, if the supercell
vectors are oriented along the zigzag directions of the underlying
graphene lattice, then sizable gap is opened provided that vector length
(expressed in terms of graphene unit vectors) is a multiple of three [52].
Likewise, for vectors oriented along armchair directions, the gap is
open when the number of the zigzag chains oriented perpendicular
the armchair direction is even [48]. As there is essentially an infinite
number of possible configurations, we pick up several representative
systems composed from pores of various radii and separations between
them with and without gap when there is no strain.

Following previous work [46,47,52,83–85], we use general nota-
tions (𝑎1, 𝑎2) to describe the periodic supercells by their translation
vectors 𝑎1 and 𝑎2, which are expressed in terms of the graphene unit
vectors and lattice constant of 𝑎 = 2.46 Å . We also indicate the number
of removed atoms, the symmetry of the pore and the types of the
edges, which can be either zigzag or armchair. We note that after the
optimization the average lattice constant calculated as the ratio of the
supercell size to the number of primitive cells was different from that
in pristine graphene, but the difference was less than 2%, specific for
each system. The changes in the angles were less than 2 degrees. The
systems we studied are summarized in Table 1.

3. Results and discussion

3.1. Graphene nanomeshes created using the electron beam

The pattern shown in Fig. 1(a) represents a hexagonal nanomesh
with a spacing of ca. 8 nm between the centers of NPs. At each point the
beam was parked for 2.5 s to make a hole in graphene. Some distortions
in the lattice occur due to sample drift during patterning. The exposure
to the electron beam associated with the sputtering of C atoms [61] and
migration/agglomeration of vacancies at elevated temperatures gave
rise to the formation of not only NPs, but also vacancy lines, Fig. 1(b),
which may give rise to the intrinsic tensile strain in the system. We
note that the reconstruction of the edges gives rise to the formation of
pentagons, as illustrated in Fig. 1(c).

3.2. Simulated pores with various morphologies

Fig. 2(a) presents an example of a unit cell and Fig. 2(b–d) shows
pores with different geometries, which have been fully optimized.
We studied the naked edges and those passivated with H atoms. The
naked edges can reconstruct [86] by saturating some of the dangling
bonds and forming pentagons, as evident from Fig. 2(a). We stress that
although under ambient conditions edges are expected to be passivated,
they can remain naked in the in situ TEM experiments carried out in
ultra-high vacuum, as H atoms can easily be sputtered away.



P. Santra et al.

Fig. 4. Dependence of the electronic gap on tensile bi-axial strain for several nanomeshes. (a) nanomesh with 6 atoms missing in a 9 × 9 zigzag supercell. (b)
Nanomesh with 6 atoms missing in a 9 × 9 zigzag supercell, where the dangling bonds at the pore edges are passivated with H atoms. (c) Nanomesh with 12
atoms missing in a 9× 9 zigzag supercell, where the dangling bonds at the pore edges are passivated with H atoms. (d) Nanomesh with 24 atoms missing in a
9 × 9 zigzag supercell, where the dangling bonds at the pore edges are passivated with H atoms.

Fig. 5. Dependence of the electronic gap 𝛥 and the gap formed by extended states 𝛥𝑒𝑥𝑡 on tensile bi-axial strain for nanomesh with 12 atoms missing in a 9 × 9
zigzag supercell. The carbon atoms at the edges are colored red.
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Fig. 6. (a) Density of states (DOS) along with the spatial distribution of the partial electron density associated with the specific states and (b) the band structures
for different strain values 𝜖 for nanomesh with 12 atoms missing in a 9 × 9 zigzag supercell. Flat bands colored red correspond to the states localized at the
edges of the nanopore, as illustrated in the insets in Fig. 5. The isosurface was set to 0.002 eÅ−3 for the partial charge.
3.3. Electronic structure of the graphene nanomeshes without strain

The effects of periodic arrays of holes on the electronic structure
of graphene can be straightforwardly assessed from the changes in the
electronic density of states (DOS). To establish a connection with the
previous theoretical work, we first calculated the electronic structure
of the nanomesh without strain, and obtained results, which are very
close to the published results, see Table 1. Obviously the bandgap 𝛥
depends on the geometries of the pores and their separation, as reported
previously. We note that DFT with semilocal exchange–correlation
functionals is known to underestimate the band gap [87], so that the
band gaps in the experimentally manufactured structures may be larger
as the calculations predict.

An important point is the character of the states at the valence
band maximum (VBM) and conduction band minimum (CBM). The
states can be localized at the holes or be of an extended character,
as schematically illustrated in Fig. 3(a,b). It is also possible that VBM
5 
states are delocalized, while the CBM states are localized, Fig. 3(c). To
emphasize that both CBM and VBM states are fully extended, we use
notation 𝛥ext , and in this case 𝛥 = 𝛥ext .

3.4. Effects of strain on the electronic structure of graphene nanomeshes

To understand the effects of strain on the electronic structure of
graphene nanomeshes, we applied biaxial tensile strain (up to 6%) to
the system by increasing the supercell size. We did not consider com-
pressive strain, as thin and flexible 2D material like graphene would
rather buckle and develop ripples upon compression. We studied first
nanomeshes with fully passivated edges of the pores, e.g., nanomesh
with 6 atoms missing in a 9 × 9 zigzag supercell, nanomesh with 12
atoms missing in a 9 × 9 zigzag supercell, and that with 24 atoms
missing in a 9 × 9 zigzag supercell. Our calculations indicate that for
all the systems the gap linearly decreases with strain, as illustrated
in Fig. 4. This is in-line with the general behavior of the gap in the
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Fig. 7. Dependence of the electronic gap 𝛥 and the gap formed by extended states 𝛥𝑒𝑥𝑡 on tensile bi-axial strain for the nanomesh with 25 atoms missing in a
10 × 10 zigzag supercell. The carbon atoms at the edges are colored red.
majority of semiconductors upon strain where tensile strain increases
atom separation and gives rise to a smaller energy difference between
the conduction band minimum and valence band maximum, which can
be associated with the splitting of the atomic levels upon formation
of the compound [65,88,89], or in the simplest case in a dimer. We
note that no noticeable structural changes at the hole edges occur. The
analysis of the electronic structure indicated that the VBM and CBM
are formed by the extended states, or those strongly hybridized with
the states localized at the edges of the NPs.

However, the situation is much more interesting when there are
states close to the Fermi energy localized at the edges of the NPs, and
the atomic configuration of the edges and the symmetry of the NP
change upon strain. As shown previously by Fürst et al. [90], sublattice
imbalance leads to the occurrence of low-dispersion midgap bands in
graphene nanopore systems. An example of such transformations is the
break-up of the C–C bonds at pentagons, as illustrated in the inset in
Figs. 5 and 6. Moreover, the analysis of the behavior of the states at
the band edges, Fig. 6(a) indicates that 𝛥 and 𝛥𝑒𝑥𝑡 are different in this
case, as the localized states move across the band gap formed by the
delocalized states, so that the gap formally first decreases and vanishes
at 1% strain, then appears again. The overlap of extended and localized
states is clearly observable in the partial (corresponding to narrow
energy ranges) charge distribution in the real space. The changes in the
electronic structure are also evident from Fig. 6(b), where the flat bands
associated with the states localized at the pore edges are indicated in
red, along with the edge atoms at the edges of the NP. It is evident from
Figs. 5 and 6 that, at strain 𝜖 = 1% the bonds at pentagons break, which
gives rise to the change in the electronic structure and gap re-opening.
We note that the change in the morphology of the edges is accompanied
by the change in the symmetry of the pore from trigonal (C3𝑣) to
hexagonal (C6𝑣). Such changes in the electronic structure should affect
electronic transport and optoelectronic properties of the nanomesh.

We studied also the graphene nanomesh system with 25 atoms miss-
ing in a 10 × 10 zigzag supercell, Figs. 7 and 8(a). The edges include
pentagons, analogously to the case with 12 missing atoms considered
above. Without any strain the system has sublattice imbalance which
6 
leads to emergence of flat bands, but here the gap is 0 eV. When biaxial
tensile strain is applied, after 𝜖 = 2% the bonds at the pentagons break,
and a gap of 0.15 eV opens. We note that when only extended states
are considered, the gap 𝛥𝑒𝑥𝑡 decreases.

To get further insights into the effects of edge reconstructions on the
electronic characteristics, we investigated another nanomesh having
pores with 16 atoms missing in a 9 × 9 zigzag supercell, Figs. 9 and
10. If 𝜖 = 0% the system does not possess bandgap. However, when
𝜖 > 1% is applied, the bonds at the pentagons break and a finite
bandgap of 0.22 eV is opening. So, in the systems illustrated in Figs. 7
and 9 a semimetal to semiconductor transition takes place because of
the influence of the external tensile strain.

The changes in the electronic structure of the nanomeshes upon
strain with various supercell sizes, pore geometries and pore sym-
metries are summarized in Table 1. The green rows represent NP
systems where the bandgap remains roughly the same or decreases,
the yellow rows stands for the nanopore systems where the bandgap
either changes from 0 eV to a finite value or the vice versa and the
red row corresponds to the system where there is an interplay between
localized/delocalized states and non-trivial changes in the electronic
structure.

Previously it has been shown that for specific NP geometries there
is a total non-zero magnetization in the nanomesh [91,92]. To address
the effects of strain on the magnetic properties of the nanomeshes we
calculated the total magnetization of the system and also magnetic
moments localized at the pore edge atoms with dangling bonds. We
studied the changes in magnetic characteristics for several nanomeshes,
and found that the dependence of magnetization on strain is not trivial.
As an example, below we present the results for the 10 × 10 zigzag
supercell with 25 atoms missing and another one with 16 atoms missing
in a 9 × 9 zigzag supercell. When external biaxial tensile strain 𝜖
is applied, Fig. 11(a,b) the magnetic moments localized at the edges
are changing, along with the total magnetization. In particular, for
graphene NP with 25 atoms missing in a 10 × 10 zigzag supercell
the magnetization decreased from 9.5𝜇B to 4𝜇B. Such a behavior is
related to bond breaking, as evident from Fig. 11(a). At strain values
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Fig. 8. (a) Density of states (DOS) and (b) the band structures for different strain values 𝜖 for the nanomesh with 25 atoms missing in a 10 × 10 zigzag supercell.
At 𝜖 above 2% a gap is opened. The isosurface was set too 0.002 eÅ−3 for the partial charge. Flat bands colored red correspond to the states localized at the
edges of the nanopore, as illustrated in the insets in Fig. 7.
around 𝜖 = 2%, some of the bonds at the NP edges break and other
bonds get reorganized. Pairs of C atoms in the armchair configuration
appear, which apparently do not have magnetic moments, as they are
on different sublattices in graphene. At the same time, for the triangular
NP with 16 atoms missing in a 9 × 9 zigzag supercell, Fig. 11(b), the
magnetization increases with strain and jumps up at 𝜖 ∼ 1.5% when
bonds at pentagons in the corners of the pore break and larger magnetic
moments appear on atoms in the same sublattice [93]. Overall, the
changes in magnetization can be attributed to bond breaking and
geometry changes at the edges of the pores.

3.5. Mesh with vacancy lines

As in the experiment the exposure of the system to electron irra-
diation at elevated temperatures resulted in the formation of not only
pores, but also vacancy lines, we also studied how the lines can affect
the electronic structure of the system. Moreover, as discussed above,
vacancy lines themselves can give rise to the development of tensile
7 
strain in the suspended graphene sheet partly clamped to the substrate
(or TEM grid) outside the mesh area. The lines appear in the zigzag
directions by forming 55-8 rings or in the armchair direction consisting
of 4-8 rings. The examples of graphene structures with pores, lines and
combined pore-line systems are presented in Fig. 12.

The effects of the vacancy lines on the electronic, magnetic and
mechanical properties of graphene have been studied at length be-
fore [94–98]. It has been shown that both the 55-8, Fig. 12(a), and 4-8,
Fig. 12(e), vacancy lines give rise to new states close to the Fermi level
making the system essentially metallic. Our calculations also indicated
that, see Fig. 12(d,h), where the DOS of the graphene sheets with line
defects is presented in green.

To understand how vacancy lines alter the electronic structure of the
nanomesh, we chose rectangular supercells with nanopores exhibiting
gaps, Fig. 12(b,f) and constructed the combined systems, Fig. 12(c,g).
As evident from our calculations, the 55-8 line defect preserves the gap
in the system, although its value decreases from 0.1 to 0.07 eV. At the
same time, the 4-8 vacancy line made the system fully metallic.
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Fig. 9. Dependence of the gap on tensile bi-axial strain for nanomesh with 16 atoms missing in a 9 × 9 zigzag supercell. The carbon atoms at the edges are
colored red.
Table 1
Electronic structure (bandgap in eV) of different nanopore systems in graphene containing different edges,
symmetries, geometry and hydrogen passivation with strain 𝜖. The last two columns present the values of
the band gap obtained in our calculations.

System Unit
vectors

Missing
atoms w/out H Symmetry Geometry gap Gap

𝜖 = 0%
Gap

𝜖 = 3%, 6%
Zigzag 9 × 9 6 Yes C6v hex 0.45 [84] 0.35 0.33, 0.32
Zigzag 9 × 9 6 No C6v hex – 0.30 0.29, 0.28
Zigzag 10 × 10 6 Yes C6v hex 0.00 [84] 0.00 0.00, 0.00
Zigzag 10 × 10 6 No C6v hex – 0.00 0.00, 0.00
Zigzag 9 × 9 12 Yes C6v hex – 0.48 0.45,0.42
Zigzag 9 × 9 12 No C3v → C6v triang→hex 0.60 [52] 0.58 0.47, 0.40
Zigzag 10 × 10 12 Yes C6v hex – 0.00 0.00, 0.00
Zigzag 10 × 10 12 No C3v → C6v triang→hex 0.00 [52] 0.11 0.00, 0.00
Zigzag 9 × 9 16 No C3v triang – 0.00 0.22, 0.22
Zigzag 9 × 9 24 Yes C6v hex 0.65 [52] 0.66 0.64, 0.62
Zigzag 9 × 9 24 No C6v hex 0.60 [52] 0.52 0.50, 0.49
Zigzag 10 × 10 24 Yes C6v hex 0.00 [52] 0.00 0.00, 0.00
Zigzag 10 × 10 24 No C6v hex 0.20 [52] 0.15 0.14, 0.13
Zigzag 10 × 10 25 yes C3v triang – 0.10 0.10, 0.10
Zigzag 10 × 10 25 No C3v triang – 0.00 0.15, 0.15

Armchair 5 × 5 6 Yes C6v hex 0.40 [48] 0.37 0.37, 0.36
Armchair 5 × 5 6 No C6v hex – 0.30 0.30, 0.29

Mixed 3 × 7 6 Yes C6v hex 0.00 [84] 0.00 0.00, 0.00
Mixed 3 × 7 6 No C6v hex – 0.00 0.00, 0.00
In the above calculation the structure is periodic in all directions,
so that vacancy lines extend across the whole system, constituting
an infinite network of holes and lines. As vacancy lines may connect
only two specific holes, we also studied the case when two holes are
connected by the 55-8 line, Fig. 13. As zigzag chain of C atoms must be
removed from the structure to make the line, this obviously created lots
of internal strain, which was partly removed by out-of-plane relaxation,
Fig. 13(a,b). We note that although the supercell size was relaxed, the
supercell consisting of 428 atoms is not large enough to match the
experiment, which exaggerated the deformation. However, our results
indicate that some out-of-plane deformation is also likely present in the
real experimental structures. DOS calculations showed that the system
8 
is metallic, Fig. 13(c), with the stated close to the Fermi level being
localized on vacancy lines. Overall, our results indicate that vacancy
lines can provide conducting channels between holes representing an-
tidots potentially rendering interesting interplay between electronic
states localized at the edges of the pores and extended states at the
vacancy lines.

4. Conclusions

Our experimental results provide evidence that nano-patterning of
graphene in a transmission electron microscope makes it possible to cre-
ate nano-meshes with periodicities below 10 nm by sputtering carbon
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Fig. 10. (a) Density of states (DOS) along with the spatial distribution of the partial electron density associated with the specific states for different external
biaxial tensile strain 𝜖 and (b) dependence of the bandstructure on tensile bi-axial strain. At 𝜖 = 1% the gap is opening. The bands colored red represents projection
on the atoms at the edges of the nanopore.
atoms in pre-selected areas. Heating the graphene during sputtering
helps to avoid contamination buildup under the beam, but it also
stimulates vacancy diffusion and agglomeration into NPs and vacancy
lines. As a result, the area between the NPs is free from point defects.
However, the partial dislocations formed by the vacancy lines are a
clear indication of strain, which is relaxed to some extent by these
configurations. Our first-principles calculations indicate that for most
graphene nanomeshes the gap (if present) monotonously decreases
with strain. However, when tensile strain gives rise to the changes
in the morphology of the edges, the gap can be opened or closed,
which is associated with the extension/delocalization of the electron
wave functions at the valence band maximum and conduction band
minimum.
9 
The changes in the electronic structure of nanomeshes and in mag-
netic moments upon strain predicted by the calculations should be
experimentally measurable, as they affect optical and magnetic proper-
ties as well as the electronic transport in the system. This suggests that
the characteristics of graphene nanomeshes can further be engineered
by external strain and as the gap opening under strain is a reversible
process, such systems could potentially be used as strain sensors. At the
same time, the dependence of the local magnetic moments on strain
indicates that these systems can also be used as magnetic sensors or
spintronic devices. Moreover, because of the specially localized char-
acter of the magnetic moments, these pores can be coupled with other
magnetic entities like molecules, different atoms, clusters of atoms and
2D materials in a heterostructure, which can give rise to new physical
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Fig. 11. Dependence of magnetic-moments on biaxial tensile strain for graphene nanopore with 25 atoms missing in a 10 × 10 zigzag supercell (a) and graphene
nanopore with 16 atoms missing in a 9 × 9 zigzag supercell (b). The insets show spin density for the zero and maximum values of strain. The isosurface was set
to 0.005 eÅ−3 for the spin density.
properties combining magnetism, optics and electronics.
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Fig. 12. Fully optimized atomic structures of (a) 55-8 vacancy line, (b) nanomesh with 6 atoms missing in a 10 × 6 mixed-edge rectangular supercell, and (c)
55-8 line defect with pore and (d) DOS for the above mentioned structures. Fully optimized atomic structures of (a) 4-8 vacancy line, (b) nanomesh with 12
atoms missing in a 10 × 7 mixed-edge rectangular supercell, and (c) 4-8 line defect with pore and (d) DOS for the above mentioned structures.
Fig. 13. Fully optimized structure of the a 55-8 vacancy line connecting two
pores, top view (a) and side view (b). The atoms are colored according to their
𝑧−coordinate. (c) The total DOS of the system. Zero energy corresponds to the
Fermi level.
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