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The recent discovery of single graphene sheets and the remarkable technologies envisioned
for graphene-based materials necessitate the ability to assemble and reproduce nano-precise
graphene structures. Here we demonstrate an approach to create atomically precise single
graphene structures by applying tensile load to single sheets of graphene that feature specific pat-
terns of vacancies. We report a computational nanoengineering approach that utilizes the first prin-
ciples based reactive force field potential (ReaxFF), applied here to simulate the fracture mechanics
of up to 40,000 fully reactive atoms. We find that the direction and dynamical behavior of graphene
fracture can be controlled by the presence of atomistic defects in the form of atomic vacancies
placed throughout the sheet. We find that these vacancies produce distinct effects on the resulting
fracture surface geometries, defined by the specific patterns in which they occur throughout the
2D structure. For instance, we are able to cut graphene sheets along controlled zigzag patterns
on the nanoscale using specific arrangements of vacancies. These findings suggest novel possibil-
ities aimed at cutting and producing atomically precise graphene structures, enabling advances in
graphene nanotechnology. The study reported here is the first to apply ReaxFF to model fracture
of graphene sheets.
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1. INTRODUCTION

Until recently, graphene was considered to be primarily
an academic concept, since calculations suggested that it
was thermodynamically impossible to synthesize single
sheets of graphene.! However, since the successful isola-
tion of single sheets of graphene in 2004 by Geim and
his colleagues,2 there have been a remarkable advances in
the way scientists utilize 2D materials such as graphene.!
These materials could find applications in novel nanoelec-
tronics devices, due the variety of possibilities that these
unique electronic properties of 2D graphene provide.>*
The unique properties of graphene, relative to other con-
ductive materials, are a result of the distinctive energy
band structure characteristic of this material.’> Applica-
tions of graphene could include the synthesis of graphene
nanocomposites, graphene powder for use in electric
batteries, solid state gas sensors and hydrogen storage
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devices, and even the possibility of room temperature bal-
listic transistors,® among others. A quite promising avenue
of graphene nanotechnology is described in the broad
realm of graphene based nanoelectronic devices,” and it
has been suggested that this material may play a crucial
role in the post-silicon world.

For the successful development of such nanoelectronic
devices, there is one particularly important challenge
that must be overcome, in order to enhance the abil-
ity to provide better control the electronic activity of
graphene®® (e.g., in order to engineer appropriate band
gap structures'®). A proposed method of designing these
band gaps is to arrange the graphene sheet in geomet-
rically confined patterns of very narrow ribbons called
graphene nanoribbons (GNRs), which confine the electron
movement laterally along the ribbons. Previous work has
shown that the size of the band gap is inversely propor-
tional to the size of the ribbon.!'”!3 Based on the band
gap size required for room temperature electronic devices,
the size of the graphene ribbons required is on the order
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of nanometers.> '* Furthermore, the need to attain precise
reproducibility of the geometry of ribbons is of high pri-
ority, and therefore the capacity to manipulate graphene
structures at the nano level is considered elementary to
facilitate the further development of this technology.

Electron-beam lithography is one of the methods cur-
rently used to create GNRs. However, there are limits to
the size that this option could provide, where the small-
est width achieved thus far are of the order of tens of
nanometers.'> Recently, researchers proposed a method of
cutting graphene by using Ni nanoparticles, providing a
high-precision chemical “knife.”'® Another method that
was recently proposed is the use of Scanning Tunneling
Microscopy (STM),!” which enables one to achieve the
desired ribbon sizes that make it possible to create room
temperature graphene electronic devices. However, some
of these options (e.g., the use of STM) are limited by
experimental difficulties and the high cost that such a high
throughput strategy would incur.

Here we propose an alternative approach to create
graphene nanostructures with specific dimensions, with
structural precision at the nano-scale. Our method is based
on introducing atomic-level defect patterns in graphene,
used in conjunction with application of mechanical load.
Failure of the defect-patterned graphene sheet occurs fol-
lowing the defect pattern geometry, and thereby gener-
ates new surfaces with a particularly designed structure.
This approach of inducing fracture along paths of atomic-
level defects is based on the deliberately weakening of
the graphene structure. This approach might, with further
experimental and technological development, result in the
development of a time- and cost-efficient mechanism of
producing graphene structures with atomistic precision.

2. COMPUTATIONAL APPROACH

Fracture of graphene sheets under tension has been
previously studied using Brenner bond-order potential'®
and QM/MM multiscale studies using a combination of
ab initio methods and Brenner potentials.'” The computa-
tional approach used in the present study is based on the
first principles based reactive force field potential ReaxFF,
which reproduces results of comparable accuracy to that
of a quantum mechanics approach and still offers rela-
tively low computational cost.?>?2 This model is capa-
ble of simulating the interaction of the atoms and their
bonding as well as reactive systems of up to approx-
imately 40,000 atoms.?* Earlier applications of ReaxFF
in studies of fracture of silicon provided excellent agree-
ment between theory and simulation.?*? Further studies
focused on the mechanics of carbon nanotubes showed
agreement of ReaxFF with earlier computational analysis
and experimental studies.?®

Here we consider a single graphene sheet with a surface
crack for seed of mechanical failure (through providing
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Fig. 1. Subplot (a): Geometry of simulation setup of the single
graphene sheet with edge crack (crystal orientation shown in inlay). Sub-
plot (b) shows the different cases of vacancy patterns studied here, includ-
ing lines of point different at varying angles, a zig-zag pattern of vacancy
defects, and a random placement of vacancies. The crystal snapshot in the
lower right corner displays the atomistic details of the vacancy structure,
obtained by removing a C atom.

a concentration of stresses at the atomic level), as shown
in Figure 1(a). The orientation of the graphene sheet is
such that C—C bonds lie parallel to the direction of load-
ing (see inset displayed in Fig. 1(a)). The initial crack
is created by removing carbon atoms within a specified
region of the perfect sheet, forming a wedge-like initial
crack geometry. The system dimensions are W = 129 A,
and H =151 A, with an initial crack length of 41 A. The
dimensions of the initial crack are determined by consid-
ering that the cracks should have a large aspect ratio, but
should not be too narrow so as to allow the crack to close
up due to interactions across the crack. An NVT ensem-
ble dynamics with Berendsen thermostat is used for time
integration in the molecular dynamics algorithm, with all
runs carried out at a low temperature of 20 K. The sin-
gle graphene sheets studied in this paper consists of up
to 12,000 ReaxFF atoms. The calculations performed with
the system are carried out in a parallelized simulation envi-
ronment, where multiple processors are used to solve the
equations of motion. This is achieved by using the General
Reactive Atomistic Simulation Program (GRASP) simula-
tion code. Visualization is carried out by using the Visual
Molecular Dynamics (VMD) tool.”’

Vacancies in graphene sheets introduces points of struc-
tural weakness.”® This structural weakening is used here
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as a means to control the mechanism of crack propa-
gation. We hypothesize that by introducing distinct pat-
terns of vacancies in the domain ahead of the crack we
can direct crack propagation along specific patterns and
thereby control the shape of graphene surfaces generated.
Several geometries of vacancy defect patterns are depicted
in Figure 1(b). The vacancies are introduced in the struc-
ture by removing atoms from the graphene lattice as shown
in the inlay.

Tensile strain is applied by fixing the three outermost
columns of atoms to the left and right of the sheet, then
applying a fixed displacement rate on each side, directed
away from the sheet and perpendicular to the crack plane,
for both types of systems, defected and undefected (resem-
bling mode I loading). The strain rate is fixed at 1x 10"
1/sec for all simulations reported in this paper.

Graphene Nanocutting Through Nanopatterned Vacancy Defects

3. COMPUTATIONAL RESULTS

We first report results of the calculations of the refer-
ence case, a system without any defects. Figure 2 depicts
the dynamics of crack propagation in this system. It is
observed that the crack extends almost straight from its
initial orientation until the entire specimen is fractured.
We proceed with a discussion of the results that involve
vacancy defect structures. Figure 3 shows results of frac-
ture mechanics for two strips of vacancies, with a varying
angle between undefected sheet crack extension direction
(Y axis) and direction of the strip of vacancies. For the
highest angle (59 degrees), the crack does not follow the
vacancy pattern. Instead, it propagates straight ahead sim-
ilar as in the reference case shown in Figure 2. For the
intermediate angle (30 degrees), the crack initially follows
the direction of the vacancies, but eventually curves off and

(a) (b) (c)

Fig. 2. Subplots (a—c) depict crack dynamics for the reference case, no vacancy defects present, under mode I loading as shown in Figure 1. The
crack propagates straight through the crystal, leaving only slight angstrom scale surface roughness.

(a) (b) ()

Fig. 3. Snapshots depict crack morphology snapshot for the case of straight vacancy strip patterns with 59 degree angle vacancies (subplot (a)),
30 degree angle vacancies (subplot (b)), and 13 degree vacancies (subplot (c)). The crack does not follow the vacancy pattern in the 59 degree case
and follows only partly for the 30 degree case. For the 13 degree case, the crack follows the direction prescribed by the vacancy pattern.
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propagates straight ahead. It is only for the smallest angle
(13 degrees) that the crack follows the vacancy pattern
direction through the entire simulation. Figure 4 depicts
the dynamics of crack extension for the 30 degree and
13 degree cases, respectively. Overall, these results suggest
that the direction of crack propagation could be controlled
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by the choice of defect patterns, as long as the particular
type of pattern falls within a small range of angle devia-
tions from the undefected sheet propagation direction.
We now study a finer engineered vacancy pattern, in
which a zig-zag defect pattern structure is considered.
Figure 5 depicts the results of this study, showing that

a...
al...

Fig. 4. Crack dynamics for two vacancy pattern angles, subplot (a) for 30 degree vacancies, and subplot (b) 13 degree vacancies. The angle is
measured as the deviation of the vacancy pattern line from the +Y axis of undefected sheet crack growth. For the 30 degrees case, crack path follows
the vacancy pattern to an extent, then deviates to +Y direction. For the 13 degree case, the crack follows the direction prescribed by the vacancy

pattern until the entire slab is fractured.

(a) (b) (c)

Fig. 5. Subplots (a—c) depict crack dynamics for the case of an engineered zig-zag pattern of vacancies. These snapshots illustrate that the crack
follows the directions prescribed by the vacancy pattern, leading to the creation of two graphene nanosheets with a zig-zag surface structure. Slight
deviation to this pattern is observed close to the edge of the slab, which is attributed to surface effects.

4
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(a) (b) (©

Fig. 6. Crack dynamics under the presence of randomly placed vacancies close to the tip of the crack (“vacancy cloud”). The crack is deflected from

its initial straight path while it propagates through the cloud of vacancies.

the crack propagates along the direction of the prescribed
weak paths, leaving behind a zig-zag surface geometry
with structural features on the order of Angstroms to
nanometers. This fracture behavior can be explained since
the angles associated with this particular surface pattern
structure are relatively small, so that the crack is able to
follow the prescribed geometry.

Finally, we briefly review results for a random dis-
tribution of vacancy defects, as shown in Figure 6. It
is observed that the crack is deflected randomly by the
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Fig. 7. Crack tip Y position versus time, for different vacancy geome-
tries (subplot (a)), as well as crack speed as a function of time (subplot
(b)). The crack tip speed, given by the slope of these curves, is seen not to
be strongly affected by the presence of vacancies during the steady-state
propagation regime. The zig-zag case is not included in this analysis.
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presence of vacancies while propagating through the cloud
of vacancies. However, it is again only affected by vacan-
cies lying in a narrow band of angles from the Y direction.
This method could be used to create random, more rough
surface structures.

For all fracture runs we studied, the speed of fracture
is of the order of ~4 km/sec. Moreover, the presence of
vacancies does not appear significantly affect the speed
of fracture, as shown in Figure 7. Further, more detailed
analyses of the fracture dynamics will be left to future
investigations.

Figure 8 depicts the failure strain (applied strain) at
which crack initiation occurs. For the no defect reference
case, the failure strain is 5.3%. For the 13 degree angle it
is slightly reduced to 4.85% (approximately 10% smaller),

possibly due to the weakening of the graphene structure
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Fig. 8. Failure strain, for the different cases considered. The zig-zag
and 13 degree angle cases show the lowest failure strains, whereas the
high-angle patterns feature the largest failure strains.
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under the presence of defects. For the 30 degrees and
59 degrees angles, the failure strain is increased to 6.5%
and 6.25%, respectively (approximately 20% larger). This
could be explained by a shielding effect in these geome-
tries, caused by local shear along the 30/59 degree planes,
which prevents perfectly brittle fracture to occur at lower
strains. The zig-zag case (involving an initial vacancy line
at 13 degrees) is similar to the 13 degree case, as expected.
Random placement leads to a slight increase of failure
strain to 5.85% (approximately 10% larger). This may also
be explained by shielding effects, similar to the 30/59
degree cases.

4. SUMMARY AND CONCLUSIONS

We have carried out systematic studies of the influence of
patterns of vacancies in graphene on the dynamics of crack
propagation. Our studies suggest that engineering vacancy
structures ahead of a seed crack can be used to control the
fracture behavior of graphene sheets, leading to distinct
surface geometries. We find that there is a critical value
of angular displacement beneath which the vacancy defect
will redirect the crack path. This approach could be used
to engineer a surface structure design following a zig-zag
pattern, as it was illustrated in Figure 5. Overall, it is found
that depending on the type of vacancy patterns studied,
a distinct fracture behavior is observed.

Other defect patterns and associated crack dynamics
could be investigated in future studies. Temperature effects
can also play a significant role in guiding cracks along
defect paths, and should be investigated for future studies.
In particular, simulations at elevated temperatures could
provide useful insight into experimental conditions. To
the best of the author’s knowledge, the study reported
here is the first of its kind of applying the first prin-
ciples based reactive force field ReaxFF to model frac-
ture of graphene. ReaxFF is capable of describing a wide
range of chemical elements and their interactions, includ-
ing organics (e.g., H,) or metals (e.g., Ni, Cu). Thus the
successful applicability of this force field to describe frac-
ture of graphene may open novel applications, in partic-
ular those that involve chemically complex systems. For
example, it could be applied to provide further analysis of
the recently proposed approach to controlled nanocutting
of graphene by using Ni nanoparticles.'® Similarly, future
work could include studying the effects of other atomistic
defects such as doping the graphene sheets with nitro-
gen or oxygen atoms. Varying the conditions of tempera-
ture and displacement rate could provide other avenues of
further investigation.

Additional study of this
nanocutting via vacancy patterns

approach of graphene
should include

Jack et al.

conducting experimental work with graphene sheets
where vacancies are created by either by Atomic Force
Microscopy or Scanning Tunneling Microscopy, for
instance. We emphasize, however, that the focus of the
present study was solely on a computational case study,
and that major experimental challenges remain. These
include the creation of vacancies at atomic-level precision
and the application of tensile strain at ultra-small material
length-scales.
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