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Abstract: Nanopore structure presents great application potential especially in the area of biosensing.
The two-dimensional (2D) vdW heterostructure nanopore shows unique features, while research
around its fabrication is very limited. This paper proposes for the first time the use of ion beam
irradiation for creating nanopore structure in 2D vdW graphene-MoS, heterostructures. The forma-
tion process of the heterostructure nanopore is discussed first. Then, the influence of ion irradiation
parameters (ion energy and ion dose) is illustrated, based on which the optimal irradiation param-
eters are derived. In particular, the effect of stacking order of the heterostructure 2D layers on the
induced phenomena and optimal parameters are taken into consideration. Finally, uniaxial tensile
tests are conducted by taking the effect of irradiation parameters, nanopore size and stacking order
into account to demonstrate the mechanical performance of the heterostructure for use under a
loading condition. The results would be meaningful for expanding the applications of heterostructure
nanopore structure, and can arouse more research interest in this area.

Keywords: MoS,-graphene vdW heterostructure; nanopore fabrication; ion beam irradiation;
mechanical performance

1. Introduction

Nanopore technology refers to the creation and applications of nanometer pores in
membrane structures. Since the size of nanopore channels is comparable to that of typical
biomolecules, it is possible to use nanopores for detecting various biomolecules. The first
demonstration of nanopores in biosensing was achieved in 1996 [1]. Thereafter, many
research efforts have been made to uncover the underlying mechanisms of nanopore-based
biosensors and to improve the efficiency and sensitivity of detection [2-5]. Nanopore-based
single molecule sequencing was even taken as one of the most promising techniques to
realize the objective of the “$1000 genome” project [6]. Currently, there are four major
types of nanopores: biological nanopores, solid-state nanopores, two dimensional (2D)
nanopores, and hybrid nanopores. Among them, the 2D nanopores (nanopore creation in
2D materials) stand out due to the unique features of the 2D materials [7,8]. For example,
the subnanometer thickness of the 2D nanopore is close to the spatial interval of neighboring
nucleic acid bases, giving the ability to achieve gene sequencing at a single-base level. The
high carrier mobility of 2D materials also enables the detection of biomolecules with great
sensitivity. Besides the applications in biosensing, 2D nanopore technology has also been
widely used in ion filtration, sea water desalination, gas separation, etc. [9-11].

2D nanopore materials can be fabricated by many techniques [12-14], which can be
categorized into “top-down” methods, i.e., directly creating the pore structure in membrane
materials, and “bottom-up” methods, i.e., synthesizing nanopores during the growth of
2D materials. Recently, Su et al. [15] comprehensively reviewed the approaches applied in
nanopore fabrication in 2D materials, and they divided the fabrication methods into four
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types: energetic particle impact, chemical reaction, physical and chemical methods, and
others. Most of the fabrication methods aim at obtaining nanopore arrays with high pore
density, which are usually applied in water desalination [9], gas separation [11], and energy
conversion [16]. In contrast, some applications such as biosensors require that a single
pore is created in the membrane. For this scenario, the methods of electrical pulses [17],
transmission electron microscope sculpting [18], and ion beam irradiation [19] are more
suitable. Due to the flexibility in adjusting the irradiation parameters and the ability
to create pore structures with diameters from subnanometer to tens of nanometers, ion
beam irradiation is recognized as the most efficient technique in fabricating nanopores for
biosensing. Consequently, many theoretical and experimental studies have been conducted
to illustrate the general phenomena and underlying mechanisms of the ion beam fabrication
of 2D nanopore structures [20-22].

The 2D materials adopted for the creation of nanopores mainly include graphene,
MoS; and h-BN [23,24]. For applications of 2D nanopores in biosensing, a large elec-
tric field is often applied to drive the biomolecules through the nanopore, which results
in rapid penetration, limiting the resolution of detection. Moreover, this method only
works for biomolecules with net charges. Therefore, it is important to find suitable charge-
independent methods for nanopore biosensing. Recently, the nanopores in 2D vdW het-
erostructures, which are synthesized by vertically stacking two different 2D crystals [25],
were demonstrated to be able to drive the penetration of biomolecules by the difference
in binding affinities for each 2D surface, rather than the external electrical field [26-28].
The 2D vdW heterostructure nanopore could slow down the translocation speed of the
biomolecules as well, which is significant for applications such as DNA sequencing. There-
fore, the applications of 2D vdW heterostructure nanopores in biosensing present more
advantages. There is, however, limited research around the synthesis of nanopores in vdW
heterostructures, especially for the fabrication of nanopores in 2D vdW heterostructures by
ion beam irradiation.

Hence, this paper focuses on the creation of nanopore structure in 2D vdW het-
erostructures using Ar ion beam irradiation, for which classical molecular dynamics (MD)
simulation method is adopted, while graphene/MoS, (G/M, graphene layer facing the ion
beam) heterostructure is taken as the representative structure due to its well-demonstrated
performance in biosensing [26,28]. The nanopore formation process and the influence of
the irradiation parameters are revealed. By switching the stacking order of the 2D crystals,
i.e., generating the MoS, /graphene (M/G) heterostructure, distinct phenomena can be
observed. The mechanical behavior of the heterostructure and nanopore under tensile
strain is investigated for actual applications.

2. Simulation Models

In this study, the classical MD simulation method is applied through the large scale
atomic/molecular massively parallel simulator (LAMMPS) software [29]. LAMMPS is an
open source package with a record of successful demonstrations in describing the interac-
tions between ions and 2D materials [30-32]. Ar ions are selected for the irradiation, since
they are rich as an ion source in experiments [33,34] and widely used in other simulation
studies [22]. Monolayer graphene-MoS; (G/M or M/G) heterostructures are the impact
target. The nanopore in a heterostructure is generated through the transfer of momentum
energy from energetic Ar to the heterostructure layers. To mimic this process, a hybrid
atomic potential is adopted. The interaction between Ar ions and atoms in a heterostruc-
ture is described by the Ziegler—Biersack-Littmark (ZBL) universal repulsive potential [35],
which can present atomic interaction at small separation during the irradiation. The inter-
action between the atoms in MoS; is captured by a second-generation reactive empirical
bond-order (REBO) potential [36], and the interaction between the atoms in graphene is
considered as an adaptive intermolecular reactive bond order (AIREBO) potential [37]. The
vdW interaction between MoS; and graphene crystal is modeled by the Lennard-Jones (L])
potential [38], which is parameterized according to [39,40]. The simulation model is illus-
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trated in Figure 1, which presents an in-plane size of 115 x 130 A with 11,124 atoms. The
in-plane directions of the simulation box are assigned with periodic boundary conditions,
while the out-of-plane direction is fixed to allow the injection of ion beams. During the
ion irradiation process, the outermost several layers of the heterostructure are fixed, and
several adjacent layers are assigned with Berendsen temperature control [41], as shown in
Figure 1b. This strategy could prevent the heterostructure from overall movement, and
minimize the side effects of the ion induced pressure wave as well. The system is first
equilibrized through an NVT ensemble at 300 K for enough time to reach a relaxed state.
Then, consecutive Ar ions are randomly emitted from a cylinder with the axis located at
the center of the heterostructure. The radius of the irradiated spot is 10 A which can be
achieved by using a focused ion beam technique in the experiment [42], and the cylinder is
40 A on top of the heterostructure plane. Ar ions are irradiated every 1000 timesteps with a
step size of 0.5 fs to achieve a certain dose, during which process the system is stabilized
at 300 K. In this study, various ion doses from 1.59 x 10'° /em? to 2.54 x 10'® /cm? and
various ion energies from 40 eV to 5000 eV are considered to uncover the influence of ion
parameters on the fabrication of the nanopore. The studied ranges of ion dose and ion
energy also match the experimental conditions well [33,34]. After the irradiation stage,
the irradiated structures are annealed at 2000 K for enough time to mimic the long-time
annealing process in actual experiments. Finally, the system is cooled to room temperature,
and kept at this state. The above simulation scheme can reveal the phenomena during the
ion irradiation process, as demonstrated by many researchers [32,43].

After the ion irradiation and annealing process, the obtained atomic coordinates of
the heterostructures with nanopores are extracted and a uniaxial tensile stretching process
is applied to investigate the mechanical performance of the nanopore structure. One side
of the irradiated structure is fixed and the other side is stretched with a strain rate of
0.0005 ps~!. The stress information for each atom is first calculated and then stress along
the stretching direction is summed up for all the atoms to get the overall stress of the
whole system. The overall stress values are averaged every 500 timesteps for outputting
to reduce the fluctuation of the data. Thereafter, the stress-strain relationship for each
system is obtained and plotted. To show the dynamics of stress evolution for each atom
during the stretching process, the per-atom stress information is also outputted, and the
Open Visualization Tool (OVITO) software [44] is adopted for visualizing. The other
configurations are visualized by the Visual Molecular Dynamics (VMD) program [45].

Energetic ions

Thermostat %

i3

MoS, layer
N
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/V
Graphene layer (a) Front view

Figure 1. Simulation models of the M/G nanopore fabrication by ion beam irradiation. (a) Front
view, and (b) top view.
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3. Results and Discussion
3.1. Dynamic Formation Process of Nanopore

During ion irradiation, the irradiated particle would interact with atoms in the 2D
crystals, which may lead to four phenomena, i.e., reflection, absorption, embedment, or
penetration, depending on the impact energy [46]. The momentum energy would be
transferred from the Ar ions to the atoms in 2D vdW heterostructure, which induces the
fluctuation of the heterostructure plane and generates knocked-out atoms if the irradiation
energy is high enough.

Figure 2 shows the dynamics of formation of the nanopore structure in G/M het-
erostructure with an irradiation parameter pair of 200 eV, 1.27 x 10'® /cm?. The colors are
used to mark the coordinates of each atom, so that we can obtain the displacement of the
atoms under different irradiation times. The initial blue color indicates the random fluctua-
tion of the structure during the annealing process (time = 0 ps). After being irradiated, the
atoms at the irradiated area would move along the irradiation direction and separate from
the heterostructure plane at a certain energy level, generating irregular defects when the
irradiation time is short (time = 2 ps). The damaged area is initially characterized rough
edges and dangling molecular chains. With the increase of irradiation time, more atoms in
the heterostructure would be sputtered and the nanopore structure would be initiated and
grown radially (time = 5 ps). The dangling molecular chains would be gradually cleared
up, resulting in a smoother pore structure (time = 10 ps). Eventually, the nanopore becomes
stabilized, and the atoms at the pore edges fluctuate only slightly because there is no more
impact from the irradiation (time = 26 ps). Figure 2b gives the left views of the structure
during the irradiation process, which reveals a large displacement for the atoms at the pore
edge at the beginning, while there is a small displacement for the edge atoms when the
pore structure gets formed. The random location of the red colored atoms indicates that
there are some rebounded atoms during the generation of the nanopore.

oAl Ops 2 ps 10 ps 26 ps

Figure 2. Structural evolution of the G/M heterostructure under ion irradiation. (a) Front view, and
(b) left view. Ion energy is 200 eV, ion dose is 1.27 x 10'® /cm?. The atoms are colored according to
the z coordinates. z is defined as the coordinate axis along the irradiation direction.

3.2. Influence of Ion Irradiation Energy and Dose

As illustrated in the above, ion irradiation may be able to create a nanopore in the
heterostructure at a certain ion irradiation energy and dose. However, this does not mean
that the desired pore structure can be formed at any ion parameter. As shown in Figure 3,
when the ion energy is small (80 eV), the formed pore is far from the designed structure (red
circled area), regardless of the ion irradiation dose (2.54 x 10'®/cm? is actually a relatively
high ion dose). Meanwhile, if the ion dose is small (3.18 x 10'® /cm?), the generated pore
would also be far from the designed form, regardless of the ion irradiation energy (5000 eV
is actually a relatively high ion energy). Therefore, to achieve a nanopore with desired
structure, it is necessary to carefully control the ion irradiation parameters.



Nanomaterials 2022, 12, 196

50f 15

13

3 k;i:gg'ﬁ 3¢
i

.
= x&:! : 3

Ve

i
X

$ e
L&
i

He's s

3

¥33%
St
S R T R
SR ;&%ﬁﬁ ?

Figure 3. Morphologies of the G/M heterostructure under ion irradiation with a parameter pair of
(a) 80 eV, and 2.54 x 10'® /ecm?2. (b) 5000 eV, 3.18 x 10 /cm?2. The red colored circle is used to
indicate the irradiation area.

Figure 4 gives the morphologies of the G/M heterostructure irradiated by ions with
energies from 60 eV to 1000 eV, and doses from 1.59 x 10> /ecm? to 2.54 x 10'® /cm?. As
shown in Figure 4a, when the irradiation energy is 60 eV, the irradiated area presents a
morphology more like irregular defects, rather than a pore structure. The area gradually
develops into a nanopore structure when the ion energy increases from 100 eV to 200 eV. It
is seen that under ion irradiation energy above 200 eV (i.e., from 200 eV to 1000 eV), there
is little change for the pore structure. As depicted in Figure 4b, with an ion irradiation
dose of 1.59 x 10 /cm? and 3.18 x 10'® /cm?, there would be obvious long residual
carbon bonds in the graphene plane, while the residual bonds in the MoS, layer are
very limited, indicating an easier knock-out phenomenon in MoS, when compared to
graphene. Under higher irradiation dosage, these long residual carbon bonds would be
largely cleared up and a nanopore with high quality would be formed. The residual
chains would be largely reduced, though they still exist around the nanopore edge. These
residual bonds are usually chemically active, providing ideal sites for the hydrogenation [9]
and nitridation [10] of the nanopore structure, which is important for some application
scenarios. Even though ion irradiation with a higher energy and larger dose could be
helpful to achieve an ideal nanopore, the redundant energy and dose may be detrimental to
the experimental equipment, which means that the derivation of an optimized irradiation
parameter pair (the least irradiation energy and dose for generating a good-quality pore
structure) is needed.

RS PPN ONOIE

100 eV 200 eV 300 eV 400 eV 1000 eV

Figure 4. Cont.
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Figure 4. Configurations of the G/M heterostructure under ion irradiation with different ion energies
and ion doses. (a) The influence of ion energy under a constant ion dose of 1.27 x 10'® /cm?. (b) The
influence of ion dose under a constant ion energy of 200 eV. The red colored circle is used to indicate
the irradiation area.

Figure 5 plots the dependence of the number of sputtered atoms of the G/M het-
erostructure on ion irradiation energy and ion dose. It clearly shows that with the increase
of ion irradiation energy and dose, the number of sputtered atoms for all the cases would
increase. When the ion irradiation energy is low (80 eV and 100 eV), the number of sput-
tered atoms is small and increases quickly with the addition of the irradiation dose. It can
be expected that under these two cases, the number of sputtered atoms would be further
increased if the ion dose is raised beyond the studied range (2.54 x 10'® /cm?). When the
irradiation energy is high (200 eV, 300 eV and 400 eV), the number of sputtered atoms is
relatively large and a steady status is quickly achieved with the increase of ion irradiation
dose. Moreover, the three cases, i.e., 200 eV, 300 eV and 400 eV, present very close data,
indicating that 200 eV irradiation energy is large enough to generate the desired pore
structure. Further increase of the irradiation energy has limited benefit to the quality of the
nanopore, while it would introduce large side effects to the equipment in the experiment.
Therefore, 200 eV is determined as the optimal ion irradiation energy. As for the influence
of the ion irradiation dose, the number of sputtered atoms becomes stable after reaching
the ion dose of 1.27 x 10'® /cm?, indicating 1.27 x 10'® /cm? as the optimal ion irradiation
dose. Therefore, the optimal parameter pair to obtain a high-quality nanopore is derived
as 200 eV and 1.27 x 10'® /cm?. The detailed nanopore structures generated under ion
irradiation of 200 eV, 1.27 x 101 /cm? and 400 eV, 2.54 x 10!® /cm? are also compared
in Figure 5, which shows that the optimal parameter pair is able to generate the desired
structure, while increasing ion energy and dose has limited effect on the improvement of
the nanopore quality.

3.3. Influence of the Stacking Order

Graphene and MoS; have different damage thresholds under ion beam irradiation.
Therefore, there might be distinguishing irradiation phenomena if we switch the stacking
order of the two layers. Figure 6 shows the configuration of M/G heterostructure (MoS,
facing the ion beam) under ion irradiation. It indicates that under a low irradiation energy
(60 eV), the top MoS; layer is quickly removed in the irradiated area, while the bottom
graphene layer is largely retained with some dangling bonds generated. With the increase of
irradiation energy, the graphene layer with the dangling bonds would be gradually cleared
up, generating the MoS, / graphene nanopore structure (200 eV). The final configuration
would be stable if the ion energy is large enough (above 300 eV). With the constant ion
energy of 300 eV (Figure 6b), the low ion dose (1.59 x 10'%/cm?) would result in irregular
damage with a lot of dangling molecular chains in the irradiation area, while an increase of
ion dose can lead to the final formation of the desired nanopore structure.
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Figure 5. Number of sputtered atoms of the G/M heterostructure under ion irradiation with different
ion energies and ion doses. The inserted figures show the configurations of 200 eV, 1.27 x 10'® /cm?,
and 400 eV, 2.54 x 10'® /cm?, respectively.

Compared to the results in Figure 5, the configurations of the M /G heterostructure
in Figure 6 demonstrate a similar phenomenon—that a nanopore structure in both het-
erostructures would be gradually generated with the increase of ion irradiation energy
and dose, while it seems that the M /G heterostructure requires a higher irradiation energy
for nanopore formation. The MoS; and graphene layer in the M/G heterostructure gets
damaged with an obvious order of precedence, i.e., the MoS, gets damaged first while the
damage to the graphene layer depends clearly on the irradiation energy. Therefore, we can
suspect that by carefully controlling the ion irradiation energy and dose, a nanopore might
be generated in the MoS; layer only, while the graphene layer stays undamaged. Figure 7
shows that under the ion parameter pair of 80 eV, 3.18 x 1015 /em?, the nanopore structure
can be formed in the top MoS; layer, with no damage in bottom graphene layer, which
cannot be achieved in the case of G/M heterostructure. The selective creation of a nanopore
in a MoS; layer may have important applications which need experimental validation.
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Figure 6. Configurations of the M/G heterostructure under ion irradiation with different ion energies
and ion doses. (a) The influence of ion energy under a constant ion dose of 1.27 x 10'® /cm?. (b) The
influence of ion dose under a constant ion energy of 300 eV. The red colored circle is used to indicate
the irradiation area.
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Figure 7. Configurations of the M/G heterostructure under ion irradiation with a parameter pair of
80eV,3.18 x 101 /em?.

To derive the optimal ion irradiation parameters for M/G heterostructure, the de-
pendence of the number of sputtered atoms on ion irradiation energies and ion doses is
plotted in Figure 8, from which it can be seen that the number of sputtered atoms would
increase with the increase of ion irradiation energy and ion irradiation dose. For the cases
of 80 eV, 100 eV and 200 eV, the number of sputtered atoms continuously increases within
the studied ion dose range. However, for the cases of 300 eV and 400 eV, the number of
sputtered atoms rises quickly at first and then reaches an equilibrium value at a dose of
around 1.27 x 10'® /cm?2. Combined with the results in Figure 6, we can determine that the
optimal ion parameter pair for M/G heterostructure to achieve a good-quality nanopore is
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300 eV, 1.27 x 10 /cm?, under which condition the influence of redundant ions on the
equipment is minimized.

In addition, it is observed that for most of the studied cases, the number of sputtered
atoms for M/G heterostructure is noticeably smaller than that for G/M heterostructure.
This is because the graphene layer is more resistant to the ion irradiation when compared
to the Mo$S; layer [31,43]. For the G/M heterostructure, if the ion energy is high enough to
knock out the atoms in graphene, then it is highly probable that the irradiated ions and
sputtered atoms can also sputter the atoms in MoS;. However, for the M/G heterostructure,
even though the irradiated ions can knock out the atoms in the MoS; layer more easily, the
residual energy of the irradiated ions and the sputtered Mo, S atoms may not be able to
damage the graphene, generating the embedded atoms in the interlayer space, as shown
in the inserted figure in Figure 8. The easily embedded atoms also lower the efficiency
for nanopore creation in the M/G heterostructure, which means that a higher irradiation
energy is required for nanopore formation in the M/G case.

T T T T T T T T T T T T T T T T T T
200 .
L B
180 | — -
. i
Z 160 |- i
z L —m—80eV
S 140 b o 100eV -
< - —A—200eV 1
=
S 120 - —%—300eV
2 100 | 400 eV
2 [ o ]
2 L
S 80} -
Fd L
2 60| "
§ L
Z. 40 | .
20 |- -
0 I ' 1 ' | L | ' | ' |
0.0 5.0x10%  1.0x10'  1.5x10'C  2.0x10'®  2.5x10'°

Ion dose, ¢ (/em?)

Figure 8. Number of the sputtered atoms of the M/G heterostructure under ion irradiation with
different ion energies and ion doses. The inserted figure shows the cross-section enlarged view of the
irradiated heterostructure.

3.4. Mechanical Properties of the As-Obtained Heterostructure Nanopore

In actual applications, the nanopore is sometimes working under loading condi-
tions [9,47]. Thus, the mechanical properties of the fabricated nanopore should be inves-
tigated. We conducted a uniaxial stretching process for the original and ion irradiated
G/M heterostructures, and the results are shown in Figure 9, for which the configurations
are colored according to the per-atom stress information along the stretching direction. It
is seen that for the original heterostructure, the stress value for all the atoms would rise
with the increase of tensile strain, and the structure would fracture at a random location
when the stress is large enough. For the case of a heterostructure with a nanopore, the
stress quickly concentrates around the nanopore structure under the stretching condition.
Increase of the concentrated stress leads to the fracture of the heterostructure around the
nanopore. Due to the stress concentration, the nanopore heterostructure gets fractured at a
much smaller strain when compared to the original heterostructure (e = 0.152 vs. € = 0.205).
For both cases, the fracture of structure starts from the top graphene layer, and the stress
value is quickly diminished with the expansion of the cracks.



Nanomaterials 2022, 12, 196

10 of 15

1.3¢70

-1es ¢=0.025

The stress-strain relationships of the heterostructures with and without nanopore
are plotted in Figure 10. This reveals a multi-stage fracture process for both the original
heterostructure and the heterostructure with a nanopore. As indicated in Figure 9, the
fracture of the structure starts from the top graphene layer, and then the crack would start
to initiate in the bottom MoS, with the increase of tensile strain. Due to the existence of
nanopore structure, the primary tensile fracture strain and stress at the first fracture stage
are much smaller for the ion irradiated heterostructure (0.149, 47.2 GPa vs. 0.202, 73.8 GPa).

e=0.112 £=0.152 £=0.162 £=0.187 £=0.225

Figure 9. Snapshots of the G/M heterostructure morphology at different tensile strains during
uniaxial stretching process. (a) Pristine heterostructure. (b) Heterostructure nanopore generated with
an irradiation parameter pair of 200 eV, 1.27 x 10'® /cm?. The structures are colored according to
the per-atom stress information along the horizontal direction, and the value has a unit of stress/
(per-atom volume).
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Figure 10. Stress-strain relationship of the G/M heterostructure with and without the ion irradiation
process. The irradiation parameters are 200 eV, 1.27 x 101® /cm?.

Figure 11 depicts the influence of the as-fabricated nanopore size on the mechanical
performance of the heterostructure. The ions have an irradiation parameter pair of 200 eV,
1.27 x 10'® /em?. Figure 11 shows that both the primary fracture stress and fracture strain
would reduce almost linearly with the increase of nanopore size. This is because the larger
size nanopore would result in a higher stress concentration factor for 2D materials [48].
The inserted figures show the stress distribution of the structure just before the fracture
happens. They clearly indicate that for the nanopore structure with a smaller size, a larger
overall stress value is required to initiate the fracture, indicating a larger strain needed at
the fracture point.
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Figure 12 shows the influence of ion energy and dose on the mechanical strength of
the M/G heterostructure. Both the increase of ion energy and ion dose would result in an
overall slight reduction of the primary fracture strength of the irradiated structure. This
indicates that even though the low ion energy and ion dose only result in irregular damage
in the structure, the reduction in mechanical strength is similar to that of the structure with
a nanopore. Therefore, the influence of structural damage on the mechanical behavior of
2D heterostructures needs more attention.
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Figure 11. Influence of the G/M heterostructure nanopore size on the mechanical properties.
(a) Primary fracture stress, and (b) primary fracture strain. The inserted figures show the per-atom
stress distribution just before the fracture of the first stage.
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Figure 12. Influence of the (a) irradiation energy and (b) ion dose on the primary mechanical strength
of G/M heterostructure. The ion dose for (a) is 1.27 x 10'® /cm? and the ion energy for (b) is 200 eV,
respectively.

Figure 13 shows the dynamics of structural evolution of the M/G heterostructure
nanopore under ion irradiation with different irradiation parameters. It is seen that under
the parameter pair of 80 eV, 3.18 x 10'> /cm?, there is nanopore formation only in the top
MoS, layer, while the bottom graphene layer is undamaged, resulting in the initiation of
the crack in MoS; layer, different from the case in Figure 9. In contrast, if we use the ion
parameter pair of 400 eV, 1.27 x 10'® /em?, a good-quality nanopore is formed in both the
MoS; and graphene layers, because of which the initiation of the crack happens in graphene
layer again, similar to the case of G/M heterostructure. The phenomenon demonstrates
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that the damage sequence of the heterostructure nanopore can be controlled by adjusting
the irradiation parameters.

Figure 14 plots the stress-strain relationship of the G/M and M/G heterostructures
with the nanopore structure created by ion irradiation with the same parameter pair. It
shows that under the irradiation with a parameter pair of 80 eV, 3.18 x 1015 /ecm?, the
MoS; layer in the M /G heterostructure is severely damaged, generating a much reduced
strength value for the first fracture stage. However, the graphene layer is well retained,
leading to an increased fracture strength for the second fracture stage. For the G/M
heterostructure, there is very limited damage on the heterostructure due to the shielding
effect of the graphene structure. Thus, a much higher fracture strength is observed. When
the structure is irradiated with a parameter pair of 400 eV, 1.27 x 101 /em?, both G/M and
M/ G heterostructures show similar mechanical properties because of the similar structural
damage induced by the ion irradiation.

£=0.073 U e=0148 =097

Figure 13. Dynamics of structural evolution of the M/G heterostructure nanopore under ion irradia-
tion with irradiation parameters of (a) 80 eV, 3.18 x 10'® /cm? and (b) 400 eV, 1.27 x 10'® /cm?.
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Figure 14. Stress-strain relationship of the G/M and M/G heterostructure with nanopore structure
created by ion irradiation under different irradiation parameters.

4. Conclusions

This paper studies the fabrication of nanopores in 2D vdW heterostructures by ion
beam irradiation. The formation process of the nanopore structure, influencing factors and
the uniaxial tensile properties are investigated. The main conclusions are as follows.

(1) The nanopore is fabricated by the sputtering of the atoms during ion irradiation.
The process is characterized by initial formation of irregular defects. A nanopore
with rough edges and dangling molecular chains is then generated, followed by the
formation of a good-quality nanopore in the heterostructure.

(2) The optimal ion parameter pair for generating a good-quality nanopore in a G/M
heterostructure is 200 eV, 1.27 x 10 /em?, while it is 300 eV, 1.27 x 10 /e¢m? for an
M/G heterostructure. The difference is induced by the different irradiation tolerances
of the graphene and MoS; layers. For the case of an M /G heterostructure, and with
careful control of the irradiation parameters, it is possible to create a nanopore in the
MoS; layer only, while keeping the graphene layer undamaged.

(3) The as-generated nanopore would result in stress concentration around the nanopore
in the heterostructure during a stretching process, which leads to the initiation of
a crack at a small tensile strain at the nanopore edge. The increase of nanopore
size intensifies the stress intensity factor, further reducing the mechanical strength.
However, an increase of ion energy and ion dose have limited effect on the mechanical
properties of the nanopore structure. By switching the stacking order, the damage
sequence of the heterostructure nanopore can be controlled.

Author Contributions: X.W. wrote the initial manuscript and conducted the simulations. X.W. and
W.L. conceived, designed, wrote and edited the manuscript. R.Y. and X.C. constructed the simulation
model and analyzed the data. All the authors checked and agreed on the submitted manuscript. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Start-up Research Fund from Sun Yat-Sen University grant
number 76110-18841290.

Institutional Review Board Statement: Not applicable.



Nanomaterials 2022, 12, 196 14 of 15

Informed Consent Statement: Not applicable.

Data Availability Statement: The data that support the findings of this study are available from the
corresponding authors upon reasonable request.

Acknowledgments: The authors are grateful for the helpful discussions with Haiyan Zhao and the
valuable comments from anonymous referees.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Kasianowicz, ].J.; Brandin, D.; Branton, D.W. Deamer. Characterization of individual polynucleotide molecules using a membrane
channel. Proc. Natl. Acad. Sci. USA 1996, 93, 13770-13773. [CrossRef] [PubMed]

2. Burgess, D.J. Expanding applications for nanopore sequencing. Nat. Rev. Genet. 2020, 21, 67. [CrossRef] [PubMed]

3. Chen, Q. Liu, Z. Fabrication and applications of solid-state nanopores. Sensors 2019, 19, 1886. [CrossRef] [PubMed]

4. Wu, X,;; Mu, F; Zhao, H. Synthesis and potential applications of nanoporous graphene: A review. Proc. Nat. Res. Soc. 2018, 2, 1-13.
[CrossRef]

5. Wu, X. Influence of Particle Beam Irradiation on the Structure and Properties of Graphene; Springer Theses; Springer: Singapore, 2017.

6. Wang, Y.; Yang, Q.; Wang, Z. The evolution of nanopore sequencing. Front. Genet. 2014, 5, 449. [CrossRef] [PubMed]

7. Arjmandi-Tash, H.; Belyaeva, L.A.; Schneider, G.F. Single molecule detection with graphene and other two-dimensional materials:
Nanopores and beyond. Chem. Soc. Rev. 2016, 45, 476-493. [CrossRef] [PubMed]

8. Wang, Z.; Lv, T,; Shi, Z.; Yang, S.; Gu, Z. Two-dimensional materials as solid-state nanopores for chemical sensing. Dalton. Trans.
2021, 50, 13608-13619. [CrossRef] [PubMed]

9. Cohen-Tanugi, D.; Grossman, J.C. Water Desalination across Nanoporous Graphene. Nano Lett. 2012, 12, 3602-3608. [CrossRef]

10. Sint, K.; Wang, B.; Krdl, P. Selective Ion Passage through Functionalized Graphene Nanopores. J. Am. Chem. Soc. 2008, 130,
16448-16449. [CrossRef]

11.  Yuan, Z; Rajan, A.G.; He, G; Misra, R.P; Strano, M.S.; Blankschtein, D. Predicting Gas Separation through Graphene Nanopore
Ensembles with Realistic Pore Size Distributions. ACS Nano 2021, 15, 1727-1740. [CrossRef]

12. Yuan, W,; Chen, J.; Shi, G. Nanoporous graphene materials. Mater. Today 2014, 17, 77-85. [CrossRef]

13.  Wang, L.; Boutilier, M.S.H.; Kidambi, P.R.; Jang, D.; Hadjiconstantinou, N.G.; Karnik, R. Fundamental transport mechanisms,
fabrication and potential applications of nanoporous atomically thin membranes. Nat. Nanotechnol. 2017, 12, 509-522. [CrossRef]

14. Prozorovska, L.; Kidambi, P.R. State-of-the-Art and Future Prospects for Atomically Thin Membranes from 2D Materials. Adv.
Mater. 2018, 30, 1801179. [CrossRef] [PubMed]

15. Su, S.; Wang, X.; Xue, J. Nanopores in two-dimensional materials: Accurate fabrication. Mater. Horiz. 2021, 8, 1390. [CrossRef]

16. Macha, M.; Marion, S.; Nandigana, V.V.R.; Radenovic, A. 2D materials as an emerging platform for nanopore-based power
generation. Nat. Rev. Mater. 2019, 4, 588-605. [CrossRef]

17.  Kuan, A.T,; Lu, B,; Xie, P,; Szalay, T.; Golovchenko, ].A. Electrical pulse fabrication of graphene nanopores in electrolyte solution.
Appl. Phys. Lett. 2015, 106, 203109. [CrossRef] [PubMed]

18. Schneider, G.F; Xu, Q.; Hage, S.; Luik, S.; Spoor, ].N.H.; Malladi, S.; Zandbergen, H.; Dekker, C. Tailoring the hydrophobicity of
graphene for its use as nanopores for DNA translocation. Nat. Commun. 2013, 4, 2619. [CrossRef]

19. Wu, X,; Zhao, H,; Yan, D.; Pei, J. Doping of graphene using ion beam irradiation and the atomic mechanism. Comput. Mater. Sci.
2017, 129, 184-193. [CrossRef]

20. Bai, Z.; Zhang, L.; Li, H.; Liu, L. Creating Nanopores in Graphene by Ion Beam Irradiation: Geometry, Quality, and Efficiency.
ACS Appl. Mater. Interfaces 2016, 8, 24803-24809. [CrossRef]

21. Fu,Y,;Su,S,; Zhang, N.; Wang, Y.; Guo, X.; Xue, J. Dehydration-Determined Ion Selectivity of Graphene Subnanopores. ACS Appl.
Mater. Interfaces 2020, 12, 24281-24288. [CrossRef] [PubMed]

22. Wu, X,; Zhao, H.; Pei, ]. Fabrication of nanopore in graphene by electron and ion beam irradiation: Influence of graphene
thickness and substrate. Comput. Mater. Sci. 2015, 102, 258-266. [CrossRef]

23. Steinbock, L.J.; Radenovic, A. The emergence of nanopores in next-generation sequencing. Nanotechnology 2015, 26, 074003.
[CrossRef]

24. Saharia, J.; Nuwan, Y.M.; Bandara, D.Y,; Lee, ].S.; Wang, Q.; Kim, M.].; Kim, M.]. Fabrication of hexagonal boron nitride based 2D
nanopore sensor for the assessment of electro-chemical responsiveness of human serum transferrin protein. Eletrophoresis 2020,
41, 630-637. [CrossRef]

25. Geim, AK,; Grigorieva, I.V. Van der Waals heterostructures. Nature 2013, 499, 419-425. [CrossRef]

26. Luan, B.; Zhou, R. Spontaneous Transport of Single-Stranded DNA through Graphene-MoS, Heterostructure Nanopores. ACS
Nano 2018, 12, 3886-3891. [CrossRef] [PubMed]

27. Liu, Y,; Deng, Y,; Yang, Y.; Qu, Y.; Zhang, C.; Li, Y.Q.; Zhao, M.; Li, W. Spontaneous DNA translocation through a van der Waals
heterostructure nanopore for single-molecule detection. Nanoscale Adv. 2021, 3, 5941. [CrossRef]

28. Luan, B.; Zhou, R. Single-File Protein Translocations through Graphene-MoS, Heterostructure Nanopores. J. Phys. Chem. Lett.

2018, 9, 3409-3415. [CrossRef] [PubMed]


http://doi.org/10.1073/pnas.93.24.13770
http://www.ncbi.nlm.nih.gov/pubmed/8943010
http://doi.org/10.1038/s41576-019-0204-5
http://www.ncbi.nlm.nih.gov/pubmed/31811281
http://doi.org/10.3390/s19081886
http://www.ncbi.nlm.nih.gov/pubmed/31010038
http://doi.org/10.11605/j.pnrs.201802003
http://doi.org/10.3389/fgene.2014.00449
http://www.ncbi.nlm.nih.gov/pubmed/25610451
http://doi.org/10.1039/C5CS00512D
http://www.ncbi.nlm.nih.gov/pubmed/26612268
http://doi.org/10.1039/D1DT02206G
http://www.ncbi.nlm.nih.gov/pubmed/34518861
http://doi.org/10.1021/nl3012853
http://doi.org/10.1021/ja804409f
http://doi.org/10.1021/acsnano.0c09420
http://doi.org/10.1016/j.mattod.2014.01.021
http://doi.org/10.1038/nnano.2017.72
http://doi.org/10.1002/adma.201801179
http://www.ncbi.nlm.nih.gov/pubmed/30085371
http://doi.org/10.1039/D0MH01412E
http://doi.org/10.1038/s41578-019-0126-z
http://doi.org/10.1063/1.4921620
http://www.ncbi.nlm.nih.gov/pubmed/26045626
http://doi.org/10.1038/ncomms3619
http://doi.org/10.1016/j.commatsci.2016.12.025
http://doi.org/10.1021/acsami.6b06220
http://doi.org/10.1021/acsami.0c03932
http://www.ncbi.nlm.nih.gov/pubmed/32349478
http://doi.org/10.1016/j.commatsci.2015.02.042
http://doi.org/10.1088/0957-4484/26/7/074003
http://doi.org/10.1002/elps.201900336
http://doi.org/10.1038/nature12385
http://doi.org/10.1021/acsnano.8b01297
http://www.ncbi.nlm.nih.gov/pubmed/29648440
http://doi.org/10.1039/D1NA00476J
http://doi.org/10.1021/acs.jpclett.8b01340
http://www.ncbi.nlm.nih.gov/pubmed/29870254

Nanomaterials 2022, 12, 196 15 of 15

29.
30.

31.

32.

33.

34.

35.

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.
46.

47.

48.

Plimpton, S. Fast parallel algorithms for short-range molecular dynamcis. J. Comput. Phys. 1995, 117, 1-19. [CrossRef]

Wu, X.; Zhu, X. Molecular dynamics simulations of ion beam irradiation on graphene/MoS; heterostructure. Sci. Rep. 2021, 11, 21113.
[CrossRef]

Wu, X.; Zhu, X; Lei, B. Impact of ion beam irradiation on two-dimensional MoS;: A molecular dynamics simulation study. J.
Phys. Condens. Matter 2021, 34, 055402. [CrossRef]

Ghorbani-Asl, M.; Kretschmer, S.; Spearot, D.E.; Krasheninnikov, A.V. Two-dimensional MoS; under ion irradiation: From
controlled defect production to electronic structure engineering. 2D Mater. 2017, 4, 025078. [CrossRef]

Arago, C.; Plaza, J.L.; Marqués, M.1.; Gonzalo, ].A. Low energy argon ion irradiation surface effects on triglycine sulfate. Appl.
Surf. Sci. 2013, 280, 858-861. [CrossRef]

Smith, R.A.P; Smith, G.C.; Weightman, P. Effects of low energy argon ion irradiation on the carbon 1s photoelectron line of highly
oriented pyrolytic graphite. J. Electron. Spectrosc. 2006, 152, 152-157. [CrossRef]

Zeigler, ].; Biersack, J.; Littmark, U. The Stopping and Range of Ions in Solids. In Treatise on Heavy-Ion Science; Springer: Boston,
MA, USA, 1985; pp. 93-129.

Liang, T.; Phillpot, S.R.; Sinnott, S.B. Parametrization of a reactive many-body potential for Mo-S systems. Phys. Rev. B 2009, 79, 245110.
[CrossRef]

Stuart, S.J.; Tutein, A.B.; Harrison, J.A. A reactive potential for hydrocarbons with intermolecular interactions. J. Chem. Phys. 2000,
112, 6472-6486. [CrossRef]

Lennard-Jones, J.E. Cohesion. Proc. Phys. Soc. 1931, 43, 461. [CrossRef]

Wu, S.; Wang, J.; Xie, H.; Guo, Z. Interfacial Thermal Conductance across Graphene/MoS, van der Waals Heterostructures.
Energies 2020, 13, 5851. [CrossRef]

Vazirisereshk, M.R.; Ye, H.; Ye, Z.; Otero-de-la-Roza, A.; Zhao, M.; Gao, Z.; Johnson, A.T.C.; Johnson, E.R.; Carpick, R.W.; Martini,
A. Origin of Nanoscale Friction Contrast between Supported Graphene, MoS,, and a Graphene/MoS, Heterostructure. Nano Lett.
2019, 19, 5496-5505. [CrossRef] [PubMed]

Berendsen, H.J.C.; van Postma, J.; van Gunsteren, W.F,; DiNola, A. Molecular-Dynamics with Coupling to An External Bath. J.
Chem. Phys. 1984, 81, 3684. [CrossRef]

Morin, A.; Lucot, D.; Ouerghi, A.; Patriarche, G.; Bourhis, E.; Madouri, A.; Ulysse, C.; Pelta, J.; Auvray, L.; Jede, R.; et al. FIB
carving of nanopores into suspended graphene films. Microelectron. Eng. 2012, 97, 311-316. [CrossRef]

Wu, X.; Zhao, H.; Murakawa, H.; Tsukamoto, M. Molecular dynamics simulation of graphene sheets joining under ion beam
irradiation. Carbon 2014, 66, 31-38. [CrossRef]

Stukowski, A. Visualization and analysis of atomistic simulation data with OVITO—The Open Visualization Tool Modelling
Simul. Mater. Sci. Eng. 2010, 18, 015012.

Humphrey, W.; Dalke, A.; Schulten, K. VMD—YVisual Molecular Dynamics. J. Molec. Graph. 1996, 14, 33-38. [CrossRef]

Bellido, E.P; Seminario, ].M. Molecular Dynamics Simulations of Ion-Bombarded Graphene. J. Phys. Chem. C 2012, 116, 4044-4049.
[CrossRef]

Lu, B.; Hoogerheide, D.P.; Zhao, Q.; Zhang, H.; Tang, Z.; Yu, D.; Golovchenko, J.A. Pressure-Controlled Motion of Single Polymers
through Solid-State Nanopores. Nano Lett. 2013, 13, 3048-3052. [CrossRef] [PubMed]

Liu, Y,; Chen, X. Mechanical properties of nanoporous graphene membrane. |. Appl. Phys. 2014, 115, 034303. [CrossRef]


http://doi.org/10.1006/jcph.1995.1039
http://doi.org/10.1038/s41598-021-00582-2
http://doi.org/10.1088/1361-648X/ac31f9
http://doi.org/10.1088/2053-1583/aa6b17
http://doi.org/10.1016/j.apsusc.2013.05.078
http://doi.org/10.1016/j.elspec.2006.05.004
http://doi.org/10.1103/PhysRevB.79.245110
http://doi.org/10.1063/1.481208
http://doi.org/10.1088/0959-5309/43/5/301
http://doi.org/10.3390/en13215851
http://doi.org/10.1021/acs.nanolett.9b02035
http://www.ncbi.nlm.nih.gov/pubmed/31267757
http://doi.org/10.1063/1.448118
http://doi.org/10.1016/j.mee.2012.02.029
http://doi.org/10.1016/j.carbon.2013.08.027
http://doi.org/10.1016/0263-7855(96)00018-5
http://doi.org/10.1021/jp208049t
http://doi.org/10.1021/nl402052v
http://www.ncbi.nlm.nih.gov/pubmed/23802688
http://doi.org/10.1063/1.4862312

	Introduction 
	Simulation Models 
	Results and Discussion 
	Dynamic Formation Process of Nanopore 
	Influence of Ion Irradiation Energy and Dose 
	Influence of the Stacking Order 
	Mechanical Properties of the As-Obtained Heterostructure Nanopore 

	Conclusions 
	References

