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Abstract
Graphene nanopores are utilized in various notable applications such as water desalination, molecular separation, and DNA sequencing.
However, the creation of stable nanopores is still challenging due to the self-healing nature of graphene. In this study, using molecular dynam-
ics simulations we explore the drilling of nanopores through graphene by bombardment with Si-nanoparticles. This enables the Si-passivation
along the nanopore rim, which is known as an efficient way to stabilize graphene nanopores. The interplay between graphene and projectile
causes the anomalous behaviors such as local maxima depending on particle size. The observations are thoroughly analyzed with interaction
energy and shape changes.

Nanopores through graphene of single-atom thickness, gra-
phene nanopores, are expected to realize extremely high effi-
ciency in various applications such as DNA sequencing,[1,2]

water desalination,[3,4] and selective separation of ions and
chemical species.[5,6] This is because the flow rate through
the pore dramatically increases with reduction of the substrate
thickness. However, the size-controlled formation of a nano-
scale hole in graphene is still challenging. Different from nano-
pores in other solid substrates created by ion beams,[7] graphene
nanopores are typically drilled using beams of electrons
(e-beams).[1,8,9] In this approach, the highly focused election
beam of a transmission electron microscope operated at several
hundred kV is focused onto the graphene continuously until
achieving a hole of the designated size. However, the high-
acceleration voltage of the electron beams could potentially
induce damage to the graphene around the pore.

A good method for creating nanopores in graphene should
satisfy: (1) controllable formation to the desired dimension
and (2) stability (maintaining the shape of the hole) for the
desired length of time. The ability to control the hole-size
accurately is critical in many single-molecule analyses and
size-specific separations of molecules because they utilize a
property change by geometric discrepancy at the atomic
level. For example, DNA sequencing with graphene nanopores
uses the difference in the ionic current depending on the shape
of the four bases in DNA (Adenine, Cytosine, Guanine, and
Thymine).

In addition, it is known that a nanopore in graphene is not
stable against surface-adsorbed C-atoms (i.e., carbon ada-
toms).[10,11] This weakness is observed even in an ultra-vacuum
environment. An individual carbon atom interacts with hydro-
gen-passivated graphene nanopores and easily forms a planar
network filling the nanopores because of hybridization of the
s- and p-orbitals of carbon atoms. Such short lifetimes make
the applications involving graphene nanopores to be consider-
ably limited. Recently, however, Lee et al.[12] showed experi-
mentally as well as theoretically that a graphene nanopore
can be stabilized by passivating the perimeter carbon atoms
with Si-atoms because the latter energetically favor tetrahedral
coordination. It forces carbon adatoms to form dendrites stick-
ing out of the graphene plane.

Considering all the above, in this study we propose a new
pore formation process in graphene by Si-nanoparticle bom-
bardment and characterize the anomalous features of the pro-
posed process. These are implemented by using extensive
molecular dynamics (MD) simulations with rigorous potential
models. Such collision-induced pore formation involves sev-
eral phenomena including deformation of the projectile parti-
cles and the graphene, fragmentation and/or exfoliation of the
particles (depending on their size), bond-breaking between
C-atoms in the graphene, and bond-formation between Si-
and C-atoms. The MD simulations can visualize the details
of all those processes, and the observations can be thoroughly
analyzed with interaction energy approach. Competitive
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interactions among atomic pairs (Si–Si, Si–C, and C–C) pro-
duce several interesting behaviors during pore formation,
depending on the size of the bombardment particles. The Si-
nanoparticle bombardment has been already applied to micro-
structure patterning on various substrates.[13]

In the present MD simulations, a Si-nanoparticle was pro-
jected to the center of a piece of single-layer graphene
(32.174 × 32.189 nm2) at the speed of 10 km/s [see Fig. 1].
The four corners of the graphene were fixed and the graphene
consisted of 39,693 C-atoms. The size of the graphene piece
was large enough to avoid interference by edge reflection of
the bombardment-induced fluctuation during penetration—the
elastic wave by bombardment did not reach the edge of gra-
phene. Because all the penetration processes happened within
a very short period (4.8 ps), the constant volume-constant
energy (NVE) ensemble was used. The time-step in the simu-
lations was Δt = 0.5 fs. To describe the bond breaking and for-
mation in the simulations, the Tersoff potential[14] was
employed for Si–Si and Si–C pairs while the AIREBO poten-
tial[15] was used for C–C pairs. Ziegler–Biersack–Littmark
screened nuclear repulsion[16] was also included to describe
high-energy collisions between atoms. Particles of five sizes
were considered by varying the diameter (d = 1.0, 1.5, 2.0,
3.0, and 4.0 nm). The initial position of the graphene and
nanoparticle were z = 3.0 nm and z = 10.0 nm, respectively.
All the MD simulations in this study were performed with
LAPPMS.[17]

Figure 2 illustrates the pore formation due to Si-nanoparticle
bombardment for the five experimental particle sizes [see Figs.
2(a)–2(e)]. The snapshots were rendered with VMD.[18]

From the figure, we find that the pore formation process con-
sists of the following four stages: (1) The first is approaching

stage: a high-speed particle approaches the graphene (t =
0.11 ps) and the particle and graphene start to interact. (2)
The second is contact and deformation stage. In this stage,
deformation of both particle and graphene occurs (t = 0.14
and 0.17 ps). The spherical shape is distorted to a pancake or
oblate form, or is unchanged, depending on the particle size.
Also, bulging and dishing occur in the graphene. In the bulging
area, the plate conforms to the shape of the projectile while in
the dishing zone, the bending of the plate extends outward from
the contact to between the projectile and plate. (3) The third is
reaction stage. In this stage, particle fragmentation with bond-
breaking of Si–Si, perforation with bond-breaking of C–C, and
passivation via bond-formation of Si–C in the perimeter occur
simultaneously (t = 0.17 and 0.20 ps). (4) The final is escape
stage. In this stage, the single atoms and clusters/debris are fly-
ing into free space and the penetration-induced oscillation starts
to travel in the graphene (elastic wave). Once perforation
occurs, the petals are generated on the backside because of
high-strain-rate of graphene. They were recombined with the
graphene piece soon after the escape of the particle to form a
stabilized equilibrated pore. This penetration process is graph-
ically summarized in Fig. 2(f). However, if the particle is small
as d = 1.0 nm, it could not pass through the graphene: it was
disrupted and the fragments were simply attached to the gra-
phene. It should be noted that the observation from Fig. 2 indi-
cates that the drilling of nanopores through graphene with
Si-nanoparticle bombardment can overcome two major diffi-
culties of graphene nanopores: (1) control of pore size and
(2) pore stabilization by passivation of Si-atoms on the rim of
the pore. The pore formation process was further probed quan-
titatively by illustrating the temporal variation of the radial dis-
tribution functions (RDF) of the carbon atoms in the graphene.

Figure 3 exemplifies the history of the RDFs for the case
with d = 2.0 nm. Before t = 0.11 ps, the particle does not arrive
at the graphene so that the RDF oscillates only around the value
of one. At t = 0.14 ps (deformation stage), the particle is
deformed to an oblate shape and a bulge forms in the graphene.
Most C–C bonds are stretched but are still connected; while a
small number of C-atoms in the center are dislocated radially
(a tiny hole is initiated). As a result, a peak starts to form in
the RDF. As the particle penetrates the graphene (t = 0.17 and
0.20 ps), the oblate ball is fragmented and the C–C bonds in
the graphene break, allowing perforation by the shattered
Si-nanoparticle, and thereby the tiny hole initiated becomes
enlarged. In the RDF plot, this appears as the reduction of
RDF value for r < 1.5 nm and the growth of a peak in the region
of 1.5 nm < r < 2.0 nm. At t = 0.23 ps, the disrupted particle has
nearly escaped the graphene and the hole is clearly seen as the
region in which the RDF value is zero. The hole at t = 0.23 ps is
not stable because the number of C-atoms in the first peak at r =
1.5 nm is too large (RDF ∼ 1.8). Therefore, the peak shifts to
r = 1.2 nm via structural relaxation [see Fig. 3(f)], while the
peak value also decreases because RDF≈ 1.5. Considering
this dynamic behavior of the hole in the graphene, in this
study the pore radius is defined as the distance from the center

Figure 1. Schematic representation of projection of Si-nanoparticle onto
graphene.
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Figure 2. Visualization of pore formation due to Si-nanoparticle bombardment for particles of various diameter: (a) d = 1.0 nm; (b) d = 1.5 nm; (c) d = 2.0 nm;
(d) d = 3.0 nm, and (e) d = 4.0 nm. (f) Graphical presentation of pore formation due to Si-nanoparticle bombardment.
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of graphene to the first peak of RDF at stable state (long-time
limit). Figure 4 presents the dynamic behavior of the pore
radius for the particles of various sizes.

So far, we have examined the nanopore formation with
focusing on the size. Another significant aspect of graphene

nanopores is how many Si-atoms are left after perforation,
because the Si-atoms passivated on the dangling C-atoms
along the perimeter is one of the key factors in the stabilization
of the hole created (thus maintaining the shape for a sufficiently
long time). Figure 5 shows the change of the number of

Figure 3. Radial distribution function (RDF) for the carbon atoms in graphene: (a) t = 0.11 ps; (b) t = 0.14 ps; (c) t = 0.17 ps; (d) t = 0.20 ps; (e) t = 0.23 ps; (f)
t = 4.8 ps. Here, r is the distance measured from the graphene center. These plots are for the particle with d = 2.0 nm.

Figure 4. Time history of pore radius formed in graphene for various particle sizes: (a) d = 1.0 nm; (b) d = 1.5 nm; (c) d = 2.0 nm; (d) d = 3.0 nm; (e) d = 4.0 nm.
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Si-atoms in graphene, nSi, for various particle sizes. In the plots,
nSi,0 is the number of Si-atoms of the original nanoparticle.
Because there were no Si-atoms in the graphene initially, all
the profiles start from zero. The number of Si-atoms in the gra-
phene increases enormously as the particle penetrates the gra-
phene. Then, the number suddenly decreases as the particle
escapes the graphene. For the small Si-nanoparticle with size
d = 1.0 nm, the particle is disrupted completely and all the
Si-atoms attach to the graphene, while several C-atoms travel
in space as individual atoms. When the particle size is larger
than 1.5 nm, only a fraction of the Si-atoms stays on the nano-
pores rim. The normalized number of Si-atoms left in the gra-
phene (=nSi/nSi,0) decreases with increase in the size of the
particle.

The observations in Figs. 4 and 5 are summarized in Fig. 6.
Figure 6(a) reveals the relation between the particle size and the
nanopore size. Although this graph appears to confirm a trivial
fact (that bigger particles produce larger pores), an interesting
observation is found when drawing the normalized pore area
A∗
pore [see Fig. 6(b)]: the normalized pore area has a local max-

imum at a certain particle size. A∗
pore increases initially with an

increase in d, reaches a maximum at d = 2.0 nm, and then
decreases with further increase in d. The value of A∗

pore saturates

to 1.7 after d = 3.0 nm. Considering that the hole is substan-
tially expanded first during penetration and then shrinks
down to the equilibrium size [see Fig. 4], the A∗

pore value greater

than unity represents the residual of instantaneous enlargement

Figure 5. Change of number of Si-atoms in graphene during penetration: (a) d = 1.0 nm; (b) d = 1.5 nm; (c) d = 2.0 nm; (d) d = 3.0 nm; (e) d = 4.0 nm. The
sudden increase in the number of Si-atoms presents a moment when the Si-particles are passing the graphene. Here, nSi,0 is the number of Si-atoms in the initial
ball (Si-particle).

Figure 6. Variation of the size of the pore formed in graphene, dpore: (a) with respect to the particle size, d; (b) normalized cross-section area of the pore,
A∗pore = (Apore/A), versus particle size, d. Apore is the cross-section area of pore formed and A is that of the particle projected, so A∗pore is equivalent to
A∗pore = (dpore/d)2; (c) number of Si-atoms left in the graphene per perimeter after penetration, nSi/(πdpore).

844▪ MRS COMMUNICATIONS • VOLUME 7 • ISSUE 4 • www.mrs.org/mrc
. https://doi.org/10.1557/mrc.2017.123
Downloaded from https://www.cambridge.org/core. IP address: 98.212.154.59, on 28 Dec 2017 at 23:19:09, subject to the Cambridge Core terms of use, available at https://www.cambridge.org/core/terms

https://doi.org/10.1557/mrc.2017.123
https://www.cambridge.org/core
https://www.cambridge.org/core/terms


during penetration. A constant trend in A∗
pore value for d > 3.0

nm was also observed for the penetration and perforation of
graphene by a macroscopic free-flying projectile.[19] In other
words, the local maximum found in Fig. 6(b) is a unique feature
of the formation of graphene nanopores. Such an anomalous
local maximum is also found for the number of Si-atoms left
in the graphene per perimeter [see Fig. 6(c)]. The number of
Si-atoms was divided by the circumference length of the pore
(nSi/πdpore) to exclude the effect of particle size. Different
from the other cases, for the particle with d = 1.0 nm, all the
Si-atoms were bound to the graphene.

In order to further understand the anomalous trends, in
Fig. 7(a) we computed the total interaction energy for a given
Si-atom with other atoms ESi

total in the region inside and near
the graphene during the penetration period (0.1 ps < t <
0.3 ps). Physically, the interaction energy expresses the binding
affinity of a Si-atom with the other atoms—the negative sign
means that the Si-atom is tied to the surrounding environment.
For the smallest particle (d = 1.0 nm), the energy was further
reduced to−4.5 eV from−3.1 eV when the particle hit the gra-
phene and was completely disrupted (0.11 ps < t < 0.13 ps). As
Si-atoms were spread due to disruption and fragmentation, the
Si–Si distance was enlarged and the Si–Si interaction became
considerably weaker. Then, they formed Si–C bonds with
C-atoms in the graphene. For t– > 0.13 ps, the interaction
energy was lowered more as the pore shape relaxed to the equil-
ibrated state. More specifically, the early opening had high-
energy level by local atomic jamming, and as the Si-atoms
were displaced to the equilibrium positions the energy-level
became lower. Except in the case with d = 1.0 nm, the interac-
tion energy constantly increased throughout the penetration
period (0.11 ps < t < 0.22 ps). During this period, the Si-nano-
particle was either fragmented (d = 1.5, 2.0 nm) or peeled (d
= 3.0, 4.0 nm) to produce individual or clustered Si-atoms.
These were bound to the dangling C-atoms on the rim of the
pore. As seen from Fig. 7(a), it should be noted that the inter-
action energy is highest for d = 2.0 nm in which the local max-
ima were observed in A∗

pore and nSi/πdpore. Such weak binding

allowed the Si-atoms to move more freely, and as a result, a big-
ger hole was created. The interaction energy was rapidly
reduced during the period of 0.22 ps < t < 0.27 ps, as the

Si-passivated graphene nanopore self-relaxed to the equilib-
rium state and the pore shrank.

In Figs. 7(b) and 7(c), the total interaction energy ESi
total were

decomposed into Si–Si interaction ESi–Si and Si–C interaction
ESi–C to examine the contributions by Si and C atoms to the
total interaction:

ESi
total = ESi−Si + ESi−C (1)

Because a smaller particle contains fewer Si-atoms, the ini-
tial value of ESi–Si becomes larger in proportion to d. In Figs. 7
(b) and 7(c), as the penetration proceeds, ESi–Si decreases while
ESi–C increases by the transfer of Si–Si to Si–C bonds. Different
from ESi

total, which has a local maximum at d = 2.0 nm, both
ESi–Si and ESi–C vary monotonically according to d. In other
words, in the penetration process, ESi–Si for large d is always
higher than ESi–Si for small d; whereas ESi–C for large d is
always smaller than ESi–C for small d: ESi–Si(d = 1.0 nm) <
ESi–Si(d = 1.5 nm) < ESi–Si(d = 2.0 nm) < ESi–Si(d = 3.0 nm) <
ESi–Si(d = 4.0 nm); whereas ESi–C(d = 1.0 nm) > ESi–C(d = 1.5
nm) > ESi–C(d = 2.0 nm) > ESi–C(d = 3.0 nm) > ESi–C(d = 4.0
nm). Although ESi–Si(d = 2.0 nm) and ESi–C(d = 2.0 nm) are
placed in the middle of each sequence, the total interaction con-
tributed by both becomes minimized at d = 2.0 nm because of
the Si–Si and Si–C interactions act in opposite directions.
During the penetration process, the Si-atoms on the outer sur-
face of a Si-particle (to be used for carbon passivation) are
pulled by the other Si-atoms in the ball toward the center of
the ball, and at the same time, attracted by the C-atoms to the
rim of the nanopore. Therefore, the mobility of passivated
Si-atoms becomes maximized when the Si–Si and Si–C interac-
tions are comparable.

The dynamic behavior of the interaction energy in Fig. 7 can
be further understood by investigating the shape change of the
projectile and graphene during penetration. The graphene expe-
riences a considerable rounded swelling (bulging and dishing)
during penetration, and the degree of the deformation increases
with increase in d because of the larger colliding momentum. If
the colliding momentum exceeds a certain criterion, a perfora-
tion happens and petals are formed on the backside. Also, the
shape of incoming particles is significantly altered depending

Figure 7. (a) Temporal variation of total interaction energy for a Si-atom,E Si
total, during penetration and its decomposed components of (b) ESi–Si and (c) ESi–C.

E Si
total is computed as E Si

total = ESi−Si + ESi−C.
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on the size, as illustrated in Fig. 8. When the particle size is
small (e.g., d = 1.0 nm) and the kinetic energy is not enough
to cause perforation, the particle is deformed to a “pancake”
shape and then totally disrupted. The larger particles exhibit
less deformation during penetration (“oblate” for mid-size
and “spherical” for large). In the pancake deformation, the
Si-atoms can approach the C-atoms in graphene closely and
strong Si–C bonds are formed and thus the movement of
Si-atoms and the instantaneous enlargement of the pore are lim-
ited even at the onset of perforation. Also, in the penetration of
a “spherical” shape, many of Si–Si bonds keep their short dis-
tance structure and the strong Si–Si interaction immobilizes
Si-motion until the late phase of penetration (t < 0.22 ps). The
Si–C interaction increases considerably only after the particle
escapes the graphene (t∼ 0.23 ps). Different from the cases
of “pancake” and “spherical” shapes, in the penetration of
“oblate” shape (related to mid-sized particles), ESi–Si and ESi–C

become comparable due to geometrical distortion that causes
a change in Si–Si and Si–C distances. At d = 2.0 nm, the two
interactions are balanced and the motion of the Si-atoms is
maximized.

Different from the collisions of Si-nanoparticle with the suf-
ficiently thick solid substrate,[20] a perfect particle-deposition
mode was not found in the present study because graphene is
too thin to dissipate the kinetic energy of a particle in short
time. In the present study, the deposition happened along
with particle disruption only for the smallest particle of d =
1.0 nm in which the Si–Si interaction is not strong enough to
overcome the impact [see Fig. 2(a)]. So, the deposition mode
is not expected to appear for nanoparticle-graphene collision
regardless of impacting speed. However, for the present
nanoparticle-graphene system, the particle-reflection mode
was clearly observed when the impinging speed is low as
5.0 km/s (not presented in the current paper). Considering the
above discussion and the fact that nanoparticle bombardment
onto graphene is usually aimed to drill the holes, it is more nat-
ural to focus on the penetration/perforation[21] than deposition.

Thus, we can classify the particle-graphene collision into three
modes of reflection, penetration (penetrate into a substrate but
does not pass through), and perforation (finish the penetration
completely) depending on speed. It is expected that with an
increase in the speed, the observed mode would be changed
from reflection, penetration, to perforation. Of course, the
presence of those modes will be influenced by the size of the
particle. For example, in the present study the particle speed
is 10 km/s and a complete perforation happens at d = 1.5 nm,
however, when the speed is changed, the perforation will
occur at different particle size. Currently, we are performing
a parametric study to identify the mode as a function of
impacting velocity and particle size. It will be published in
near future.

To summarize, in this study we explored the graphene nano-
pore formation induced by bombardment with Si-nanoparticles
by using extensive MD simulations with reactive force fields.
The collision-induced pore formation enabled the passivation
of the rim of the nanopore with Si-atoms during the pore crea-
tion, which is known as an effective manner for the stabilization
of graphene nanopores. The considerable interaction between
the particles and graphene during penetration produced an
anomalous behavior that the normalized pore size and the num-
ber of passivated Si-atoms per perimeter were maximized at
certain particle size. Such local maximum is a unique feature
in nanoscale, which is not observed for the penetrations and
perforations of graphene by a macroscopic projectile. The inter-
action energy analysis was introduced to understand these phe-
nomena quantitatively, and we found that at the certain size of
the particle, the Si–Si and Si–C interactions were balanced, the
Si-atoms moved freely, and the pore size was maximized by the
instantaneous enlargement of the pore at the onset of perfora-
tion. Considering that the Si-nanoparticles with a velocity of
a few km/s can be generated via CO2-laser-induced decompo-
sition of SiH4

[ 22] and hypersonic plasma particle deposition,[23]

and there are extensive efforts to increase the particle velocity
to tens of km/s,[24,25] the findings in this study are expected
to be greatly useful to determine the proper size of impacting
particle in drilling the graphene nanopores having
Si-passivation on the rim.
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