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The formation of nanopores under electron irradiation is an ideal process to quantify chemical bonds in
two-dimensional materials. Nowadays, high-resolution transmission electron microscopy (HRTEM) allows
investigating such nucleation and growth phenomena with incomparable spatial and temporal resolution.
Moreover, theoretical calculations are usually exploited to confirm characteristic features of these atomic-scale
observations. Nevertheless, the full understanding of the ejection mechanisms of atoms requires a detailed
investigation of the interplay between the very dynamic edge structure of expanding nanopores and the
displacement energy of edge atoms (ED). Here, the dynamics of triangular nanopores in hexagonal boron nitride
(h-BN) under various electron dose rates was followed by aberration-corrected HRTEM with high temporal
resolution to provide new in situ insights into their growth processes. We reveal that the ejection of atomic pairs is
an elemental mechanism that considerably speeds up the expansion of nanopores. Atomic-scale calculations were
exploited to quantify the structure-dependent ED of all the ejected edge atoms. They revealed strong variations of
this threshold energy during the growth processes. This quantitative study reconciles theoretical and experimental
measurements of the ejection rate of atoms in h-BN under electron irradiation, which is essential for nanopore
engineering in this atomically thin membrane.

DOI: 10.1103/PhysRevMaterials.4.014005

I. INTRODUCTION

Given its resolution and single-atom sensitivity, aberration-
corrected high-resolution transmission electron microscopy
(HRTEM) has been extensively exploited to reveal the atomic
structure of two-dimensional (2D) materials [1–3]. Although
radiation damage is an obvious limitation of HRTEM in-
vestigations [4], studying the dynamics of defects in 2D
materials under beam irradiation gives access to quantitative
information on their structural properties. In this respect,
the beam-induced nucleation and growth of nanopores in
graphene and its derivatives have become a case study to
better understand the fragility of these beam-sensitive ma-
terials and the fabrication processes of nanosized holes in
atomically thin membranes that are promising for gas sens-
ing, DNA sequencing, and water desalinization technologies
[5–13]. Furthermore, the spatial and temporal resolutions of
HRTEM allow precise measurement of the expulsion rate
of atoms as a function of the electron dose from which an
average value of the displacement energy of atoms (ED) can be
calculated [14–16]. This threshold energy required to displace
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an atom from its lattice can also be calculated with theoretical
approaches using density functional theory (DFT) or coupling
it with molecular dynamics [17–19]. In the case of hexagonal
boron nitride (h-BN), ab initio calculations have shown that
the displacement energy of an atom (ED) is element specific
and very sensitive to its local atomic environment. They
allowed explaining some features of the growth mechanisms
of nanopores, such as the formation of boron monovacancies
in a pristine area, the growth of nanopores via the preferential
ejection of edge atoms, and the continuous reconstruction of
triangular holes observed at room temperature [6,14,18–21].
Nevertheless, the structure dependency of ED in h-BN makes
the interpretation of HRTEM measurements complicated be-
cause the strong variations of ED that occur during the growth
processes are all integrated in these global measurements.
Therefore investigating this dynamic interplay between the
atomic structure and the energy profile of edge atoms in 2D
materials is necessary to match experimental and theoretical
measurements of ED and to provide a deeper understanding of
nanopore growth mechanisms.

In the present paper, the dynamics of triangular nanopores
in h-BN under various electron dose rates was followed with
unprecedented time resolution. Besides confirming previously
reported nucleation and growth mechanisms, these atomic-
scale observations provide new in situ insights into the ejec-

2475-9953/2020/4(1)/014005(8) 014005-1 ©2020 American Physical Society

https://orcid.org/0000-0003-2473-7990
https://orcid.org/0000-0002-6528-5698
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevMaterials.4.014005&domain=pdf&date_stamp=2020-01-21
https://doi.org/10.1103/PhysRevMaterials.4.014005


OUAFI MOUHOUB et al. PHYSICAL REVIEW MATERIALS 4, 014005 (2020)

tion mechanisms of atoms. DFT calculations were exploited
to understand and support HRTEM results and to quantify
the variations of ED during the growth processes that must
be unraveled to understand the low ED extracted from our
experimental data.

II. METHODS

The h-BN sample was prepared by chemical vapor depo-
sition synthesis on a polycrystalline platinum film by using
borazine as a liquid precursor [22]. Briefly, a Pt foil (thickness
of 0.1 mm, Goodfellow) was mounted at the center of a quartz
tube in chemical vapor deposition, and then the temperature
was elevated up to 1100 °C for 30 min at a flow rate of 10
sccm of H2 gas. Monolayer h-BN was grown for 30 min with
H2 and borazine at flow rates of 10 and 0.6 sccm, respectively.
After the growth of h-BN, the furnace was cooled naturally.
The bubbling transfer was exploited to transfer h-BN film onto
TEM grids [23].

We used a JEOL atomic resolution microscope (ARM)
200F at 80 kV which combines a cold field-emission gun,
an aberration corrector (CEOS, Inc.), and a high frame rate
camera (Oneview, Gatan, Inc.) [24,25]. The pressure in the
microscope was 10−7 mbar and we used a “cold finger” to
keep contaminants away from the specimens. The sample
was imaged with a positive spherical-aberration coefficient
of 5 µm and we maintain the focus close to Scherzer con-
ditions (the focus can vary during long-time acquisition due
to h-BN film oscillation). In these conditions, the atoms of
single layer h-BN have a dark contrast with respect to the
background, but the contrast of all the images and video has
been numerically inverted to make them more intuitive. After
identifying monolayer areas, the nucleation and growth of
nanopores were monitored with a frame rate varying from
3 to 12 frames/s. These conditions are a good compromise
to optimize the temporal resolution and image the structure
of the h-BN monolayer with a sufficient signal to noise
ratio. Image summing or Wiener filters were applied when
necessary to reveal the structure of nanopores. These two
numerical processes were used to improve the signal to noise
ratio of images showing edge configurations with long and
short lifetime, respectively. Note that some bright spots in
the images are due to dead pixels that were unfortunately
present on the camera when the data were collected. However,
these artifacts can easily be identified on the image series
(or videos) because their position remains stable in spite of
sample drift and they can also be seen over vacuum.

To precisely measure the dose rate (ḋ), the conversion
efficiency (i.e., number of counts per electron) of the One
view camera was calibrated prior to inserting the sample, by
measuring the current on the small phosphorescent screen
of the microscope and the number of counts detected by
the camera. In accordance with the specifications given by
Gatan, we measured a conversion efficiency of 53.3 counts
per electron at 200 kV (52.4 according to Gatan) and 103.1
counts per electron at 80 kV. Thus, it is possible to determine
the dose rate (in electrons /s−1 nm−2) and the cumulative dose
(dtot, in electrons/nm−2), by measuring the number of counts
per second and per square nanometer over the vacuum (e.g.,
in the nanopores). In order to extract quantitative information

on the structural properties of h-BN, we studied the formation
of nanopores as a function of ḋ ranging from 3.1 × 105 to
2.0 × 106 electrons/s−1 nm−2.

To investigate the different mechanisms leading to the
growth of nanopores, we performed ab initio calculations
within the DFT using the SIESTA code [26] with generalized
gradient approximation exchange-correlation functionals. We
used norm-conserving Trouiller-Martin pseudopotentials and
a numerical atomic orbital with double-ζ plus polarization
basis set to represent the valence electron with a real-space
integration grid of 300 Ry as in [27,28]. The system consists
of a central nanopore of different sizes within a supercell
sufficiently large to minimize boundary effects on the energies
of interest. For pristine BN, we adopted a (10 × 10) grid
of 200 atoms and the size of the supercell in the c direction
was set to 25 Å to avoid the interaction between neighboring
defects. It is important to note that we chose this system size
after carrying out some comparisons using different supercells
(144, 200, and 720 atoms) in order to evaluate the impact
of the interaction between the images of structural defects
due to the periodic boundary conditions. In the present paper,
the grid cutoff used for the k-point sampling was 16 Å.
Calculations were performed at zero pressure, i.e., allowing
the relaxation of the atoms and the shape of the simulation
cell, using a conjugate gradient minimization scheme. The
atomic positions were relaxed until the magnitudes of the
forces on all the atoms were smaller than 0.01 eV/Å.

To calculate ED of an atom (B or N), we assumed that this
quantity is related to the formation energy of an interstitial-
vacancy pair as in [19,29] and performed static calculations
as

ED = E (Ntot + 1) + E (Ntot − 1) − 2E (Ntot ),

where E (Ntot ) is the total energy of an initial configuration
containing Ntot atoms, and E (Ntot + 1) and E (Ntot − 1) are the
total energies of the initial system where an atom is added and
removed, respectively. Thereby, ED is defined as the minimal
kinetic energy that has to be transferred to a lattice atom
in order to create a stable Frenkel pair (interstitial-vacancy
pair) [30]. Such an approach has been successfully employed
to characterize irradiation effects on carbon nanotubes [29],
BN sheets [19], and also bulk materials like UO2 [31]. Note
that this equation does not account for the barrier separating
the ideal and defective configurations and gives access to the
lowest energy for the system to switch from an initial state to
a final state whatever the intermediate steps involved in the
process. Meanwhile, it is well known that this static approach
used in our calculations gives a lower bound estimate of the
damage threshold energies while molecular dynamics simula-
tions can be used but they may overestimate ED [19,29,32].
This artifact has already been discussed in detail for the rather
simple case of the displacement energy in graphene. [17,29].
A molecular dynamics calculation gives a value of 22 eV,
while a static calculation tends to 15 eV [29]. On one hand, the
molecular dynamics result is in line but somewhat larger than
the values of 15–20 eV reported in experimental studies for
graphite [33]. On the other hand, the static calculations agree
with the experimental data, being on the lower side of the data
distribution. One can expect that the correct value of ED is be-
tween both approaches. However, the most important result is
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FIG. 1. Nucleation of nanopores. HRTEM images are extracted from a movie acquired with a frame rate of 3 frames/s that can be seen in
Supplemental Material [34]. A model of the observed atomic structure is presented next to each image. Boron atoms are in red and nitrogen
atoms are in blue. The atom(s) encircled are ejected in the next frame. The signal-to-noise-ratio profile next to the image (a) was measured
along the red line seen in image (a). It shows that the missing atom in frame (b) was a B atom.

that a static approach yields meaningful physical information,
keeping in mind that the calculated displacement energies
might be slightly underestimated. Thus, the main contribution
characterizing the displacement of atoms may come from the
differences between their binding energies, making the use of
static calculations relevant. In the case of hBN (pristine and
nanopores), our results of displacement energies from static
calculations are given in Table S1 in Supplemental Material
[34]. They are in good agreement with values found in [19]
and references therein using other approaches. Moreover, in
the case of the ejection of a B/N pair, the same equation can be
used by considering a pair added or removed from the initial
system composed of Ntot atoms.

III. RESULTS AND DISCUSSION

We have exploited aberration-corrected HRTEM to study
the nucleation and growth mechanisms of nanopores in single
layer h-BN. The analysis of single-atom contrasts performed
before the nucleation processes revealed that monovacancies
are generated by the ejection of B atoms [Figs. 1(a) and 1(b)].
The common orientation of triangular patterns generated by
these single point defects confirms that all monovacancies
have the same structure because the ejection of single B and
single N atoms would generate triangular patterns rotated by
180° relative to each other. As observed in Figs. 1(b)–1(d),
some monovacancies transform into triangular nanopores with
four missing atoms (3 B and 1 N). This transformation passes
through an intermediate structure with a trapezoidal shape
after the ejection of a B-N pair [Fig. 1(c) and Fig. S1(a)
in Supplemental Material [34]]. These trapezoidal nanopores
are intermittently observed for a few seconds because of an

important edge mobility that highlights the poor stability of
this intermediate step. Finally, the ejection of a last B atom
generates a triangular hole with edges in zig-zag configuration
and N atoms at the forefront of the edges. This characteristic
structure of nanopores in h-BN undoubtedly presents a high
energetic stability, because the atomic mechanisms that occur
during the subsequent growth processes systematically tend
towards this configuration. As shown in Fig. 2, the growth
of nanopores is a two-step mechanism which starts with the
ejection of edge atoms creating a notch on one side of the tri-
angular hole. These notched edges, which expose boron atoms
at the rim of the hole, are unstable intermediate structures with
a reduced lifetime (<1 s) compared to zig-zag edges without
defect that can resist the electron beam for several seconds.
Indeed, just after this first step, we systematically observe
a peeling of the notched edges via the gradual ejections of
atoms on both sides of the notch. This second step leads to
the formation of a larger triangular hole with a zig-zag edge
that is shifted outward by 0.25 nm as compared to the initial
triangular nanopores.

All these HRTEM observations are consistent with pre-
vious works, notably the extended study of Ryu et al. [6].
Nevertheless, the high-speed acquisition used in the present
paper brings additional mechanistic information on the growth
process. At first, the ejections of individual B or N atoms
from the edges of nanopores were never observed even when
the nanopores dynamics was followed with a frame rate of
12 images per second. Most of the time, the first image of
a notch shows the ejection of a pair of B-N atoms from the
edge [Fig. 2 and Fig. S1(b) in Supplemental Material [34]].
The analysis of the notch position performed over 75 events
clearly demonstrates that these defects are mainly formed in
the central region of triangle sides (Fig. S2 in Supplemental
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FIG. 2. Growth of nanopores. HRTEM images extracted from a movie acquired with a frame rate of 3 frames/s that can be seen in
Supplemental Material [34]. A model of the observed atomic structure and the time frame are shown in the right bottom and top corner of each
image, respectively. Boron atoms are in red and nitrogen atoms are in blue.

Material [34]) and the first atom pair ejected is never part
of the nanopore corners. Interestingly, the peeling mechanism
also implies the ejection of B-N pairs (Fig. 3). The lifetime of
the B-N pairs adjacent to the growing notch varies from a few
tenths of second to a few seconds. The previously reported
formation and ejection of atom chains were never observed in
our experimental conditions [6].

Obviously, increasing the electron dose rate speeds up
the growth of nanopores, but it also modifies their growth
mechanisms because it affects the competition between the
formation of notches and the peeling process. Indeed, when
higher dose rates are used, deeper notches with two or three
steps can be observed, because B-N pairs are ejected from
the lower edge before the peeling of the upper edge is com-
pleted (Fig. S3 in Supplemental Material [34]). These deeper
notches drastically increase the growth kinetics because the
subsequent peeling processes induce the ejection of several

layers of atoms. The presence of these defects increases the
edge roughness. Therefore, the decrease of the averaged con-
vexity of nanopores when the dose rate increases (Fig. S4 in
Supplemental Material [34]) demonstrates that high dose rate
favors the formation of multistep notches. As the probability
of notch formation and the duration of the peeling process
increase with the size of nanopores, multistep notches are also
more frequent in large nanopores. Interestingly, with a dose
rate ranging from 3.1 × 105 to 2 × 106 electrons/s−1nm−2,
multistep notches remain rare in small nanopores (perimeter
<9 nm). It is worth noting that the growth of nanopores
is also drastically impacted by coalescence phenomena that
affect both the size and the density of nanopores (Fig. S5
in Supplemental Material [34]). In a general manner, the
engineering of nanopores in h-BN cannot disregard the crucial
effects of coalescence and multistep notches on the density
and final size of holes.

FIG. 3. Atom-pair ejection during the peeling process. HRTEM images extracted from a movie acquired with a frame rate of 3 frames/s
that can be seen in Supplemental Material [34]. The time frame is shown in the right bottom corner of each image. The atomic lattice of the
top edge is highlighted. No intermediate structure is observed between frames.
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FIG. 4. Growth of individual nanopores without a coalescence event. (a) Number of ejected atoms as a function of the cumulative dose
with a dose rate of 3.1 × 105 electrons/s−1nm−2. (b) Perimeter of nanopores as a function of the cumulative dose with a dose rate of 3.1 ×
105electrons/s−1nm−2(black squares), 4.8 × 105 electrons/s−1nm−2 (red dots), and 8.5 × 105 electrons/s−1nm−2 (blue triangle).

In the following, we use our atomic scale observations to
measure the average displacement energy of atoms at the edge
of nanopores (E ed

D ) and compare it with ab initio calculations.
This fundamental understanding of h-BN structural properties
requires one to focus on small nanopores that grow without
coalescence event and multistep notches. Determining E ed

D
requires measuring the cross section for removing edge atoms
(σ ed ), which is given by

σ ed = N

n × d

with N the number of ejected atoms, n the number of irradi-
ated edge atoms, and d the cumulative dose in electrons per
square nanometer. As σ is a geometrical approximation of the
ejection rate of atoms, it is obviously a constant. However, in
our experiments, N is not directly proportional to d [Fig. 4(a)],
because n increases over time as the nanopores grow. By
considering that nanopores have a triangular shape, we can
obtain a more useful expression of σ :

σ ed = D

12
√

3De

× P

d

with D the surface atom density of h-BN (38 atom/nm2), De

the atomic density along the edge of nanopores (8 atom/nm
for edges in zig-zag configuration), and P the perimeter of
nanopores (see Supplemental Material [34]). As observed
in Fig. 4(b), for small nanopores (P < 9 nm), P varies lin-
early with d and the P/d ratio is dose-rate independent
and similar for all the nanopores that grow without coales-
cence phenomena. This linear relationship arises from the
fact that the growth of nanopores is driven by the ejection
of edge atoms. The average P/d ratio measured over eight
nanopores obtained with five different dose rates is 3.55 ±
0.8 nm3/electron, leading to σ ed = 241 ± 54 barns. By using
the model of Seitz and Koehler (see [15,16,35]) we calculate
that E ed

D is between 3.9 and 5.3 eV (see Supplemental Material
[34] including Fig. S6).

DFT calculations were performed to determine the dis-
placement energies of atoms at the edge of nanopores and
to confirm the growth mechanisms observed by HRTEM. In
the following, we consider a system consisting of a BN sheet

containing 200 atoms with a nanopore of nine missing atoms
[Fig. 5(a)], with periodic boundary conditions. Regarding
the notch formation on zig-zag edges, our DFT calculations
performed on a relaxed triangular nanopore confirm that the
displacement of atoms by a B-N pair (12.46 eV) is energet-
ically more favorable than the sequential displacement of N
first and then B atoms (7.85 + 10.32 eV) and the opposite,
B first and then N atoms (13.03 + 4.35 eV) (Fig. 5 and
Fig. S7 in Supplemental Material [34]). Moreover, our simu-
lations show that the notch formation is mainly located at the
central part of the triangle side. Indeed, a significant increase
of E ed

D was calculated when the ejected B-N pair lies closer
to the nanopore corners (Fig. S8 in Supplemental Material
[34]). It is worth noting that calculations performed on larger
nanopores (16 and 25 missing atoms) lead to similar conclu-
sions and showed no significant effect of the pore size on the
value of E ed

D (Figs. S9 and S10 in Supplemental Material [34]).
Thus, the system considered subsequently is large enough to
safely investigate the growth mechanisms of nanopores. After
the notch formation, we now focus on the peeling process
leading to the formation of a triangular nanopore with 16
missing atoms. Our DFT calculations also confirm the second
step of the growth processes observed by HRTEM. Figure 5
shows the successive ejections of the least stable atom pairs.
Several possibilities of B-N pair ejections were explored at
each step (Fig. S11 in Supplemental Material [34]). System-
atically, the atomic pairs adjacent to both sides of the notch
are preferentially ejected with an E ed

D of 10.60 eV on average
[Figs. 5(c) and 5(d)]. The last step to form a regular triangle
with corners in armchair configuration involves the ejection
of a single boron atom which requires 10.19 eV [Fig. 5(e)].
The ejection of B-N pairs at the edge of nanopores necessarily
implies the breaking of a chemical bond perpendicular to the
edge. In line with the study of Ryu et al. [6], DFT calculations
of relaxed nanopores (Fig. S12 in Supplemental Material [34])
show that the chemical bonds perpendicular to the edges are
the longest (0.158 nm), which makes them more fragile than
the bonds along the edges (with a length below 0.152 nm)
or the bonds in the nanopore corners, which are the shortest
(below 0.141 nm). We assume that these weaker bonds play a
key role in the atomistic processes leading to the ejection of
paired atoms.
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FIG. 5. DFT calculations. Growth mechanism of an individual nanopore with nine missing atoms. The displacement energy of the ejected
atoms (encircled) is given at each step. (a)–(d) B-N pairs are ejected. (d), (e) A single B atom is ejected. (e) The final structure corresponds
to a nanopore with 16 missing atoms. Boron atoms are in red and nitrogen atoms are in blue. All the calculations performed to obtain this
energetically favorable growth mechanism are described in Fig. S11 in Supplemental Material [34].

All these conclusions are in agreement with the growth
sequence observed experimentally involving the higher sta-
bility of zig-zag edges without notch and the fast ejection of
pairs of atoms from the center of the triangle side to the apex
once a notch is formed. Additionally, our calculations provide
valuable information on the energies involved throughout the
process. Indeed, it is then possible to extract from this analysis
the average E ed

D for nanopores growing from a perimeter
of 2.25 to 9 nm. By considering successive notch nucle-
ation (two atoms with E ed

D ˜ = 6.23 eV/atom) and expansion
(5.3 eV/atom + one atom with E ed

D = 10.19 eV), we found

that E ed
D is equal to 5.8 eV, a slightly larger value than the

experimental estimate. Therefore, the fair agreement between
our experimental and theoretical investigations confirms that
the ejection of atom pairs is the elementary mechanism of the
nanopore growth process in h-BN. Moreover, we show that
a correct determination of the displacement energy requires
considering separately the formation of the notch and its
expansion. It can be noted that our experimental and theoret-
ical measurements of E ed

D are performed on small nanopores
because the multistep notches observed in larger pores would
induce further variations of the energy profile of edge atoms
that would very likely reduce E ed

D . A complete quantitative
study of the growth processes of nanopores in h-BN should
take into account the effect of these more complex structural
configurations together with the drastic influence of coales-
cences processes. Other parameters such as the presence of
adsorbates and impurities, the residual pressure and com-
position of the gaseous environment around the sample, or
inelastic irradiation damages can also influence the formation
kinetics of nanopores and could explain the discrepancies
observed in the literature [14]. Notably, the presence of single
metal or Si atoms on 2D materials, combined with residual
oxygen in the TEM column, can speed up the formation
of nanopores by catalytic etching [36,37]. Nevertheless, the
sensitivity of HRTEM imaging provides the opportunity to
unambiguously detect the presence of single heavy atoms
on 2D materials [36,38]. In our experimental conditions (see
method section), the absence of strong-atomic contrast on the
h-BN and the very good agreement between the experimental
and theoretical growth rates of nanopores strongly indicate
that the observed atomic processes are dominantly driven by
knock-on damage.

To enhance the validity of this conclusion and to evaluate
the nucleation rate of nanopores, we have also determined
both experimentally and theoretically the displacement energy
of single B atoms in pristine h-BN (EB

D). As previously, this
requires measuring the cross section for removing a B atom
in pristine h-BN (σ B), but this time we consider that all the
B atoms under irradiation have the same probability to be
ejected [15]. The large areas with adsorbates were not consid-
ered because the presence of amorphous materials obviously
protects the BN sheet. Therefore, we have

σ B = DNP

DB × d

with DNP the density of nanopores, DB the density of B atoms
in the BN sheet, and d the cumulative dose. As DB is a
constant (19 at./nm2) here, we expect DNP to be proportional
to d . We measured DNP as a function of d for three different
dose rates. As seen in Fig. S5(e) in Supplemental Material
[34], regardless of the dose rate, DNP increases at the early
stage of the growth and systematically decreases when coales-
cence takes place. Therefore, the measurement of σ B requires
one to focus on the early stage of the experiments, before
coalescence occurs (i.e., below 5 × 107 electron/nm−2, corre-
sponding to 100 to 160 s depending on the dose rate). From the
linear fitting of the data [Fig. S13(a) in Supplemental Material
[34]], we can deduce that the formation rate of monovacancies
varies little with the dose rate and ranges between 0.72 × 10−9

and 1.11 × 10−9 vacancies per electron. Consequently, σ B

ranges between 0.38 and 0.6 barns and the corresponding EB
D ,

deduced by using the model of Seitz and Koehler [15,16,35],
is between 15.5 and 15.6 eV [Fig. S13(b) in Supplemental
Material [34]]. Remarkably, the chemical nature of mono-
vacancies and the nucleation kinetics of nanopores in h-BN
under electron irradiation are both confirmed by our DFT
calculations that predict an energy of displacement of 15.6
and 17.8 eV for single B and N atoms in pristine h-BN,
respectively.

IV. CONCLUSIONS

In summary, we have combined time-resolved HRTEM
and DFT calculations to study quantitatively the nucleation
and growth mechanisms of nanopores in h-BN. This coupled
approach enabled us to confirm that the growth process is

014005-6



QUANTITATIVE INSIGHTS INTO THE GROWTH … PHYSICAL REVIEW MATERIALS 4, 014005 (2020)

carried out in two steps: the creation of a notch on one side of
the triangular hole and its expansion via the peeling process.
The measured lifetimes of the various edge structures and the
structure-dependent E ed

D deduced from DFT calculations show
that atom ejection has a lower energy cost during the second
step. Moreover, the great majority of atoms are ejected during
the peeling process. Also, we also revealed both theoretically
and experimentally that atoms are mainly ejected by B/N
pairs. These features of the growth mechanisms lead to a
drastic reduction of mean displacement energy of edge atoms
in h-BN and allow explaining in a quantitative way the high
growth rate of nanopores measured experimentally. The rate
and mechanisms of nanopore nucleation that starts with the
ejection of single B atoms are also in line with DFT calcu-
lations performed on pristine h-BN. This multidisciplinary
method can be used in other 2D materials, but the theoretical
determination of ED must take into account the whole
nucleation and growth processes of nanopores and not only
the displacement of edge atoms in a few edge configurations.
Interestingly, we have identified irradiation conditions where
the size of nanopores increases linearly with the cumulative
dose (for perimeters up to 9 nm), thus providing a way to

produce controlled defects in h-BN. In conclusion, the present
paper provides a rational understanding of the key factors
that govern the formation of nanopores, paving the way for
rational strategies towards engineering 2D material defects.
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