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ABSTRACT

Controlling the size and shape of nanopores in two-dimensional materials is a key challenge in applications such as DNA sequencing, sieving,
and quantum emission in artificial atoms. We here experimentally and theoretically investigate triangular vacancies in (unconventional)
Bernal-stacked AB-h-BN formed using a high-energy electron beam. Due to the geometric configuration of AB-h-BN, triangular pores in differ-
ent layers are aligned, and their sizes are controlled by the duration of the electron irradiation. Interlayer covalent bonding at the vacancy edge
is not favored, as opposed to what occurs in the more common AA’-stacked BN. A variety of monolayer, concentric, and bilayer pores in the
bilayer AB-h-BN are observed in high-resolution transmission electron microscopy and characterized using ab initio simulations. Bilayer pores
in AB-h-BN are commonly formed and grow without breaking the bilayer character. Nanopores in AB-h-BN exhibit a wide range of electronic
properties, ranging from half-metallic to non-magnetic and magnetic semiconductors. Therefore, because of the controllability of the pore size,
the electronic structure is also highly controllable in these systems and can potentially be tuned for particular applications.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0010891

Vacancy defects in two-dimensional materials are zero-
dimensional features that can impart optical and electronic properties
(e.g., bandgaps, charge state, and electron scattering behavior) to the
host material, which are very different from those of the pristine
sheets, and they can change the emergent measurable properties of the
material (e.g., resistivity and tensile strength).' > Moreover, such
vacancies represent a physical structure in which there may be a small
hole (i.e., nanopore) in an otherwise impermeable membrane.

Advances in atomic-resolution imaging and large-scale synthesis
of two-dimensional materials have resulted in a rapid increase in the
understanding of vacancy defects in these materials.” * These vacan-
cies have been studied in both naturally occurring and artificially pro-
duced forms.””'* The fundamental properties of vacancy defects in
two-dimensional materials have led to their investigation in numerous
research directions, including DNA sequencing,” *’ quantum emis-
sion,”" and molecular sieving,”* >’

Vacancy size and geometry are critical for determining the utility
of nanopores. While high-energy electron beams and ion beams have

been used to create the smallest pores observed, the shape and size of
the nanopores are limited by the beam geometry.'*'****” In graphene,
for example, the pore size has traditionally been limited to 3 nm or
greater, and its shapes can only be minimally controlled.'® This has
been overcome in h-BN by leveraging the intrinsic etching properties of
the material. When h-BN is exposed to an 80 kV electron irradiation in
TEM, vacancies are etched, and atomically precise edges are formed
along the nitrogen zig-zag direction,”'**"*" which is generally thought
to be caused by the difference in the electron knock-on energy thresh-
olds of boron atoms (74 kV) and nitrogen atoms (84 k). 1011503859

The computed atomic structure of a boron monovacancy in the
monolayer h-BN is shown in Fig. 1(a). After its formation, under con-
tinuing electron irradiation, one of the under-coordinated nitrogen
atoms adjacent to the vacancy gets ejected, followed by its neighboring
boron atoms, which results in a triangular tetravacancy with a nitrogen
edge. Maintaining the electron irradiation further results in progres-
sively larger triangular vacancies.””"”*’ This mechanism provides a
robust method of creating nanopores that are equilateral triangles with
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FIG. 1. Relaxed atomic structure of a boron monovacancy in (a) monolayer, (b)
bilayer AA'-, (c) bilayer AB1-, and (d) bilayer AB2-h-BN. For each structure, the top
and side views of the atomic configuration are presented. The calculations are con-
ducted in electron-rich conditions (three extra electrons per 5 x 5 cell).

the desired size by controlling the duration of the irradiation. The size,
in turn, determines the electronic structure of these triangular pores,
resulting in metallic, half-metallic, or semiconducting edge regions."" "

However, the ability to control the nanopore shape and size does
not extend to samples thicker than a monolayer in the conventional
AA’-stacked h-BN (AA’-h-BN). As we will demonstrate, Bernal-
stacked h-BN (AB-h-BN) does not have this impediment, enabling us
to create triangular pores, both in a single layer of a thicker sample
and in multiple layers with concentric or fully aligned pore edges. We
will describe how this is achieved and characterize the electronic prop-
erties of these pores using first-principles calculations.

In multilayer h-BN, the vacancy defects can interact with the
adjacent layers,”* which can affect the types and shapes of vacancies in
the sheets. In AA’-h-BN, interlayer interactions can dominate the
properties of its electron-beam-induced defects. Out-of-plane covalent
bonds form across layers at the boron monovacancy sites in bilayers.”
Also, along the edges of larger vacancies, covalent bonds form between
the layers and the edge relaxes to resemble an h-BN nanotube with a
small radius of curvature.”

Each lattice site in AA’-h-BN contains a boron directly under a
nitrogen; thus, interlayer covalent bonds are available at each site in the
crystal. When a B monovacancy is formed, some or all of the three
under-coordinated N atoms neighboring the vacancy may form bonds
with the B atoms directly underneath [Fig. 1(b)]. We find that in the
electron-rich regime (three extra electrons per 5 x 5 cell as in Ref. 3),
forming these interlayer bonds is energetically favorable, with two out of
three bonds being the most favorable configuration (Table SI1). Therefore,
the shape of the vacancy is not fully determined by its size, and the three-
fold rotational symmetry of the lattice may be lost, which has been
observed in AA’-h-BN.” When all three of the interlayer bonds are
formed, the vacancy becomes a semiconductor, losing the half-metallic
character of the B monovacancy edge (Fig. S1). Furthermore, in the AA’-
h-BN, the second layer is obtained from the first layer by a 60° rotation;
thus, the triangular pores with an N edge in successive layers are not
aligned, and multilayer pores do not have a pre-determined shape (Fig.
S2). This is consistent with the observations in Refs. 6, 10, and 30.

In Ref. 40, we described a synthesis technique for reliably produc-
ing AB-h-BN. For this stacking sequence, only half of the atoms are
part of boron-nitrogen stacks. In Figs. 1(c) and 1(d), we present the
structure of a boron monovacancy in one layer of the double layer
AB-h-BN. As opposed to the AA’ stacking, in AB-h-BN, the two layers
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are inequivalent: in Fig. 1(c), the B atoms in the top layer are aligned
with the hollow sites in the bottom layer, whereas the B atoms in the
bottom layer are aligned with the N atoms in the top layer. Thus, a
vacancy in the top layer yields a different configuration from a vacancy
in the bottom layer. In order to consider vacancies only in the top
layer, we can flip the system over if the vacancy is in the bottom layer
and give the resulting stacking a different name [AB1 for Fig. 1(c) and
AB2 for Fig. 1(d)]. The two stacking sequences are physically equiva-
lent, and any vacancy configuration in one can be obtained in the
other by rotating the system by 180° around an armchair direction.
Distinguishing AB1 and AB2 allows us to meaningfully distinguish a
top layer and a bottom layer in the discussions that follow.

In ABI-h-BN, a B monovacancy in the top layer creates three
under-coordinated N atoms that are directly on top of the B atoms
from the bottom layer, which yields an interlayer bonding in the
electron-rich regime, as in the AA’ case [Fig. 1(c) and Table S1].
However, in AB2-h-BN, the under-coordinated N atoms lack a neigh-
bor directly underneath, and thus the top layer stays flat and no new
bonds form [see Fig. 1(d)]. Decoupling the two layers retains the mag-
netic properties of each layer, the half-metallic nature of the B mono-
vacancy in the top layer (Fig. S1).

In general, when the two layers remain chemically decoupled,
their single-layer electronic and magnetic properties are retained,
which can allow for the size-dependent magnetism found in the
single-layer #-BN nanopores to exist within a multilayer structure
without disturbance. In Fig. 2, we summarize the dependence of the
magnetic properties on the pore size based on our calculations. For the
B monovacancy (pore size: 1) [Fig. 2(a)], each of the three neighboring
N atoms is magnetized. For the pore that consists of 3 B and 1N
vacancy (tetravacancy, pore size: 2) [Fig. 2(b)], magnetism is zero due
to the dimerization of the corner N atoms. For larger pores (pore size:
3, 4, 5,...), all the non-corner edge N atoms are magnetized and the
corners remain dimerized [Figs. 2(c) and 2(d)]. Each magnetized N
atom carries a magnetization of approximately 1 p5 (the exact values
for the edge N are printed in Fig. 2, and see Tables S2 and S3 for
the remaining values carried by the neighboring atoms in certain
cases). Therefore, the total magnetization (in up) of a pore is Mol
~3,0, 3, 6,9,12, ... for pore sizes 1, 2, 3, and so on.

To experimentally realize these pores in multilayer h-BN, we
grow AB-h-BN using chemical vapor deposition (CVD) on Cu and
Fe substrates and fabricate nanopores using an 80kV electron beam
(see the supplementary material for further details). Studying our
AB-h-BN samples using a high-resolution transmission electron
microscopy (HRTEM) focal series reconstruction,”®*’ we find many
monolayer vacancies in two-layer stacks. Figure 3 shows three such
monolayer vacancies in the phase of the reconstructed exit wave.
Assuming that the pores are formed in the top layer, the first one cor-
responds to the AB2 stacking with a boron monovacancy [Fig. 3(a)].
In the second one, a tetravacancy is formed in the top layer of an AB1
bilayer [Fig. 3(b)]. The third one corresponds to a larger nanopore
with 10 B and 6 N atoms missing from the top layer in the bilayer
AB2-h-BN [Fig. 3(c)]. The relaxed theoretical structures (which con-
tain no interlayer covalent bonds) match the experimental HRTEM
structure almost exactly, as shown in the middle row (simulated
HRTEM exit waves based on the DFT-computed coordinates are pre-
sented in Fig. S3). Spin-resolved DFT calculations result in different
characterizations for these vacancies: half-metal with a total
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FIG. 2. N-terminated triangular nanopores in the single-layer h-BN with (a) pore
size: 1, (b) pore size: 2, (c) pore size: 3, and (d) pore size: 4. For each case, the
spatial distribution of the computed magnetization is also plotted. For significantly
magnetized atoms, the magnetization values (computed by decomposing the
Lowdin charges on the atomic orbitals) are printed next to the representative atoms
(there is a threefold symmetry in each case). Some important angles and distances
(in A) are also shown.

magnetization of 3.26 up [Fig. 3(a)]; non-magnetic semiconductor
with two sharp in-gap states 1.8eV and 2.2eV above the valence
band maximum [Fig. 3(b)]; and magnetic semiconductor with gaps
of 0.6eV and 0.2 eV for the two spin channels and a total magnetiza-
tion of 6.00 g [Fig. 3(c)].

This result suggests that tuning the vacancy size in AB-h-BN is a
reliable method for tuning its magnetic and electronic properties. The
ability to create vacancies with tunable bandgaps in the visible range
may be useful for h-BN in optoelectronics and photon emission
applications.”"**

In a multilayer AB-h-BN sample, because there is no relative rota-
tion between layers," the triangular pores with an N edge are parallel
regardless of which layer they are in, which is not the case for AA’-h-
BN (Fig. S2). After a monolayer triangular vacancy is formed, if the elec-
tron irradiation is maintained, a triangular vacancy tends to form in the
exposed region of the other layer, resulting in nested triangular vacan-
cies. Figure S4 shows the growth of a vacancy in a monolayer of h-BN
as it merges with a larger vacancy in the next layer to form a bilayer
nanopore: When a small one- or few-atom vacancy forms within a tri-
angular monolayer region that is embedded within a bilayer area, first,
two of its edges align with the large vacancy to form bilayer edges, then
the third edge aligns to form a “bilayer pore,” and then the bilayer pore
grows while retaining its bilayer edges and triangular geometry.

A possible mechanism that leads to this inclination to form
bilayer edges is that a covalent bond forms between the edge atoms. In
this scenario, as the triangular vacancies in the top and bottom h-BN
layers intersect, the edge atoms covalently bond together. This would
form a stable edge that maintains its structure as it is irradiated and
reforms as it is etched. Below, we take a closer look at the bilayer edges
to examine this hypothesis, as well as alternate mechanisms.

ARTICLE scitation.org/journal/apl
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FIG. 3. Top row: the phase of HRTEM focal series reconstructions of vacancies
produced in a single layer of a bilayer AB-stacked h-BN, composed of (a) 1 B
atom, (b) 3 B and 1N atoms, and (c) 10 B and 6 N atoms. Each field-of-view is
2nm wide. Middle row: the same images with the computed atomic structures over-
laid. Bottom row: computed spin-resolved density of state (DOS) plots. The total
DOS is plotted as gray areas, and the blue curves are obtained by adding up the
DOS projected onto the 2s and 2p orbitals of the under-coordinated N atoms at the
vacancy edges.

We have performed HRTEM on bilayer triangular pores and edges
in the bilayer AB-h-BN and found that when we are able to identify
atoms and stacks of atoms in a bilayer edge image, we systematically
obtain the same edge configuration. In Fig. 4, we present a representa-
tive image for this configuration. Figure 4(a) shows an overview of two
3 nm bilayer vacancies in the AB stacked #-BN as highlighted by the
green triangles. Multiple smaller monolayer vacancies are also present.
The edge highlighted by the blue dashed box is presented in Fig. 4(b). In
order to investigate any potential lattice relaxation in the structures, we
overlay a grid that has spacings ao/2 in the x-direction and v/3ay/4 in
the y-direction, where gy is the lattice constant. All of the atomic posi-
tions for the undisturbed lattice fall on this grid, as shown in Fig. 4(c).
We observe that the double-atom stacks of boron and nitrogen (bright-
est peaks in the image) exactly fall on the grid of the undisturbed lattice,
independent of how close they are to the edge [Fig. 4(b)]. This indicates
that the interlayer relaxation and covalent bond formation are unlikely
in these bilayer edges. We note that we are not always able to identify
atoms and stacks of atoms in the HRTEM images of bilayer edges, and
thus we do not entirely rule out other configurations.

To further understand these bilayer edges, we have computed
possible edge structures. The best candidate for the bilayer edge in
Fig. 4 is presented in Fig. S5. In this “open edge” case, two mono-
layer edges sit on top of one another without interlayer bonding.
Other types of bilayer edges may also be present in these systems,
and our calculations regarding them, including some “closed edge”
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FIG. 4. (a) HRTEM focal series reconstruction image of triangular vacancies pro-
duced in h-BN under an 80KkV electron irradiation. Two ~3-nm bilayer pores
(highlighted in green) are present with several smaller monolayer vacancies. The
image is presented using a high-contrast filter to distinguish between vacuum (black
and dim red), single boron atoms (bright red dots), and stacks of boron and nitro-
gen (brighter yellowish dots). (b) A zoomed-in section of the edge highlighted by
the blue dashed box in (a). An overlaid grid denotes the atomic positions for the
undisturbed bilayer h-BN lattice. (c) The same zoomed-in section of the edge from
(a) with the atomic species in an undisturbed lattice overlaid.

cases, will be presented in a future report. The unrelaxed grid of
positions is overlaid on the open edge structure as in Fig. 4, showing
that in-plane distortions are negligible. In previous computational
studies, the nitrogen-terminated zigzag edge of the BN monolayer
was found to be half-metallic.">"* Looking at the projected density
of state (PDOS) plots in Fig. S5, we observe that the open bilayer
edge preserves the half-metallic character of the monolayer edge,
with a magnetization of 2.02 up per cell along the edge direction,
localized on the edge N atoms (localization of the magnetization is
depicted in Fig. S5).

Since closed edges are not regularly observed in our images, they
are not the explanation of why the pores preferentially form a bilayer
edge. We suggest that the explanation may be that bare monolayers of
h-BN are less stable under electron irradiation. A second layer may pro-
vide protection from chemical sputtering from the electron beam or
may increase the kinetic scattering threshold for the layers. Thus, when-
ever a small monolayer region of h-BN is exposed, the layer is etched
back to form a bilayer edge. Therefore, the formation of bilayer edges in
AB-h-BN appears to be due to the kinetic effects, whereas, in AA’-h-BN,
bilayer edges occur because of the stabilizing interlayer bonds. As a
result, the bilayer edges in AB-h-BN greatly differ from the bilayer edges
in the AA'-stacked BN, which are insulating and have large in-plane and
out-of-plane relaxations.” This is an important difference as it suggests
that AB-h-BN could potentially be used for its 1D conducting edges.

We have achieved the controlled formation of triangular vacan-
cies in multilayer h-BN, using a growth technique that results in
Bernal stacking (AB-h-BN). Due to the favorability of nitrogen termi-
nated vacancy edges in BN and the lack of relative rotation between
the layers in Bernal stacking, triangular pores in different layers are
aligned in AB-h-BN. We have shown that the interlayer covalent
bonding following vacancy formation in a layer is not favored for this

ARTICLE scitation.org/journal/apl

stacking sequence, increasing the level of controllability and symmetry
in these pores. Furthermore, we observe that pores with bilayer edges
are preferentially formed, which is most likely not due to the interlayer
covalent bonds but rather the kinetic effects. We observe a variety of
monolayer and bilayer pores in the bilayer AB-h-BN in our HRTEM
focal series reconstructions and find excellent matches from theoretical
simulations. These pores have a variety of electronic properties, rang-
ing from half-metallic to semiconducting, which is encouraging for
future research toward many applications such as DNA sequencing,
molecular sieving, and quantum emitters.

See the supplementary material for details of the experimental
and theoretical methods, three supplementary tables, and five supple-
mentary figures.
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