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ABSTRACT: The atomic structure, stability, and dynamics of defects in hexagonal
boron nitride (h-BN) are investigated using an aberration-corrected transmission
electron microscope operated at 80 kV between room temperature and 1000 °C. At
temperatures above 700 °C, parallelogram- and hexagon-shaped defects with zigzag
edges become prominent, in contrast to the triangular defects typically observed at
lower temperatures. The appearance of 120° corners at defect vertices indicates the
coexistence of both N- and B-terminated zigzag edges in the same defect. In situ
dynamics studies show that the hexagonal holes grow by electron-induced sputtering
of B−N chains, and that at high temperatures these chains can migrate from one
defect corner to another. We complement the experiments with first-principles
calculation which consider the thermal equilibrium formation energy of different
defect configurations. It is shown that, below a critical defect size, hexagonal defects
have the lowest formation energy and therefore are the more-stable configuration, and
triangular defects are energetically metastable but can be “frozen in” under
experimental conditions. We also discuss the possible contributions of several dynamic processes to the temperature-dependent
defect formation.

KEYWORDS: Hexagonal boron−nitride, hexagon defect, boron-terminated edge, in situ heating,
aberration-corrected transmission electron microscopy, first-principles calculations

Monolayer graphite (i.e., graphene) has attracted signifi-
cant interest over the past decade, which has in turn

spurred interest in few-layer1 and monolayer2 h-BN.
Independent of the number of layers, h-BN is a wide band
gap (∼5.5 eV) insulator with comparable mechanical strength
to, and higher oxidation resistance than, graphene.3 These and
other characteristics make h-BN a promising candidate in
various applications, such as filler for mechanically enhanced
polymer composites, oxidation-resistant coatings for aerospace
technologies, neutron-shielding barriers, and scaffolds for high-
temperature combustion gas sensors.4−6 As a substrate for
many other 2D materials, h-BN has been shown to reduce
charge density fluctuation and surface roughness, thus
enhancing electronic properties in overlaid graphene7,8 and
optoelectronic properties in overlaid few-layer transitional
metal dichalcogenides.9

Despite these novel characteristics and promising applica-
tions, the intrinsic properties of few-layer h-BN (particularly its
structural properties) have not been studied as extensively as

those for graphene.10 Limited electron microscopy inves-
tigations of h-BN have revealed the atomic structure of point
defects11,12 and step edges13 at room temperature and grain
boundaries14 at 450 °C, but analogous high-temperature (above
500 °C) defect formation, stability, and dynamics studies are
very limited. The elevated-temperature atomic-scale character-
istics of h-BN are critically important in understanding the
physical, mechanical, and chemical properties of h-BN for
future harsh-environment applications.15

In this report, we present an investigation of the atomic
structure and dynamics of defects in h-BN using 80 kV
aberration-corrected transmission electron microscopy (AC-
TEM) from room temperature to 1000 °C. We find that
parallelogram- and hexagon-shaped vacancies with pure zigzag
edges become prominent above 700 °C. The appearance of
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120° corners indicates the coexistence of stable long-range N-
and B-terminated zigzag edges in the same defect. The stability
and dynamics of these defects are also examined. Under
electron-beam radiation, chains of B−N atoms are ejected from
the lattice, and they can migrate from one to another region of
the open defects at high temperatures. We perform first-
principles calculations of the thermal equilibrium formation
energy of different defects. The calculations reveal that, below a
critical defect perimeter size, hexagonal defects have the lowest
formation energy and therefore represent the most stable
configuration. Triangular defects are in fact energetically
metastable and “frozen in” under normal experimental
conditions. At high temperatures (above 700 °C), the energy
barrier is overcome, and the lowest-energy state (hexagonal
defects) become readily accessible. Although the simple model
cannot account for all of our experimental observations, it
provides invaluable insight into defect stability and highlights
the complexity of the real experimental conditions. We also
discuss possible contributions from dynamic processes to the
temperature-dependent defect formation.
Sample Preparation and Initial Characterization. h-BN

samples used in this study are synthesized by a carbothermic
reduction reaction between highly oriented pyrolytic graphite
(HOPG) flakes, boron oxide powder, and nitrogen gas. The
details of this conversion process and initial characterization
(TEM, electron diffraction, EELS and Raman) can be found in
the Supporting Information. Structural characterization (Figure
S1) shows that the as-synthesized samples are highly crystalline
few-layered h-BN with an atomic ratio of 1:1 for B and N.
Triangular Defects. Figure 1 is a representative high-

resolution transmission electron microscopy (HRTEM) image

of triangular defects in h-BN, obtained at 500 °C. A
corresponding atomic model is also shown (B and N atoms
are depicted in pink and blue, respectively) for N-terminated
zigzag-edge triangles. Triangular defects of this kind are quite
common in h-BN, and many of them have been previously
observed at room temperatures.2,11,16,17 The chemical compo-
sition of edge-atoms has been identified as N by high-resolution
EELS and contrast comparison in scanning transmission
electron microscopy (STEM) and HRTEM (N appears to
have a slightly higher contrast than B).2,16,18

The defect formation by a knock-on mechanism has been
widely accepted from both experimental and theoretical
studies.11,13,16,19 As a result of the 3-fold rotational symmetry

in the h-BN lattice and the asymmetry in displacement energy
threshold of B and N, the defects exhibit triangular shape with
exclusively N-terminated zigzag edges, i.e., B atoms are more
likely to be removed first. The formation of triangular defects in
h-BN that we observe at 500 °C likely originates from the same
knock-on mechanism that dominates at low temperatures.
Furthermore, as will be discussed in more detail below, our
observations strongly suggest that the defects are enlarged by
the ejection of chains of B−N atoms (and not just individual
atoms), as has been suggested by Ryu et al.18

Hexagonal Defects. At 600 and 700 °C, we observe the
appearance of hexagonal defects in addition to the conventional
triangles; however, the triangular holes become unstable and
very quickly (in matter of seconds during the imagining
process) transform into a hexagonal configuration. Details of
the stability and dynamics of defects are discussed later. At high
temperatures (800, 900, and 1000 °C), the hexagonal defects
with distinguishing 120° corners predominate. Figure S2 shows
examples of HRTEM images of hexagonal defects at 700, 800,
900, and 1000 °C.
Warner et al.17 have observed a minority of nontriangular

(polygon) defects at room temperature (compared to the
dominance of triangle defects) in h-BN, and Cretu et al.20 have
inferred that, under low-electron-acceleration voltage (30 and
60 kV), hexagonal vacancies exclusively with armchair edges are
prevalent at high temperatures (above 800 °C). These
researchers have attributed the defect formation to both elastic
and inelastic interactions between the irradiation electron beam
and the material.
Our atomic-resolution TEM study provides direct, clear, and

unambiguous identification of the edge structure of the
hexagonal defects (for example, at 900 °C in Figure S2).
Figure 2 shows additional data recorded at 900 °C. The upper
image shows a hexagonal defect, while the lower image shows a
parallelogram defect. Indeed, at all temperatures studied, we
find that all the edges in both cases adopt a zigzag

Figure 1. Representative HRTEM image of triangle defects at 500 °C
(left panel) and its corresponding atomic model (right panel). The
image and model also show a triangle with an ejected chain of B−N
atoms (indicated by red arrows). The blue and pink spheres are N and
B atoms, respectively.

Figure 2. HRTEM images of hexagonal and parallelogram-shaped
defects (at 900 °C), showing the presence of both N- and B-
terminated zigzag edges in the same defect. Blue and pink spheres
represent for N and B atoms, respectively. Long-range B-terminated
zigzag edges are indicated by red-dotted boxes.
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configuration. The simple h-BN atomic models shown in the
right panels of Figure 2 demonstrate that parallelogram and
hexagon-shaped defects (or in general any defects with 120°
corners) with zigzag edges must have both N- and B-terminated
atoms.
This key observation apparently contradicts literature

wisdom because the presence of a B-terminated zigzag edge
has historically been considered possible only as an
intermediate transient construct when the trianglular defects
grow.12,19 Notably, Cretu et al.21 recently observed N
monovacancies and B-terminated tetravacancies in h-BN
using STEM at 500 °C, although no conclusive formation
mechanism was provided. Defects in h-BN in the literature have
either all N-terminated or all B-terminated edges. We also find
that extended B-terminated zigzag edges are stable (at least for
several seconds under imaging conditions) and ubiquitous
(Figure 2), and both N-terminated and B-terminated edges
coexist in the same defect.
Stability and Dynamics of Polygon Defects. We first

investigate the stability and dynamics of hexagonal defects.
Figure 3 shows selected 900 °C HRTEM images and their
corresponding atomic models, which show the structural
evolution of a polygon vacancy over time. The red dotted
circle indicates an atom or chain(s) of atoms, which disappears
in the following time frame, while the blue circle indicates
newly added atoms. We note that for the images in Figure 2
and 3, B and N are on an equal footing and can be generally
interchanged without losing the generic nature of the
observation and conclusion. In other words, the blue and
pink spheres can be, respectively, B and N or vice versa. Our
observations suggest that parallelogram and hexagonal
vacancies (or in general any zigzag edge with 120° corners)
will always have both blue and pink-terminated (i.e., B and N-
terminated) zigzag edges.

The initial polygon defect shown in Figure 3 is stable for 0.6
s, before the first atoms are knocked-out (as marked at t = 0.3
and 0.9 s) to adopt a parallelogram-shaped defect. The
parallelogram hole is stable for 0.9 s and after that (at t = 2.7
s), a chain of B−N atoms is removed (red dotted circle) while a
cluster of 4 B−N atoms is added (blue dotted circle). Because
this structural reconstruction happens at high temperature (900
°C), the healing of the defect (at the top corner as marked by
blue dotter circle at t = 2.7 s in Figure 3) can be realized by the
migration of the removed atoms from the same defect (marked
by red dotted circle at t = 1.8 s) or ejected atoms from the
nearby step edges. The trapezoid defect is stable for 2.4 s (from
t = 2.7 to t = 5.1 s) before chains of B−N atoms are removed at
t = 5.1 and t = 5.4 s to adopt a hexagonal shape. It is interesting
to note that in the nearby monolayer area there is another
defect, and over time, this defect also evolves into a hexagon
(see the frame at t = 5.4 s) with the same orientation.
Figure S3 and S4 show other examples of possible ejections

of groups of B−N atoms during the formation of hexagon
defects. More evidence is provided in Movie 3 and 4, in which
we investigate the propagation of growth fronts of polygon
defects at 1000 °C. The defects grow in a manner that retains
the overall 120° angles at defect corners by ejecting out a single
row or rows of atoms at a time. Occasionally, we observed 5|7
topographic defects at the edges of the holes. However, due to
the unfavorable nature of this defect and the fast dynamics
occurring at the edges, these defects usually exist in one frame
and then either relax back to six-member rings or are ejected
(Figure S5).

Defect Formation Mechanism From Thermal Equili-
brium Considerations. To gain insight into the defect
formation mechanism, we perform first-principles calculations
within the density functional theory using the Quantum
Espresso package22 and compute the formation enthalpy
ΔH23 of each defect structure (triangles and hexagons).

Figure 3. Stability and dynamics of a polygon defect at 900 °C. The red dotted circle indicates the atoms or chains of atoms that will be removed in
the next time frame, while the blue circle indicates newly added atom(s). Scale bars are 2 nm.
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Table S1 lists the calculated formation enthalpy for six defect
structures with different sizes and shapes and in two limit
conditions, N-rich and B-rich environments (see the Support-
ing Information for more details of the definition of N-rich and
B-rich limits and their roles in the calculation of the formation
energy ΔH). The edge and corner energies can then be
approximately extracted, as shown in Table S2. We find that
formation of the edges requires more energy, whereas the
corners lower the energy due to the appreciable structure
reconstructions at the corners, as evidenced by the relaxed
structures. More importantly, the 120° BN-corner in the
hexagonal defects has lower energy than either the 60° N- or B-
corner in the triangular defects. With the extracted edge and
corner energies in each type of defect, we can extrapolate to
obtain the formation enthalpy of defects in different sizes,
assuming that all other effects are negligible (Figure 4).
Figure 4a and b present the thermal equilibrium formation

energy in two limits (N-rich and B-rich environments) as a
function of defect circumference (i.e., perimeter). The figures
show that when the defect sizes are small (n < 10, where n is
the number of atoms on all edges of the defect), the hexagonal
defects have the lowest formation energy, and when the defects
are larger (n > 10), triangular defects (either N- or B-
terminated edges) are more stable. This is in line with our
finding that the formation of a hexagonal defect can lower the
total energy by having the 120° BN-corners at the cost of
introducing both N- and B-terminated edges. However, when
the defect size is large the advantages of the corners lessen
compared to the contribution of the edges to the total energy.
In this case, triangular defects become energetically preferential
because they have solely one type of edges.
By varying the chemical potential between two limits (N-rich

and B-rich), we derive a defect shape preference diagram in
terms of defect circumference and chemical potential using the
defect formation energy (Figure 4c). Apparently, under any
chemical potential environment, hexagonal defects have the
lowest energy when the defect sizes are small (n < 10 in most
cases). However, triangular defects are more stable at very large
sizes (n > 25).
This simple model (considering only thermal equilibrium

formation energy of defects in the ground state at T = 0)
provides a physical mechanism for, and shows some degree of

quantitative agreement with, the experimental observations.
Experimentally, we observed the presence of hexagonal defects
with the size (circumference) in the range of n = 6 (Figure S3)
to n = 26 (Figure S2), which clearly falls within the hexagonal-
defect-dominance space in the diagram (Figure 4c). However,
for triangular defects, the theoretical diagram shows their
prevalence only at a large size (n > 25); in experiments, we
observe them even with n = 3 (single point defect) or n = 9
(tetravacancies) at low temperature (<500 °C). Although this
admittedly oversimplified theory cannot provide a full
explanation to the temperature-dependent defect formation, it
gives significant insight into the energy landscape of defect
stability. We speculate that the triangular defects are favorable
metastable states, and at normal conditions (T < 500 °C), they
represent a local attractor in phase space. The lowest energy
state and, hence, globally, the most-stable one for small-sized
defects is more likely hexagonal. We conclude that there is an
energy barrier between these two states, and indeed, by heating
the samples to above 700 °C, stable hexagonal defects readily
emerge experimentally. This sets the energy barrier scale.
The contrast between the theoretical model and the

experimental data also emphasizes the complexity of the real
experimental conditions in which additional dynamic processes
likely play a role in the defect formation, as discussed below.

Defect Formation Mechanism from Dynamic Consid-
eration. We speculate on the formation mechanism for a
polygon defect with both zigzag N- and B-termination edge-
atoms in h-BN. The formation mechanisms may be complex,
with contributions from several dynamic processes, such as
etching effects from the surrounding gas environment and the
interaction between the electron beam and the material (both
elastic, i.e., knock-on, and inelastic interactions). At low
temperature, chemical etchants (residual hydrocarbons and
metal atoms)24 could preferentially attack and remove B atoms,
leaving behind exclusively N-terminated defects. High-temper-
ature annealing could then remove those etchants from the
sample, which indeed eliminates the asymmetry in chemical
reactivity of B and N. Therefore, B and N would then be
ejected with similar probability, resulting in both N- and B-
terminated defect-edges. Additional effects from the gas
environment could contribute to the stabilization of triangular
defects in the presence of elements such as oxygen at the defect

Figure 4. (a) Formation energy per unit length (occupied by one atom) as a function of circumference (i.e., number of atoms on all edges) in
different types of defects in the N-rich limit. We use the edge and corner energies from Table S2 and extrapolate to get the each data point. (b)
Similar to (a) but under the B-rich limit. (c) Diagram of regions of preferential existence of various defects as a function of circumference versus
chemical potential. Triangular and hexagonal defects phases are included. Lines separating different domains are guides for the eyes only.
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edges, as considered by Huber et al.25 Experiments performed
under a controlled gas environment (e.g., using environmental
TEM) would help distinguish the role the gas environment
plays in the formation and stability of defects in h-BN and
graphene. At high temperatures, similar mechanisms are likely
at play, with additional contributions. Previous models19,26

considered the defect formation by elastic damage at room
temperature and in the range of 80−120 kV. At high
temperatures, the combination of lattice vibration,27 elastic
interaction,19 inelastic damage20 and even kinetic effects of edge
atoms caused by impact of energetic electrons28,29 are likely
contributors.
Conclusions. We have shown the formation and dynamics

of hexagonal defects with both N- and B-terminated zigzag
edges in h-BN at high temperatures for the first time. The
formation of these hexagon defects is based in part on the
ejection of bundles of atoms as seen from high spatial and
temporal resolution TEM images. We performed DFT
calculations, which consider only the thermal equilibrium
formation energy of static defects, and they reveal that
hexagonal defects are more stable than the triangular defects
for small sizes (n < 10). However, the real experimental
conditions involve many dynamic processes, including chemical
etching from gas environment and elastic (knock-on) and
inelastic interaction between the electron beam and the
material. These factors likely compromise the equilibrium
picture and thus give rise to the experimental observation of the
temperature-dependent defect formation and dynamics. This
systematic study about the relationship of the defect structures
and temperatures introduces a feasible and accurate way to
control the shapes of h-BN defects, vacancies, edges, and
nanopores at the atomic level. This control provides many
technological insights for future applications. In addition, the
defect formation and stability of h-BN at high temperatures also
has implications for h-BN-based material performance in
extreme conditions.
Methods. h-BN Synthesis. In this study, few-layer h-BN was

prepared by carbothermic reduction from highly oriented
pyrolitic graphite (HOPG) flakes. More details about the
experiment setup can be found in the Supporting Information
and elsewhere.30,31 The converted h-BN flakes were then
sonicated in isopropanol for 30 min before being drop-cast on a
TEM grid for further microscopy investigation.
TEM and in Situ Heating. Atomic resolution TEM imaging

was achieved using the TEAM 0.5 microscope at 80 kV with a
monochromated beam and spherical aberration correction,
yielding a spatial resolution of less than 1 Å. Spherial aberration
corrections were the third order, C3 = −8 μm, and the fifth
order, C5 = 5 mm, which yielded bright atom contrast. For the
in situ heating experiment, an Aduro TEM holder (Protochips,
Inc.) was used. The holder allows for controlled sample heating
while imaging.
Image Processing. Raw TEM images were filtered by using a

bandpass filter between 1 and 100 pixels. These filtered images
were then blurred out using a Gaussian blur function with a
diameter of 2 pixels to enhance visual inspections.
Computational Method. First-principles calculations were

performed within the density functional theory using Quantum
Espresso package.22 We used a plane wave basis set with 45 Ry
cutoff, projector augmented wave pseudopotentials, and the
local density approximation.32 We fully relaxed the lattice
vectors and internal coordinates of pristine monolayer BN with
a 10 Å vacuum separation between layers in adjacent cells, on

the basis of which we constructed the defect structures in
supercells in such a way that the defect−defect distance in the
periodic image is larger than 9 Å. More details about the
simulation can be found in the Supporting Information.
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