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ABSTRACT

We use Z-contrast imaging and atomically resolved electron energy-loss spectroscopy on an aberration-corrected scanning transmission
electron microscope to investigate the local electronic states of boron atoms at different edge structures in monolayer and bilayer h-BN. We
find that edges with bonding unsaturated sp® boron atoms have a unique spectroscopic signature with a prominent pre-peak at ~ 190.2 eV in
the B K-edge fine structure. First-principles calculations reveal that the observed pre-peak arises from excitations to the in-plane lowest-energy
empty sp? boron dangling bonds at the B-terminated edge. This spectroscopic signature can serve as a fingerprint to explore new edge

structures in h-BN.
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1 Introduction

Defects in hexagonal boron nitride (h-BN), a two-dimensional (2D)
insulator with honeycomb structure, have attracted much attention,
as their atomic structure and local properties may differ from those
in graphene due to the presence of two different elements. Many
defect configurations have been reported in atomically thin h-BN,
including atomic vacancies [1], reconstructed edges [1, 2], and
grain boundaries [3, 4]. Novel properties have also been observed,
such as room-temperature ultrabright single-photon emission and
photoluminescence upconversion, from defects in h-BN [5, 6]. In
addition, spin-polarized states have been predicted to be present at
the zigzag edges of h-BN nanoribbons and transitions between
metallic, semiconducting and half-metallic states can be achieved
by applying an external electric field [7]. Further investigation of
edge states at the atomic scale can contribute to understanding the
interesting local properties that may emerge in these 1D defects in
h-BN nanosheets.

Scanning tunneling microscopy (STM) and scanning tunneling
spectroscopy (STS) have been used to reveal the defect structures
and related electronic properties in h-BN [8-10]. Besides STM/STS,
aberration corrected scanning transmission electron microscopy
(STEM) has demonstrated powerful capabilities in atomic-resolution
imaging and spectroscopy. It has been possible to analyze the local
electronic structures atom-by-atom by combining annular dark-field
(ADF) imaging with electron energy-loss spectroscopy (EELS) in
STEM [11-17]. ADF imaging identifies the positions of the target
atoms and distinguishes the elements via atomic number (Z) contrast;
while simultaneously-acquired energy-loss near-edge structure (ELNES)
in EELS can reveal the bonding and local electronic structure of the

target atoms. Recently, such approaches have been applied to reveal
the bonding configurations of single silicon dopant atoms in graphene
[13, 18], the spin states of individual transition-metal atoms in a
graphene lattice [19], and the signature of local electronic states from
singly-, doubly-, and triply-coordinated C atoms at the graphene edge
[11, 20]. In monolayer h-BN, Suenaga et al. have demonstrated that
the spectroscopic signature of a boron vacancy can be distinguished
as a pre-peak in the N K-edge ELNES due to the presence of dangling
bonds at neighboring nitrogen atoms [21]. However, spectroscopic
signatures of boron atoms with dangling bonds have not been
reported.

In this article, we investigate the spectroscopic signatures of local
electronic states from four representative types of edge structures in
monolayer and bilayer h-BN, namely i) boron terminated zigzag
edge and ii) nitrogen terminated zigzag edge in monolayer h-BN;
iii) step edges in bilayer h-BN, and iv) bilayer closed edge. The
atomic configurations of the edges are unambiguously identified by
STEM-ADF imaging with single-atom sensitivity, while the local
electronic states of B atoms at the edges of h-BN are revealed by
atomic resolution ELNES combined with first-principles calculations.
A prominent pre-peak is observed in the B K-edge ELNES from B
terminated zigzag edges in monolayer h-BN and bilayer step edges,
while this spectroscopic signature is absent at the N-terminated
zigzag edges in monolayer and bilayer h-BN. Density functional
theory (DFT) calculations reproduce the main feature of B K-edge
ELNES, and the electron distribution indicates that this prominent
pre-peak arises from dangling bonds of B atoms along the
B-terminated zigzag edges. In bilayer edges where the top and bottom
h-BN layers undergo edge reconstruction to form a closed loop [22],
no such pre-peak is present due to saturation of B bonding, but a
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drastic change of the intensity ratio between the B K-edge " and o’
peaks is observed. Our results provide a direct measurement of the
local edge states in insulating h-BN at the atomic scale, which could
be difficult to obtain by other experimental methods.

2 Experimental

The experiments were performed on thin flakes of h-BN grown by
chemical vapor deposition [23]. The sample was transferred onto a
TEM grid using a poly-(methyl-methacrylate) (PMMA) assisted
method [23]. An aberration corrected Nion UltraSTEM operated at
60 kV was used for atomic resolution ADF imaging and EELS
analysis. The monolayer and bilayer edges are created in-situ by
using the electron beam to sputter out B and N atoms and peel off
the h-BN flakes layer-by-layer. Edges created this way are typically
free of contamination and are in their pristine state without hydrogen
passivation, as hydrogen atoms can be easily knocked out by the
60 kV electron beam. EELS analysis was performed in line-scan
mode, with step size of ~ 0.02 nm and exposure time of 0.2 s/pixel, in
order to minimize irradiation damage to the edge structures during
EELS analysis. The probe current was set to about 50 pA and the
convergence semi-angle was about 30 mrad. The EELS collection
semi-angle was set to ~ 48 mrad, and the ADF images were collected
from ~ 75 to 200 mrad.

3 Results and discussion

Figures 1(a) and 1(d) show the typical STEM-ADF images of B-
and N-terminated zigzag edges in monolayer h-BN, with the overlaid
structural models shown in Figs. 1(b) and 1(e). The number of layers
for thin h-BN flakes can be identified via quantitative analysis of
the STEM-ADF image intensity, as shown in Fig. S1 in the Electronic
Supplementary Material (ESM). Owing to the Z-contrast nature of
the STEM-ADF imaging, the B and N atoms in the monolayer
lattice can be unambiguously identified from the image intensity,
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with N atoms being brighter than the B atoms. The termination of
the edges can then be easily determined from the orientation of
the h-BN lattice. It can be noted that apart from the out-most
terminating B or N atoms along the zigzag edges, all other atoms
have the same local three-fold bonding configuration as in the bulk
structure.

In order to explore the possible changes in electronic states at
these monolayer zigzag edges due to the presence of unsaturated
bonding, STEM-EELS line-scans were acquired across the two edges,
from the bulk lattice into vacuum, as illustrated by the arrows in
Figs. 1(b) and 1(e). The simultaneously acquired ADF signals were
used to locate the positions of the terminating edge atoms. The B
K-edge ELNES extracted from the edge and the bulk lattice are
shown in Fig. 1(c). The spectrum obtained in the bulk lattice shows
typical spectroscopy fine structures of sp? bonded B atoms with a
sharp " peak at 191.7 eV, followed by a strong ¢” peak at 198.6 eV.
In contrast, the spectrum extracted from the terminating B atom at
the zigzag edge shows a prominent pre-peak at 190.2 eV, associated
with a noticeable reduction of the intensity from the typical 1" and
o peaks (see Fig. S2 in the ESM). It should be noted that this new
spectroscopic feature is highly localized only at the terminating B
atom at the B-zigzag edge, indicating that it is closely related to the
unique twofold coordination of the B atoms at the B-terminated
zigzag edge.

For comparison, the B K-edge ELNES extracted from the
N-terminated zigzag edge closely resembles that from the bulk lattice,
and no pre-peak is observed for the B K-edge. This behaviour can
be expected, as ELNES is mainly affected by bonding with nearest
neighbours, and the B atoms at the N-terminated zigzag edge
essentially have the same bonding configuration as those in the bulk
lattice. It is noteworthy that, within the signal-to-noise level of our
experiment, the N K-edge ELNES at the N-terminated zigzag edge
is similar to the N K-edge ELNES in the bulk lattice, without any
pre-peak (see Fig. S3 in the ESM). This behaviour is different from
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Figure 1 Atomic structures and ELNES of B- and N-terminated zigzag edges in monolayer h-BN. (a) and (d) ADF images of B-terminated (a) and N-terminated
(d) zigzag edges. (b) and (e) The corresponding atomic structural models overlaid on the ADF images. The B and N atoms are shown in blue and purple, respectively.
(c) and (f) ELNES of B K-edge extracted from EELS line scans across a B-terminated (c) and a N-terminated (f) zigzag edge. Spectra from B atoms along the edges and
within the bulk are compared. The arrows in (b) and (e) illustrate the EELS line scan trajectories across the edges, while the circles illustrate the positions where the
spectra in (c) and (f) were extracted. Note that the ADF images and the spectra from EELS line scans were taken from different datasets (see the ESM for the associated

ADF images for the EELS line scans).
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that of a B vacancy, where a pre-peak in the N K-edge spectrum
was identified and attributed to the dangling bonds at neighbouring
N atoms [21]. This discrepancy may well be due to the relatively
low signal-to-noise (S/N) for the N K-edge in our experimental
data, which is not sufficient to resolve the low intensity pre-peak.
Figure S6 in the ESM shows the calculated N K-edge within bulk
h-BN and at a N-terminated edge. A pre-peak is present at 397.7 eV,
but the intensity is very weak compared to the " peak at 403.3 eV.

To further verify that the prominent pre-peak in the B K-edge
ELNES arises from dangling bonds of edge B atoms, we performed
atomically-resolved STEM-EELS line scans from bilayer h-BN edges.
It has been reported that the complementary B- and N-terminated
zigzag edges in the two AA'-stacked h-BN layers would spontaneously
undergo reconstruction and form closed edges with bonding across
the two layers [22]. Continuous electron irradiation of a bilayer
h-BN film peels off the material layer-by-layer and holes through
both layers can be easily created as shown in Fig. 2(a) (see Fig. S1 in
the ESM for the identification of number of layers). The equal
intensity at the atomic sites within the hexagonal rings indicates
that the bilayer BN adopts AA’ stacking, while the orientation of
each layer as shown in Fig. 2(b) can be identified from the exposed
monolayer region where the top layer h-BN is sputtered (see Fig. S4
in the ESM). Even though the bilayer edges at opposite sides of the
hole have different orientations, they are structurally equivalent,
with the N-terminated zigzag edge in one layer bonded to the
B-terminated zigzag edge in the other. Figures 2(c)-2(e) show the B
K-edge fine structures extracted within the bulk and at the left and
the right edges of the hole. In sharp contrast to the spectra from
monolayer edges, the B K-edge ELNES acquired at the bilayer edges
shows no sign of the aforementioned pre-peak of the B K-edge.
However, a drastic increase of the intensity of the 1" peak with respect
to the ¢" peak is clearly observed at the bilayer edges, as compared to
the bulk spectrum, which is consistent with the reported characters
of the B K-edge ELNES of closed edge in bilayer h-BN [22]. The
missing of the prominent pre-peak in the B K-edge ELNES is also
consistent with the bilayer closed edge model without dangling bond
at the B atoms along the edges (Fig. 2(b)).

In order to elucidate the origins of the spectroscopic features in
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the experimental EELS data, we carried out DFT calculations to
simulate the ELNES at monolayer and bilayer edges. The calculations
were performed using the Vienna ab initio simulation package
(VASP) with the projected augmented wave (PAW) method [24, 25].
Wave functions were expanded in a plane-wave basis set to 600-eV
energy cutoff. Exchange and correlation effects were described by
the Perdew-Burke-Ernzerhof version. A Z+1 model was applied to
include the effect of the core hole on the excited electron [26, 27].
Core level EELS was simulated using the partial density of states
(pDOS) projected on the p orbitals with a smearing width of 0.5 eV.
A nanoribbon model with hydrogen atom passivation at one side,
containing 8 unit cells in the periodic direction and 10 unit cells in
the perpendicular direction, was used to simulate a monolayer B- or
N-terminated edge, while a 10 x 16 supercell was used to simulate the
bilayer edges. All structures were fully relaxed until the net force is
less than 0.02 eV/A. The Brillouin zone was sampled with 2 x 1 x 1
points for monolayer B- or N-terminated edges and 1 x 1 x 1 for
bilayer edges [28].

In monolayer BN, the simulated ELNES of a boron atom in the
bulk material, at a B-terminated zigzag edge, and at a N-terminated
edge are shown in black, red and blue, respectively, in Fig. 3(a). The
spectra have been shifted by the same amount so that the first peak
in the bulk spectrum matches with the peak in the experimental
spectrum at 191.7 eV (marked by the green arrow). The main
features of the experimental ELNES can all be well reproduced by
the theoretical simulations, including a sharp peak at 191.7 eV in all
ELNES and a strong pre-peak at 190.0 eV (marked by the purple
arrow, experimental value at 190.2 eV) for the boron atom located
at a monolayer B-terminated zigzag edge.

The electron density distribution of the excited state at 191.7 eV
indicates that the lowest unoccupied state within the bulk comprises
the p. orbital, i.e,, it is a 7" peak, as shown in Fig. 3(c). Similarly, the
excitation at 191.7 eV (n" peak) for the boron atom located at
the B-terminated edge also comprises an unoccupied p. orbital
(Fig. 3(e)). In contrast, an sp?-like orbital is the main component of
the lowest-energy unoccupied molecular orbital (LUMO) at 190.0 eV
(Fig. 3(d)), suggesting the excitation is mainly from 1s orbitals to a
boron dangling bonds at the B-terminated edge. No pre-peak shows
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Figure 2 ADF imaging and ELNES from bilayer h-BN edges. (a) ADF image of a bilayer h-BN region with a nm-sized hole generated by electron beam irradiation.
(b) Top and side views of the DFT relaxed structural model overlaid on the ADF image. (c)—(e) ELNES of B K-edge extracted from the EELS line scan across the
bilayer edges, as indicated by the white arrow. The corresponding positions where the spectra were extracted are labelled by the white, yellow and green circles,

respectively.
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Figure 3 ELNES simulation of boron K-edge in different structures of h-BN.
(a) Simulated ELNES of a boron atom in monolayer B- and N-terminated zigzag
edge structures. The black, red and blue lines are the simulated B K-edge spectra
within bulk, at a B-terminated edge and at a N-terminated edge, respectively.
(b) Simulated ELNES of a boron atom in the reconstructed bilayer region based on
the structural model in Fig. 2(b). The black, red and blue lines are the simulated
spectra within bulk (white circle marked in Fig. 2(b), at the left edge (yellow circle),
and the right edge (green circle), respectively. (c) Electron density of a B atom
showing the distribution of excited states at 191.7 eV within bulk (marked by green
arrow in (a)). (d) and (e) Electron density of a B atom showing the distribution of
excited states at 190.0 and 191.7 eV at a monolayer B-terminated edge, marked
by the purple and yellow in (a), respectively. The upper and lower panels are the
top views and the side views. The isosurface is 0.015 e/Bohr”.

up at the monolayer N-terminated zigzag edge (Fig. 3(a)) as the B px
and p, orbitals are fully occupied at the N-terminated edge. Another
noticeable feature is that the intensity of both the 7" and the ¢" peaks
at B-terminated edges is weaker than the corresponding intensity
within the bulk, which is consistent with the experimental data
in Fig.1(c). The electron density map of unoccupied states for the ¢
peak in Fig. S7 in the ESM further confirms that the electron density
at B-terminated edges is significantly lower than the corresponding
density within the bulk, indicating there is electron rearrangement
at the B edge from the ¢" peak to the boron dangling bond.

In the bilayer simulations, DFT relaxation yields a model with
interlayer B-N bonding at the bilayer edges (Fig. 2(b)). No pre-peak
is present at either of the bilayer reconstructed edges as shown in
Fig. 3(b), consistent with the absence of dangling bonds. Notably, a
reversal of the 7" to 0" peak intensity ratio at the reconstructed bilayer
edges, as also observed in the experiment, indicates that the orbital
intensity is larger comparing to the flat bilayer region because of
structural distortions, which is consistent with a previous report
[22]. The excellent agreement between the experimental data and
simulations suggests that the bilayer edges in our experiment
(Fig. 2(a)) indeed have a reconstructed closed-loop structure and
that the prominent pre-peak at 190.2 eV originates from dangling
bonds of sp* hybridized boron atoms.

Having established that the dangling bond at boron atoms is
responsible for the prominent pre-peak observed at the B K-edge
ELNES at monolayer B-terminated zigzag edge, we further explore
this spectroscopic signature at bilayer step edges. Figures 4(a) and 4(b)
show the presence of step edges in a bilayer h-BN via sputtering off
part of the bottom layer. The atomic configurations of the step
edges can be deduced from the AA’ stacking of the bilayer and the
orientation of the exposed monolayer h-BN, as schematically shown
in Fig. 4(c). Note that this model is used to highlight the overall
edge structures as shown in Fig. 4(b), and some vacancies along the
edges have been omitted for clarity. STEM-EELS line scans were
acquired along the arrow direction at the top left corner of Fig. 4(c),
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Figure 4 ADF imaging and ELNES from bilayer h-BN step edges. (a) ADF image
of bilayer h-BN with a monolayer region and step edges. (b) A zoom-in ADF
image of the h-BN bilayer step edges in (a). The outline of the step edges is
highlighted by the red dash line. (c) A schematic structural model of the step
edges shown in (b), highlighting the B/N terminated zigzag step-edges. (d) ELNES
of B K-edge extracted from EELS line scan across the step edge along the arrow
direction as shown in (c). The ELNES from the B atoms along the edge and
within bulk are compared.

crossing a B terminated zigzag step edge (see Fig. S5 in the ESM).
Note that the ELNES obtained from the B-terminated step edge
shows a similar pre-peak at 190.2 eV, but with weaker intensity than
the ' peak. This feature is different from the observations in the
monolayer case (Fig. 1(c)), but is also expected as the spectrum
collected at the B-terminated step edge includes signals from
the edge and the remaining top monolayer of h-BN. Therefore, the
pre-peak at the step edge is inevitably weaker than that in monolayer
B-terminated zigzag edges. These results further confirm that the
pre-peak of the B K-edge arises from the unsaturated bonding of
sp’ B atoms at the edges.

4 Conclusions

In summary, the electronic states of B atoms at different types of
edges in monolayer and bilayer h-BN are systematically investigated
by a combination of aberration-corrected STEM imaging, atomically
resolved STEM-EELS, and first-principles calculations. Spectroscopic
signatures of edges with bonding unsaturated sp” B atoms, namely
B-terminated zigzag monolayer edges and step edges, is unambiguously
identified as a prominent pre-peak at 190.2 eV in the B K-edge ELNES.
Spectroscopic fine structures from bilayer edges created in-situ via
e-beam irradiation further confirm the previous report on closed-loop
bilayer reconstructed edges. These spectroscopic signatures can serve
as fingerprints to explore and identify new edge structures in h-BN.
Our work also demonstrates that atomically resolved STEM-EELS
combined with theoretical simulations provide a feasible means to
probe the local electronic states in large bandgap 2D materials at
the atomic scale.
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