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he exfoliation of 3D layered materi-

als into their 2D sheet-like counter-

part can lead to new material prop-
erties that are unique to the 2D crystal.! The
exfoliation of graphite to graphene mono-
layers is the best example so far of the
wealth of new properties that can
emerge.?® Other layered structures, such as
boron nitride (BN), can also be exfoliated to
form unique 2D crystal structures.” How-
ever, unlike graphene, the potential novel
physical properties that could emerge in
monolayer BN are yet to be elucidated. This
is primarily due to the limited number of re-
ported synthetic approaches for preparing
thin few-layer and monolayer sheets.* ® Iso-
lating individual monolayer sheets of 2D
crystals also enables characterization of the
topography and new insights into the dy-
namic behavior of lattice defects and edge
states to be unravelled.

Boron nitride exhibits high thermal sta-
bility, deep ultraviolet photon emission,
good mechanical strength, and has been
utilized as a solid-state lubricant.”~® BN nan-
otubes have been produced, and subse-
quent studies have shown they are
noncytotoxic.'®'" BN sheets with nano-
structure in the form of a highly ordered
nanomesh have been synthesized using
self-assembly on a Ru(111) single-crystal
surface.'? BN consists of pairs of boron and
nitrogen atoms that are isoelectronic to
pairs of carbon atoms. BN can adopt sev-
eral phases such as hexagonal, sphalerite,
wurtzite, cubic, and rhombohedral. In hex-
agonal BN, the lattice structure of a single
monolayer is similar to graphene, except
with alternating boron and nitrogen atoms
in the hexagons. The layering of the basal
plane of the sheets to form a 3D solid can
adopt several arrangements, but in contrast
to the AB stacking in graphite, AA’ stack-
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ABSTRACT Here, we present a simple method for preparing thin few-layer sheets of hexagonal BN with

micrometer-sized dimensions using chemical exfoliation in the solvent 1,2-dichloroethane. The atomic structure

of both few-layer and monolayer BN sheets is directly imaged using aberration-corrected high-resolution

transmission electron microscopy. Electron beam induced sputtering effects are examined in real time. The

removal of layers of BN by electron beam irradiation leads to the exposure of a step edge between a monolayer

and bilayer region. We use HRTEM imaging combined with image simulations to show that BN bilayers can have

AB stacking and are not limited to just AA stacking.
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ing is the suggested preference.*'> How-

ever, the difference in cohesive energy be-

tween several different stacking symmetries
is small, and this indicates that basal plane

sliding may occur, leading to the possibility
of non-AA’ stacking in BN sheets.®

RESULTS AND DISCUSSION

Here, we use a novel chemical exfolia-
tion method consisting of sonicating bo-
ron nitride powder in 1,2-dichloroethane for
3 h to produce few-layer hexagonal BN
sheets with micrometer-sized dimensions.
This approach builds upon our recent work
on exfoliating graphite to produce few-
layer graphene sheets.'”'8 1,2-
Dichloroethane has the advantage over
other solvents previously used for chemical
exfoliation of BN such as dimethylforma-
mide (DMF) by having a lower boiling point,
ensuring that removal of solvent is rapid
and simple.® Figure 1a shows a typical
micrometer-sized sheet of exfoliated BN sit-
ting on the lacey carbon grid. Figure 1b
shows a region of the surface of the BN
sheet with higher resolution with the hex-
agonal atomic structure of BN observed.
Figure 1c shows a HRTEM image with a
large area of the atomic structure clearly vis-
ible. This section of the BN sheet contained
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Figure 1. (a) TEM image of an exfoliated BN sheet. (b) HRTEM image of th
(c) HRTEM image of a multilayered BN sheet with atomic structure. (d) HRTEM image in color with the B—N ers and the top 10 layers. The
bond resolved. (e) Structural diagram of AA’ stacked BN sheet (i) top view, (ii) end view, and (jii) side view. (f)
Edge of a BN sheet with 2—3 layers. Inset shows 2D fast Fourier transform (FFT). Red lines indicate angle of ro- >
tation. (g) Folded edge of a BN sheet with 10 layers. Inset shows 2D FFT. Red lines indicate angle of rotation.  layer spacing, ds, to be mea-

1300
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several layers (i.e., 5—10). Our resolution was sufficient
to resolve the ~1.45 A B—N bond and image the full
atomic structure. Figure 1d shows a HRTEM image pre-
sented in false color for enhanced visual effect. It is gen-
erally accepted that hexagonal boron nitride adopts
AA’ stacking, in contrast to the AB stacking well-known
for graphite. Figure Te presents an atomic structural
diagram of BN sheets with AA’ stacking, with (i) top
view, (ii) end view, and (iii) side view. The top view in
Figure T1e(i) presents the BN sheets with zigzag atomic
termination for the top and bottom edges and arm-
chair atomic termination for the left and right sides. The
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phase contrast observed in
the HRTEM images in Figure
1¢,d would be produced for
BN sheets with AA’ stacking
and also for AB stacking.
Insights into the number
of layers in the BN sheets can
be achieved by examining the
edges. Figure 1f shows the
edge of a BN sheet with be-
tween 2 and 3 layers. An ar-
row in Figure 1f indicates two
straight lines of contrast that
could be due to back-folding
of a bilayer of BN. The inset in
Figure 1f presents the 2D fast
Fourier transform (FFT) taken
from the HRTEM image.
Twelve spots are observed
with 0.21 nm d spacing, which
corresponds to two sets of six
spots with a rotation of 7.7°
between them. This indicates
that there is deviation from
the AA’ BN stacking arrange-
ment. This is similar to the re-
cently imaged rotational
stacking faults in few-layer
graphene sheets.'® Rotational
stacking faults are typically as-
sociated with back-folding of
a sheet. Figure 1g shows a
back-folded edge of a BN
sheet with 10 layers. Straight
lines at the edge are ob-
served, typical of folded
edges. The inset in Figure 1g
presents the 2D FFT and re-
veals that the back-folding
has induced a rotation of 16.8°

a2cae:
2y

e surface of a multilayered BN sheet.  between the bottom 10 lay-

folded edge enables the inter-

sured directly using 2D FFT
analysis as d; = 0.325 = 0.01 nm, which is close to
that in bulk hexagonal BN crystals.

The knock-on damage threshold of boron and nitro-
gen atoms in BN sheets is slightly lower than that of car-
bon atoms in graphene sheets. Zobelli et al. calculated
a threshold of 74 keV for boron atoms and 84 keV for ni-
trogen atoms in BN nanotubes.' They predict an accel-
erating voltage of 80 kV should first generate boron va-
cancies followed by the removal of neighboring
nitrogen atoms surrounding the defect. We observed
that electron beam irradiation resulted in the formation
of defects in the few-layer BN sheets that evolved into
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triangular nanopatterns. The
nanopatterning is due to bo-
ron and nitrogen atoms being
ejected via electron beam in-
duced sputtering from the BN
sheet, most likely from the
back surface monolayer. Ejec-
tion of atoms via electron
beam induced sputtering
generally occurs from the
back surface in the same di-
rection as the incident elec-
tron due to the larger trans-
fer of momentum in this
direction to the stationary
atom.? Figure 2(i)a shows a
region of the BN sheet after
2 min of electron beam irra-
diation with a beam current
density of ~0.1 pA/nm?2. A
large number of triangular
nanopatterns are observed,
and these correspond to re-
gions of the BN sheet with
loss of material and subse-
quent reduced contrast in the
HRTEM images. A 2D FFT is in-
cluded in the bottom right in-
set of Figure 2(i)a with six
spots apparent. The spots in-
dicate the direction of the
arm-chair orientation of the
BN lattice, and the arrows
show the direction of the zig-
zag orientation. The triangu-
lar nanopatterns in Figure
2(i)a are primarily terminated
with zigzag edges. Figure
2(i)b shows the same area af-
ter a further 30 s of electron
beam irradiation. The region
of BN sheet sputtered away
has grown, and the sizes of
the triangles have increased.
This shows that boron and ni-
trogen atoms are removed
along the zigzag row, enabling the triangles to grow
and retain their shape during the evolution.

Figure 2(i)c shows a triangle with sides of nearly 2
nm each. In Figure 2(i)d, the lattice structure of the BN
sheet is removed by Fourier filtering. A similar process is
done for the equilateral triangle shown in Figure 2(i)ef.
The triangular nanopatterns grow from initial defects pro-
duced in the BN sheet by electron beam irradiation, and
according to the theory of Zobelli et al., these are most
likely boron vacancies." Figure 2(ii) shows a HRTEM of a
region of BN sheet containing several initial defects pro-
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Figure 2. (i) (a) TEM image showing triangular nanopatterns formed by electron beam induced sputter-
ing; inset shows 2D FFT with arrows indicating zizzag orientation. (b) Same area as in (a), after 20 s of fur-
ther irradiation. (c) HRTEM image of a triangular nanopattern. (d) HRTEM image presented in (c) after re-
moving BN lattice structure by Fourier filtering. (e) HRTEM image of another triangular nanopattern. (f)
HRTEM image presented in (e) after removing BN lattice structure by Fourier filtering. (ii) Time series of HR-
TEM images showing the growth of triangular nanopatterns from initial defects in the BN lattice caused
by electron beam irradiation, time between images = 20 s.

duced by the electron beam, indicated with arrows. Fig-
ure 2(iija—f shows a time series of HRTEM images with
20 s between frames. In Figure 2(ii)b, defect 3 has evolved
and transformed into a small triangle. As time progresses,
defects 1, 2, and 3 all grow into triangular nanopatterns
with edges along the zigzag orientation. This shows the
initial stage of the triangle nanopatterning forming from
defects produced by electron beam irradiation.

Previous work has shown that BN has a tendency
to form triangular nanostructures that are terminated
with nitrogen atomic zigzag edges.?"?? Jin and co-
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Figure 3. (i) Time series of HRTEM images (a—o) showing the formation of a hexagonal vacancy in one
layer of BN in the multilayered structure. Time between frames is 5 s. (ii) Time series of HRTEM images of .
a BN bilayer under electron beam irradiation. Time between frames is 20 s. Gold shading highlights the 3(i)i, the defect adopts hex-

formation of a freespace hole in the monolayer.

workers prepared freestanding BN single layers by elec-
tron beam thinning and analyzed the defects using HR-
TEM exit wave reconstruction to identify individual B
and N atoms.? They observed that defects formed by
electron beam irradiation adopted triangular shapes,
similar to what we have observed in Figure 2, even
though an accelerating voltage of 120 kV was used,
above the knock-on damage threshold for both B and
N atoms.?* We have used an accelerating voltage of 80
kV, which should be sufficient to remove B atoms, but
not N atoms, due to difference in the knock-on damage
threshold. Since our initial submission, Meyer et al. and
Alem et al. have also observed the formation of triangu-
lar defects in BN sheets using 80 kV electron beam
irradiation.?>2* All reports of electron beam induced de-
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fects in BN sheets show that
they are produced on the
same sublattice within a
monolayer and are due to
the preferential sputtering of
boron atoms.?’ =23 This results
in zigzag edges that are termi-
nated by nitrogen atoms.?3~%

The triangular nano-
patterning in Figure 2 is attrib-
uted to atoms surrounding
defects having dangling
bonds, which are easier to
sputter out the back surface
by electron beam induced
knock-on energy transfer.!”2
This is similar to recent obser-
vations of zigzag edges of
holes in graphene layers.?
However, the effects observed
in BN sheets are far more pro-
nounced. The ability to re-
move large areas within BN
sheets opens up the possibil-
ity to explore step edges be-
tween monolayer and bilayer
regions in BN sheets.

In some cases, the defect
evolved into a hexagonal
rather than triangular pattern.
Figure 3(i) presents a time se-
ries of HRTEM images of such
a case. Figure 3(i)a shows the
multilayered BN sheet at the
beginning of the irradiation
and 5 s later, and in Figure
3(i)b, a new defect has been
formed, indicated with an ar-
row. Between Figure 3(i)d and

agonal structure and grows

with purely zigzag edges.
However, in Figure 3(i)j, the total area of the structure
decreases as the bottom left edge adjusts from zigzag
to arm-chair termination, indicated with an arrow. This
change in shape proves that structural reconfiguration
of the edges occurs during the sputtering process. As
the structure gets larger, between Figure 3(i)j and 3(i)o,
arm-chair edges are still apparent, shown with arrows.
The larger structures develop more edges and no
longer have six sides.

Figure 3(ii)a shows a bilayer region of BN with four
defects apparent, indicated by arrows. Figure 3a—h pre-
sents a time series of HRTEM images showing the ef-
fect of electron beam irradiation. Figure 3b shows that
a region of one of the monolayers has been sputtered
away, leaving behind a single monolayer containing a
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Figure 4. (a) HRTEM image of the step edge between monolayer and bilayer region,
showing AB stacking. (b) Step edge of AA’ stacked BN bilayer. (i) Atomic structural rep-

c stacking, with the image
simulation shown in Figure
g*l* AL LI 4ii)c. Comparing the HRTEM
I image simulations for AA’
and AB stacking reveals two
major differences. AA’
stacked BN (Figure 4(ii)b) has
the same contrast for both
the monolayer and bilayer re-
gion (black). AB stacked BN
has opposite contrast for the
monolayer (black) and bilayer
(white). The atomic structure
along the zigzag orientation
for AA’ stacking is continu-

o1

resentation, gray area indicates the size of the top BN sheet. (ii) HRTEM image simulation ~ Ous, whereas for AB stacking,
of the atomic structure presented in (i). (c) Step edge of AB stacked BN bilayer. (i) Atomic  there is an offset. The HRTEM

structural representation, gray area indicates the size of the top BN sheet. (ii) HRTEM im-

age simulation of the atomic structure presented in (i).

defect. In Figure 3¢, the area has formed a triangular
shape and a hole has appeared in the monolayer, high-
lighted in gold. In Figure 3d, the hole has grown in
size and two new defects are apparent in the mono-
layer region, indicated with arrows. This is clear evi-
dence that defects are produced in areas of BN that
were previously defect-free by electron beam irradia-
tion. The size of the monolayer region has also in-
creased. Figure 3e—h shows that the hole in the mono-
layer increases steadily in size until it reaches the edge
of the bilayer. The edge of the hole in the monolayer
shows termination along the zigzag orientation.
Finally, we examine the step edge between a mono-
layer and bilayer in BN to provide insights into the pack-
ing structure of few-layer BN sheets. Figure 4a shows a
HRTEM image of the step edge between a monolayer
region on the top right and a bilayer region on the bot-
tom left. The step edge runs through the middle at
~45°. The bilayer region shows white hexagonal atomic
structure, while the monolayer region shows black hex-
agonal atomic structure. Furthermore, there is an off-
set between the white zigzag rows and the black zig-
zag rows between the monolayer and bilayer. In order
to interpret this, we performed multislice HRTEM image
simulations. Figure 4b(i) shows the atomic structure
used in a supercell simulation for AA’ stacking with the
top bilayer region indicated by gray shading and a
step edge running through the middle at 45°. The HR-
TEM image simulation of this structure is shown in Fig-
ure 4(ii)b. Figure 4(i)c shows the atomic structure for AB

EXPERIMENTAL METHODS

Thin sheets of hexagonal boron nitride were prepared by dis-
persing 0.1 mg of h-BN powder (Sigma Aldrich) in 5 mL of 1,2-
dichloroethane using an ultrasonic bath for 3 h. The solution was
left to rest for 30 min to allow large particles to settle to the bot-
tom of the vial. A laceycarbon coated TEM grid was dipped into
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image presented in Figure 4a
can be matched to the image
simulation for AB stacked BN and not to AA’ stacking.
Thus, our HRTEM analysis has shown that AB stacking is
possible for bilayer regions of BN sheets. This AB stack-
ing may not be intrinsic to the bulk samples and may
be only possible at the top and bottom of the lay-
ered structure where single BN sheets can slide eas-
ily. Sonication of the BN sheets may also play a role
in enabling the end sheets to adjust from AA’ to AB
stacking. We did not find any detectable evidence
for ripples within the BN sheets that could have led
to the AB stacking.

CONCLUSION

Our simple chemical exfoliation method enabled
the detailed study of multilayered and monolayer hex-
agonal BN. Even at the low accelerating voltage of 80
kV, knock-on structural damage was still apparent and
resulted in newly formed defects in regions of BN that
were originally pristine. Under continuous irradiation,
these defects evolve into triangular nanopatterns with
predominantly zigzag edge termination and occasion-
ally hexagonal structures. We observed dynamic struc-
tural changes in the edges of the holes with reconfigu-
ration from a zigzag to an arm-chair edge. The ability to
resolve the B—N bond sheds important light on the
atomic structure of BN sheets that will be important in
the future development of 2D crystals of hexagonal BN
and the understanding of the novel properties that
may emerge.

the top of the solution and left to dry. Low-voltage aberration-
corrected high-resolution transmission electron microscopy was
performed using a FEI Titan?, operating at an accelerating volt-
age of 80 kV, with spherical aberration correction. Multislice im-
age simulations were performed using JEMS software, with C; =
—0.04 mm, defocus spread = 11.0 nm, and defocus of 8 nm.
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Supercells for the step edges of AA’ and AB stacked bilayers
were constructed using Accelrys DS Viewer Pro. HRTEM im-
age processing was performed using Image J software.
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