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Atomically thin hexagonal boron nitride probed by ultrahigh-resolution
transmission electron microscopy
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We present a method to prepare monolayer and multilayer suspended sheets of hexagonal boron nitride
(h-BN), using a combination of mechanical exfoliation and reactive ion etching. Ultrahigh-resolution trans-
mission electron microscope imaging is employed to resolve the atoms, and intensity profiles for reconstructed
phase images are used to identify the chemical nature (boron or nitrogen) of every atom throughout the sample.
Reconstructed phase images are distinctly different for h-BN multilayers of even or odd number. Unusual
triangular defects and zigzag and armchair edge reconstructions are uniquely identified and characterized.
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I. INTRODUCTION

Boron nitride (BN) is a synthetic material fashionable in
both hexagonal and cubic structures.'> Hexagonal BN (h-
BN) consists of sp’>-bonded two-dimensional (2D) layers
comprising alternate boron and nitrogen atoms in a honey-
comb arrangement; these layers are stacked and van der
Waals bonded to form a highly anisotropic three-dimensional
crystal. The overall structure and atomic spacings of h-BN
are very similar to carbon-based graphite.*> In h-BN, how-
ever, the boron and nitrogen atoms are alternately stacked
directly on top of each other on the adjacent atomic layers
resulting in AAA stacking (Fig. 1) while graphite maintains
an offset Bernal structure (ABA). In addition, the slightly
ionic bonding (both in plane and out of plane) in h-BN fur-
ther sets this material apart from graphite. h-BN is electri-
cally insulating with a large band gap both within and across
the layers while graphite is a semimetal with high levels of
conductivity within the layers."%’

The recent successful isolation and atomic scale investi-
gation of single-layer graphite (i.e., graphene) (Refs. 7-10)
has stimulated interest in atomically thin sheets of other lay-
ered materials, including BN.®"'-13 Single layer h-BN is con-
sidered the thinnest possible 2D crystal with slightly ionic
bonds. This characteristic makes atomically thin h-BN an
ideal model system in which to study atomic configurations,
including defects, edges, and vacancies of 2D ionic crystals.
Of particular interest is the possibility of using an atomic
resolution probe to unambiguously identify the atomic spe-
cies, i.e., to distinguish boron from nitrogen in any particular
layer of h-BN. Very recently two independent groups'>!3
have attempted to address this challenge via high-resolution
transmission electron microscopy (TEM) of BN modified by
in situ electron-beam damage. In both studies, suspended
atomically thin layers of h-BN were produced using e-beam
irradiation inside the TEM rather than ex situ.

We report here the successful ex situ isolation of sus-
pended, single-layer h-BN, achieved using a combination of
mechanical exfoliation and reactive ion etching. An
ultrahigh-resolution TEM is used to resolve individual atoms
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in the lattice and furthermore, the boron and nitrogen atoms
are identified using TEM intensity profiles. Higher-layer-
number regions of the suspended sample are also investi-
gated along with defect structure and edge configurations. By
contrasting atomic intensity profiles for even- and odd-num-
ber layers, every atom in the three-dimensional multilayer
crystal is identified.

II. SAMPLE PREPARATION AND CHARACTERIZATION

The same mechanical exfoliation methods used to isolate
graphene from graphite can also be applied to h-BN.%!!
However, due to the stronger interplane bonding in h-BN,
mononlayer sheets of h-BN are difficult to isolate and at best
few atomic-layer specimens are obtained.!" We have devel-
oped an exfoliation and reactive ion etching process that al-
lows suspended, monolayer and higher-number-layer sheets
of h-BN to be produced, often with a highly desirable step-
wise progression from one layer to higher order layers in a
single suspended specimen.

h-BN powder with grade PT 110 was purchased from Mo-
mentive Performance Materials and used in this experiment.
This material is mechanically cleaved and transferred to the
TEM grid as reported by Pacilé et al.'! Boron nitride powder
is peeled using adhesive tape and transferred to a silicon
wafer with a 300 nm oxide layer. Using optical microscopy,
thin BN flakes are identified and transferred to the TEM grid.
For this transfer a Quantifoil gold TEM grid from SPI with a
perforated carbon film and the hole size of 1.2 um is placed
on top of the BN flake and a drop of isopropanol alcohol is
placed on the grid and left to dry. While drying, the carbon
film in the TEM grid is pulled down and is adhered to the
BN flake as a result of surface tension. Then a drop of poly-
imide is placed on the TEM grid and the sample is heated at
110 °C for 10 min. After heating, the polyimide is peeled off
in one piece, enclosing the TEM grid and the now-adhered
BN flake. The sample is placed in a methylpyrrolidone bath
for a few hours at 60 °C to dissolve the polyimide. The TEM
grid is then transferred to isopropanol solution for a few

©2009 The American Physical Society


http://dx.doi.org/10.1103/PhysRevB.80.155425
http://link.aps.org/viewpoint-for/10.1103/PhysRevB.80.155425

ALEM et al.

. Boron

@ Nitrogen

FIG. 1. (Color online) Boron nitride hexagonal lattice. Boron
nitride maintains an AAA stacking where boron and nitrogen atoms
are alternately stacked on top of each other.

minutes and then dried. To further exfoliate the sheet to one
monolayer (1 ML), the reactive ion etching technique is
used. The exfoliation was performed on the TEM sample in a
Plasma Etch model PE-200. In this study, we used a mixture
of oxygen and nitrogen plasmas with the energy varying be-
tween 22 and 30 W to further exfoliate the BN TEM samples
down to a monolayer.

An ideal tool with which to characterize atomic structure,
defects, and edges in thin free-standing membranes is a high-
resolution TEM. Conventional TEMs, however, do not have
the required resolution for distinguishing atoms in h-BN and
are often operated at very high voltages leading to immediate
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sample damage before any reliable observations can be
made. To avoid these issues, we utilize the TEAM 0.5, an
ultrahigh-resolution aberration-corrected TEM that operates
at 80 kV. This microscope provides sub-Angstrom resolution
at 80 kV and is thus capable of imaging individual atoms in
the h-BN lattice with minimal structural damage.'®!3

The TEAM 0.5 microscope is equipped with an imaging
aberration corrector and a source electron monochromator.
The monochromator was setup to obtain an energy spread of
the electron beam of less than 0.2 eV (full width at half
maximum). Considering the constant of chromatic aberration
of 1.1 mm at 80 kV, the energy spread of the beam results in
a focus spread of ~1.2 nm (rms) and an information limit of
~0.08 nm. Phase contrast transmission electron microscopy
was carried out at 80 kV with the third-order spherical aber-
ration C; set to —18 um. Single lattice images were re-
corded at a defocus of about +10 nm. The settings for Cj
and defocus optimize the imaging conditions according to
Lentzen'!” taking into account the finite fifth-order spherical
aberration Cs that comes at the expense of minimizing off-
axial coma. Off-axial coma of third order Bj is a geometrical
aberration which causes off-axial object points to be imaged
as trailing patterns. Since Bj affects off-axial image points, it
essentially violates the isoplanatic approximation. In order to
approach an isoplanatic information transfer, radial off-axial
coma B; needs to be minimized such that the amount of
equally resolved image points is a maximum. However,
minimizing off-axial coma leads to a finite value of C5 which
in our case was 7 mm.'® This imaging condition, optimized
according to Lentzen,!” results in atoms appearing bright on
a dark background. Through-focal series were recorded

FIG. 2. (Color online) Atomic structure of a
one- to four-layer BN with its thickness map. (a)
High resolution TEM image of BN. (b) The color
gradient BN reconstructed phase image shown in
(a). (c) A thickness map indicating the number of
layers in boron nitride imaged here. The scale bar
is 2 nm in this figure.
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within a focal range of +12 to —12 nm employing a focal
step of 0.6 nm.

Multislice simulations were carried out using the
MacTempas software employing a set of parameters in
agreement with the experimental conditions. We calculated
the complex electron wave at the exit plane of the specimen
in order to have a direct comparison with the exit plane wave
restored from through focal series. The figure of merit is the
phase shift of the exit-plane wave.

III. RESULTS AND DISCUSSION

Figure 2(a) shows a high-resolution TEM image of a sus-
pended thin h-BN specimen. The most striking features of
the image are a small-scale periodicity and larger-scale in-
tensity variations, including intensity variations with triangu-
lar symmetry. The small-scale periodic bright spots corre-
spond to individual B or N atoms (or atomic columns) in the
expected honeycomb arrangement, with a nearest-neighbor
in-plane B-N distance of 1.4 A, in agreement with the
known crystal structure of h-BN.'® The larger-scale intensity
variations in Fig. 2(a) correspond to differences in layer
number across the specimen, including the regions of miss-
ing atoms. In addition, the triangular intensities, marked on
Fig. 2(a), represent the point defects formed in BN. As we
demonstrate below, we are able to identify every atom in
every layer in the specimen within the TEM field of view.

A. Layer number identification

In order to identify the number of atomic layers in a given
region of the suspended specimen, we use a reconstructed
phase image of one- to four-layer BN previously shown in
Fig. 2(a). From the reconstructed phase image [Fig. 2(b)] we
extract a general layer number or thickness map for the entire
specimen within the TEM field of view. We are aided by
knowledge that for multilayers (i.e., regions with layer num-
ber n> 1), the atoms in normal projection for AAA stacking
are located directly on top of one another (see Fig. 1). Our
simulations show that, under the assumption that the speci-
men is thinner than the focal spread, the intensity at an
atomic position increases approximately linearly with each
additional layer (B and N have very similar scattering
power). Thus, from the intensity profiles in Fig. 2(b) (and
ignoring for the moment the regions of localized defects), we
obtain the layer number thickness map of Fig. 2(c), where
each color represents the general extent of a given total
thickness, from 1 ML thick up to four layers thick (4 ML).
The three black regions, labeled 0 ML, correspond to holes
in the membrane (i.e., vacuum). Figure 2(c) shows examples
of where the sample thickness increases in unity monolayer
steps; however, there are also locations where an edge step
corresponds to an abrupt jump by two or more layers. Such
distinctions will prove to be particularly important in the
atom identification analysis below.

B. Atom identification

Boron and nitrogen have similar atomic numbers and core
electron configurations, hence similar scattering power for
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TEM imaging electrons. The resulting intensity profiles for
individual B and N atoms in the reconstructed phase image
for a monolayer region are thus expected to be similar but
not identical. In a Previous TEM study of h-BN, Meyer et
al.'? were unable to unambiguously distinguish boron from
nitrogen. To distinguish B from N requires the necessary
resolution and sensitivity (signal to noise). To improve signal
to noise, we sum 20 images of the BN unit cell randomly
selected from a defect-free monolayer region of the h-BN
specimen (see Fig. 2). The normalized unit-cell image and its
standard deviation thus obtained are shown in the upper left
part of Fig. 3(a). Similar results are obtained for two-, three-,
and four-layer regions and are also shown in Fig. 3(a). The
donut-shaped rings around the atom positions in the standard
deviation plots reflect thermal- and electron-beam-induced
bond vibrations in the BN lattice.

Figure 3(b) presents line profiles through the unit-cell in-
tensity data of Fig. 3(a), for n=1 through n=4. The two
peaks in each line scan represent adjacent columns of atoms
linking the h-BN layers. For the monolayer (n=1), a slight
but distinct asymmetry in the peak heights is observed. This
asymmetry largely disappears for n=2 and 4 but reappears
for n=3. We thus find asymmetry only for columns of atoms
with an odd number of atoms (i.e., layers). Figure 3(c) shows
schematically an edge-on profile view of the atomic structure
of successive BN monolayers built up stepwise. With imag-
ing electrons impinging from above and probing columns of
atoms, only columns within an odd number of layers may
have differences in the total number of atoms of one species.
Columns within an even number of layers always have n/2
boron atoms and n/2 nitrogen atoms.

We have simulated the scattering of electron beam for the
parameters appropriate to our microscope and sample, with
results shown in Fig. 3(d). Within experimentally relevant
limits, we find from these simulations that for n=1-4 the
intensity for a column of atoms depends only on the total
number of B atoms and the total number of N atoms, not on
the order of such atoms in the column. The simulations show
a clear intensity asymmetry for adjacent columns in the odd-
layer-number regions, n=1 and 3, and no discernible asym-
metry for adjacent columns in even-layer-number regions,
n=2 and 4. Nitrogen yields the stronger intensity in this rep-
resentation. Hence, for the experimental data of Fig. 3(b), we
identify the smaller peak in the monolayer line scan as be-
longing to B and the larger peak as belonging to N. Once B
and N are identified within a unit cell in the monolayer (B or
N as the majority atom in an odd-layer-number region), all
other atoms in the h-BN crystal specimen are uniquely
chemically identified, as can be readily inferred from Fig.
3(c).

It is worth noting potential TEM instrumentation errors
that can easily lead to erroneous image intensity results and
the misidentification of the atomic sublattices in thin h-BN
specimens. One error is sample tilt, where the TEM imaging
electron beam is not perfectly normal to the sample layers.
Another is axial coma B, of second order which can arise
from a miscentered optical element that produces third-order
spherical aberration Cj, i.e., the objective lens of positive C;
and/or the aberration corrector with negative C3. The axial
coma B, is a geometrical aberration which affects all image
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FIG. 3. (Color online) The image of the sum of 20 unit cells in a one- to four-layer BN and its intensity line profile. (a) The resulting
images from the summation of 20 unit cells in a one- to four-layer BN. The scale bar shows 1.5 A. (b) The intensity line profile from the
unit-cell images previously shown in (a). (c) A model for the edge-on structure of BN lattice with its mean atomic projected potential (shown
on top of the lattice). (d) The simulated intensity modulations in an exit wave phase image for a single- to four-layer area in BN.

points equally independent from their distance to the optical
axis. Axial coma thus causes all object points to be imaged
as trailing patterns which show a distinct coma halo. Axial
coma thus isoplanatically breaks the isotropic symmetry of
the information transfer. With suitable deflectors axial coma
B, can be minimized. However, a small finite effect of re-
sidual B, can still occur and impact the information transfer.
In cases where this problem exist, we have found both ex-
perimentally and through detailed simulations that spurious
intensity line scan asymmetries can appear between adjacent
atomic columns, uncorrelated with the actual projected
chemical potential of the atom (see the supplementary sec-
tion in Ref. 29). Indeed, with such problems present, the
apparent asymmetries often increase with increasing layer
number (including even-layer numbers), rather than falling

to zero for even number layers as shown correctly in Figs.
3(b) and 3(d). In a recent TEM study on the identification of
boron and nitrogen in atomically thin h-BN, Jin et al.' used
intensity profiles in the reconstructed phase image to distin-
guish B from N. However, their adjacent atom (column)
asymmetry for an identified n=2 bilayer exceeds their asym-
metry plotted for an identified n=1 monolayer. This is in
contradiction to the experimental results and simulations pre-
sented here, where the asymmetry disappears in even-layer-
number regions of h-BN. According to our investigations,
particular care must be taken to eliminate residual aberra-
tions, slight mistilt, and axial coma, all of which can signifi-
cantly distort contrast asymmetry in h-BN and compromise
atom identification. Such distortions have also been observed
and noted by Meyer et al.'?
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FIG. 4. (Color online) Lattice structure in a monolayer of BN.
(a) Reconstructed phase image of BN with a triangular monova-
cancy and a large vacancy previously pointed to by arrows in Fig.
2(a). (b) A model indicating the position of boron and nitrogen
atoms in the monolayer BN. This model shows the monovacancy to
form as a result of a boron atom missing and the edges to be nitro-
gen terminating zigzag edges. (c) A model showing the boron and
nitrogen atom positions in the large vacancy at the lower left side in
(a). The scale bar is 1 nm.

Unambiguous identification of the sublattices in h-BN
sets the stage for proper interpretation of defect structure.
Figure 2(a) shows a host of unusual crystal imperfections.
The plethora of defects observed in this figure is most likely
not a good representation of the original “as-grown” h-BN
specimen but is a consequence of the rather severe reactive
ion etching process used to thin the sample. In addition, we
have observed that the electron beam itself creates vacancies
through knock-on damage.

The two arrows in Fig. 2(a) point to defects resulting from
missing atoms within a layer. Figure 4(a) shows the same
defects in a magnified, reconstructed phase image. The upper
defect resides in an n=1, monolayer region of the sample,
while the lower defect resides in an n=3 region. We create a
model for the atom positions in the monolayer by repeating
the previously identified BN unit cell for this layer. Figure
4(b) shows the model positions of boron and nitrogen atoms
in the monolayer region. According to this figure the mono-
vacancy is a missing B atom. We find that monovacancies
throughout the sample appear to be predominantly associated
with missing boron atoms. Preferential formation of boron
monovacancies in the sample under the 80 keV electrons is
expected since the energy threshold for the knock-on damage
of boron and nitrogen atoms in h-BN is 74 eV and 84 keV,
respectively, assuming an otherwise perfect monolayer
crystal.!?

Besides boron monovacancies just described, we observe
larger triangle-shaped vacancies, which result from clusters
of multiple missing atoms. Numerous such defects are ob-
servable in Fig. 2(a), with different sizes and orientations.
We consider the lower triangular defect identified with an
arrow in Fig. 2(a) [and again in Fig. 4(a)] which resides in a
three-layer region. Since all atoms in this n=3 region have
been previously identified by the methods presented above,

PHYSICAL REVIEW B 80, 155425 (2009)

FIG. 5. (Color online) HRTEM image of BN sheet at the edge.
BN sheets show both (a) zigzag and (b) armchair edges. The scale
bar is 1 nm.

we unambiguously find that this large vacancy results from
three missing boron atoms and one nitrogen atom, most
likely grouped together on either the top or the bottom layer
(momentum transfer from electron knock-on effects would
suggest the missing atoms are from the bottom layer). Figure
4(c) shows a model of the defect and indicates that the “in-
ternal” edges of this vacancy maintain a nitrogen-terminated
zigzag configuration. These observations are in agreement
with the previously identified defects in h-BN.!13:20

We examine the edge configurations for large-scale layer
terminations, including holes in the monolayer and atomic
step edges. As just discussed, nitrogen-terminated zigzag
edges are stable for trianglelike defects. Beside defect edges,
this edge configuration is also observed by the holes in
monolayer and multilayer regions [Fig. 5(a)]. Alternating
B-N armchair edges also exist in BN [Fig. 5(b)], albeit with
far less frequency than N-terminated zigzag edges. In this
study we have observed that zigzag edges in BN are more
stable under the TEM electron beam. A recent study on the
edge dynamics in a single-layer graphene has shown that the
single- or double-bonded carbon atoms at the edges are less
stable under the electron beam and therefore have a lower
knock-on energy threshold.?'~2* Similar to graphene, we be-
lieve the higher stability of the nitrogen-terminated zigzag
edges in h-BN are most likely related to the difference in
knock-on energy threshold for B versus N (even at the edge),
together with an intrinsic preference for zigzag configura-
tions generally in planar sp?-bonded sheet materials.

The successful isolation of free-standing monolayer mem-
branes of h-BN by a straightforward exfoliation/reactive ion
etching method has made possible sequential-monolayer
ultrahigh-resolution TEM studies of this material. The hon-
eycomb in-plane structure and anisotropic bonding between
layers allows comparison to graphene and graphite while the
presence of two atomic sublattices and consequent ionic
character of the bonding in h-BN dictates different interlayer
stacking and markedly different defect structure from the
carbon analogs. The successful distinction of boron from ni-
trogen within an h-BN monolayer and the identification of
the B and N sublattices throughout the entire crystal is an
important advance for 2D crystal investigations. Although
graphene and h-BN have similar atomic structures, we find
no evidence for the formation of Stone-Wales-type defects in
BN sheets, presumably due to unfavorably high formation
energy of B-B and N-N bonds in the BN lattice (a similar
argument applies for BN nanotubes).?>2

Atomic vibrations around monovacancies, edges, and
within the lattice in h-BN layers, have been explored. The
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standard deviation images in Fig. 3(a) show the extent of
such motion and the white rings surrounding the atom posi-
tions quantify these excursions. Such vibrations are more
significant in a monolayer since the atoms are only confined
in a two-dimensional space, not by extra bonds at the top and
the bottom. In the three- and four-layer areas, in contrast, the
atoms experience ionic forces applied to them from the top
and the bottom layers. Bond relaxations and distortions also
occur in the vicinity of monovacancies and edges. Our TEM
observations show that the bond vibrations can lead to the
distortion of the vacancy which can further break its three-
fold symmetry. Such distortions can be related to hybridiza-
tion of sp? orbitals of the edge atoms at the vicinity of the
vacancy and the Jahn-Teller effect.”’?® Further studies are
warranted for bond distortions induced by adsorption of ada-
toms, such as hydrogen, to the sheet atoms and to the dan-
gling bonds at the edge of the vacancy in particular.

IV. CONCLUSIONS

We report on a method to exfoliate atomically thin BN
sheets using the reactive ion etching technique. This exfolia-
tion technique can be applied to similar materials to create
atomically thin two-dimensional sheets at large size scales.

PHYSICAL REVIEW B 80, 155425 (2009)

In addition, the atom identification technique employed here
to differentiate boron from nitrogen in BN can be applied to
identify the atomic species and consequently the nature of
defects and edges in other similar low-dimensional crystals.
Single layer boron nitride is the thinnest ionic material that
can exist in two dimensions. Similar to graphene, this mate-
rial offers a unique model system to study the stability and
dynamics of defects, edges and vacancies, and their interac-
tions with the adatoms in ionic crystals.
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