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ABSTRACT
We report on the preparation, atomic resolution imaging, and element selective damage mechanism in atomically thin boron nitride membranes.
Flakes of less than 10 layers are prepared by mechanical cleavage and are thinned down to single layers in a high-energy electron beam. At
our beam energies, we observe a highly selective sputtering of only one of the elements and predominantly at the exit surface of the specimen,
and then subsequent removal of atoms next to a defect. Triangle-shaped holes appear in accordance with the crystallographic orientation of
each layer. Defects are compared to those observed in graphene membranes. The observation of clean single-layer membranes shows that
hexagonal boron nitride is a further material (in addition to graphene) that can exist in a quasi-two-dimensional allotrope without the need for
a substrate.

Experimental surface science and the science of lowdimensional systems have experienced a change in paradigm
with the isolation of graphene,1-4 a single layer of carbon
atoms that exists without the need for a substrate with
matching lattice. Single-layer graphene has outstanding
electronic properties that, in essence, are a consequence of
it having a different symmetry than its bulk counterpart
(graphite).5 Graphene can even exist as free-standing membrane, thus exposing two surfaces from the same set of
atoms,6-9 and is the only material that has been obtained as
sizable suspended one-atom-thick foils so far. Here, we
present single-layer membranes of hexagonal boron nitride,
a structurally similar material with yet entirely different
properties.
The structural variety of boron nitrides is very similar to
that of carbon solids: Diamond-like cubic boron nitride
(c-BN) and graphitic hexagonal boron nitride (h-BN), sometimes called white graphite, constitute the common threedimensional phases, while BN nanotubes10-14 and fullerenes15,16 constitute lower dimensional solid phases. Also the
chemistry of boron-nitrogen systems appears to be quite
rich,17 albeit somewhat less explored than that of organic
compounds. Single layers of boron nitride have been obtained
previously by decomposition of borazine on metal surfaces
with a matching lattice,18 in a mesh structure in the case of
a lattice mismatch,19 or in folded shapes by solution
processing of h-BN.20 We present here the experimental
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observation of single-layer hexagonal boron nitride in freestanding membranes up to a few nanometers in size. The
membranes and their defects are studied by aberrationcorrected transmission electron microscopy. Defect dynamics
in BN layers are compared to those in graphene sheets. The
3-fold symmetry of single boron nitride layers, along with
an asymmetric damage mechanism, leads to the formation
of triangle-shaped holes in the electron beam.
The first part of the sample preparation, resulting in
ultrathin membranes of hexagonal boron nitride layers (10
atomic layers or less), follows the procedure reported in ref
21 with small differences. Hexagonal boron nitride powders
with a large average crystal size of 10-15 µm (Grade
AC6004 from Henze boron nitride products GmbH, or grade
S15 from ESK Ceramics GmbH) are placed onto an adhesive
tape, peeled apart several times, and then rubbed on a silicon
wafer with a 300 nm silicon oxide layer. Thin flakes are
located in an optical microscope (OM) (Figure 1a). A
Quantifoil TEM grid (1.3 µm holes, 200 mesh gold grid) is
placed on the flake. A drop of solvent (isopropanol) is added
and allowed to evaporate. The surface tension pulls the
carbon film of the TEM grid into close contact with the
silicon oxide surface.22 Heating on a hot plate (200 °C, 20
min.) improves the contact between the grid and the flakes.
A precursor of polyimide, called poly(pyromellitic dianhydride-co-4,4′-oxidianiline) (or amic acid) 15% solution in
methylpyrrolidone, is dropped onto the sample and baked
at 115 °C for 15 min. After polymerization, the polyimide
along with the TEM grid and BN flakes is peeled off from
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Figure 1. Preparation of single-layer hexagonal boron nitride
membranes. (a) Optical micrograph of a few-layer BN flake on
the silicon substrate, with its thinnest region at the upper right edge.
(b) The same flake after transfer to the Quantifoil grid (the thinnest
regions are not visible). (c-e) High-resolution TEM images. (c)
Initial view after brief irradiation on the thinnest part. Small triangleshaped holes appear where the thickness is reduced by one layer,
while larger holes exhibit irregular polygon shapes and thickness
reduction of more than one layer. The lattice contrast is filtered
out (a part of the original image is shown in the lower right corner).
(d) After 35 min of electron irradiation, a first isolated hole appears.
(e) Formation of single-layer h-BN membranes, indicated by red
dashed regions, after slightly more irradiation (ca. 1 min after the
first hole). Scale bars 2 µm (a and b), 2 nm (c-e).

the substrate in one piece. After the polyimide is dissolved
(in a 60 °C methylpyrrolidone bath, for 2 h), the TEM grid
with the flakes is transferred to isopropanol and dried in air
(Figure 1b). OM images are recorded during this preparation
in order to find the same flakes in the transmisson electron
microscope (TEM). The above method results in few-layer
hexagonal boron nitride membranes with a uniform thickness
across several micrometers. However, we did not succeed
in obtaining single-layer boron nitride samples by mechanical
cleavage with adhesive tape, as is the case for graphene.
Further thinning is performed in situ in the TEM. We use
an FEI Titan 80-300 TEM equipped with an imaging
aberration corrector, operated at 80 kV. In a first step, a high
current density beam (ca. 1 × 108 e-/(s·nm2)) is produced
on the sample, sputtering off subsequent layers one by one
from the boron nitride membranes. It is the high anisotropy
of this process that allows us to obtain single-layer regions
of several nanometers in size: Holes “grow” predominantly
within a given layer, while the ajacent next layer remains
stable for a sufficient amount of time. Figure 1c shows an
almost-initial configuration where the beam damage has just
started to form small holes, locally reducing the thickness
by one or two layers. The entire thinning is shown in
supplementary video S1 in the Supporting Information. As
soon as a hole through the entire thickness appears (Figure
1d), the conditions are tuned for optimum imaging with lower
current density (ca. 2 × 107 e-/(s·nm2)). After some more
irradiation, single-layer h-BN membranes can be found
within the irradiated regions (Figure 1e). Since this thinning
is observed in real time, the process could easily be stopped
by switching off the electron beam after formation of the
first hole (Figure 1c) or potentially at the first vacancy
through the entire sheet. In such a way, a precisely defined
nanopore can be formed in a stable, insulating membrane
that may find use in, e.g., DNA translocation experiments,23
as a nonround molecular filter, or as a precisely defined
aperture or shadow mask with atomically sharp edges. For
2684

example, the triangle-shaped hole in Figure 1c has an edge
length of only 7 Å, and grows to 30 Å before a second hole
is formed in the same membrane.
For comparison, graphene membranes were prepared as
described in refs 22 and 24. Graphene has an almost identical
lattice constant (in-plane 2.46 Å for graphene and 2.50 Å
for h-BN). Boron, nitrogen, and carbon produce a nearly
identical contrast in high-resolution TEM images, according
to image simulations; thus, the observations are easily
comparable. Thinning from a few layers to a single layer
under electron irradiation can be observed in graphite too.
However, it is more convenient, and results in much larger
single-layer areas, to prepare single-layer graphene membranes directly.
For atomic resolution imaging, we use spherical aberrations (Cs) between 18 and 26 µm, with a defocus corresponding to about 1.3 times the Scherzer defocus.25 At these
conditions, atoms appear black. A noticeable improvement
of contrast and spatial resolution, both of which are limited
by chromatic aberration at this low voltage, is obtained by
reducing the extraction voltage from its standard value (3.8
kV) to 1.7 kV and thus reducing the energy spread of the
source.26 The full width at half-maximum of the zero-loss
peak in the electron energy loss spectrum is now reduced
by ca. 0.2 eV. The second set of reflections in the Fourier
transform (FT) of high-resolution images from single layers,
corresponding to 1.25 Å for h-BN and 1.23 Å for graphene,
becomes visible (Figure 2d,e) and the separation of B-N or
C-C atoms is resolved in the image (Figure 2d). Only weak
filtering is applied: The effects of a slightly uneven illumination intensity in the images are removed by a high-pass filter
with a smooth cutoff at 2 nm (removing only longer-range
intensity variations), and smoothing (by a Gaussian blur) to
a resolution of ca. 1 Å is done. Single exposures (1 s) provide
sufficient signal to detect individual B, C, or N atoms or
individual vacancies (Figure 4c) above the noise. Single
exposures are shown in Figure 4 in order to resolve the
dynamics. Figures 1, 2, and 3 show averaged images from
between 3 and 10 exposures to improve the signal-to-noise
ratio; however, we verified that the features of interest did
not change during the respective part of the image sequence.
The supplementary videos in Supporting Information show
single exposures in each frame.
The experiment begins with few-layer membranes and
ends with the observation of single-layer boron nitride
regions. However, for a clear and straightforward understanding, we begin our discussion with the single-layer
regions. Figure 2a shows a large single-layer boron nitride
layer surrounded by holes and few-layer regions. A comparison with single-layer graphene membranes (Figure 2b),
imaged at the same conditions, is shown as difference image
(Figure 2c) and in the profile plots (Figure 2d). The presence
of one single layer of h-BN is established by each of the
following points: (1) The intensity of the lattice contrast
changes in discrete units with the removal of subsequent
layers, and the single layer region produces precisely that
unit of contrast (Figure 2d). (2) The removal of the last layer
results in a hole (vacuum), and also monovacancies in this
Nano Lett., Vol. 9, No. 7, 2009
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Figure 2. Comparison of h-BN and graphene membranes. (a) h-BN membrane and (b) single-layer graphene membrane HRTEM images
at 80 keV. The single-layer h-BN region in (a) is the region with light-gray lattice contrast that fills the largest part of the image, including
a few monovacancies and larger triangle-shaped holes. In contrast, (b) shows a reconstructed vacancy in a single-layer graphene sheet. We
also observe nonreconstructed vacancies (upper inset) and Stone-Wales defects (lower inset) in graphene. (c) Numerical difference of the
graphene and h-BN image (alignment by a scaled rotation). (d) Intensity profiles from lattice images of h-BN and graphene membranes.
Single-layer regions produce an essentially identical contrast. The B-N and C-C separation is clearly resolved (dashed lines). The inset
shows the h-BN image where the profile was taken, across a step edge from one to two layers. (e) Fourier transform (log scale) of an h-BN
lattice image, with a thickness between one and three layers in the chosen area. (f) Fourier transform (log scale) for a graphene lattice
image, taken from a “perfect” single-layer region with no adsorbates or defects. In both cases, the second reflections at 1.26 Å (h-BN) and
1.23 Å (graphene) are clearly present (red arrows). (g) Calculated contrast of several light elements for bright-field TEM. No significant
contrast difference for B, C, and N is expected, in agreement with our experiment (see panels c and d). All scale bars are 1 nm.

layer clearly have no second atom beneath. (3) The contrast
is identical to that of single-layer graphene observed at the
same conditions (Figure 2c,d; in the graphene samples with
their larger areas, the presence of one single layer can be
unambiguously shown by electron diffraction).6,7,27 (4) The
behavior of hole growth from defects (described below) is
in agreement with only the structure and symmetry of single
h-BN layers. The evolution of the structure, hole growth from
vacancies, and other beam-induced dynamics in single-,
double-, and triple-layer hexagonal boron nitride is also
shown in supplementary video S2 in Supporting Information.
First, we compare point defects, observed in isolated boron
nitride layers, to those observed in graphene membranes at
identical conditions. Figure 2a (also Figures 1e, 3a, and 4c)
shows a number of monovacancies in single-layer h-BN that
are readily apparent as a triangle-shaped white spot. In h-BN
layers, monovacancies exclusively appear in this nonreconstructed configuration (i.e., no rearrangement after removal
of an atom) with a 3-fold symmetry. Figure 2b and the upper
inset show two images of a vacancy with one missing carbon
atom in the graphene membrane.28 One of them constitutes
a simple monovacancy with no reconstruction, and the other
one is a reconstructed vacancy that has formed a pentagonnonagon pair. These two configurations are seen to convert
from one type to another in both directions, and the
Nano Lett., Vol. 9, No. 7, 2009

reconstructed configuration is observed more frequently. The
second inset in Figure 2b shows a Stone-Wales defect.29-31
Neither the reconstructed vacancy nor a Stone-Wales type
defect was observed in our h-BN membranes. Further, even
after significant restructuring of h-BN edges such as shown
in Figure 4, no such topological defects are seen. These
results confirm that B-B or N-N bonds are highly unfavorable compared to the h-BN configuration,11-13 while C-C
bonds in a pentagon-heptagon or other odd-numbered ring
configuration in graphene are readily generated under
electron irradiation, especially at edges. Reconstructed
vacancies have been observed in curved (tubular) h-BN
structures32 but not in planar h-BN sheets as demonstrated
here; both observations are in agreement with calculations.32
Thus, it appears that h-BN is another system where the
curvature and topology, rather than only the local configuration, affects the shape and dynamics of defects.31
Another difference in comparison with graphene is seen
in comparing images of single- and few-layer regions. Fewlayer graphene maintains the bernal (AB) stacking sequence
of graphite,7 and thus, a bilayer has a qualitatively different
appearance than a single layer (see Figure 2d,e of ref 31,
note that in ref 31 atoms are white). In the case of hexagonal
boron nitride, different stacking sequences were predicted
to be stable in ref 33. Our data for few-layer h-BN are only
2685
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Figure 3. Radiation damage mechanism in h-BN membranes. (a) Single-layer h-BN membrane. All isolated vacancies (one missing atom;
red triangles) exclusively appear on the same sublattice. The orientation of the triangle-shaped holes is maintained as the holes expand: The
more stable element in the bulk (blue dots) is also the edge termination. Also the edge of the second layer (lower left corner, green dots)
is terminated by the same element. (b) A mostly two-layer h-BN membrane in the same sample. Here, all single vacancies appear on the
other sublattice (blue triangles), with few exceptions (brown). Red triangles are again vacancies in single-layer regions. (c) Triangles growing
in opposite orientation in two adjacent layers of a three-layer h-BN membrane. (d) Total knock-on cross sections for B and N atoms vs
electron energy for h-BN membranes. Red dashed line is the average, weighted by relative abundances, for the two B isotopes. (e) Schematic
of the damage mechanism: (1) Individual atoms are sputtered off on the exit surface layer. (2) Holes grow from these defects, predominantly
within the layer. (3) Edges can even recede behind an adjacent layer, as seen in panel (c). (4) Vacancy in the last layer. (5) Exception case
of an atom sputtered off on the beam entrance surface, identified as such because it remains in the last layer at a later time. (f) Growth of
oriented holes from vacancies. We start with the smaller triangle-shaped hole (inner dashed line), which is terminated with the blue atoms,
and rather stable in the beam. After random removal of an edge atom (crossed out in red), all two-coordinated red and single-coordinated
blue atoms that are formed in the process (red circles) are quickly removed too. The result is again a blue-atom terminated triangle-shaped
hole with the same orientation (outer dashed line). Scale bars (a-c) are 1 nm.

consistent with one of them (structure “A” of ref 33), which
is the structure of the bulk material. In this structure, the B
atom of one layer is centered on the N atom of the next
layer (and vice versa). Consequently, only the amount of
contrast changes with the number of layers (Figure 2d).
We now look more closely at the defects in single-layer
h-BN membranes. It is striking that all single vacancies are
located on the same sublattice. This can be seen by counting
along the lattice atoms (Figure 3a), and it is also evident in
all images as the triangle-shaped white contrast of the defects
having the same orientation (Figures 1e, 2a, 3a, and 4c). This
correlation is maintained across separate single-layer areas
of the same sample and single-layer regions formed at
different times. Thus, all atoms that are knocked out from
an unperturbed single-layer h-BN sheet by the electron beam
must be of the same typeseither boron or nitrogen.
Calculations of knock-on thresholds and cross sections in
ref 34 suggest that boron is exclusively sputtered from h-BN
sheet at an acceleration voltage of 80 kV. This calculation
can also be understood from a simple argument: The
maximum transferred energy in a collision between the
electron and the nucleus depends on their relative masses.
Thus, an 80 keV electron can transfer a maximum energy
2686

of 18.8 and 17.1 eV to the 10B and 11B isotopes, respectively,
but only 13.4 eV to the 14N atom.35 Thus, if the threshold
energies for atom knockout are similar for the two elements,
then sputtering of exclusively the boron sites will occur
within a suited range of acceleration voltages.
In order to test this interpretation, we have also looked at
the radiation damage with acceleration voltages of 100 and
120 kV. At 120 kV, the maximum transferred energies are
29.2, 26.5, and 20.8 eV to the 10B, 11B, and 14N nuclei,
respectively. Experimentally, we find that the entire damage
mechanism proceeds more rapidly at these higher voltages.
However, we still find that exclusively only one of the
elements forms a monovacancy on the h-BN surfaces and
h-BN monolayers. This observation seems to be at odds with
the calculated knock-on cross sections, which predict atom
knockout of both elements at 100 and 120 kV. However,
there might be other mechanisms in addition to the pure
knock-on damage, such as an immediate replacement of the
ejected atom from mobile atoms on the surface for one of
the two elements.36 Further, it is possible that only one type
of vacancy is stable; if this is the case, then this should be
the nitrogen vacancy according to earlier experiments.37 In
either case, we cannot be sure that it is the boron site which
Nano Lett., Vol. 9, No. 7, 2009
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transfer in forward directionsthis must be the exit surface
of the specimen. There are a few exceptions (ca. 10% of the
monovacancies) in the few-layer regions. At least part of
these exceptions must be element 1 atoms sputtered off on
the beam entrance surface, as they were found to remain
after the region was thinned to one layer (Figure 3e). Overall,
we conclude that there is a very high selectivity in sputtering
exclusively only one of the two elements, predominantly at
the exit surface, in hexagonal boron nitride membranes in
the 80-120 keV electron beam.

Figure 4. Dynamics in h-BN membranes. Red dashed line indicates
a bilayer strip that unfolds into a single-layer region: (a) A bilayer
region is indicated by the red dashed line. This area folds over and
appears nearly parallel to the beam (b) during one exposure and
(c) unfolds into the region of the large hole. The area indicated by
the red dashed line in (c) was empty during frame (a). No
topological defects are incorporated during this edge reconstruction.
On the other edge of the same hole, atoms are removed by the
electron beam. The lines of atoms indicated by the blue arrows
recede, and the region indicated by blue dashed lines in (c) has
been removed from (a) to (c). Also visible in the sequence is the
generation of vacancies within the single-layer h-BN membrane,
indicated by red arrows. Time between the images is 8 s. Scale
bar, 1 nm.

is sputtered in our case. We will thus label, in the following,
the ejected species as element 1 (red dots in Figure 3) and
the more stable one as element 2 (blue dots in Figure 3).
Unfortunately, even though the atomic spacing is resolved
spatially (Figure 2d), the boron and nitrogen sites cannot be
distinguished in a bright-field, high-resolution TEM image:
Figure 2g shows the contrast for simulated single-atom
images, using the code of ref 38. The actual value depends
on imaging conditions; however the trend and nearly identical
contrast of B, C, N, and oxygen does not change considerably
(see also Figure 32 of ref 39) and there is also negligible
difference in simulated lattice images. Moreover, the tiny
difference that is found in the calculation depends sensitively
on the imaging conditions and is easily dominated by residual
aberrations if the atoms are arranged into a lattice. The
experiment confirms the nearly identical contrast, also in
comparison to graphene (Figure 2c,d).
Now we compare single-layer and bilayer regions in the
same sample (Figure 3a,b): Going from one to two layers, it
is immediately apparent that in the bilayer region, monovacancy defects appear predominantly (ca. 90%) on the other
sublattice of the projected structure. If we consider again
the structuresB is above N in subsequent layerssit is
obvious that again the element 1 site is sputtered but now
from the next layer. In the image (Figure 3b), this can be
easily seen as the orientation of the triangle-shaped defect
being rotated by 180° in single-layer vs bilayer regions. This
trend continues layer by layer as we look at thicker regions.
Therefore, the atoms that are ejected from few-layer regions
again must be of the same type, and in addition from only
one of the layers. In our scattering geometryselectrons at
normal incidence to the membrane and largest momentum
Nano Lett., Vol. 9, No. 7, 2009

Ajacent to vacancies in the membrane, the situation is
evidently different: Atoms next to a vacancy or at the edges
of larger holes are ejected regardless of their type, and at a
higher rate. Again, there appears to be a peculiar and highly
selective damage mechanism: Single vacancies “grow”
within the respective layer into beautiful triangle-shaped
holes. In particular, the triangle maintains its orientation, and
again, triangle-shaped holes in adjacent layers display the
opposite orientation. The resulting shapes resemble Sierpinski
triangles with a minimum granularity given by atomic
dimensions. Strong conclusions on the damage mechanism
can be obtained also from this observation: If we assume
similar probabilities for ejecting the two-coordinated B or
N atoms at an edge or next to a vacancy, hexagon-shaped
holes would have to appear. Only if we assume a strong
asymmetry in the ejection probabilities, can the triangleshaped holes be explained: Two-coordinated atoms of
element 1 at an edge must be quite unstable, while the twocoordinated atoms of element 2 must be much more stable
in the beam. In agreement, if we identify the element 1
sublattice (in single layers) based on vacancies, we see that
the edges are element 2 terminated. Figure 3f illustrates the
growth process of triangle-shaped holes. The rapid removal
of a zigzag line, after the termination is broken at one point,
can indeed be observed in the larger holes or at open edges
(Figure 4) and is indicated by arrows in supplementary video
S3 in Supporting Information.
In conclusion, we have shown the preparation and atomic
resolution imaging of single-layer hexagonal boron nitride
membranes by 80 kV Cs-corrected high-resolution transmission electron microscopy. Defects in these membranes are
studied and compared to those observed in graphene
membranes at identical conditions. No topological defects
or vacancy reconstructions were observed in h-BN, confirming a disfavor of B-B or N-N bonds, while odd-numbered
rings in the carbon system are readily formed. We obtain
unprecedented insights into radiation damage in a highenergy electron beam. In particular, the high element
selectivity of the radiation damage in this material is
demonstrated. The observed damage mechanisms, i.e., selective atom removal, layer-by-layer sputtering, growth of
triangle-shaped holes, and edge vs surface/bulk sputtering
can be well understood in the picture of knock-on damage;
however the energies differ from calculated values and
additional mechanisms might be involved. In this context, it
should be noted that hexagonal boron nitride is an insulator
(or large band gap semiconductor) where one might expect
ionization effects to be dominant. A few further pecularities
2687
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remain, for example, vacancies in one layer are generated
more frequently just where an edge of the next layer is
present.
A wealth of science and applications can be expected from
single- and few-layer hexagonal boron nitride membranes.
h-BN is a wide band gap material with outstanding mechanical, electrical and optical properties over a wide range of
temperatures. The almost identical lattice constant with
graphite or graphene suggests a joint use in composite
devices. For silicon-based microelectronics, it was the
existence of a good insulator-silicon dioxide-that favored
this technology over other semiconductor materials, and BN
layers might serve a simliar role in possible graphene-based
devices. The use of h-BN as a template for graphene has
been proposed in order to obtain a band gap in graphene.40
Both h-BN layers and graphene have outstanding properties,
have an almost identical lattice constant, and are stable as
membranes of single-layer thickness. Structural modifications, including atomically sharp edges and nanoscale pores,
can be readily obtained by electron irradiation of h-BN.
Defects can be studied, as demonstrated, with single-atom
precision in direct and real time observation. h-BN layers
are an outstanding TEM test platform with easy access to
individual B and N atoms. New insights into radiation
damage have been presented, and a wealth of further studies
is within reach. Finally, BN membranes will allow study of
the behavior of adsorbates on its surface by direct TEM
observationssimilar to graphenesbut on a very different,
alternative material.
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