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Atom-by-atom structural and chemical analysis by
annular dark-field electron microscopy
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Direct imaging and chemical identification of all the atoms in a
material with unknown three-dimensional structure would con-
stitute a very powerful general analysis tool. Transmission elec-
tron microscopy should in principle be able to fulfil this role, as
many scientists including Feynman realized early on'. It images
matter with electrons that scatter strongly from individual atoms
and whose wavelengths are about 50 times smaller than an atom.
Recently the technique has advanced greatly owing to the intro-
duction of aberration-corrected optics*®. However, neither elec-
tron microscopy nor any other experimental technique has yet
been able to resolve and identify all the atoms in a non-periodic
material consisting of several atomic species. Here we show that
annular dark-field imaging in an aberration-corrected scanning
transmission electron microscope optimized for low voltage
operation can resolve and identify the chemical type of every atom
in monolayer hexagonal boron nitride that contains substitutional
defects. Three types of atomic substitutions were found and
identified: carbon substituting for boron, carbon substituting
for nitrogen, and oxygen substituting for nitrogen. The substitu-
tions caused in-plane distortions in the boron nitride monolayer
of about 0.1 A magnitude, which were directly resolved, and veri-
fied by density functional theory calculations. The results demon-
strate that atom-by-atom structural and chemical analysis of all
radiation-damage-resistant atoms present in, and on top of, ultra-
thin sheets has now become possible.

Solving an atomic structure requires that the locations and the
chemical types of all the atoms that make up the structure be deter-
mined. In an electron microscope, the atomic locations are deter-
mined by imaging the atoms using elastically scattered electrons, and
this can be done for both heavy and light atoms®*°. To determine the
chemical species at a similarly high spatial resolution, electron
energy-loss spectroscopy (EELS) is normally used”®'*"". Compared
with atom-probe tomography'*'®, EELS enjoys the advantages that it
is non-destructive (at least in principle) and that it collects informa-
tion on 100% of the sample’s atoms. However, it suffers from limita-
tions that include weak scattering cross-sections, delocalization of
the EELS signal, and a lack of spectral features suitable for an iden-
tification at high spatial resolution for about 50% of elements. The
EELS technique is able to identify single atoms of different rare earths
spaced about a nanometre apart®, but unfortunately, it is not able to
serve as a general atom-by-atom identification technique in closely
packed materials.

In order to identify which atom is which in monolayer boron
nitride (BN), bright-field phase-contrast imaging has recently been
used'*'®. However, because the bright-field signal is very similar for
boron and nitrogen (see figure 2g in ref. 16), the two types of atoms

are difficult to distinguish. In a recent study of BN (ref. 18), a
through-focus series of many images was processed to extract a phase
image of the sample, and this image was averaged over 20 different
BN pair locations, in order to obtain a signal-to-noise ratio that was
sufficiently high to distinguish the two types of atoms. The goal of
identifying the chemical type of individual atoms within the BN
monolayer, from a single electron micrograph capturing a particular
configuration in a changing sample, was therefore not reached.

In the present work, the technique used for atom-by-atom iden-
tification at high spatial resolution is annular dark-field (ADF)
imaging in a scanning transmission electron microscope (STEM),
introduced by Crewe and co-workers and used by them to image
single heavy atoms'". In ADF STEM, a very small probe of electrons
is formed by electron optics consisting of up to about 100 independent
elements in today’s most advanced electron microscopes, and the
probe is rapidly scanned across the sample. The collected dark-field
signal is due to Rutherford scattering from the partially screened
atomic nucleus, and it increases® with the atomic number (Z) of
the atom as about Z'”. This dependence makes the ADF signal from
light atoms much weaker than from heavy ones, and the technique has
therefore not been used much for imaging light atoms. As we show
here, in an aberration-corrected STEM optimized for low-voltage
operation, the ADF signal is strong enough to image and identify
the chemical type of all atoms, including light ones.

Figure la shows a high-magnification ADF STEM image of mono-
layer BN. The image was recorded at 60 kV primary voltage, which
is below the knock-on radiation damage threshold of 78 kV in BN
(ref. 21), and the probe size was about 1.2 A (see Supplementary
Information). The image was rotated to align the principal BN direc-
tions with the image edges but not processed in any other way. The BN
monolayer was bordered by thicker regions seen on the left side of the
image, which included carbon (as was shown by electron energy-loss
spectra), heavier atom impurities imaged as isolated bright atoms, and
most probably also hydrogen. A lower magnification image showing a
larger area of the imaged monolayer and various other sample features
including the sample’s edge is given in Supplementary Fig. 1.

Individual boron and nitrogen atoms are clearly distinguished by
their intensity in Fig. 1. Each single hexagonal ring of the BN struc-
ture, for instance the one marked by the green circle in the figure,
consists of three brighter nitrogen atoms and three darker boron
atoms. The pattern is repeated throughout the image of the mono-
layer BN. However, there are several deviations from this pattern,
such as the hexagonal ring marked by the yellow circle, which shows
six atoms with intensities intermediate to those of B and N.

In order to interpret the irregular features correctly, we needed to
remove the contribution from the ‘tail’ of the electron probe to the
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Figure 1| ADF STEM image of monolayer BN. a, As recorded. b, Corrected
for distortion, smoothed, and deconvolved to remove probe tail
contributions to nearest neighbours. ¢, Line profiles showing the image
intensity (normalized to equal one for a single boron atom) as a function of
position in image b along X-X' and Y-Y'. The elements giving rise to the
peaks seen in the profiles are identified by their chemical symbols. Inset at
top right in a shows the Fourier transform of an image area away from the
thicker regions. Its two arrows point to (1120) and (2020) reflections of the
hexagonal BN that correspond to recorded spacings of 1.26 and 1.09 A.

nearest-neighbour sites. If this contribution is present, the tails from
the heavier N atoms contribute more strongly to the B sites than the
tails from the lighter B atoms contribute to the N sites, and the
intensities at the two sites cannot be compared quantitatively. We
deconvolved the image using a procedure (Methods Summary) that
removed the tail contribution from the nearest-neighbour sites, and
also removed (smoothed) the pixel-to-pixel statistical noise caused
by the spreading of the available signal among the many pixels in a
massively oversampled image. The deconvolved (and ‘un-distorted’,
see Supplementary Information) version of Fig. 1a is shown in Fig. 1b.

Figure 1c shows line profiles through the two locations marked in
Fig. 1b. Profile X—X' starts with two atoms of the hexagonal ring
marked by the yellow circle in Fig. la. The ring’s atoms are clearly
different from the alternating boron and nitrogen atoms shown in the
rest of the profile. Carbon (Z = 6) substituting for the B (Z=5) and
N (Z=7) is the likely explanation. Profile Y=Y’ goes through the
regular B-N pairs, with one exception: the first atom in the profile is
significantly brighter, and is probably oxygen (Z=8). Without a
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Figure 2 | Analysis of image intensities. a, Histogram of the intensities of
atomic image maxima in the monolayer area of Fig. 1b. b, Plot of the average
intensities of the different types of atoms versus their atomic number, Z. The
heights of the rectangles shown for B, C, N and O correspond to the
experimental error in determining the mean of each atomic type’s intensity
distribution.

quantitative statistical analysis, however, atomic identifications such
as these are rather tentative. The appropriate way to quantify the
image is to compute a histogram showing the distribution of the
atom intensities*>* for all the atoms in a given area, and to use the
histogram to determine the probability that the atomic assignments
were made correctly. Such an analysis seems not to have been done
before on images of atoms of similar Z.

Figure 2a shows a histogram of the peak intensities for all the atoms
in the monolayer sample area covered by Fig. 1b (that is, excluding
atoms in the thicker region on the left side of the figure), normalized
such that the centre of the B peak is 1. A theoretical fit for the dis-
tributions of the different species of the atoms, based on the standard
deviations determined experimentally for the B and N atoms, and
extrapolated to the C and O distributions, is overlaid on the figure.
The separation of the histogram peaks is such that every atom in the
analysed area could be assigned to a particular species with >99%
confidence, with one exception: the atom marked by the arrow in the
histogram. This atom’s intensity was 30 from the mean C value and
5.60y from the mean N value, and it was therefore likely to be carbon
at 94% confidence level. In the examined part of the image, no N
atoms were assigned to B sites or vice versa. This was expected at the
>99.99% confidence level that applied to not assigning an atomic
species differing by AZ = 2 from the correct one.

Figure 2b shows the dependence of the average intensity of the four
types of atoms identified in the sample on their atomic number Z, and
compares it to a Z'** model spanning from Z = 1to 11 (H to Na). The
match for the observed elements shows no deviation exceeding the
statistical noise present in the image. It demonstrates the simple
nature of ADF image contrast, which is able to reveal the chemical
identity of non-overlapping atoms very directly. The power of the
derived Z dependence is influenced by the deconvolution procedure,
and it will also vary slightly depending on the signal collection geo-
metry used and the Z of the studied elements. However, it is expected
to remain in the range 1.5-1.8.
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There were three heavier atoms in the bottom left corner of Fig. 1b,
and these were a good match for sodium adatoms sitting on top of N
atoms in a continuation of the BN monolayer. For much heavier
elements, it is useful to consider the expected separation of the his-
togram peaks, and this is done in the Supplementary Information.
The analysis shows that with an electron dose of about 2 X 107 elec-
trons per A%, non-overlapping stable atoms of all elements should be
identifiable unambiguously by their ADF intensities.

In samples other than monolayers, the atoms typically lie on a
background of other atoms. In the case of unknown structures resting
on top of thin BN and graphene, the underlying substrate can be
subtracted with no trace remaining other than the statistical noise
of the substrate image, and simple molecules and other structures
should be analysable using a methodology similar to that used here.
For structures with more complicated projections, ADF three-
dimensional tomography** carried out at a resolution similar to that
attained here will be able to derive the correct sample structure even
when the individual projections are quite complicated. The major
practical limit will then come from the sample changing from image
to image due to thermal motion and radiation damage, but this may
be manageable if the sample is cooled and the operating voltage is
lowered further.

Figure 3 shows a diagram of the atomic structure that corresponds
to the impurity atoms identified in the monolayer, superimposed on
the deconvolved experimental image. Carbon atoms are only seen to
substitute for B-N pairs, not for individual boron or nitrogen atoms.
Oxygen, on the other hand, substitutes for single N atoms. The
atomic positions in the diagram were determined by a density func-
tional theory (DFT) relaxation (see Supplementary Information),
whose input was a single BN layer containing the substitutional
defects identified by the histogram analysis.

Close inspection of Figs 1b and 3 shows that there were significant
distortions in the lattice next to the two oxygen atoms, whose nearest
neighbours were significantly further away than the B-N distance of
1.45A. One very visible result of these distortions was that in the
hexagonal ring of C atoms, the C nearest neighbour of the adjacent
O atom appears ‘pushed’ into the carbon ring. This is seen both in the
experimental image, which shows the average distance between the
two oxygen atoms and their nearest neighbours (averaged over the six
nearest neighbours of the two atoms) to be stretched by 0.14 * 0.08 A
relative to the B-N distance of 1.45 A, and in the DFT-relaxed model,
which shows an O—C stretch of 0.09 A. This demonstrates that even in
the presence of statistical noise that shifts the individual atomic
images by small random amounts, ADF imaging is at present able
to track atomic displacements with a precision of about 0.1 A.

Mixtures of boron, carbon and nitrogen can be synthesized into
hexagonal sheets and nanotubes®?®*. Our starting BN material

Figure 3 | The atomic structure determined by the histogram analysis. Part
of a DFT simulation of a single BN layer containing the experimentally
observed substitutional impurities overlaid on the corresponding part of the
experimental image. Red, B; yellow, C; green, N; blue, O.
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contained enough impurities to account for the substitutional atoms
(see Supplementary Information). However, a three-atom hole was
observed in the single BN layer just 2 min before the image of Fig. 1
was taken (see Supplementary Information), precisely where the
hexagonal C ring is in Fig. 1a. Another hole was observed even earlier,
roughly where the right-side O atom and the four C impurities sepa-
rate from the C ring were imaged in Fig. 1. An image of the same area
recorded earlier still showed no holes and no substitutions. This
demonstrates that the substitutions arose when holes opened up in
the material due to the bombardment by the electron beam, and were
subsequently filled with C and O atoms available in the overlayers.
Drilling holes with an atomic-size electron beam and filling them
with atoms available in nearby reservoirs may be a promising method
for constructing custom-designed structures with atomic precision.
In summary, ADF imaging in an aberration-corrected STEM
operated at 60 kV primary voltage has allowed us to determine the
positions and the chemical types of all the atoms in a significant part
of an unknown, non-periodic material. Looking towards the future,
we note that the ADF signal originates from electron scattering by the
atomic nucleus, and that the potentially attainable ADF resolution is
therefore much sharper than the ‘conventional’ atomic size that is
determined by the diameter of the outermost electron orbitals. As
instrumentation advances improve the resolution of electron micro-
scopes even further in the future, the ADF signal from individual
atoms will be focused into smaller and smaller image areas. This will
improve the signal-to-noise ratios of individual atomic images
recorded at a given electron dose, and the atoms will become easier
to identify unambiguously even in complicated projections. Atom-
by-atom structural and chemical analysis will then become available
for a wide range of materials, precisely as envisaged by Feynman'.

METHODS SUMMARY

The samples were prepared by liquid phase exfoliation*” of bulk hexagonal BN in
N-methyl-2-pyrrolidone. This gave thin flakes of BN that included monolayer
areas, and the flakes were suspended on holey carbon films. Monolayer areas
situated over holes in the support film were imaged in a Nion UltraSTEM
scanning transmission electron microscope using a cold field emission electron
source and a corrector of third and fifth order aberrations*®, with a probe current
of ~50pA and a typical dose of 6 X 10° electrons per A? per high resolution
image. The angular range of the collected electrons was about 58—200 mrad half-
angle. As documented more extensively in Supplementary Information, the
kernel used to deconvolve the experimental image consisted of two rotationally
symmetric Gaussians: a positive Gaussian that smoothed the pixel-to-pixel
intensity variation, and a negative Gaussian that added a negative ‘skirt’ to the
image of each atom so as to null the extended probe tail at the location of the
nearest neighbours. The skirt extended from 0.9 A to 1.8 A from the centre of the
atom’s image, and its peak intensity was —10% of the image maximum.
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