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Abstract: We show that aberration-corrected scanning transmission electron microscopy operating at low
accelerating voltages is able to analyze, simultaneously and with single atom resolution and sensitivity, the local
atomic configuration, chemical identities, and optical response at point defect sites in monolayer graphene.
Sequential fast-scan annular dark-field ~ADF! imaging provides direct visualization of point defect diffusion
within the graphene lattice, with all atoms clearly resolved and identified via quantitative image analysis.
Summing multiple ADF frames of stationary defects produce images with minimized statistical noise and
reduced distortions of atomic positions. Electron energy-loss spectrum imaging of single atoms allows the
delocalization of inelastic scattering to be quantified, and full quantum mechanical calculations are able to
describe the delocalization effect with good accuracy. These capabilities open new opportunities to probe the
defect structure, defect dynamics, and local optical properties in 2D materials with single atom sensitivity.
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INTRODUCTION

Being able to see and analyze single atoms, the fundamental
building blocks of matter, has been a constant motivation for
improving the electron microscope and electron microscopy
techniques. The resolution reached by early electron micro-
scopes was orders of magnitude away from visualizing single
atoms, but their potential to reach such performance was
appreciated from very early on. In 1939, von Ardenne wrote
that “sooner or later the ultramicroscopy technique will be
able to reveal single atoms and their distribution in the ob-
ject plane” ~von Ardenne, 1939!. Early theoretical calcula-
tions were also encouraging: based on phase contrast, Schiff
estimated that single atoms with atomic number ~Z! larger
than 7 ~i.e., nitrogen! could be imaged at 60 kV ~Schiff, 1942!.

Reaching such performance in practice required major
progress on many fronts, including a substantial improve-
ment in microscope stability, the minimization of lens aber-
rations, the correction of image astigmatism, and the
development of improved electron sources. These advances
were realized over about four decades, and in 1970 Crewe
et al. were able to obtain the first electron microscope
images of single uranium atoms ~Crewe et al., 1970!. With
this step, electron microscopy became the first technique
able to image single atoms in “general” samples, rather than
on the tip of a sharp conducting needle exposed to an
ultrahigh electric field, as had been done in a field ion
microscope 14 years earlier ~Müller, 1956!. Single atom
imaging by electron microscopy in turn preceded single
atom imaging by scanning tunneling microscopy ~Binnig
et al., 1983! and related techniques by 13 years.

Crewe’s achievement was made possible by the use of a
cold-field emission electron gun in a dedicated scanning
transmission electron microscope ~STEM! equipped with a
high-resolution objective lens, which gave an electron beam
of ;5 Å in diameter. Subsequent work by Crewe’s group
improved the spatial resolution of STEM annular dark-field
~ADF! imaging to about 2.5 Å and allowed single atoms
as light as silver as well as atomic planes in small crystal-
lites of thorium and uranium to be detected and resolved
~Wall et al., 1974!. The Crewe group was also able to record
movies of atomic motion ~Langmore et al., 1974; Isaac-
son et al., 1977!, and they showed that the STEM ADF
image intensity of U clusters is proportional to the number
of atoms in the cluster, thus demonstrating the incoherent
and simple-to-interpret nature of ADF imaging ~Retsky,
1974!.

To minimize the substrate contrast and variation when
imaging single atoms, most of the single atom imaging
studies in the 1970s and 1980s made use of ultrathin amor-
phous carbon films or thin graphite films. Even though the
name “graphene” was not used in the TEM context until
much later, in retrospect it seems almost certain that ~S!TEM
images of graphene had actually been obtained already in
the 1970s. Isaacson et al. prepared ultrathin ~;7 Å average
thickness! C films by evaporating high purity graphite onto
NaCl and floating the film off in water, and observed
discrete quantization of the ADF signal, precisely as if
single, double, and thicker layers of graphene were being
imaged ~Isaacson et al., 1979!. It was also shown, in a
conventional transmission electron microscope ~CTEM!,
that graphite with W adatoms is thinned by a 100 keV
electron beam ~Iijima, 1977! to not much thicker than a
monolayer. These observations preceded the first electronic
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property measurements of graphene ~Berger et al., 2004;
Novoselov et al., 2004! by more than two decades.

The resolution of the single atom images produced
from the 1970s on was almost entirely limited by the
spherical aberration of the objective lens, which was mini-
mized by careful design. Further progress only became
possible when the aberration was nulled by aberration
correction. The need for correction was rigorously demon-
strated only a few years after the electron microscope was
invented ~Scherzer, 1936!; solutions for overcoming it were
proposed from the 1940s on ~Scherzer, 1947; Archard,
1955!; and aberration correctors were built from the 1950s
on ~Seeliger, 1953; Möllenstedt, 1956; Deltrap, 1964!. How-
ever, the performance of the early aberration correctors was
limited by instabilities and parasitic aberrations, and it was
only in the late 1990s that the first spherical aberration
correctors able to improve the actual resolution of a
CTEM ~Haider et al., 1998a, 1998b! and of a STEM
~Krivanek et al., 1997, 1999; Batson et al., 2002! were
successfully constructed.

With aberration correction, atomic resolution has be-
come routinely attainable at accelerating voltages as low as
60 kV ~Krivanek et al., 2010a, 2010b; Varela et al., 2011!, and
resolution of 0.5 Å has been demonstrated at 300 kV ~Erni
et al., 2009!. The sensitivity of single atom imaging in the
STEM mode has also been significantly improved: single
atoms as light as B ~Z � 5! can now be imaged with
medium angle ADF ~MAADF! imaging, and the chemical
nature of all nonoverlapping atoms in two-dimensional
~2D! materials can be identified via quantitative image
analysis ~Krivanek et al., 2010a!.

Imaging low-Z 2D materials has thus joined many
other applications in which aberration-corrected STEM has
been able to demonstrate its power and versatility, such as
imaging of single atoms in semiconductors ~Lupini & Pen-
nycook, 2003; Allen et al., 2008; Oh et al., 2008!, imaging
catalysts ~Wang et al., 2004; Herzing et al., 2008; Zhou et al.,
2009; Ortalan et al., 2010!, and three-dimensional ~3D!
imaging using the reduced depth of focus in aberration-
corrected STEM images ~van Benthem et al., 2005; Borisevich
et al., 2006!.

An important benefit of aberration correction is that a
high electron current can be packed into an atom-sized
probe, which allows signals with weaker cross sections, such
as those used by electron energy-loss spectroscopy ~EELS!
and energy-dispersive X-ray spectroscopy ~EDXS!, to be
collected with atomic resolution and sensitivity. As a conse-
quence, several further advances have been made possible,
such as detecting a single impurity atom within a bulk
crystal using EELS ~Varela et al., 2004!, rapid EELS mapping
of atomic columns in a complex crystal ~Muller et al., 2008!,
EELS mapping of single atoms ~Suenaga et al., 2009! with
better spatial resolution than without aberration correction
~Suenaga et al., 2000!, and EELS fine structure analysis of a
graphene edge, which has demonstrated that the edge C
atoms are bonded differently than atoms in regular graph-
ene ~Suenaga & Koshino, 2010!. Optical properties of 2D

materials have been analyzed at the atomic scale using
valence electron energy-loss ~VEEL! spectrum imaging ~Zhou
et al., 2012a!, resulting in plasmon maps of monolayer
graphene that show sub-nm localized enhancement at a
point defect ~a Si substitutional atom!. The detection of
single atoms of Si and Pt using EDXS has also been demon-
strated recently ~Lovejoy et al., 2012!. Further details on the
historical development and recent achievements of STEM
imaging/spectroscopy and of aberration correction can be
found in recent book chapters ~Krivanek et al., 2008b;
Crewe, 2009; Pennycook, 2011!.

In this article, we show several examples of imaging
and spectroscopy of single atoms, and we illustrate how the
experimental results lead to an improved understanding of
defects in 2D materials.

MATERIALS AND METHODS

The graphene sample, obtained from Graphene Supermar-
ket ~Reading, MA, USA!, was grown on a Ni film on a
silicon wafer using the chemical vapor deposition method.
Si was found to be a common impurity in this sample,
probably due to the use of the silicon wafer. The TEM
sample contained both monolayer and multilayer graphene,
supported on a 2000-mesh copper grid.

Aberration-corrected STEM imaging and EEL spectrum-
imaging experiments were performed with a Nion Ultra-
STEM100 ~Nion Company, Kirkland, WA! ~Krivanek et al.,
2008a!, equipped with a cold-field emission electron source
and a corrector of third- and fifth-order aberrations. The
microscope was operated at 60 kV accelerating voltage,
which is below the knock-on radiation damage threshold in
graphene. EEL spectra were collected using a Gatan Enfina
spectrometer ~Gatan, Inc., Pleasanton, CA, USA!, with an
energy resolution of 0.4 eV at 0.05 eV/channel energy dis-
persion. For the results shown in this study, the convergence
semiangle of the incident probe was set to ;30 mrad, and
the EELS collection semiangle to ;48 mrad. MAADF im-
ages were collected from ;54 to 200 mrad half-angle range,
whereas high-angle ADF ~HAADF! images were collected
from ;86 to 200 mrad half-angle range.

Sequential images were acquired using a script, written
in Gatan’s DigitalMicrograph scripting language, which con-
trolled the Nion SuperScan digital acquisition software and
hardware. Through the use of buffered acquisition, it was
possible to record sequences without introducing delays
between frames. The images were aligned prior to their
addition by cross correlations with a reference frame se-
lected from the sequence.

STEM-ADF image simulation was performed using the
QSTEM simulation package ~Koch, 2002!. Chromatic and
geometric aberrations up to the fifth-order were included in
the simulation, using aberration coefficients measured just
prior to the experiment. The computed ADF images from
QSTEM simulation were convolved with a model of the
source to account for the finite source size. Further details
of the ADF simulation are discussed with the results.
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The simulation of the Si L-shell spectrum image was
calculated by convolving the simulated STEM probe with
the inelastic scattering potential for Si L-shell ionization
~Allen & Josefsson, 1995!. Fourier components of the scat-
tering potential were calculated using Hartree Fock wave
functions for the bound states and Hartree Slater wave
functions for the continuum states ~Oxley & Allen, 1998!. A
collection semiangle of 48 mrad was used, and the result
integrated over a 40 eV energy window above threshold.
The calculations took into account the geometric and chro-
matic aberrations, but not the source size. The resultant
image was further convolved with a 0.82 Å Gaussian to
account for the finite source size.

RESULTS AND DISCUSSIONS

Single Atom Imaging
With the development of aberration-corrected electron mi-
croscopes, spherical aberration is no longer the dominant
factor that limits the spatial resolution and sensitivity of
STEM. The present-day limits on the performance of
aberration-corrected STEM as well as technical details on
optimizing the microscope for low accelerating voltage ap-
plications have been discussed previously ~Krivanek et al.,
2008a, 2010b, 2013!.

Figure 1 shows an electron probe simulated for our
experimental condition ~geometric aberration coefficients
as measured by auto-tuning, chromatic aberration coeffi-
cient of 1.3 mm, and energy spread of 0.35 eV!, without
considering the finite source size. The chromatic aberration
gives a limit on the probe size full-width at half-maximum
~FWHM! of about dchrom � 0.5~lCcdE/E ! 0.5 � 0.96 Å. In
our experiments, the fourth- and fifth-order geometric ab-
errations were carefully tuned, and the lower order aberra-
tions were adjusted to compensate the residual higher order
aberrations. The FWHM of the simulated probe with zero
probe current is then about 1 Å ~Fig. 1!, indicating that the
probe size is Cc limited in this case.

For a nonzero probe current, the finite source size also
needs to be considered. The size of the electron source
projected onto the sample depends on the probe current
and the brightness of the electron source as ~Krivanek et al.,
2011!

dsource � 2~Ip /BnVo
* !1/2/~pa!,

where Ip is the probe current, Bn is the normalized bright-
ness, Vo

* is the relativistically corrected accelerating voltage
Vo
* � Vo~1 � eVo/2me c 2!, where Vo is the accelerating

voltage, me is the electron mass, and a is the convergence
semiangle. Using a normalized brightness Bn � 1 � 108

A/~m2 sr V! and a probe current of Ip � 100 pA, the calcu-
lated source size is 0.84 Å, which increases the probe size for
nonzero probe current as

dprobe � ~dchrom
2 � dsource

2 !0.5.

Under our experimental conditions, the Nion Ultra-
STEM provides an electron probe of about 1.3 Å with

100 pA probe current. This probe size is sufficient to resolve
the C-C nearest neighbors in graphene, separated by 1.42 Å.
This is demonstrated in Figure 2, where individual carbon
atoms in the graphene layer are clearly resolved, and infor-
mation transfer up to 1.065 Å is obtained in the image
Fourier transform ~FT!. The probe current we use is consid-
erably higher than that typically used for high-resolution
STEM imaging in a Schottky STEM ~10–30 pA!. However,
as will be discussed later, the high probe current is very
useful for performing quantitative STEM image analysis
and single atom spectroscopy of light elements.

Figure 3 shows MAADF images of a point defect in
monolayer graphene acquired using different dwell times
with a 100 pA probe current. The point defect consists of a
single Si atom @as identified by quantitative image analysis
~Figs. 3, 4! and EELS ~Fig. 7!# that replaced two carbon
atoms in the graphene lattice and thereby formed two
adjacent fivefold rings. Images of the same area were ac-
quired in two different ways: a single scan with a dwell time
of 40 ms/pixel ~Fig. 3A!, and sequential scans with a dwell
time of 24 ms/pixel. The sequentially scanned images were
aligned by cross-correlation and cropped to show identical
sample areas. A sum of 16 aligned images, with a total
acquisition time of 384 ms/pixel, is shown in Figure 3C,
while a single frame image is shown in Figure 3B. No other
processing was applied to the images.

The individual carbon atoms and the Si atom can be
clearly resolved in all three images, but one can readily
notice that the three images have different quality. Specifi-
cally, the signal-to-noise ~S/N! ratios, which are related
to the electron dose applied to the sample, are substan-
tially different. All three images were acquired with the
same 100 pA electron probe and 0.039 Å pixel size.
The electron dose was therefore 1.64 � 107 electrons/Å2

for image 3A, 9.9 � 106 electrons/Å2 for the single frame
image 3B, and 1.58 � 108 electrons/Å2 for the summed
image 3C.

The ADF image signal generated by each carbon atom
is given by the product of the electron dose per Å2 times the
scattering cross section. The MAADF cross section for a
single C atom imaged at 60 keV with a detector starting at
54 mrad is 1.4 � 10�3 Å2 ~Treacy, 2011!. Assuming a
MAADF detector with a detective quantum efficiency of 1,
the number of electrons counted by the detector per C atom
should therefore have been N ; 2.3 � 104 electrons per
carbon atom for Figure 3A, 1.4 � 104 electrons per carbon
atom for Figure 3B, and 2.2 � 105 electrons per carbon
atom in the summed image ~Fig. 3C!. The root mean square
~rms! statistical variation in the signal collected from each
carbon atom ~MN shot noise! should therefore amount to
0.7%, 0.9%, and 0.2% for Figures 3A, 3B, and 3C, respec-
tively, and the peak-to-peak shot noise should have been
about 3.3%, 4.3%, and 1.1%, respectively, when the inte-
grated intensity from each carbon atom is plotted. This is
much less than the difference between the total MAADF
intensity of atoms differing by DZ � 61 from C, i.e., B or
N, whose substitution into the graphene lattice produces
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about 30% change in the signal per atom ~Krivanek et al.,
2010a!. Therefore, in high-dose images such as the ones
shown here, quantitative image analysis can be used to
chemically identify every atom.

At the single-pixel level, the signal from individual
atoms is much weaker: approximately 26, 16, and 254 elec-
trons per pixel, respectively, for the three MAADF images in
Figure 3. The rms statistical variation at the single-pixel
level should, therefore, amount to 20%, 25%, and 6.2% of
the peak intensity from the carbon atoms, respectively. This
noise level is roughly what we see directly from the images.
Figure 3E shows the intensity line profiles taken along the
highlighted trajectories in the MAADF images, integrated
over 13 pixels ~i.e., 0.5 Å! in the perpendicular direction of
the line profiles. The integration reduces the statistical vari-
ation in the intensity line profiles by a factor of 131/2, to
5.4%, 6.9%, and 1.7% rms for Figures 3A, 3B, and 3C,
respectively. The weak per-pixel signal is due to spreading

the signal from each atom among many more pixels than
the minimum necessary: 3.9 pm pixels were used to sample
a ;100 pm resolution image. Provided that doing many
digitizations per each atomic image does not inject major
read-out noise into the images, such oversampling is how-
ever useful. It allows individual atoms to be located with
greater precision than in more coarsely sampled images,
and it also allows dynamic events such as the atoms jump-
ing away to be observed at ms-level time resolution ~Kri-
vanek et al., 2010b!.

As pointed out previously, quantitative analysis of the
image intensity of an atom has to take into account the
contribution from its nearest neighbors arising due to
the probe tails, which are surprisingly strong in ADF imag-
ing of graphene: up to about 10% of the intensity that
belongs in the image of a particular atom can be diverted
into the image of its nearest neighbors ~Krivanek et al.,
2010a!. This means that up to about 30% of the intensity of
each atomic image in graphene can actually be due to the
contributions from the atom’s three nearest neighbors, and
more if any of the neighbors is a heavier dopant. Account-

Figure 1. Simulated electron probe, using the chromatic and geo-
metric aberration coefficients measured independently ~by EELS
and auto-tuning!. a: Two-dimensional probe intensity distribu-
tion. b: Intensity profile along the horizontal section of the probe.
The FWHM is ;1 Å. The source size was not taken into account
in this simulation.

Figure 2. A typical unprocessed MAADF image of ~a! monolayer
graphene and ~b! the corresponding FT pattern showing informa-
tion transfer limit of 1.065 Å. The spatial resolution is sufficient to
resolve the C-C dumbbells.
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ing for this contribution can be done in two different ways:
we can perform quantitative image simulation, with the
contributions of probe tails included, to match the experi-
mental image; or we can subtract the contribution of the
probe tails before analyzing the image.

The quantitative image simulation method is illus-
trated in Figure 3D. Here, a MAADF image of the point
defect was first computed using the QSTEM simulation
package ~Koch, 2002!. The simulation took into account the
effect of chromatic and geometric aberrations, determined
experimentally, but with a zero source size. The simulated
image was further convolved with an artificial probe with
FWHM of 0.8 Å, to account for the effect of finite electron
source size. By placing a single Si atom substitutionally into
the graphene layer at the defect site, the final calculated
image ~Fig. 3D! provides a good match with the experimen-
tal images at all atomic positions ~Fig. 3E!. The intensity at
the center of the hexagonal rings of the graphene lattice is a
few percent lower in the calculated image as compared with
the experimental images. The discrepancy results from an

imperfect modeling of the electron probe tail in the image
simulation. Even with this discrepancy, quantitative image
simulation provides a feasible way to identify the chemical
nature atom-by-atom via ADF imaging without any image
processing, which sometimes would induce artifacts. Simi-
lar simulations were also able to match an experimental
image of a substitutional Si-N pair in the graphene lattice
~Zhou et al., 2012a!.

The second method uses Fourier filtering with a smooth-
ing and tail-subtracting filter ~Krivanek et al., 2010a, 2013!.
The filtering, as illustrated by the two “de-tailed” images in
Figure 4, reduces the statistical noise in the images and
strips off the image contribution due to the tail of the
electron probe. In particular, the intensity at the center of
the carbon hexagonal rings decreases from ;60% of the
intensity of carbon maxima in the raw images to only a few
percent ~Fig. 4E!, and the signals from each atom are now
distributed within a peak that is well approximated by a
Gaussian with FWHM of ;1.1 Å. A Gaussian of this width
decays to 1.0% of its maximum at 1.42 Å away from the

Figure 3. Comparison of S/N ratio for MAADF
images acquired using different procedures. ~a! Sin-
gle scan with 40 ms/pixel acquisition time; ~b! single
scan with 24 ms/pixel acquisition time; ~c! stacking
of 16 sequential fast-scan images with 24 ms/pixel
acquisition time. ~d! Simulated MAADF image.
~e! Comparison of intensity line profiles ~integration
width: 13 pixels! from the three experimental images
and the simulated image. Scale bars: 0.2 nm.
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center, making the contribution to the image intensity of an
individual atom from its nearest neighbors practically
negligible.

In the example shown in Figure 4, the intensity ratio
for the Si and C atoms is 3.9 in the “de-tailed” images. Since
3.9 � ~14/6!1.61, when modeling the MAADF imaging of
different Z atoms by a simple power law of the form
IZ1/IZ2 � ~Z1/Z2! exp ~Krivanek et al., 2010a!, the exponent
exp is thus 1.61. The small deviation of the exponent from
the previously reported value of 1.64 most likely arises due
to small differences in the ADF detector collection angles,
energy spreading, dark level subtraction, imperfect removal
of the probe tail, and statistical noise. Had the exponent
been 1.64 as in the previous study, the Si/C ratio would have
been 4.0. Had the impurity atom been Al ~Z � 13! or P
~Z � 15! instead, the ratio would have been 3.5 or 4.4,
respectively. This means that even with a small variation in

the exact exponent value, the “de-tailed” image allows a Si
atom to be distinguished from Al or P, and C atoms from B
or N.

Similar arguments show that Li on graphene would
generate about 32% of the MAADF image intensity of a
carbon atom, and a stable H atom on graphene would
generate about 5.5% of the image intensity of a carbon
atom. If single Li or H atoms are located in a stable position
on graphene and do not move around under high electron
dose, they would be detectable by MAADF imaging given
that the noise level in the image is much lower than the
signals from these single atoms. Fast sequential scans with
cross-correlation alignment, as used for Figure 3C, would
then be an excellent approach to image stable ultralight
adatoms on graphene.

It is useful to note that chemical mapping by quantita-
tive analysis of “de-tailed” ADF images only works well

Figure 4. MAADF image contrast analysis via Fourier filtering. ~a! MAADF image ~raw data! taken with 40 ms/pixel
acquisition time; ~c! sum of 16 sequential MAADF images ~raw data! taken with 24 ms/pixel acquisition time for each
frame; ~b, d! images a and c processed with a smoothing and probe skirt-removing filter; ~e! intensity line profiles taken
between the two green arrows in the filtered images b and d; ~f! the smoothing and skirt-subtracting filter as it was used
in the reciprocal space. Scale bars: 0.2 nm.
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when all the atoms are clearly separated in the images
~Krivanek et al., 2010a!. When the atoms overlap, e.g., in the
case of double-layer graphene or carbon nanotubes, the
atomic intensity maxima are not readily separated and
assigned to individual atoms, which makes it difficult to
quantify the individual intensity of each atom. The presence
of heavy elements, such as Au and Pt, can bring extra
challenges because it has not yet been experimentally veri-
fied that the image intensity follows a simple power law for
high-Z atoms too. Moreover, the partially coherent nature
of MAADF images can cause the total intensity of two
atoms whose projections fall on top of each other to be
more than predicted by simple incoherent superposition of
the atomic images ~Krivanek et al., 2013!. However, quanti-
tative image simulation method taking account of partial
coherence effects may still be effective in such a situation.

The single-atom images can be used to determine the
atomic positions in a complex structure, and it is instructive
to estimate the precision with which this can be done.
Detailed comparison of the “de-tailed” images in Figures 4B
and 4D shows that whereas in the single-scan image of
Figure 4B the image maxima of the carbon atoms appear
to be randomly shifted by up to about 10 pm from
their expected locations defined by the regular graphene
lattice, in the multiple-scan image of Figure 4D, the atomic
images are located within a few pm ~about one pixel!
of their expected locations. The statistical error in the
location of a 1.3 Å wide maximum arising due to a finite
number of electrons contributing to the maximum is
;w/~2M~N � 1!!, where w is the width of the maximum
and N the number of electrons that contributed to it. This
amounts to ;0.5 pm for the lower-dose image of Figure 4B
and ;0.1 pm for the higher-dose image of Figure 4D. These
values cannot explain the observed deviations, whose origin
therefore lies in the random “jitter” of the probe relative to
the sample, caused by random instabilities in the sample
position ~mechanical vibrations! and random variations in
the probe position due to electrical and magnetic instabili-
ties. In a single-scan image, such deviations are not averaged
out, and it is a noteworthy achievement that they do not
amount to more than about 10 pm. In the multiple-scan
image, they are averaged and are expected to be reduced by
about Mm, where m is the number of scans contributing to
an image. In particular, in the 16-image sum of Figures 4C
and 4D, the random deviations are reduced by about a
factor of 4—a very worthwhile improvement when trying
to locate the atomic positions with pm-level precision.

The above discussion shows that recording multiple
fast sequential scans is preferable to recording a single slow
scan, as long as the individual fast-scan images can provide
sufficient S/N level for performing the cross-correlation
alignment ~Saito et al., 2009!. The cross-correlation is per-
formed on the entire image rather than on a single atom;
thus, a very high S/N ratio in the individual images is not
required. Therefore, an optimum way to acquire STEM
images when trying to determine atomic positions with the
best precision possible is to acquire more than 100 fast-scan

images, which should, in principle, reduce the atomic posi-
tion jitter by more than a factor of 10. An additional
advantage of the multiple scan strategy is that when imag-
ing metastable structures, frames with identical structures
can be summed up to improve the S/N ratio ~as used in
Fig. 3C!, while the structural evolution can still be captured
in different frames.

Being able to capture structural changes is illustrated in
Figure 5. Figures 5A and 5B show frames #16 and #17 of a
sequential image dataset, the first 16 frames of which were
summed to create Figure 3C. Even though the fourfold
coordinated Si defect shown in Figures 3 and 5A was
remarkably stable ~it remained unchanged over a dose of
more than 109 electrons used for recording the spectrum
image shown in Fig. 7 and the first 16 sequential ADF scans
shown in Fig. 4!, eventually it transformed into a threefold
coordinated Si structure in frame #17, when an additional
light atom jumped into the defect site. The additional atom
caused the Si atom to move to the right by about 0.7 Å, as
can be clearly seen in Figure 5C, in which the frames #16
and #17 are superimposed.

A closer examination of the defect structure in Fig-
ure 5B reveals that the “new” additional atom, which is
bonded directly with the Si atom, has a slightly higher
intensity than carbon ~Fig. 6A!. Intensity profiles taken
along three different directions across the Si atom ~Fig. 6C!
also show that this “new” atom is brighter than the two C
atoms that are bonded directly with the Si atom in the other
two equivalent positions. The electron probe used to take
these images did not show a significant asymmetric probe
tail, as can be seen in Figures 3 and 4. The higher measured
intensity therefore indicates that the “new” atom is heavier
than C. Quantitative image simulation achieves a good
match with the intensity of the experimental image at all
the atomic positions when a substitutional N atom is places
at the “new” atomic position ~Figs. 6B, 6D!. Analyzing the
image intensity after “de-tailing” leads to the same result.

Monitoring structural changes of a sample is not a new
capability for STEM. As mentioned in the Introduction, the
diffusion of surface uranium atoms on a thin carbon film
had already been studied using STEM ADF imaging many
years ago ~Langmore et al., 1974; Isaacson et al., 1977!.
However, those studies could only resolve heavy atoms, and
the local chemical environment and bonding of the atoms
remained unknown. With aberration correction, we are
now able to determine the location and chemical type of
every atom present in a monolayer and to follow the mo-
tion of single impurity atoms, provided of course that the
sample can withstand the high doses necessary for this type
of imaging. With further optimization of the image acquisi-
tion scheme, a combination of sequential STEM-ADF imag-
ing and theoretical calculations should allow the dynamics
of defects to be studied at the single atom level.

Core Loss Spectroscopy of Single Atoms
Elemental analysis using spectroscopic methods, such as
EELS or EDXS, provides a specific signal for each atom that
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is not greatly influenced by its neighbors and is therefore
better suited for the case of overlapping atoms. EELS, with
its good energy resolution, can also provide additional
information on the bonding of the atom, and on the optical
response of the material. The advantages of the core-loss

spectroscopic methods are somewhat mitigated by the fact
that they require much higher electron dose than ADF
imaging due to their lower cross sections, and that the
spectroscopic signal is typically more delocalized than the
ADF one.

Figure 5. Observation of dynamical structural evolution of point defects in graphene using sequential MAADF
imaging. a: Frame 16 showing the presence of the same point defect as in Figure 3. b: Frame 17 showing the addition of
a N atom into the graphene lattice, bonded directly with the substitutional Si atom. c: Overlap of images a and b
showing the displacement of the Si atom due to the insertion of the N atom. Scale bars: 0.2 nm.

Figure 6. Determination of the structure and chemical identity of individual atoms at a defect site. a: Raw experimental
MAADF image, cropped from Figure 5b. b: Simulated MAADF image. c: Comparison of intensity line profiles along
different directions from the experimental image. The schematic structural model and the three line profile trajectories
are shown as inset. d: Comparison of intensity line profiles along different directions from the experimental and
simulated images. Color schemes same as in image c. Scale bars: 0.2 nm.
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Figure 7 shows STEM-EELS elemental mapping of the
substitutional Si defect in monolayer graphene shown in
Figures 3 and 4. The spectrum image was acquired with the
same 100 pA probe current, with 0.25 Å pixel size and
50 ms/pixel dwell time. EEL spectra were collected with
0.3 eV/channel dispersion and a collection half-angle of
48 mrad. A small pixel size is preferred for high-resolution
spectrum imaging, and sample drift should be minimized.
However, too-small pixels also need to be avoided, as such
pixels are likely to lead to a significant noise increase in the
summed EELS signal due to there being many charge-
coupled device ~CCD! reads, with each one contributing a
nonnegligible EELS CCD readout noise term. A pixel size of
0.25 Å, as used here, appears to be a reasonable compromise.

The core-loss range of the spectrum image was filtered
using principal component analysis ~PCA! ~Watanabe, 2011!
and reconstructed with seven principal components. PCA
filtering helped to reduce the noise level in the experimental
measurement, but it is important to note that both the raw
data and the PCA filtered data gave the same FWHM value
for the point spread function ~PSF! in the Si L-edge map.

Figure 7A shows an HAADF image acquired simulta-
neously with the EEL spectrum image. A slight distortion of
the graphene lattice can be noticed in the image, due to the
slow scan and a mild sample drift. It should be noted that
this specific experimental setup was optimized for low-loss

spectrum image ~Fig. 8! and delocalization measurement,
instead of for elemental mapping. The 100 pA probe cur-
rent and 0.8 s/Å2 dwell time gave a dose level ~5 � 108

electrons per Å2! that is relatively low for core-loss map-
ping. This resulted in a low S/N ratio in the elemental
maps, especially in the carbon map ~Fig. 7B!. Nevertheless,
in both the raw data and the PCA-filtered elemental maps,
the Si L-edge map clearly shows the presence of a Si atom at
the defect core, and the carbon map shows a decrease in the
carbon signal due to the two missing carbon atoms. A weak
contrast from the hexagonal rings can also be observed in
Figure 7B, showing that the carbon map resolution is better
than the 2.46 Å ring spacing.

The spatial resolution achievable in an EEL spectrum
image is determined by the electron probe size and the
delocalization of the inelastic scattering at the actual energy
loss. Based on a classical model, delocalization of inelastic
scattering can be estimated as ~Egerton, 2011!

L50 � 0.5l/uE
3/4 ,

where L50 is the width containing 50% of the total scattered
electrons, l is the electron wavelength, and uE is the charac-
teristic EELS scattering angle given by uE � DE/2E0 ~DE is
the energy-loss and E0 the energy of the incident beam!.
However, our recent experimental results show that delocal-
ization depends both on the energy loss and the specific

Figure 7. Direct measurement of PSF for Si L-edge from a single substitutional Si atom in monolayer graphene.
a: HAADF image collected during spectrum imaging. b: Carbon K-edge map using an integration energy window of
290–308 eV. The light gray and blue circles highlight the position of the carbon and Si atoms, respectively. c: Si L-edge
map using an integration energy window of 100–140 eV. The core-loss spectrum images were filtered with PCA and
reconstructed with seven principal components. d: Calculated 2D Si L-edge distribution from a single Si atom in
vacuum. The calculation took into account the geometric and chromatic aberrations. The result was further convolved
with a 0.82 Å Gaussian to account for the finite source size. e: Comparison of PSF from the experiment and the
simulation, measured along the horizontal section of the Si atom. Scale bars: 0.2 nm.
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electron excitation mode contributing to the energy loss,
and in some cases, the experimentally measured delocaliza-
tion can be considerably smaller than the classical estimate
~Zhou et al., 2012b!. The results highlight the need for
quantitative experimental measurement and full quantum
mechanical calculations for the delocalization of inelastic
electron scattering events.

Figure 7D shows the calculated 2D Si-L edge distribu-
tion from a single Si atom in vacuum based on a full
quantum mechanical simulation ~see the Materials and
Methods section!. The calculations took into account the
geometric and chromatic aberrations. The result was fur-
ther convolved with a 0.82 Å Gaussian to account for the
finite source size. Figure 7E compares the experimental
measurement of the PSF for the Si-L edge with the theoret-
ical calculations. The line profiles were taken along the
horizontal directions across the Si atom. The experimental
FWHM of the Si L-edge PSF is 2.6 Å, which is in excellent
agreement with the theoretical calculation. Assuming that
the probe size and the intrinsic delocalization are added in
quadrature leads to an intrinsic delocalization for the Si-L
edge at 100 eV energy loss of about 2.3 Å FWHM. This
value is much smaller than the value of 5.0 Å estimated
from the classical argument ~Egerton, 2011! and is also

smaller than the experimental results by Mory et al. ~1991!
on the attainable spatial resolution of uranium O4,5 edge at
;100 eV energy loss.

The results above show that a stationary single atom is
an ideal test sample for exploring delocalization quantita-
tively and also that a full quantum mechanical calculation is
needed to fully describe the observed delocalization effect.
Stable sites for substitutional N, Fe, and Co atoms in mono-
layer graphene have been observed in our experiments ~Li
et al., 2012; Zhou et al., 2012a!. High-resolution EEL spec-
trum imaging of these single atoms should provide direct
and accurate experimental measurement of delocalization
for energy losses spanning from 54 eV ~Fe M2,3 edge! to
779 eV ~Co L2,3 edge!. The single stationary atoms can also
serve as ideal test samples for verifying the accuracy of theo-
retically predicted scattering cross sections. Moreover, when
Si L2,3 spectrum images are acquired with electron doses of
the order of 109 electrons per Å2, near edge fine structures
can be observed in the EEL spectra of single Si atoms, provid-
ing a direct probe of atomic bonding at the single atom level.

Single Atom Spectroscopy with Valence
Electron Excitations
Valence EEL ~VEEL! spectroscopy of valence electron exci-
tations is directly related to the dielectric function of the
material and provides rich information about the optical
and plasmon properties of materials ~Erni & Browning,
2005; Browning et al., 2011!. VEEL spectrum imaging has
been widely applied to map out the surface plasmon re-
sponse from metallic nanostructures supported on dielec-
tric substrates ~Bosman et al., 2007; Nelayah et al., 2007;
Guiton et al., 2011; Rossouw et al., 2011!. Most of these
studies can only achieve sub-10 nm spatial resolution. This
is consistent with the common understanding that valence
electron excitations, especially plasmons, are highly delocal-
ized. Moreover, in 3D materials, it is almost impossible to
define the position and chemical identity of all the atoms,
and the effect of a single atom on the valence electron
excitation of the whole material can be rather subtle and
well below the detection limits of VEELS.

Recently, we have reported experimental evidence that
the optical properties of 2D materials can be mapped at the
atomic scale using VEEL spectrum imaging ~Zhou et al.,
2012a!. The key result is shown in Figure 8. The valence
excitation map in Figure 8B was extracted from the same
spectrum image dataset as the data of Figure 7, and the
EELS intensity was integrated over an energy window be-
tween 11 to 18 eV, without background subtraction or
filtering of any sort. This energy range covers the major
absorption peak at 15.3 eV, commonly referred to as the
p � s graphene plasmon.

Whereas the p � s plasmon map from perfect graph-
ene lattice does not show any localized features, the plas-
mon map from the point defect ~Fig. 8B! shows a local
enhancement at the Si atom. The enhancement is not large:
the total signal in the 11–18 eV range is increased by less
than 3% at the Si atom position. This is illustrated in

Figure 8. VEEL spectrum image from a single substitutional Si
defect in graphene layer showing localized plasmon enhancement.
a: HAADF image collected during spectrum imaging. b: Plasmon
map ~11–18 eV, raw data! showing localized enhancement of the
p � s plasmon at the Si atom. The blue circle highlights the
position of the Si atom. c: Comparison of the p � s plasmon
spectra, extracted from the Si atomic site and from the carbon site.
d: Comparison of the localization of the HAADF signal, the Si-L
edge signal, and the enhanced plasmon intensity from the substi-
tutional Si atom. Line intensity profiles were taken along the line
~x-x '! indicated in image b. Scale bars: 0.2 nm. Images a, b, and d
are modified from Zhou et al. ~2012a! with permission.
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Figure 8C, in which the VEEL spectra extracted from the Si
position and normal graphene lattice are compared. Inten-
sity over the whole energy range of the p � s plasmon
~11–24 eV! is enhanced at the Si position, by a small but
clearly identifiable amount. The 11–18 eV integration en-
ergy window was chosen for the best S/N ratio in the
plasmon map shown in Figure 8B.

To map out the small signal change, a high electron
dose was needed. With a dose level of 5 � 108 electrons/Å2,
the average intensity in the plasmon map ~Fig. 8B! was
about 1.8 � 104 electrons/pixel ~9 � 104 counts/pixel!,
giving a pixel-to-pixel noise level of ;0.3% rms. The S/N
ratio for the plasmon enhancement effect in the experimen-
tal plasmon map, measured at the maximum of the Si
position after subtracting the constant background of graph-
ene, is about 7.6. Increasing the dwell time would help to
improve the S/N ratio in the mapping, but at the price of
more distortion in the spectrum image due to a longer
acquisition time.

The localization of the plasmon enhancement effect
from the single Si atom is quantified in Figure 8D. The
intensity line profile taken from the experimental plasmon
map, after subtracting a constant background of graphene,
has a FWHM of 4.1 6 0.3 Å, whereas the HAADF signal has
a FWHM of 1.3 Å, and the Si L-edge signal has a FWHM of
2.6 Å. The localization of the plasmon enhancement effect,
at the 11–18 eV energy range, is much smaller than the
classical estimate ~Egerton, 2011!, and it is also considerably
smaller than the width of the p � s plasmon decay mea-
sured directly at a graphene edge ~Zhou et al., 2012b!. A
localized enhancement at the Si atom was also observed at
the absorption peak at ;5 eV, commonly referred to as the
p graphene plasmon. This suggests that the localization of a
specific inelastic scattering event depends both on the en-
ergy loss and the electron excitation mode that contributes
to the inelastic scattering. The effect could also be due to
enhanced interband transitions at the Si atom that happen
to be occurring at the same energy range as the plasmon
peaks. Theoretical studies of the highly localized plasmon
enhancement effect are now under way.

CONCLUSION

In his famous 1959 lecture “There’s plenty of room at the
bottom,” Richard Feynman raised the question, “Is there no
way to make the electron microscope more powerful?”
Based on the diffraction limit of medium energy electrons,
he foresaw that the electron microscope could in principle
be made 100 times better and that “it should be possible to
see the individual atoms.” With this, he described a fascinat-
ing future for fundamental research in chemistry: “It would
be very easy to make an analysis of any complicated chemi-
cal substance; all one would have to do would be to look at
it and see where the atoms are.”

After several decades of continuous development, elec-
tron microscopy is now able to match Feynman’s prediction
in damage-resistant materials. As shown in this article,

quantitative ADF imaging and EEL spectrum imaging in an
aberration-corrected STEM are now capable of atom-by-
atom chemical analysis, for atoms as light as C and probably
even lighter. ADF imaging can track atoms diffusing in the
graphene lattice and provide full description of their local
chemical environment. These are important steps toward
the visualization of molecular dynamics at atomic resolu-
tion. Using fast sequential image acquisition, positions for
damage-resistant atoms can be measured in the STEM with
a precision of a few pm, and probably better than 1 pm in
the future. With aberration-corrected STEM, delocalization
of inelastic scattering of atoms can be directly quantified,
and the contribution of single dopant atoms to the local
optical properties of materials can be measured.

In summary, imaging and spectroscopy by aberration-
corrected STEM offer fundamentally new opportunities to
address basic questions in chemistry, physics, and material
science at the single atom level. Richard Feynman would
have been happy to see this progress.
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