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ABSTRACT

The successful correction of lens aberrations in scanning transmission electron microscopy has
allowed an improvement in resolution by a factor of two in just a few years. The benefits for materials
research are far greater than a factor of two might imply, because enhanced resolution also brings
enhanced image contrast, and therefore a vast increase in sensitivity to single atoms, both for imaging
and electron energy loss spectroscopy. In addition, aberration correction enables simultaneous, aberration-corrected, Z-contrast and phase contrast imaging, and brings a depth resolution at the nanometer
level. It becomes possible to focus directly on features at different depths in the specimen thickness, and
three-dimensional information can be extracted with single atom sensitivity. In conjunction with density functional and elasticity theory, these advances provide a new level of insight into the atomistic origins of materials properties. Several examples are discussed that illustrate the potential for applications,
including the segregation of rare earth elements to grain boundaries in Si3N4 ceramics, the quantitative
analysis of strain-induced growth phenomena in semiconductor quantum wells, the explanation of the
enhanced thermal stability of La-doped γ-alumina as a catalyst support, and the origin of the remarkable
catalytic activity of Au nanoparticles.
Keywords : Si3N4 ceramics, segregation of rare earth elements, STEM, aberration correction.

MERCEK HATASI-DÜZELTİLMİŞ STEM İLE MALZEMELERE YENİ BAKIŞLAR
ÖZ

Mercek hatalarının taramalı geçirimli elektron mikroskoplarında, son birkaç yıl içerisinde, başarılı
bir şekilde düzeltilmesi, mikroskobun ayırma gücünde iki kat iyileşmeye olanak tanımıştır. Bu gelişmenin, malzeme araştırmalarına katkısı iki katın çok daha üzerinde olacaktır, çünkü iyileştirilmiş ayırım
gücü, görüntü kontrastını iyileştirecek ve bundan dolayı da atomların tek atom hassaslığında görüntülenmesinin yanı sıra elektron enerji kaybı spektroskopisine de olanak tanıyacaktır. Buna ek olarak,
düzeltme, Z-kontrast ve faz kontrast görüntülerinin aynı anda, nanometre düzeyinde, yüksek ayırma
gücünde kullanılmasına olanak verir. Çeşitli derinliklerdeki numune kalınlıklarında, yapıların direkt
üzerine odaklanılmasıyla, tek atom düzeyindeki algılamayla, üç boyutta bilgi elde edilmesi mümkündür.
Yoğunluk fonksiyonu ve elastisite teorisinin beraber kullanımı, malzeme özelliklerinin atomik yapıya
bakarak belirlenmesinde yepyeni ilerlemeler sağlar. Si3N4 seramiklerinin tane sınırlarında nadir toprak
elementlerinin segregasyonunu, yarı iletken kuvantum kuyularında, gerinim giderilmiş büyüme olayını,
katalist desteği olarak kullanılan La-doplu γ-aluminanın geliştirilmiş termal kararlılığını ve nano boyutlu altın tanelerinin elle tutulur katalitik aktivitelerini de içeren bir çok uygulama alanı tartışılacaktır.
Anahtar Kelimeler: Si3N4 seramikleri, nadir toprak elementlerinin segregasyonu, STEM, mercek
hatası düzeltmesi.
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1. INTRODUCTION

In the last few years the field of transmission
electron microscopy has seen a rate of instrumental advance unheard of since the invention of the
microscope in the 1930’s. This advance has been
enabled by the successful correction of the dominant aberrations present in electron lenses.
(Batson et al., 2002; Haider et al., 1998)
Resolution has now crossed well into the subÅngstrom regime, as shown for example in Fig. 1
by the directimaging of atomic columns in silicon
spaced 0.78 Å apart (Nellist et al., 2004). The
benefits are much greater, however, than just the
ability to resolve smaller atomic distances. It is
now possible to image individual heavy atoms on
surfaces (Sohlberg et al., 2004; Nellist &
Pennycook, 1996) and inside a bulk material,
(Voyles et al., 2002; Lupini & Pennycook, 2003)
even to perform a spectroscopic identification of a
single atom (Varela et al., 2004). These instrumental advances allow materials to be probed
with unprecedented sensitivity to atomic and electronic structure. Density functional theory provides an ideal complement to this electron
microscopy data. Structures suggested from the
microscope can be tested, impurity sites confirmed, and segregation energies calculated. The
combination can provide new insights into many
issues in materials research, resolving not only
longstanding controversies but also the new
issues of the nanomaterials era. This paper reports
several such insights as presented at the 18th
ElectronMicroscopy Congress held in Eskisehir in
2007. The references are not intended to be complete, and the original papers should be consulted
for more details. For other recent reviews of
applications in materials science see (Varelaet al.,
2005;Pennycook et al., 2007; Lupini et al., 2007).

2. ABERRATION CORRECTION

The main objective lens in an electron
microscope is a round lens, which has an intrinsically high spherical aberration, of the order of 50
wavelengths compared to the roughly one wavelength typical of a light optical lens. The high
aberration is due to physics, not poor quality
components. This has been well understood for
almost the entire history of the electron microscope, starting with the classic proof by Scherzer
that spherical aberration is unavoidable in a round
lens with static fields and no charges on axis
(Scherzer, 1939). Scherzer also proposed the first
design for an aberration corrector by relaxing one
of these conditions, specifically by breaking the
rotational symmetry of the system (Scherzer,
1947). This is the principle used today to successfully correct spherical aberration. The major reason that this has taken over four decades to
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achieve is essentially instrumental, the need for
highly stable electronics and the need to tune all
40 or more optical elements individually. In the
era of fast computers and efficient chargecoupled-device detectors it is possible to measure and
correct aberrations iteratively, a process referred
to as autotuning, essentially a multidimensional
form of autofocusing.

Figure 1. Z-contrast image of Si taken along the
<112> zone axis, resolving columns of
atoms just 0.78 Å apart (Nellist et al.,
2004). Image recorded with the ORNL
300 kV VG Microscopes HB603U
STEM equipped with Nion aberration
corrector. Image has been filtered to
remove noise and scan distortion
(adapted from (Nellist et al., 2004)).

There are presently two designs of aberration corrector available for electron microscopes,
a quadrupole/octapole design produced by Nion
and a hexapole design by CEOS. The former has
been exclusively used in Scanning Transmission
Electron Microscopy (STEM), whereas the latter
has been used in both STEM and in conventional
Transmission Electron Microscopy (TEM).
Correcting for the low order aberrations allows
the probe-forming aperture to be increased. In an
aberration-free system, resolution is given by
0.61λ/θ, where λ is the electron wavelength and θ
is the semiangle of the probe forming aperture,
and so it is clear that increasing θ will directly
result in improved resolution. In practice, the
aperture is increased until the next higher aberrations limit the resolution. In an uncorrected system, defocus can be used to partially balance the
effect of spherical aberration and there is an optimum aperture size that gives an optimum probe
shape not too different from that of an aberrationfree system, an Airy disc. In this case the resolution is given by
(1)
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where CS is the coefficient of (third order)
spherical aberration. Similarly, in a (third order)
corrected system, defocus and CS can be used to
partially compensate the next higher aberration,
5th-order spherical aberration C5, and the resolution becomes (Krivanek et al., 2003.
(2)

These correctors are able to shape the electron wave front to a degree of perfection better
than a quarter wavelength (~ 0.5 pm) over 70
microns, a level of performance that compares
favourably with that of the Hubble Space
Telescope. However, the correctors only compensate for the geometric aberrations of electron
lenses, not for any chromatic aberration, which is
the focusing of electrons of different energies at
different points (see Fig. 2). Chromatic aberration
correction has been successfully demonstrated so
far only for Scanning Electron Microscopy
(SEM) (Zach & Haider, 1995) which operates at
significantly lower accelerating voltages. Efforts
are currently underway to extend this to the higher accelerating voltages normally needed for
TEM (Rose, 1994).

In conventional TEM a thin sample is illuminated by a near-parallel electron beam, as
shown in Fig. 3(a). Scattered waves transmitted
through the specimen are focused by the objective lens to form an image, and all image points
are recorded simultaneously. In STEM, the incident beam is focused to a fine probe, which is
scanned across the sample. Images are obtained
using detectors to record various signals as a
function of probe position, as shown in Fig 3(b).
Therefore, in STEM, image points are obtained
sequentially. TEM, with its parallel recording, is
ideal for capturing specific signals rapidly from
large fields of view whereas STEM is optimal for
extracting maximum information from a single
point, by locating the beam over a feature of
interest (an atomic column or impurity atom for
example) and detecting multiple signals simultaneously. Typical signals would include bright
field and annular dark field (ADF) images or
spectroscopic images formed from electrons that
have lost specific energies. Today, both modes
are available on a single microscope column and
it is straightforward to switch from one mode to
the other.
In STEM, the primary focusing and aberration correction takes place before the specimen,
whereas in TEM it occurs after the specimen, as
shown in Fig. 3. These two modes of operation
may therefore appear entirely different, but in
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fact they are closely related by a reciprocity principle. The primary imaging mode in TEM is
bright field imaging, but a bright field image can
also be obtained in STEM using a collector aperture that is optically equivalent to the condenser
aperture in TEM, see Fig. 3. The major difference
between the two geometries is the ray direction,
and since contrast in a bright field image arises
primarily through elastic scattering, which is
independent of the direction of ray propagation,
the two microscopes give identical bright field
image contrast. However, STEM is much less
efficient than TEM for bright field imaging
because of its sequential mode of acquisition.

A bright field TEM image represents an
interference pattern, and image contrast depends
on the relative phases of the scattered or diffracted beams. It is an example of coherent phase contrast imaging, and even with aberration correction the form of the image depends sensitively on
specimen thickness and microscope focus. Figure
4 shows a bright field focal series (taken in
STEM mode to allow direct comparison to Zcontrast images). The detailed form of phase contrast images are predictable through image simulations and the improved sensitivity after aberration correction allows quantitative information to
be extracted even on the composition of light
columns such as oxygen (Jia, 2004; Jia, 2005; Jia,
2006; Jia et al., 2003).

The normal STEM imaging mode uses an
ADF detector that collects a large fraction of the
scattered electrons (Crewe et al., 1970). If the
inner detector angle is sufficiently high, the scattered intensity varies approximately as Z2, where
Z is the atomic number. This mode of operation
provides a high-angle ADF (HAADF) image,
commonly referred to as a Z-contrast image. The
HAADF detector integrates a large number of diffracted or scattered beams and the Z-contrast
image therefore represents the total scattered
intensity falling on the detector. This is an example of an incoherent imaging mode, such as
obtained with an optical camera. The Z-contrast
image is also capable of atomic resolution in crystalline materials, but the image has the advantage
of being intuitive in nature (Pennycook &
Boatner, 1988; Pennycook & Jesson, 1990).
Contrast does not vary dramatically with specimen thickness or microscope focus, as seen in
Fig. 4. The Z-contrast image shows the expected
Z dependence, with Sr atom columns appearing
brightest, Ti less bright, and with O columns
barely observable above the background noise.
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(a)

(b)

(c)

Figure 2. Illustration of certain lens aberrations. (a) A perfect lens focuses a point source to a single
image point. (b) Spherical aberration causes rays at higher angles to be overfocused.
(c) Chromatic aberration causes rays at different energies (indicated by color) to be focused
differently (from (Varela et al., 2005)).

Figure 3. Ray diagrams showing the important optical elements for (a) TEM and (b) STEM. The TEM
image is obtained in parallel, the STEM image pixel by pixel by scanning the probe. The
diagrams are shown with the electron source at the top for TEM and at the bottom for STEM
to show the reciprocal nature of the optical paths. STEM also provides simultaneous annular
dark field imaging. Actual microscopes have several additional lenses and the beam limiting
aperture positions may differ (From (Pennycook, 2006)).
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Figure 4. Comparison of incoherent and coherent imaging of SrTiO3 in the 110 projection using a 300
kV VG Microscopes’ HB603U STEM with Nion aberration corrector. (a) A through focal
series with 4 nm defocus steps in which the phase contrast images show complex variations
in contrast while the incoherent ADF image contrast slowly blurs. All images are raw data
and show some instabilities. (b) Under optimum conditions, the phase contrast BF image shows
the O columns with high contrast while the ADF image shows the Sr columns brightest, the
Ti columns less bright and O barely visible. Microscope parameters are optimized for the
smallest probe, with Cs = 23 µm. C5 =-2 mm, C7 = 100 mm. (Courtesy of M. F. Chisholm,
A. R. Lupini and A. Y. Borisevich, adapted from (Pennycook, 2006)).
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One of the key advantages of STEM has
always been the ability to have simultaneous
detection of a variety of signals, for example the
simultaneous Z-contrast and bright field images
in Fig. 4 allow pixel-to-pixel correlation between
the two forms of image. Replacing the bright
field detector with an electron spectrometer,
simultaneous Z-contrast imaging and electron
energy loss spectroscopy (EELS) becomes possible. The first demonstration of atomic-resolution
chemical analysis was in 1993, with spectra taken
plane by plane across an atomically abrupt interface (Browning et al., 1993). Later, it became
routine to perform column-by-column spectroscopy (Duscher et al., 1998). Now, aberration
correction has enabled dramatic gains in sensitivity due to the availability of smaller probes containing the same current. More current can channel down an atom column of interest with less
wasted illuminating neighboring columns. This
has allowed the first spectroscopic identification
of a single atom inside a bulk material, as shown
in Fig. 5 (Varela et al., 2004). Recently, the first
true two-dimensional spectroscopic maps have
been obtained that show atomic resolution
(Kimoto et al., 2007; Bosman, 2007). In addition,
just as with X-ray absorption spectroscopy, the
fine structure at an absorption edge gives an indication of the local electronic structure, as seen
around the atom excited.
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It may even be possible to perform such
studies with true three-dimensional resolution.
One of the unanticipated advantages of aberration correction has been the greatly reduced depth
of field. Just as in a camera, as the aperture is
opened up the depth of field decreases as the
square of the aperture angle. Although the aperture angles are still quite small by light optical
standards, the typical depth of field has reduced
dramatically as a result of aberration correction,
becoming, significantly, less than the thickness of
a typical transmission specimen. Therefore, electron microscopy no longer provides the simple
two-dimensional projection that it did in the past,
but now provides a view of a slice through the
specimen at the depth where the beam is focused.
Now, a through focal series becomes a through
depth series of images, providing three-dimensional information on the specimen with depth
resolution at the scale of a few nanometers and
atomic resolution laterally (Borisevich et al.,
2006a). A spectacular example of this capability
is shown in Fig. 6 in which individual Hf atoms
in a sub-nm wide region of SiO2 in a high-K
semiconductor device structure have been located to a precision of about 0.1 x 0.1 x 1 nm (van
Benthem et al., 2005). At present this approach is
limited to amorphous regions since in crystals
electron channeling tends to work against bringing the beam to a focus at a specific depth
(Borisevich et al., 2006b). Also, achieving a
depth resolution at the atomic level is not likely
to be feasible in a single focal series. It will be
necessary to use a combination of the conventional tilt series method with the optical sectioning approach, essentially a number of through
focal series at different angles.

Understanding Structure-Property
Relations in Ceramics

Figure 5. Spectroscopic identification of an individual atom in its bulk environment by
EELS. (a) Z-contrast image of CaTiO3
showing traces of the CaO and TiO2
{100} planes as solid and dashed lines
respectively. A single La dopant atom
in column 3 causes this column to be
slightly brighter than other Ca columns,
and EELS from it shows a clear La M4,5
signal (b) Moving the probe to adjacent
columns gives reduced or undetectable
signals (Adapted from (Varela et al., 2004)).

Si3N4 ceramics are often doped with rareearth elements because they promote the growth
of needlelike grains that provide toughening
mechanisms including crack bridging, pullout
and crack deflection. Such microstructures result
in superior high-temperature properties
(Hoffmann & Petzow, 1994; Lange, 1973). In
processed ceramic material the Si3N4 crystals are
separated by ~ 1nm thick amorphous films or
larger glass pockets, where the rare-earth atoms
are located. Clearly, determination of the precise
bonding arrangements of different rare-earth
atoms to the Si3N4 crystal grains is essential in
understanding the fundamental origins of structure-property relations in ceramics.
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A higher magnification view of the interface
is shown in Fig. 8, along with a Pixon reconstructed image that shows the bright La atom
positions more clearly. The Si positions in the
interfacial plane are shown by open circles,
which do not exactly correspond to the La atom
positions, shown arrowed. This is due partly to
the fact that the La-N bond is longer than the SiN bond, by about 0.34–0.48 Å. Figure 8b also
shows theoretically predicted segregation sites of
La on a bare Si3N4 surface. These are much closer to the observed La positions. The deviations
from theory are most likely due to the presence of
Si, O and N atoms in the amorphous film, which
are not included in the calculations.

Figure 6. A series of frames from a through focal
series of images, recorded with 0.5 nm
focal steps, showing the appearance and
disappearance of an individual Hf atom
(circled) in a thin layer of SiO2 between
the HfO2 dielectric (left) and the Si gate
region (right). (from (van Benthem et al.,
2006)).

Z-contrast imaging is ideal for this application, due to the high atomic number of the
dopants. Figure 7 shows simultaneously recorded
HAADF and bright-field STEM images of a
region centered on an intergranular film in Ladoped β-Si3N4 (Shibata et al., 2004). The grain on
the right side of each image appears in [0001]
zone-axis orientation, and is seen to be terminated by the prismatic {10-10} plane of the Si3N4.
The bright field image shows some mistilt (due to
misalignment of the STEM collector aperture),
but the speckle contrast typical of an amorphous
material is nevertheless clear. The Z-contrast
image, however, shows numerous bright spots in
the amorphous intergranular film, especially
along the interface (see the line trace in Fig. 7c).
These spots represent the location of the La
atoms. As shown by the line trace, they are found
in a plane that would be occupied by Si atoms if
the Si3N4 grain were continued, suggesting that
they are attached to the nitrogen terminated prismatic surface of Si3N4. Some of the Si atom positions in this plane can be identified in the image
(Fig. 7d), but show reduced intensity. This indicates they no longer form straight columns but
are somewhat disordered due to the high density
of La atoms in this plane. Thus it can be seen that
the transition from an ordered crystal to a disordered film begins in the plane containing segregated La atoms.

Further insight into the nature of the crystal/amorphous transition is obtained from the
image of a triple junction in Lu-doped β-Si3N4,
where there is an extended amorphous layer. In
Fig. 9, the ordered arrangement of Lu atoms is
seen to extend for at least two atomic planes into
the “amorphous” region (Shibata et al., 2006).
Again we see that the transition from order to disorder is not instantaneous, as indeed would not be
reasonable to expect. At higher magnification, as
shown in Fig. 10, it is seen that the Lu sites are
also in good agreement with theoretical predictions, and it is actually possible to superimpose
small crystallites of LuN onto the image. This
allows further insight into why the material
becomes amorphous. In Fig. 10b, Lu is bonded to
the N-terminated Si3N4 surface, accounting for
the bright spots in the first plane. If the structure
is extended according to the LuN crystal structure, then the bright spots in the second Lu plane
can be well explained. Hence the LuN structure
appears to be attempting to grow into the amorphous pocket as an epitaxial filament. However,
sideways extension of the filament is incompatible with the spacing along the interfacial plane, as
shown in Fig. 10d. This appears to explain the
lack of observed Lu in between the clusters,
where presumably the Si, O and N atoms are
located. Now imagine growing a third filamentary crystal of LuN onto the second plane. The
location and orientation of the third layer of LuN
clusters is surely going to be increasingly randomized due to the influence of the surrounding
Si, O and N atoms, so that the projected Lu positions will show increasing discrepancy, and the
structure then appears amorphous.

Thus the combination of the Z-contrast
image and first principles theory provides insight
into how the transition to an amorphous structure
occurs, and also suggests that the amorphous
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structure itself may have medium-range order
due to the preferential formation of LuN-like
clusters. Such order has been inferred from diffraction data in the past, but now might be
amenable to direct imaging in a sufficiently thin
sample. Several further studies on structural
ceramics systems have been reported (Shibata et
al., 2005; Dwyer et al., 2006; Winkelman et al.,
2005; Winkelman et al., 2004; Ziegler et al.,
2004).

Semiconductor Quantum Wires

Controlled growth of semiconductor quantum nano-object arrays is important for reproducible fabrication of optoelectronic devices, and
therefore understanding the nature of the nucleation sites during growth, and the role of strain, is
of critical need. In this example we show how the
sublattice sensitivity of aberration-corrected Zcontrast imaging, combined with elasticity calculations, can give new and quantitative insights into
these phenomena. Figure 11 shows a crosssectional view of an InAsxP1-x nanowire sandwiched
between InP layers, grown by molecular beam
epitaxy (Molina et al., 2007). In this <110> projection, the cubic zinc-blende structure projects
as dumbbells with the In column towards the left
of the figure and the P or AsxP1-x column
towards the right. The nanowire is visible
because of the extra intensity from the As. Close
examination of the InP barrier layers does in fact
show a weak intensity in the appropriate position
that corresponds to the P column. The interface
between the InP substrate and the nanowire can
be located to atomic precision because of this
contrast difference, as shown in
Fig.12.
Scanning tunneling microscopy examination of
the nanowires deposited on an InP substrate
showed the tendency for the nanowires to be
located near step edges. While many of the steps
were wavy, some wires nucleated near straight
segments of steps, and these gave a clear sharp
image in cross section Z-contrast images, as
shown in Fig. 12. It is seen that the transition
from the substrate InP layer to the nanowire is
atomically abrupt. The location of the step is
slightly off-center from the nanowire, indicating
that the initial nucleation took place on the upper
terrace of the step.
Nucleation on the upper terrace is entirely in
accord with expectations based on the 3.2% lattice mismatch between InAs and InP. Because of
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the existence of the step, a few unit cells next to
the step on the upper terrace can relax sideways a
little, reducing the lattice mismatch, and therefore
making this area the preferential nucleation site.
Finite element elasticity calculations showed that
the magnitude of the relaxation was indeed significant. With the nucleation taking place on the
upper terrace the surface of the growing film will
roughen, so this represents the onset of the
Stranski-Krastanov transition from a two-dimensional to a three-dimensional growth mode.

It can also be seen in Figs 11 and 12 that
there is a slight asymmetry in the As distribution
within the wire, the region above the upper terrace showing brighter, and therefore containing
more As. This is typical and was also confirmed
by quantitative electron energy loss spectroscopy,
using the P edge intensity in the barrier layers as
calibration. The resulting As concentration maps
were used as input into a finite-element elasticity
calculation (Molina et al., 2006). In the actual
device structure, multiple layers of InP barrier
layers and nanowire layers are grown, and cross
sectional TEM showed that they were not quite
vertically aligned, but canted by a few degrees, as
shown in Fig. 13. This observation could be
accounted for quantitatively by the finite element
calculations. Modeling a buried nanowire
showed that due to the microscopic asymmetry of
the As distribution, an anisotropy also appeared
in the stress on the surface of the subsequent InP
barrier layer, with the peak stress emanating from
the nanowire appearing slightly offset from the
geometric center of the wire. Therefore, again the
favorable nucleation site for the next nanowire is
the position that minimizes the mismatch, which
we find is slightly offset from the center of the
underlying wire. With carefully controlled conditions all nanowires line up at a specific angle to
the growth direction and the observed angle is in
quantitative agreement with the finite element
calculations.
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Figure 7. Simultaneously recorded Z-contrast (a) and bright-field (b) STEM images of an intergranular
film in a La-doped β-Si3N4 ceramic. (c) A vertically-averaged intensity profile across the Zcontrast image shows the La atoms to be segregated at the amorphous/crystal interfaces. The
La atoms adjacent to the [0001] oriented grain appear to be in a plane that would correspond
to Si atoms if the crystal structure were continued. Many Si sites have instead been occupied
by La atoms. (d) An intensity profile through selected Si atom positions in the crystal (shaded
green) shows that some Si atom positions in the La-containing interfacial plane can be detected
(indicated by the red arrow). Such sites show reduced intensity indicative of a more disordered
structure. Reproduced from (Shibata et al., 2004)
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Figure 8. (a) Z-contrast image showing La atom positions (arrowed) compared to the projected
atomic structure of the Si3N4 lattice. The La atoms are located slightly further from
the N-termination plane of the than the predicted Si sites (open circles) if the crystal
lattice was extended. (b) Pixon-reconstructed image indicating the theoretically calculated
La atom positions for a bare Si3N4 crystal surface, which are in fair agreement with the
observed positions. Reproduced from (Shibata et al., 2004)

Figure 9. (a) Z-contrast image and (b) vertically averaged intensity profile showing the existence of La
ordering for at least two planes into an amorphous pocket at a triple junction. Reproduced
from (Shibata et al., 2006)
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Figure 10. (a) High magnification Z-contrast image of the interface with distinct La sites visible in the
first and second layers away from the crystal. Sites in the first layer agree well with
theoretical predictions shown as blue circles. Green circles represent vacant Si sites
based on an extension of the β-Si3N4 lattice structure. (b-c) Sites in the first and second
Lu layer can be bridged by a fragment of LuN crystal, but sideways growth of such
crystals is frustrated (d) because it results in mismatched atomic positions. Reproduced from
(Shibata et al., 2006)

Figure 11. Z-contrast image of an InAsxP1-x nanowire between InP barrier layers, Reproduced
from (Molina et al., 2007)
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Figure 12. Z-contrast images of the InAsxP1-x nanowires with increasing magnification, and colorized
to highlight the contrast differences between the P columns of the InP layers and the
AsxP1-x columns in the nanowires. It is clear that the transition from InP to InAsxP1-x
nanowire is atomically abrupt, and an interface step is present under the nanowire.
Reproduced from (Molina et al., 2007)

Figure 13. Low magnification TEM diffraction contrast image showing the alignment of the nanowire
stack is offset from the growth direction. Adapted from (Fuster et al., 2004).
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Catalysts

Aberration correction has resulted in enormous gains in single atom sensitivity, as illustrated in Fig. 14 for the case of Pt atoms on γ-alumina. Before aberration correction, with a probe
size of around 1.3 Å, single atoms were just
detectable on the support, and the result in fact
was the first to show that very small clusters or
even single atoms could be important for catalysis (Nellist & Pennycook, 1996). The improvement after aberration correction, when the probe
size was reduced to around 0.8 Å, is striking,
however (Sohlberg et al., 2004). Now the signal
to noise ratio is greatly enhanced, sufficient to
allow accurate extraction of Pt atom positions. In
the case of the Pt3 trimers, the spacings were
found to be too large for a metallic cluster, and
the image could only be matched by density functional calculations by assuming the trimer to be
capped by an OH group.

Another example of single atom sensitivity
is shown in Fig. 14 c (Wang et al., 2004). Here,
individual La atoms are seen on a flake of γ-alumina which is oriented to the [001] zone axis.
The La atoms are visible as extra intensity above
that of the Al-O columns. It was shown, both by
density functional calculations and by a through
focal series of images, that the La atoms reside on
the surface of the alumina. Image simulations
show that the La contrast is brighter from La on
the beam exit surface, because the beam is channeled by the Al-O column so that a higher intensity hits the atom. Interstitial La is seen much
fainter because it does not have the underlying
intensity from the Al-O column. The density
functional calculations showed that the La atoms
bind with higher energy to the {100} surface as
opposed to the {110} surface, which is the low
energy surface of undoped γ-alumina. The extra
binding energy explains why the {100} surface is
stabilized by the addition of La. Furthermore, it is
sufficiently stabilized that the transition from γalumina to α-alumina is retarded, and as a result,
catalysts manufactured on La-doped supports are
stable to significantly higher temperatures. Thus
the combination of aberration-corrected microscopy
and first-principles calculations resolved an
important industrial issue that was not previously
understood.
Another application of combined aberrationcorrected STEM and first principles theory is the
elucidation of the mechanism for the low-temperature oxidation of CO to CO2 by Au nanoparticles
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(Rashkeev et al., 2007). Although Au is inactive
in bulk form, at the nanoscale it becomes one of
the most active catalysts known, catalyzing the
reaction even below room temperature. The
cause of the activity of nanosized Au has been a
mystery for many years, with several explanations proposed (Haruta, 1997; Valden et al.,
1998) (Chen & Goodman, 2004). Figure 15
shows images of the catalyst prepared by deposition/precipitation onto nanocrystalline anatase
(Zhu et al., 2004). In the as-deposited state, many
individual Au atoms can be seen, but after reduction to the active form, the atoms are much less
visible. It is known that the melting point of Au
nanoparticles reduces with diameter, and reaches
room temperature at approximately the size range
observed. Therefore it seems likely that the
smallest nanoparticles may be in a liquid-like
state. Most of the reduced nanoparticles are 1-2
nm in diameter, and quantifying the thicknesses
by comparing to image simulations revealed that
a high fraction is just 1 or 2 monolayers thick.

First-principles calculations were carried out
on a whole sequence of nanoparticles with different sizes and atomic configurations on anatase.
The key feature for the activity of the nanoparticles relative to bulk Au is the presence of lowcoordination sites. As shown in Fig. 16, with
reducing coordination number, the energy
required to desorb O2 exceeds the activation barrier for the reaction for a coordination number
less than five. This means that an O2 molecule
can reside on the surface long enough to react
with an adsorbed CO molecule. At sites with
coordination number six or greater, desorption
will occur on average before reaction proceeds,
and the surface of the Au nanoparticle will
become inactive for the reaction. In this situation,
only perimeter sites can participate in the reaction. This is the underlying reason for the vast
change in catalytic behavior for nanoscale Au,
see (Rashkeev et al., 2007) for details. In the case
of Pt nanoclusters, the increased binding energy
also occurs with reducing size, but in this case it
quenches the reaction because the molecules are
pinned too strongly to the surface. Part of the reason for the low activation barrier on the Au
nanoparticle is the “looseness” of the Au-Au
bonds, which allows the molecules to move during the reaction and find a configuration that minimizes the activation barrier, as shown in Fig.
16b.
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Figure 14. Z-contrast imaging of Pt atoms on γ-alumina with a 300 kV STEM (a) before and (b) after
aberration correction. Some Pt trimers and dimers are just visible in (a) but individual atoms
are much more visible in (b). Some faint contrast from the γ-alumina lattice is also present
in (b) as it was not far from a zone axis. (c) Imaging of La atoms on the surface of a γ-alumina
flake. By comparison to image simulations (d) it was established that the brightest (circled
in yellow) are on the beam exit side of the flake, the less bright (circled in blue) are on
the entrance side and the faint ones are in interstitial locations (circled in green). (a) is
reproduced from (Nellist & Pennycook, 1996), (b) from (Sohlberg et al., 2004), (c) and (d)
from (Wang et al., 2004).

Figure 15. Z-contrast images of Au nanoparticles deposited on nanocrystalline anatase by deposition /
precipitation, (a) as deposited, with Au atoms resolved, and (b) after reduction to the active
form. The average particle size is around 1 nm (c) and many particles are only 1 monolayer
in thickness (d). Reproduced from (Rashkeev et al., 2007)
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Figure 16. (a) Calculated desorption energies Ed for O2 molecules bound to Au nanoparticle sites as a
function of coordination number, and the activation barrier Er for conversion of CO to
CO2. The desorption energy exceeds the reaction barrier below a coordination number
of 5, which allows the reaction to proceed on the nanoparticle surface. Above this
coordination number only perimeter sites are important.
(b) An example of the activation barrier for the CO to CO2 reaction in which the flexibility
of the Au nanocluster lowers the activation barrier at the transition state marked by the
red arrow, a feature critical to achieving high activity at room temperature. The schematic
shows the nanocluster in its transition state, with Ti in grey, O in red and Au in gold.
Reproduced from (Rashkeev et al., 2007).
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Future Directions

With the present generation of aberration
correctors, correcting all aberrations up to 3rd
order, it is possible to obtain sufficient sensitivity
to single atoms and sufficient depth sensitivity to
image individual atoms in three dimensions, with
sub-Ångstrom resolution laterally and depth resolution of a few nanometers. The next generation
of aberration correctors is also beginning to
appear, correcting all geometric aberrations up to
5th order. A 5th order CEOS aberration corrector
has recently been installed in a FEI Titan 80-300
at Oak Ridge National Laboratory, with a high
brightness Schottky field emission source, and
later this year a 200 kV Nion UltraSTEM is due
to be delivered, with a 5th order Nion corrector
and cold field emission gun. These instruments
will bring another jump in resolution, to the level
of 0.5 Å laterally and around 1 nm in depth, with
a concomitant increase in single atom sensitivity
and depth resolution. Similarly, it will become
possible to perform 3D EELS, (D'Alfonso et al.,
2007) to probe single impurity atoms at grain
boundaries and dislocation cores, to link their
electronic environment to macroscopic mechanical and electronic properties in a rigorous manner. With these new eyes it will become possible
to see the ultimate atomic origins of materials
properties with new clarity, whether it be for
structural materials or electronic material, for
nanoscience or catalysis. There has probably
never been a more exciting time to be involved in
electron microscopy, as the human race crosses
atomic resolution only once in its history, and that
time is right now. For ever more, we will be able
to see atoms with clarity.
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