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This review covers the development of scanning transmission electron microscopy from the innova-

tions of Albert Crewe to the two-dimensional spectrum imaging in the era of aberration correction. It

traces the key events along the path, the first atomic resolution Z-contrast imaging of individual atoms,

the realization of incoherent imaging in crystals and the role of dynamical diffraction, simultaneous,

atomic resolution electron energy loss spectroscopy, and finally the tremendous impact of the

successful correction of lens aberrations, not just in terms of resolution but also in single atom

sensitivity.

& 2012 Elsevier B.V. All rights reserved.
1. The Crewe era

Albert Crewe and his coworkers laid the foundations for the
modern-day scanning transmission electron microscope (STEM),
with their realization that brightness is everything. Their use of a
cold field emission source and an annular detector produced the
first atomic-resolution images of single atoms and the first
simultaneous electron energy loss spectroscopy (EELS). This
review traces these and subsequent developments that have led
to the development of modern aberration corrected instruments,
bringing sub-Angstrom resolution, the imaging of individual light
atoms, and two-dimensional atomic-resolution spectroscopic
imaging. This is a succinct version of a much longer historical
account of the development of STEM that was published
recently [1].

Although Crewe is thought of as the father of STEM, it was
actually conceived not long after the development of the first TEM
by Knoll and Ruska [2]. Baron Manfred von Ardenne [3,4] devel-
oped the STEM, placing the imaging lens before the specimen
instead of after the specimen as in the Ruska TEM design. He
realized that the transmitted electrons would not need to be
focused to form a high resolution image, merely detected, and so
the STEM optics would avoid any chromatic aberration due to
energy losses suffered during transmission through the specimen.
While this was a sound idea in principle, he did not use a field
emission source, and although he achieved a resolution of 10 nm
the images were very noisy. He quickly abandoned the STEM in
favor of the Ruska-style TEM design [5,6].

Almost 30 years pass before the STEM is taken up again by
Crewe, who realized the necessity of using a high brightness cold
ll rights reserved.
field emission gun [7] to achieve sufficient beam current in a
small probe. The first machine produced a resolution of 30 Å [8].
Over the next few years a new design produced a resolution
stated to be about 5 Å, [9,10] but was actually closer to 2.5 Å (see
[11]). This resolution allowed the first imaging of individual
atoms in an electron microscope, using molecules stained with
uranium and thorium atoms. The images were formed from the
ratio of the elastic signal collected by the annular detector to the
inelastic signal collected by the spectrometer. The cross section
ratio is approximately proportional to atomic number Z and so
they called the ratio image a ‘‘Z-contrast’’ image [12]. Wall et al.,
[13] showed line traces of the annular detector signal across
individual atoms demonstrating unequivocally a probe size of
2.5 Å, and also images of small crystallites, as shown in Fig. 1.

With this microscope phase contrast images were also
obtained by using a small axial collector aperture [9]. The images
were similar to those obtained with a small axial condenser
aperture of the TEM, thus demonstrating the principle of recipro-
city [14,15]. Significant effort was also put into the development
of EELS, which revealed its great promise as a microanalytical
technique [16], spurring the development of modern analytical
electron microscopy.
2. Z-contrast for materials science

The spectacular results generated by the Crewe group led to
the establishment of the first commercial manufacturer of a
dedicated STEM, VG Microscopes [17], and the emergence of the
STEM as a high resolution analytical microscope [18]. Materials,
however, unlike the biological systems of primary interest to the
Crewe group, are typically crystalline, with strong diffraction
effects. Attempts to use the Crewe ratio method for Z-contrast
imaging were unsatisfactory because diffraction contrast tended
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Fig. 1. (a) Annular dark field (ADF) image of a sample of mercuric acetate showing

individual atoms obtained with the Crewe STEM. The line trace across a single

atom shows a full width half maximum of 2.570.2 Å. Scale bar is 50 Å. (b) ADF

image of small crystallites containing uranium and thorium atoms. Scale bar is

20 Å. Reproduced from Ref. [13] with permission.

Fig. 2. Images of Pt particles on g-alumina recorded in (a) bright field, (b) low

angle ADF, (c) HAADF and (d) the ratio of high angle to low angle ADF signals.

Particle contrast is highest in the HAADF image, reproduced from M.M.J. Treacy,

PhD thesis, University of Cambridge, 1979, with permission.

Fig. 3. Cross section images of Sb implanted Si. (a) TEM diffraction contrast image

showing defects near the surface and end of range damage, (b) Low angle ADF

image also dominated by diffraction contrast, (c) HAADF image revealing the Sb

distribution. Reproduced from Ref. [23].
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to dominate any Z-contrast that might be present, making
interpretation ambiguous [19]. More success was had imaging
catalyst particles [20], leading to the idea of a high angle annular
dark field (HAADF) detector where coherent diffracted beams
would be replaced by thermal diffuse scattering, otherwise
known as Rutherford scattering, with a scattering cross section
approaching Z2 [21]. Such a signal should therefore give enhanced
Z-contrast compared to the Crewe ratio method, with minimal
diffraction effects. The idea was tested by [22], and a comparison
with the bright field, Crewe-style wide angle annular detector and
a ratio image is shown in Fig. 2. The HAADF image shows the best
contrast.

The technique was used to image dopant profiles in ion-
implanted single crystal Si, where the suppression of diffraction
contrast in the HAADF signal is quite apparent, see Fig. 3 [23].
Such results naturally led to the question of the ultimate resolu-
tion of the Z-contrast signal in a crystalline material. Clearly, if the
crystal were a monolayer raft of atoms then atomic resolution
would be expected with a sufficiently small probe, like in the
Crewe images. And since Rutherford scattering is at high angles, it
is generated close to the nucleus of each atom, and each atom can
be considered an independent source. The situation is precisely
analogous to the self-luminous source in light optics which
produces an incoherent image [24]. An incoherent image shows
no contrast reversals as focus is changed, like the image in a
camera, and also shows better resolution than a coherent phase
contrast image, as was appreciated by the Crewe group. However,
the role of dynamical diffraction in thicker crystals was not
known. Cowley [25] actually published an image demonstrating
the improved resolution of the ADF image over the bright field
phase contrast image, but surprisingly made no mention of any
incoherent characteristics associated with the ADF image. Inco-
herent characteristics had been predicted theoretically for single
atoms by Engel [26] and for weak phase objects by Misell [27],
but the issue was controversial for high resolution [28] and for
atoms in a column [29].

Incoherent characteristics were observed in HAADF images from
crystals of the high temperature superconductors YBa2Cu3O7�d and
PrBa2Cu3O7�d, using a VG Microscopes HB501UX with a high
resolution pole piece producing a theoretical probe size of
0.22 nm [30,31]. The contrast showed the expected dependence
on atomic number and freedom from contrast reversals with
thickness and objective lens focus. Fig. 4 shows images of the
semiconductors Si and InP viewed along the /110S zone axis [32].
In this orientation the atoms form closely spaced pairs of columns
referred to as dumbbells. Although the Si dumbbells spaced
0.136 nm apart are not resolved, they are clearly elongated,
indicating the presence of the two columns. In the case of the InP
the high Z of the In column dominates the image contrast and
circular features are seen instead. Besides the lack of contrast
reversals, a more surprising result was the apparent lack of any
evidence of dynamical diffraction with increasing specimen thick-
ness, the image intensity simply rising with increasing sample



Fig. 4. Z-contrast images from (a) Si and (b) InP in the /110S zone axis showing

how the elongated features characteristic of the Si dumbbells are absent from InP

where the image is dominated by the heavy In column. Insets show simulated

images, reproduced from Ref. [32].

Fig. 5. Sublattice sensitivity in a 300 kV VG Microscopes HB603U STEM. Z-con-

trast images of (a) Si and (b) GaAs /110S with line traces averaged vertically

within the white rectangles, adapted from Ref. [44].
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thickness, while at the same time the bright field image showed the
usual thickness fringes [33].

A physical explanation for this behavior came through an
analysis of the important Bloch waves contributing to the images.
While the thickness fringes in the usual phase contrast images are
due to the interference between Bloch states [34], for high angle
scattering the 1s state is much more important than any other,
since it is the state that peaks strongly at the atomic sites where
the Rutherford scattering is generated. Hence, the interference
effects are strongly suppressed [32,33]. More detailed studies
showed the role of the large angular range of the detector in
destroying coherence between columns [35] and the need for
phonons to destroy correlations along the columns [36]. The
frozen phonon method for image simulation demonstrated quan-
titative agreement between full image simulations and the
incoherent imaging model [37].

Z-contrast images of interfaces [38–40] were revealing struc-
tures that had not been expected, illustrating the power of the
incoherent image for direct interpretation. It was therefore
natural to move to a higher accelerating voltage to improve the
spatial resolution. Fig. 5 shows images of Si and GaAs taken using
a 300 kV STEM with theoretical probe size of 0.13 nm, sufficient
to resolve the dumbbells, and in the case of the compound
semiconductor to reveal the sublattice polarity directly in the
image [41–44]. This capability offered insights into the core
structures of dislocations [45,46], and allowed images of single
Pt atoms and clusters to be obtained on a real catalyst support
[47]. Insights were obtained into grain boundary structure
[48–50] including the role of impurities [51], and individual
impurity sites could even be observed for the first time [52,53].
3. Atomic resolution EELS

Crewe’s first microscope had no annular detector; it had a
spectrometer to allow imaging at zero loss or at a chosen value of
energy loss. He felt that the EELS signal held the greatest promise
for high contrast [8] since it contained much information, and it
should be possible to use all the electrons that lose energy.
Indeed, the common DNA bases could be easily distinguished in
the low loss region of the spectrum [54]. The simultaneous
detection of elastic scattering with an ADF detector and inelastic
scattering with the spectrometer was a feature incorporated into
their next microscope, and was used to form images of single
atoms as described previously. It was therefore a natural exten-
sion to attempt atomic resolution EELS in a crystal using the
HAADF image to locate the beam over a specific column or plane
of atoms. A Si(111)/CoSi2 interface was used for the experiment
since such interfaces were atomically abrupt over extended areas.
A high sensitivity parallel detection system [55] was used to
collect spectra plane by plane across the interface as shown in
Fig. 6 (see also [56]), and the Co L edge practically disappears on
moving the beam from the last Co plane to the first plane of the Si
[57–59]. The same year, column by column spectroscopy was
shown at a Si(100)/SiO2 interface [60] along with sub-nm resolu-
tion imaging of core loss fine structure [61]. Column by column
detection of impurity concentration and valence was demon-
strated at a Mn-doped SrTiO3 grain boundary [62]. Numerous
applications followed to a wide range of materials [53,63–68] and
the spectrum imaging technique was introduced [69,70]. Inter-
faces in transition metal oxides are particularly suited to study by
EELS because of the wealth of information available in the fine
structure [71–74], both at the transition metal L-edges and at the
O K edge [75–78].
4. Aberration correction

Following the first proposals for aberration correction by Scherzer
[80], the principles have been developed over many decades, see the
accounts in [81–83], including notable contributions from the Crewe
group [84–87]. However, successful technological implementation



Fig. 6. (a) Z-contrast image of a CoSi2/Si {111} interface showing Co columns as circles and Si dumbbells as ovals. These characteristic shapes show the interface to be

atomically abrupt (b). (c) Spectra obtained plane by plane across the interface demonstrating atomic resolution spectroscopy. Spectra 1–4 were background subtracted by

the usual power law fit, spectra 5–6 were obtained using the spatial difference method [79], using a reference spectrum from Si far from the interface. Data obtained with a

VG Microscopes HB501UX, adapted from Refs. [57–59].

Fig. 7. (a) Z-contrast image of Bi-doped Si /110S taken with a VG Microscopes HB501UX with Nion aberration corrector operating at 100 kV, revealing columns

containing individual Bi atoms. (b) Intensity profile along line AB shows a Bi atom on the right hand column of a Si dumbbell. (c) Profile along line CD shows a Bi atom in

each of the two columns of a dumbbell. (d) Histogram of Bi atom intensities. Reproduced from Ref. [91].

Fig. 8. ADF images of decagonal Al72Ni20Co8, taken with a VG Microscopes

HB501UX and Nion aberration corrector at 100 kV accelerating voltage. These

images are simultaneously obtained with two different annular detectors, (left)

HAADF detector, inner-angle �50 mrad, (right) low angle ADF detector, inner-

angle �30 mrad. Occurrences of anomalous contrast seen in the low angle image

indicate regions of high thermal vibration amplitude, and form a 2-nm-scale

pentagonal quasiperiodic lattice (yellow). Adapted from Ref. [103]. (For inter-

pretation of the references to color in this figure legend, the reader is referred to

the web version of this article.)
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had to wait until the development of fast computers and sensitive
charge-coupled-device detectors to achieve the necessary precision.

The successful correction of aberrations was first demon-
strated in the TEM using a hexapole corrector [88] and in the
STEM using a quadrupole/octupole corrector [89]. After some
improvements, resolution of the dumbbells in Si /110S at 1.36 Å
was achieved at an accelerating voltage of only 100 kV [90]. Fig. 7
shows individual Bi atoms visible as bright spots within specific Si
columns [91]. The Bi atom intensity depends on its depth within
the column due to the channeling affect [32,33,37,92–97].

EELS resolution similarly improved, as did its sensitivity,
allowing the spectroscopic identification of a single substitutional
La atom in a Ca column in CaTiO3 [98]. One spectacular result
from the field of quasicrystals is shown in Fig. 8, which compares
images of the decagonal Al72Ni20Co8 phase taken simultaneously
with the HAADF detector and a low angle ADF detector. The
HAADF image shows the 2-nm clusters of transition metal
columns very clearly, including the broken symmetry in the
centers, which explains the origin of the quasiperiodic tiling



Fig. 10. Atomic-resolution Z-contrast images of the decagonal quasicrystal

Al72Ni20Co8 taken by a 300 kV VG Microscopes HB603U before (left) and after

(right) installation of a Nion aberration corrector. Inner-angle of the detector was

approximately 40 mrad for both images. Adapted from Ref. [103].
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[99–101]. However, with a lower detector angle the scattered
intensity becomes sensitive to thermal vibration amplitude and
particular sites, in a Penrose tiling pattern, show bright, indicating
sites of enhanced thermal vibration amplitude [102].

Incorporating a similar aberration corrector into the VG
Microscopes HB603U pushed its resolution into the sub-Angstrom
regime, as shown in Fig. 9 through the resolution of the dumb-
bells in Si /112S at 0.78 Å [104,105]. Now images of the
decagonal quasicrystal revealed every atomic site, including the
light Al columns that were difficult to discern before correction.
Fig. 10 compares images before and after aberration correction.

New applications appeared, notably in the field of Si3N4

ceramics, where it was possible for the first time to image the
rare earth dopants necessary for improved mechanical properties
[106–108]. At this time it was also realized that increasing the
objective aperture size not only increased the transverse resolu-
tion, but also reduced the depth of field, making it less than the
thickness of a typical transmission specimen. Now by changing
focus one could obtain image slices from different depths, at least
in amorphous or weakly channeling crystals. Images of single
stray Hf atoms were obtained in this way in the nanometer thick
gate dielectric of a semiconductor device, showing the three-
dimensional location of each Hf atom and so revealing their
density [109,110]. Such depth slicing is useful in catalysis
[111,112], however, in crystals, the focusing of the probe at
specific depths is opposed by the tendency of the column to
channel the electrons. Depth sectioning can work only with
relatively light columns [113,114]. Nevertheless, individual Au
point defect configurations inside a Si nanowire were identified
directly from a focal series [115]. Although small Au clusters were
present on the nanowire surfaces, by focusing in the center of the
nanowire the surface Au atoms became out of focus and invisible,
so the internal point defect configurations could be observed.
Single Y dopant atoms have also been imaged in a

P
13 grain

boundary of a-Al2O3, not edge on as usual, but their distribution
within the grain boundary plane [116]. EELS is invaluable if the
identity of the point defect is uncertain, and O interstitials in a-
Si3N4 have been imaged and identified by EELS [117]. In LiFePO4

Fe antisite defects have been imaged at the Li sites [118–120].
Phase contrast imaging in STEM is also dramatically different

after aberration correction. With the flat phase region greatly
expanded the collector aperture (reciprocally equivalent to the
condenser aperture in TEM) can be enlarged up to an order of
magnitude in the most recent instruments without severely
damping the information transfer, and high resolution phase
contrast images can be readily obtained with excellent signal to
Fig. 9. Image of /112S Si recorded using a VG Microscopes HB603U with Nion ab

unwarping (right). Every dumbbell shows a dip in the middle indicating resolution of
noise ratio [121]. An example of the use of phase contrast imaging
to track octahedral rotations across a BiFeO3/ La0.7Sr0.3MnO3

interface is shown in Fig. 11, where it is seen that the octahedral
rotations of the BiFeO3 film are quenched for several unit cells
near the interface [122].

These results were produced with 3rd order aberration cor-
rectors, but designs were already appearing for 5th order correc-
tors [123–125] and results were not long in following. A
resolution of 0.63 Å was achieved with [211] GaN [114,126,127]
then 0.47 Å was obtained shortly after in /114S Ge [128,129], all
with 300 kV accelerating voltage. STEM now firmly holds the
record for image resolution, in accordance with the physics of
incoherent imaging, and although noise remains limiting for the
ultimate resolution, there is a broad scope for tradeoff between
resolution and beam current. For spectroscopic applications one
would normally sacrifice some spatial resolution for higher signal.

Another tradeoff concerns accelerating voltage. Particularly for
the lighter elements with lower thresholds for knock on damage,
there is a strong trend towards using lower accelerating voltage.
Fig. 12 shows an image of a single monolayer of BN obtained in
the spirit of the original Crewe images, collecting as many
scattered electrons as possible with a medium angle ADF detector
spanning 58–200 mr [130]. After Fourier filtering to remove noise
and probe tails the image quality is very good, and B and N are
easily distinguishable on the basis of their intensity alone, as in
fact are impurity atoms. O is seen to substitute for N while C
occurs in pairs, substituting for a BN unit. Also visible is a ring of
six C atoms that previously was a small hole in the membrane but
erration corrector operating at 300 kV (left). Image after low-pass filtering and

the 0.78 Å spacing of the dumbbell. Reproduced from Ref. [104].



Fig. 11. Quantitative measurement of oxygen octahedral rotation angles using a

VG Microscopes HB603U with Nion aberration corrector operating at 300 kV.

(a) Bright field image of a BiFeO3/ La0.7Sr0.3MnO3 ultrathin film on SrTiO3.

(b) Corresponding two-dimensional map of in-plane octahedral rotation angles

in BFO showing checkerboard ordering. (c) BFO structure in the rhombohedral

(001) orientation showing the tilt pattern. (d) Line profile obtained from the map

in (b), which was corrected for local Bi–Bi angle variations due to drift. Error bars

in (d) are set equal to the standard deviation of the local Bi–Bi angles. Scale bar is

1 nm. Adapted from Ref. [122].

Fig. 12. Z-contrast STEM images of single-layer boron nitride. (a) As recorded,

(b) rotated and corrected for distortion, and Fourier-filtered to reduce noise and

probe tails. (c) Line profiles through the locations marked in (b), normalized to one

for a single B atom. Inset at top right in (a) shows the Fourier transform of an

image area away from the thicker regions. The two arrows point to (112̄0) and

(202̄0) reflections of the hexagonal BN that correspond to recorded spacings of

1.26 and 1.09 Å. Taken with a Nion UltraSTEM operating at 60 kV. Reproduced

from Ref. [130].
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has been filled in with mobile C atoms. Now Z-contrast imaging is
viable for light atoms as well as for heavy atoms [131].

Another detection mode useful for light elements is annular
bright field, in which the annular detector covers approximately
the outer half of the range of the probe-forming aperture. As
proposed originally by Rose [132], it is a phase contrast mode of
imaging and therefore has high sensitivity, but due to the high
angular range it nevertheless shows incoherent characteristics
[133–135]. The Z-contrast is much reduced compared to the ADF
image which makes it easier to image light atom columns in the
presence of heavy columns. A notable recent result is the imaging
of H columns in hydrides [136,137].
The post-specimen optics on the latest columns are also much
improved, allowing collection of almost 100% of the scattered
electrons for most useful energy losses. Spectroscopic imaging is
therefore much more efficient with sufficient signal to allow the
two-dimensional mapping of core losses and spectral fine struc-
ture with atomic resolution [138–140]. Spectroscopic imaging of
single atoms has even been demonstrated at the edges of
graphene flakes where localized states were observed [141].
Spectroscopic imaging also visualized the disordered O sublattice
in thin layers of Y2O3-stabilized ZrO2 (YSZ) sandwiched between
SrTiO3 (STO) spacers [142], a system that provides a colossal
enhancement of O ion conductivity near room temperature
[143,144].



Fig. 13. Spin state mapping in La0.5Sr0.5CoO3�d thin films. The Z-contrast image shows the superlattice induced by vacancy ordering, the Co plane containing vacancies

indicated by the blue arrow, the stoichiometric plane by the red arrow. The O K EELS edge (left) is different from the two planes, indicating a spin state superlattice. Density

functional calculations (right) show the strong spin polarization in the blue planes near the Fermi level (dashed line). Reproduced from Ref. [145]. (For interpretation of the

references to color in this figure legend, the reader is referred to the web version of this article.)

Fig. 14. Z-contrast image of LiFePO4 showing a higher than expected intensity at

some Li sites (red circle). EELS from such sites reveals the presence of Fe, and the

FeLi L2,3 ratio is higher than that of Fe in the bulk lattice sites Febulk. Scale bar is

0.5 nm. Reproduced from Ref. [120]. (For interpretation of the references to color

in this figure legend, the reader is referred to the web version of this article.)
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Another recent example of fine structure mapping is the
discovery of a spin state superlattice in strained nanopockets of
La0.5Sr0.5CoO3�d thin films [145]. In cobaltites it is known that the
EELS fine structure is sensitive to the Co spin state [146]. Fig. 13
shows how details of the fine structure enable the mapping of Co
spin state in a small region of a La0.5Sr0.5CoO3�d thin film in which
strong O vacancy ordering is present. Every other plane is oxygen
deficient, a mechanism to accommodate the epitaxial strain with
the substrate, leading to lattice expansion which is visible as a
darker stripe in the Z-contrast image. The O K edge fine structure
is quite different on these planes, whereas the Co L2,3 ratio remains
constant indicating no change in valence, ie., no charge ordering
(as expected since these systems are metallic). The result indicates
that Co in the O-deficient plane is in a high spin state while Co in
the stoichiometric plane is in a low spin state. The result is
confirmed by density functional calculations [145].

Another recent example of the interpretation of EELS fine
structure is shown in Fig. 14 [120]. Antisite defects in the battery
material LiFePO4 cluster in particular channels, leaving others
open to Li ion diffusion [119]. The result is important since
maintaining open channels is necessary to allow charge and
discharge of the battery. Measuring the Fe L2,3 ratio of the antisite
defects reveals an unexpected valence. Instead of the þ1
expected if Fe simply substitutes for Li, the valence exceeds þ2,
higher than that of Fe in the bulk lattice sites. First-principles
calculations reveal an attraction between an antisite Fe (FeLi) and
a Li vacancy. This provides the mechanism for the clustering of
FeLi. Although the attraction is not enough to keep the Li
vacancies bound to the FeLi, by clustering the antisite defects in
particular channels the Li vacancies are trapped. They shuttle
back and forth between FeLi spending more time as neighbors and
less time diffusing, resulting in a net energy reduction. This
unusual energy-lowering mechanism is a feature of the one-
dimensional nature of the Li diffusion paths, and suggests
exploring temperatures for growth and/or annealing that opti-
mize segregation and maximize Li diffusion.
5. Future Trends

The advantage of a reduced accelerating voltage for avoiding
knock-on damage in materials such as graphene has already been
pointed out. Although atomic resolution can be achieved at much
lower voltages with the 5th-order correctors, chromatic aberra-
tion effects become increasingly severe. Chromatic aberration
causes intensity to be removed from the peak of the probe into
the tail [147], thus reducing the resolution and contrast of the
image. This issue is stimulating the development of chromatic
aberration correctors and monochromators [148–151]. EELS of
course benefits dramatically from the development of a mono-
chromator, particularly for applications such as band gap map-
ping [152,153] and the availability of an atomic-resolution
monochromated probe would be extremely valuable. Recent
improvements to X-ray detectors have improved their efficiency
while avoiding the need for liquid nitrogen cooling, so they may
now be incorporated into aberration corrected columns without
the fear of introducing instabilities. Atomic-resolution mapping
using X-ray fluorescence spectroscopy has been recently achieved
[154,155], and can show improved spatial resolution compared to
EELS, albeit if more noisy, as X-ray signals are typically more
localized [156].

Another emerging trend is the incorporation of in situ stages
into aberration-corrected microscopes for heating or maintaining
a gas ambient [157,158]. Such stages would be particularly
valuable in the field of catalysis [159–163]. Cooling stages remain
a challenge because of the need for refridgerant and the asso-
ciated inherent instabilities. Another emerging trend is likely to
be the mapping of functionality in the aberration-corrected STEM
[164]. The possibility of detecting signals such as cathodolumi-
nescence or electron beam induced current offers the possibility
to directly correlate local functionality with the local atomic and
electronic structure seen in the normal imaging and EELS signals.
The low signals anticipated for the secondary excitations can be
compensated for by increasing the beam current. Aberration
correction not only allows smaller probes, it can deliver much
larger currents into nanoscale probes than an uncorrected micro-
scope. Switching from high current to low current mode may
allow the first direct correlation of local electronic and optical
properties with atomic structure and impurity sites.
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Albert Crewe would surely be gratified by the recent progress,
the associated major growth in applications, and the potential
that still awaits for the instrument that he pioneered a half
century ago.
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