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The electron microscope provides numerous insights into physics, from demonstrations of fundamental quantum
mechanical principles to the physics of imaging and materials. It reveals the atomic and electronic structure of key regions
such as defects and interfaces. We can learn the underlying physics governing properties, and gain insight into how to
synthesize new materials with improved properties. Some recent advances and possible future directions are discussed.
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1. Introduction: The physics of imaging
It is less than a century since the invention of the elec-

tron microscope and its impact on physics has been profound.
Many classic demonstrations of the principles of quantum me-
chanics have been performed on the transmission electron mi-
croscope, including the Aharonov–Bohm effect[1] and wave–
particle duality.[2,3] A simple thought experiment demon-
strates the central quantum-mechanical nature of the electron
microscope. In Fig. 1 we see the basic elements of an electron
microscope. At a typical probe current of 160 pA, electrons hit
the specimen every 10−9 s. 200 kV electrons travel at about
200000 km/s, and are therefore on average 2 cm apart in the
column. For a sample to be electron transparent, it must be of
the order of 100 nm thick or less, hence we see immediately
that there is very little chance of two electrons being in the
specimen at the same time. Electron microscopy is based on
the scattering of individual electrons, one by one.

That scattering creates a diffraction pattern, which the mi-
croscope can focus onto a screen or detector. The diffraction
pattern is also built up from individual electrons striking the
detector at some location. In the imaging mode of a trans-
mission electron microscope (TEM), the diffraction pattern is
refocused back into a real space interference pattern. Again,
each electron strikes the detector at some location, one at a
time, and it is only with large numbers of electrons that the
pattern appears as a set of interference fringes. But the proba-
bility of any one electron striking the detector is still governed

by the interference between all the different potential scat-
tering pathways. This wave–particle duality is the essential
characteristic of quantum mechanics, and was clearly demon-
strated with Young’s fringes in the electron microscope.[2,3]

Each electron strikes the screen according to the probability
distribution, but we cannot predict exactly where it will strike
until the electron does actually strike the screen or detector.
This has another important consequence, that the momentum
transfer to the specimen cannot be determined until the elec-
tron does strike the screen, when the wave function is said to
collapse. With a typical distance from sample to detector of
1 m or so (see Fig. 1), this collapse occurs ∼ 5 ns after the
electron traversed the specimen. This is the essence of quan-
tum mechanical non-locality, another strange aspect of quan-
tum mechanics, that the outcome of the scattering is not deter-
mined until long after the electron passed through the sample.

Another consequence of electrons propagating as proba-
bility amplitudes is the distinction between coherent and in-
coherent imagings. As first pointed out by Lord Rayleigh for
light microscopy,[4] incoherent imaging means that only the
intensity illuminating a point on the object determines the in-
tensity in the image. Phases do not need to be considered. The
image is a rendition of the object just blurred by the resolution
function of the microscope. Therefore, a direct relationship
exists between the object and image and given sufficient reso-
lution a direct interpretation of the image can be made.
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Fig. 1. Schematic indication of a probe being scattered by a specimen,
followed by propagation to the detector. All scattering paths are possi-
ble with their respective probabilities, but only when the electron reaches
the detector does the wave function collapse, the direction of momen-
tum transfer becomes determined, and the sample recoils, about 5 ns after
traversing the sample.

The same is true for imaging with electrons, except,
historically, coherent imaging was developed first. If the
diffracted beams emerging from the specimen are refocused
onto a screen, an interference pattern is formed where the con-
trast depends on their relative phases, which also depends on
factors such as specimen thickness and lens focus. Changes
in either may result in contrast reversals so image interpre-
tation is not always trivial, especially if resolution is lim-
ited. It took a long time to appreciate how incoherent imaging
could be achieved with electrons, using the high angle elec-
tron scattering in a scanning transmission electron microscope
(STEM).[5,6] And longer still before it could be achieved ef-
ficiently with aberration corrected microscopes.[7] This story
has been reviewed previously and we will only briefly mention
a few key highlights below.

Quantum mechanics also connects the two major forms
of microscope, the fixed beam TEM and the STEM, through
time reversal symmetry.[8,9] This is a key principle of physics,
a fundamental property of elastic scattering amplitudes.[10,11]

It means that if a wave is reversed to travel in the opposite di-
rection the scattering amplitude of any object will be the same.
Elastic scattering is responsible for most contrast in electron
microscope images, and how this principle links image forma-
tion in TEM and STEM can be appreciated from Fig. 2. A
bright field STEM image with a small axial detector shows the
same contrast as a TEM image (whether a diffraction contrast
image or a lattice image) because the ray paths and interfer-
ence are identical, just reversed. Both are therefore coherent
images, which is easily appreciated from the TEM case, where
the object is illuminated by a plane wave, or close approxima-
tion. By reciprocity, the STEM bright field image is also a
coherent image. Incoherent imaging is achieved by the annu-
lar dark field (ADF) detector in STEM, which detects a large
angular range of diffracted beams and so detects the total scat-
tered intensity that falls on it. Interference does not change the

total scattered intensity, just redistributes it, so the annular de-
tector gives an image with incoherent characteristics, just like
seen in a normal camera, with no reversals of contrast. If we
reverse the STEM ray paths to the TEM case we can see that
the large detector acts essentially as Lord Rayleigh described
for the condenser lens in light microscope illumination, pro-
viding multiple phases illuminating each point in the image.
It is just because large condenser apertures cannot be readily
achieved in TEM with simultaneous large fields of view that
the TEM does not generally employ this mode of imaging,
and is limited to coherent imaging. Since high angle scatter-
ing is largely Rutherford scattering from the atomic nuclei it
is strongly dependent on atomic number Z, so the high angle
annular dark field (HAADF) image is dominated by atomic
number or Z-contrast.

Another difference concerns the highest available resolu-
tion, which is determined by the wavelength λ and the largest
scattering angle contributing to the image. In the TEM case
of Fig. 2(a), the largest angle is the radius of the objective an-
gle θ , but in the STEM case interference can occur across the
entire aperture diameter 2θ , double the resolution. This ba-
sic imaging physics is also true for light microscopy. Another
difference concerns the size of the atom, as contributing to the
image. The object for TEM imaging is the atomic potential,
but for HAADF imaging it is the screened nuclear potential,
significantly narrower.[12]

Fig. 2. Ray diagrams for coherent (upper) and incoherent (lower) imag-
ing in the TEM (left) and STEM (right) showing the reciprocity between
the two microscopes. Reciprocity holds no matter how many additional
optical elements are present, round lenses or aberration correctors.
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So we see that the STEM provides two complementary
views of the specimen just by using two simultaneous detec-
tors, one an incoherent, Z-contrast image using the ADF de-
tector, and a phase contrast image with a small axial detec-
tor. Many other possibilities exist, and an especially useful
one is annular bright field (ABF) imaging. An annular de-
tector is used, with the collection angle ranging from about
half the radius of the objective aperture to near the full angle.
It is therefore a bright field image, but because of the signif-
icant angular integration over the detector it gives quite in-
coherent characteristics, providing easily interpretable images
over a significant range of thickness and defocus.[13,14] It is
also highly complementary to the HAADF image, being much
less Z-dependent and allowing visualization of heavy and light
elements simultaneously. With the use of 4D STEM, where
the detectors are replaced by a camera detecting all points in
the diffraction pattern simultaneously, many more possibili-
ties exist, as we discuss later. Furthermore, inelastic analytical
signals are also available with the same probe, at atomic res-
olution, not only elemental composition via x-ray detection
or electron energy loss spectroscopy (EELS) but also valence
from EELS fine structure, and even vibrational properties from
low loss EELS.

2. Key milestones in the history of STEM
The invention of the TEM by Ernst Ruska and Max Knoll

in 1931 is well known,[15] resulting in the Nobel Prize in
physics in 1986. However the invention of the STEM by Baron
Manfred von Ardenne in 1938 is less well known,[16] because
it was not possible to form a probe with enough current to
provide a good quality image. Von Ardenne soon abandoned
the STEM in favor of the TEM, and it was not until almost
30 years later that a successful STEM was developed by Al-
bert Crewe.[17] The key to success was his development of the
cold field emission gun, a high brightness electron source that
enabled a small enough probe to be formed to image individual
atoms.[18] For a detailed history of the development of STEM
see Ref. [19].

More years would pass before a commercial STEM could
achieve atomic resolution. John Cowley showed an ADF im-
age of Ti2Nb10O29 showing improved atomic resolution de-
tail in the dark field image, using a VG Microscopes HB5
STEM with a modified pole piece.[20] VG Microscopes later
produced their own high resolution pole piece, and an exam-
ple of atomic resolution imaging is shown in Fig. 3, com-
paring HAADF images of Si and InP in 〈110〉 zone axis
orientation.[21] The characteristics of incoherent imaging were
already clearly seen. In this orientation, the crystal appears as
two closely spaced atomic columns, as shown by circles, and
although they are not resolved in Si, it is clear that each column
is contributing to the image intensity because the dumbbells

appear as oval features. In an incoherent image, the image
features are reproduced faithfully even below the resolution
limit. In the InP case, we see the dominance of the heavy In
columns, the crystal appearing as almost circular features with
the lighter P columns barely contributing. Insets show simula-
tions, performed by a simple convolution of a probe intensity
profile with a high angle scattering cross section, another char-
acteristic of incoherent imaging.

Fig. 3. HAADF images of (a) Si and (b) InP in 〈110〉 orientation, with
Si and In columns indicated by black dots and P columns as white dots.
Adapted from Ref. [21].

A few years later, when a 300 kV STEM became avail-
able, the probe size reduced enough to directly resolve such
dumbbells.[22] Many materials revealed their secrets at this
time, including quasicrystals,[23] semiconductor interfaces,[24]

catalysts[25] and grain boundaries.[26] Atomic resolution spec-
troscopy was also achieved, using the Z-contrast image to ac-
curately locate the probe over atomic columns while EELS
was performed.[27]

A new era for electron microscopy was ushered in by the
successful correction of lens aberrations, which had been a
dominant limitation to resolution since the invention of the
microscope. Suddenly, sub-Ångstrom resolution could be
obtained,[28,29] and spectroscopic sensitivity was enhanced to
single atom identification.[30] Today we are in the second gen-
eration of aberration correctors, able to correct aberrations up
to the 5th order, further increasing not just resolution but also
image contrast, giving the ability to separate closely spaced
columns with high contrast and to see light atoms next to
heavy ones. Z-contrast images were even able to image atoms
as light as graphene,[31] and not only to identify individual im-
purity atoms by spectroscopy, but from the fine structure, even
determine the nature of their bonding. Figure 4 shows identi-
fication of Si in two different configurations in graphene, the
threefold case being sp3 bonded, as in bulk SiC, the fourfold
case being sp2d bonded, to utilize the geometric shape of d-
orbitals.[32]
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Fig. 4. Images of 3- and 4-fold bonded C atoms in monolayer graphene
with corresponding EELS spectra. From the fine structure the nature of
the bonding can be inferred. Adapted from Ref. [32].

We also learned that with small probes, good image qual-
ity could be achieved with smaller beam currents. Beam dam-
age could be reduced so as not to immediately amorphize sus-
ceptible samples, or sometimes eliminated completely by re-
ducing the accelerating voltage to below the damage thresh-
old. Damage sometimes actually became visible in the form
of atomic motions between successive frames, allowing funda-
mental physical processes such as diffusion to be observed for
the first time. Figure 5 shows Ce diffusing through AlN, where
processes that had previously been proposed theoretically
could be directly visualized, including the interstitial kick-out
mechanism and correlated vacancy–impurity exchange.[33]

Fig. 5. Selected frames from a sequence of 30 Z-contrast images of a
w-AlN single crystal doped with Ce viewed along the 112̄0 axis. (a)–
(g) Frames 1, 4, 5, 6, 10, 16, 20, respectively, show the locations of a
single Ce dopant as marked by the arrowhead in each panel. (h) Frame-
averaged Z-contrast image. The observed Ce trace is overlaid and the Ce
positions in each panel (a)–(g) are indicated. The scale bar in (a) is 3 Å.
Reproduced from Ref. [33].

3. New insights into materials
Microscopists have long claimed that if we could see the

details of a material’s microstructure then we would under-

stand the origin of its properties and see the path forward to
improving those properties. Aberration-corrected STEM has
now given us that ability, so has this actually led to new ma-
terials’ properties? We mention just a few examples that have
changed our thinking, influenced the future direction of re-
search in their fields, and some that have indeed led to record
materials performance.

The first concerns solar cells, specifically CdTe, and the
role of grain boundaries; in particular, the role of the Cl heat
treatment in bringing efficiency to practical levels. Histori-
cally considered deleterious to solar cell efficiency, materials
efforts focused largely on avoiding grain boundaries as much
as possible. However, STEM imaging, together with electron-
beam-induced-current (EBIC) imaging of bulk cross section
samples in a scanning electron microscope, instead indicated
that after the Cl heat treatment boundaries actually improve
current collection. The reason was uncovered by atomic reso-
lution studies in STEM, as shown in Fig. 6. The boundary is
seen to be built from structural units comprising one Ti column
surrounded by three Cd columns. The EELS line trace shows
Te depletion and Cl enrichment at the grain boundary, indicat-
ing Cl substitution for Te. The result was the same for bound-
aries of any geometry, indicating a general phenomenon. Den-
sity functional calculations showed that the Cl doping doped
the boundary n-type, creating mini p–n junctions within the
material therefore enhancing current collection.[34]

Fig. 6. Atomic structure and elemental distribution at a grain boundary
in a CdCl2-treated CdTe solar cell. (a) STEM Z-contrast image showing
a Σ9 grain boundary with symmetric and asymmetric segments indicated
by yellow and green dashed boxes, both comprising the same structural
units, Cd3Te dislocation cores (white dashed circles). The small blue and
large yellow solid circles indicate single Cd and Te columns, respectively.
(b) An EELS line scan was taken along the yellow arrow, and (c) the re-
sulting composition profiles show strong Cl enrichment and Te reduction
confined to a 1–2 nm range at the GB. Adapted from Ref. [34].

Piezoelectrics are another area of functional materials
where properties arise from complex microstructures that are
difficult to unravel. Figure 7 shows how increasing spatial
resolution from TEM images through convergent beam elec-
tron diffraction (CBCED) patterns to phase identification at
the unit cell level reveals a complex, hierarchical nanodomain
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structure.[35] Such structures were found common to numer-
ous different materials, and show that the coexistence of mul-
tiple phases, with nearly degenerate energies, and hence min-
imal domain boundary energy that allows easy boundary mi-
gration and polarization rotation. Hence the microstructural
origins of good piezoelectric response were able to be uncov-
ered to guide future materials development.

Fig. 7. Nanodomains and local structure of (K,Na)NbO3-based piezo-
electric material. (a) TEM image showing slim nanodomains without sub-
micron domains. (b) TEM image showing the hierarchical nanodomain
structure, with an enlarged image inset. (c1) and (c2) CBED patterns from
adjacent nanodomains showing mirror planes along 〈100〉 and 〈110〉 for
tetragonal T phase and rhombohedral R phase, respectively. (d1) and
(d2) Schematics showing T and R symmetries with B atom displacement
along pseudocubic axes and diagonals with respect to A atoms, respec-
tively. (e) Atomically resolved STEM HAADF image with atom positions
and R and T regions marked. (f1) and (f2) Enlarged images of the regions
marked in (e), showing T and R symmetries. (g) Atomically resolved
STEM annular bright field image with arrows representing displacements
of the center Nb columns with respect to O columns. Reproduced from
Ref. [35].

Epitaxial thin film piezoelectric materials have histor-
ically had much poorer properties than their bulk counter-
parts, but this has dramatically changed in the last few years.
NaNiO3 thin films having record piezoelectric response have
been engineered by deliberately growing Na-deficient films,
which introduces translational domain boundaries to accom-
modate the non-stoichiometry. These boundaries are the
source of the outstanding response, double that of the best Pb-
based thin film.[36] Soon after this discovery, it was found that
just by increasing the density of the nanodomains, the response
doubled yet again.[37] Furthermore, along with the large re-
sponse came a robust temperature dependence. This success
story suggests that similar strategies could be employed for
other functional thin film systems.

Another area that has seen a surge of activity in recent
years is 2D materials. Not only do these materials demonstrate
a wealth of fascinating new physics but they also have numer-
ous practical applications. Microscopy is invaluable for phase
and defect identification,[38] and can again lead to insights into

new directions for synthesis. One example is the intercalation
of species into the Van der Waals gaps, leading to dramatic
changes in properties. When grown in metal-rich conditions,
the excess metal atoms tend to fill the octahedral vacancies
in the Van der Waals gaps, and with the right ratio they form
ordered arrays that exhibit new properties such as ferromag-
netism. Figure 8 shows an example of an ordered intercalated
array of 33% Ta in Ta7S12, where the intercalated Ta occupies
a
√

3×
√

3 superstructure and gains a magnetic moment.[39]

Based on these observations we can speculate upon whole new
classes of other intercalated 2D materials.

Fig. 8. Use of non-stoichiometric growth to create a self-intercalated
superlattice of Ta in Ta7S12. Reproduced from Ref. [39].

A remarkable success story in explaining macroscopic
properties through microscopy concerns monolayer amor-
phous carbon. These structures are produced by chemical va-
por deposition, and have very different properties depending
on growth temperature. In particular, a remarkable nine or-
ders of magnitude change in sheet resistance occurs on rais-
ing the growth temperature by just 25 ◦C.[40] Figure 9 shows
images of two samples grown at 300 ◦C and 400 ◦C. Both
samples contain distorted crystallites embedded within regions
of a continuous random network of 5-, 6- and 7/8-fold car-
bon rings. However, the sample grown at low temperature
is semiconducting, with a temperature dependence indicating
hopping conduction, whereas the sample grown at the higher
temperature is highly insulating. It is clear from the atomic
resolution images that the low temperature sample has larger
crystallites, but they are not connected like in graphene, hence
the sample is not metallic. Furthermore, the diffraction pat-
terns show no spots, implying both samples to be disordered,
but the width of the amorphous rings is sharper in the low tem-
perature sample, showing it to have a lower degree of disorder.
Surprisingly, the huge resistance change can be explained by
a variable-range hopping model of conducting crystallites em-
bedded in an insulating matrix. Using the images to define
the density of disconnected, non-conducting sites, the theo-
retical resistance–temperature curves could be well matched
to those measured experimentally, and a similar huge conduc-
tance transition was found in the simulations.
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Fig. 9. Images and selected area diffraction patterns of amorphous mono-
layer carbon grown at 300 ◦C (left) and 400 ◦C (right), with 6-fold car-
bon rings in green, light green in connected regions, dark green in dis-
connected (insulating) regions, defined as a 6-fold ring with less than 6
neighboring rings. 5-fold rings are shown in red and 7/8-fold rings in
blue. Adapted from Ref. [40].

The microscope itself can also be used to create
metastable 2D materials. At low beam energies, the two
species in a binary 2D material may show very different ten-
dencies for beam damage. This is the case for MoSe2, where
the lighter Se atoms are preferentially sputtered by the beam.
The Se vacancies tend to attract each other, as seen directly
in STEM movies of successive frames, and create regions of
monolayer Mo,[41] which we might call a molene by analogy
with graphene, as shown in Fig. 10. These regions are suf-
ficiently stable to allow EELS to be performed, showing that
no O or C is present to stabilize the Mo film. Density func-
tional calculations further showed that the molene is indeed a
metastable form of Mo, albeit in hexagonal arrangement un-
like Mo metal which is body centered cubic. The lattice pa-
rameter of free-standing molene is 2.7 Å experimentally, com-
pared to a Mo–Mo spacing of 3.3 Å in the MoSe2 film, imply-
ing significant tensile forces on the metal monolayers. Indeed,
as they grow larger they tend to fracture.

Fig. 10. Formation of a monolayer Mo membrane by sputtering in a
STEM. Adapted from Ref. [41].

4. Recent developments: Towards three dimen-
sions
The most significant instrumental development in recent

years has been the huge advance in detector technology, with
pixelated detectors reaching single electron sensitivity, allow-
ing detector configurations to be chosen after scanning, and
simultaneous Z-contrast images with the HAADF detector.
Pixelated detectors are not limited to circular geometry, so
as well as bright field, low-angle ADF and annular bright
field (ABF), many other modes become feasible, including
differential phase contrast and its integrated forms that en-
able electric fields and total charge to be determined at atomic
resolution.[42,43]

Fig. 11. Simultaneous ADF, ABF, integrated center of mass (iCoM) and
SSB ptychography images of Fe3O4 acquired with a 2 microsecond dwell
time scan. The 4D STEM data were collected on a Timepix3 event driven
camera, allowing a rapid scan speed. At the 10000 e−/Å2 dose used here
the dose efficiency of the SSB ptychography is clearly higher than the
other imaging methods, showing all the atomic columns, including the
light O atoms which are particularly challenging for the ADF signal when
neighboring heavier columns such as the Fe columns here, even at far
higher doses. Reproduced from Ref. [47].

Collecting low angle scattering is much more dose effi-
cient than limiting the signal collection to only that small frac-
tion at high angles. The most dose-efficient of all is ptychogra-
phy, because it only utilizes the part of the diffraction pattern
that gives a specific spatial frequency, the so-called overlap
regions between diffraction discs.[44–46] The remainder is not
used, hence the signal to noise ratio is improved. Moreover,
in the single-sideband (SSB) method, the resolution cutoff is
the diameter of the objective aperture, and the contrast transfer
function is single signed, without oscillations. These charac-
teristics are similar to those of the incoherent HAADF image,
but with higher signal level. In the example shown in Fig. 11,
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the electron dose is so low that the resolution of the HAADF
image is limited by noise, not the size of the scanning probe,
but it is useful in providing an independent signal confirming
the identification of the heavy atoms.[47] The ptychography
provides a much more dose efficient image that clearly reveals
the light oxygen atoms in the structure. With event-driven de-
tectors, it is no longer necessary to read out empty pixels, and
fast scanning is possible.[48] However, unlike the HAADF im-
age, ptychography is still a phase contrast technique and con-
trast reversals do occur with increasing thickness due to phase-
wrapping.

With iterative reconstruction techniques even more can be
achieved, albeit at the cost of significantly increased compu-
tation time. When overlapping diffraction discs reach the de-
tector, the resolution limit becomes the maximum angle of the
detector, not the probe. With enough signal, resolution of the
reconstruction can reach several times the diffraction limit into
the deep sub-Ångstrom range.[49] The issue with thickness can
also be overcome by so-called multislice ptychography,[50]

which solves for the object at multiple depths and markedly
increases the quality of the reconstruction. Local sample tilt
can also be incorporated into the modeling, greatly reducing
the sensitivity to small crystal tilts and deformed columns near
defects.[51]

Fig. 12. HAADF images from a cross section of a GaN/InGaN quan-
tum well light emitting device, at defocus of zero and−4 nm. The In rich
quantum well is seen brighter. At zero defocus, the beam is focused above
a buried stacking fault (see schematic) which is not visible in the image.
The atom columns marked by blue dots continue right across the region
outlined in red, which contains the fault. When the focus is changed to
−4 nm, the columns between the red lines are doubled, marking the over-
lap of the faulted and perfect regions of crystal. Adapted from Ref. [53].

Fig. 13. Cross section views of a TiO2 anatase thin film grown on a
LaAlO3 substrate. The red and yellow boxes mark the unit cell of the
anatase. The fault is again buried below the surface, and at zero defocus
it is not visible; the red and yellow boxes are perfectly aligned with each
other and the crystal appears perfect. At −3.3 nm focus, however, the
fault is in focus, and the red and yellow boxes are now displaced either
side of the fault line, which is now clearly visible and seen to be decorated
with La dopants. Courtesy Changjian Li.

An alternative means to overcome thickness dependent
dynamical diffraction effects is to realize that dynamical scat-
tering occurs only close to the zone axis. With 5th order aber-
ration correctors, corrected probes can be formed with 50 mrad
convergence at 200 kV. In this case only the central zone un-
dergoes dynamical diffraction and the rest is so far from the
zone axis that it propagates as in free space, coming to a fo-
cus at a specific depth inside the crystal. The depth of focus
is λ/2θ

2, which for the conditions mentioned above is close
to 0.5 nm. In practice, the depth resolution is also sensitive to
the chromatic energy spread of the beam, but we still expect
nm scale depth resolution for a cold field emission gun with-
out monochromator.[52] This has indeed proved to be the case,
even in quite thick crystals. as shown in Figs. 12–14. Com-
pared to tilt series tomography, optical sectioning has greater
lateral resolution but poorer depth resolution. Its major ad-
vantage is that no mechanical tilt is required, depth sectioning
being achieved simply by changing the focus of the objective
lens.
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Fig. 14. Depth sectioning in PbTiO3(PTO)/PbO composite systems prepared in nano-spherical (a), (c) and nanocolumnar (b), (d) configurations.
The depth resolved unit-cell by unit-cell tetragonality profiles (a) and (b) highlight the different morphologies very clearly, with tetragonality
extending for a depth of over 40 nm in the nanocolumnar sample. This creates a giant c/a ratio and a polarization three times the bulk value.
Adapted from Ref. [54].

5. Future outlook
What developments might we expect in the coming years?

It is difficult to predict breakthroughs, but it is interesting
to speculate on some issues that might change the way mi-
croscopy is done, and perhaps therefore change the way mate-
rials science and maybe even biological science is performed.
First, let’s ask what might happen to depth resolution if we
were to double the size of the objective lens to 100 mrad semi-
angle. Right now this can only be done in simulations, but

they suggest that atomic resolution in depth becomes possible,
as shown in Fig. 15. If this was to be achieved, it might be
advantageous to tilt off the zone axis, since no channeling is
required, indeed none is desired, and this would increase the
depth between single atoms at any given probe position. In
fact, it would not even be necessary to have a crystalline sam-
ple, and a whole range of amorphous and nanophase materials
would be amenable to investigation, atom by atom, in three
dimensions.

Fig. 15. Simulated focal series of images of Ce atoms substituted in AlN for 0–10 nm defocus with probe-forming angles of 30 mrad (upper),
60 mrad (center) and 100 mrad (lower) at 300 kV accelerating voltage, assuming aberration free conditions. Ce atom locations are indicated by
red rectangles. They are well-resolved in depth even at 60 mrad convergence semiangle. Reproduced from Ref. [55].
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We have seen how piezoelectrics has benefited from clear
atomic resolution images, leading to record properties. Sim-
ilar advances have occurred in thermoelectrics, another area
with important practical applications, but these materials also
have very complex microstructures. This stems from the
need to minimize phonon transport, needing scattering cen-
ters at multiple length scales, from atomic-scale point de-
fects to precipitates and grain boundaries, while simultane-
ously maximizing electron transport. Some major advances
have been made, from synergistic optimization[56] to using
entropy,[57] but could we actually measure properties locally?
With monochromated electron guns it has been possible to re-
solve phonon peaks in EELS, not only the energy loss peaks
but also the energy gain peaks, where a preexisting phonon
is absorbed by the beam and so increases its energy. The ra-
tio of these two processes depends on temperature, and with a
nanoscale beam, nanoscale temperature measurement can be
achieved.[58] Perhaps local temperature mapping could reveal
the thermal influence of extended defects, such as the Van der
Waals gaps in GeTe,[59] although higher temperature sensitiv-
ity is probably necessary.

We have already seen how the electron beam can be used
to fabricate a metastable monolayer material, but can the beam

be used for atom-by-atom fabrication? Remarkable progress
towards this goal is shown in Fig. 16, where a Bi atom in Si is
moved column-by-column in a controlled fashion.[60] To move
the atom, the scanning is stopped and the beam is placed over
the target atomic column adjacent to the Bi dopant. The strain
field of the large Bi atom makes it energetically favorable to
generate a Si vacancy next to the Bi atom, into which the Bi
atom then hops. The process is repeated to move the Bi as
desired. Clearly, with improved depth resolution, the process
could be generalized to three dimensions.

Fig. 16. Electron-beam-directed placement of a Bi atom in Si 〈110〉. At
200 kV, the Bi dopant, indicated with a white circle, is moved several
unit cells, column-by-column, following the path of the electron beam
(marked with white dashed arrows). Blue circles indicate the reference
Bi dopants that do not move between frames. Adapted from Ref. [60].

(a) (b) (c)

(d)

(e)

Fig. 17. Identification of dopant sites in a quaternary alloy based on monolayer WS2. (a) Low-angle ADF-STEM image of monolayer WS2 doped
with Fe and Te. Scale bar, 2 nm. The framework readily identifies (b) Fe-centered (turquoise) and Te-centered (red) motifs, as well as (c) single S
vacancies VS (yellow) within the WS2 lattice (gray). (d) Force-relaxed (FR) clustering of Zernike features (rotation invariance turned off) shows
the W-centered motifs (orange) and S-centered motifs (blue), plus the structural motifs that contain dopants (Fe and Te) or have peripheral S or
W atom columns (i.e., S#{1,2,3} and W#{1,2,3}). Among the motifs comprising only W+S, those that are centered on S vacancies can be
identified by turning on rotational invariance (inset). (e) For the motifs containing dopants, their spatial context can be summarized as a tree-like
hierarchy with other motifs. Adapted from Ref. [61].
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Fig. 18. Schematic showing the stages in the development of a smart, self-driving microscope, with increasing levels of cognitive function, to
transition from the expert operators of today to a materials-aware microscope of the future. Such machines could easily be interconnected to
increase their experience and interpretative power. Courtesy Duane Loh.

Finally, we can expect an increasing role for machine
learning and artificial intelligence in image analysis. An un-
supervised scheme is most suitable, since we do not know a
priori what kind of defects to expect. Also, it is important that
the analysis includes the local atomic configuration, not just
identify atom locations. Such a framework has recently been
developed based on Zernike polynomial decomposition of lo-
cal image patches. Zernicke polynomials are very suitable for
capturing local symmetry, and very insensitive to image noise.
Automatic classification of point defects in monolayer WS2

doped with Fe and Te is shown in Fig. 17.[61] Once classified,
all images of the same classification types can be summed to
improve statistics and compared to simulations for identifica-
tion.

Such schemes could be easily extended to include auto-
matic searching across the sample, a kind of “self-driving”
microscope, saving the many hours humans typically spend
searching manually for interesting features. Indeed, differ-
ent samples could be compared, grown under different condi-
tions, and correlated with properties to determine which spe-
cific defects determine which function. We can even envisage
a world-wide web of microscope data, as shown schematically
in Fig 18, all analyzed by artificial intelligence.

6. Summary
Electron microscopy allows deep insights into numerous

aspects of physics, including demonstrations of fundamental
quantum mechanical principles, the physics of coherent and
incoherent imagings, and the physics of materials, whether for

understanding the atomic origin of materials properties or to
find guidance for the development of new and improved ma-
terials. From all these different perspectives, today’s micro-
scopes are quite awe-inspiring. Indeed, it seems fair to say
there has never been a more exciting time in the history of the
microscope. But the promise for the future, with the incorpo-
ration of AI into microscopy would appear to offer even more
exciting possibilities.
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