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Abstract

The through focus exit wave reconstruction technique uses a series of high resolution electron microscopy (HREM)
images to reconstruct the complex electron wavefunction at the exit plane of the specimen. The main advantage of this
technique compared to conventional HREM is better interpretable images due to the deblurring of the information. This is in
particular valid for surfaces and interfaces, as is shown by examples of exit waves of a (001) surface of NiO, a single slab of

(Mo,Co)S,, on ¥-Al,O, and the sapphire/CeO, interface.

© 2000 Elsevier Science BV. All rights reserved.
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1. Introduction

Knowledge of the atomic arrangements of surfaces
and interfaces is of vital importance for the under-
standing of the properties. With the increasing need
of the accurate determination of the atomic arrange-
ments at non-periodic structures in materials design
and control of microstructures and nanostructures,
techniques that allow quantitative structural infor-
mation at the sub-angstrom level will be indispens-
able. Compared to other techniques used to obtain
structural information of materials, high resolution
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electron microscopy (HREM) has the great advan-
tage that it yields local information about the atomic
arrangements, projected along the direction of elec-
tron incidence at a resolution comparable to the
interatomic distances. By combining the information
obtained from different projections one can in princi-
ple obtain three-dimensional structural information.

Several groups [1-5] have used HREM to de-
termine the atomic arrangements at selected grain
boundaries with a high precision. Yan et al. [6] have
shown that it is even possible to determine the
composition of individual atom columns, using
electron energy loss spectroscopy. Still the fraction
of grain boundaries that can be studied by conven-
tional HREM is limited. Recent developments in the
processing of HREM images make it possible to
reconstruct the electron wavefunction at the exit of
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the object. At present two methods are used in a
routinely manner for exit waves reconstructions:
through-focus electron holography and off-axis elec-
tron holography [7-9]. A major advantage of the
reconstructed exit wave is that it allows a more
straightforward  quantitative interpretation than
HREM images, in particular for non-period features
like grain boundaries.

The recent papers in this journal, for which
HREM was applied as a major experimental tool,
can roughly be divided into three groups. The first
group concerns the investigation of substitutions and
the presence of extra atoms and vacancies [10—12],
whereby one is mainly interested in the (super)struc-
ture. In the case only small crystals are available and
one is interested in the average structure, the best
tool is quantitative electron diffraction [13,14]. The
second group is the study of the morphology and the
microstructure [15-17]. The third and most impor-
tant group is the investigation of grain boundaries
(atomic structure, presence of second phases, local
composition) [17,18]. In the present paper we will
concentrate on the last group, HREM on grain
boundaries and surfaces, because in this field the use
of exit wave reconstruction has the most advantages.

In the HREM investigation of grain boundaries
three aspects are very important restrictions: the
shape and orientation of the grain boundary, the
crystal lattices of the adjacent crystals and the
resolution of the electron microscope.

The shape and orientation of the grain boundary is
important, because HREM provides in first approxi-
mation projections of the structure, such that only
lateral information and no depth information is
available. This implies that the information of a grain
boundary that is not parallel to the electron beam
will be smeared out. Concerning the determination of
rough shapes, a lot of development has been done in
the last few years on the determination of the shape
of biological particles by means of electron tomog-
raphy [19,20]. The present state of the art is that a
3D resolution of about 1 nm can be obtained. For
this a tilt series from —70° to + 70° with incre-
ments of 2° are typically used. The 3D reconstruction
of these biological specimens is based on contrast
changes due to the overlap of scattering material in
projection. In the study of inorganic solid state
materials a 1-nm resolution is insufficient and also

more difficult to obtain. The 1-nm resolution is
insufficient because one will be interested in the
atomic arrangements at the grain boundary (e.g. even
an amorphous grain boundary layer of 0.5 nm can
strongly influence the properties). The 3D recon-
struction of grain boundaries is more difficult when
these materials consist of (small) crystals. Crys-
tallinity results in extra contrast, which depends very
strongly on the orientation. In orientations where the
crystal is in a low-index' orientation, it scatters the
electrons much stronger than in a high-index orienta-
tion. This cancels the one-to-one correspondence
between contrast and the projected average scattering
potential.

A crystalline specimen allows one to obtain a
structure image. In this case one has to orient the
crystal such that the projection of the structure along
the electron beam results in image features that can
be resolved given the resolution of the electron
microscope. This implies that the imaging can only
be done with the electron beam along a small
selection of crystal directions. Obviously, the better
the resolution of the electron microscope the more
directions can be used.

If the crystal is perfectly aligned, the atoms can be
considered as aligned in columns. In this case a
column scattering potential [21], as schematically
shown in Fig. 1, can replace the scattering potential
of the atoms. The column scattering potential de-
pends on the weight of the atoms and their distance
along the column. If the crystal is tilted such that the
column is not exactly along the electron beam
(mistilt less than 1°) this column approach is still
valid [22].

Summing up the requirements for obtaining
HREM images of grain boundaries that can be
interpreted in a straightforward way: (i) the grain
boundary is straight, (i1) the grain boundary is
parallel to the electron beam, (iii) one of the grains
and preferable both are in such an orientation, that
lattice imaging is possible. Obviously most of these
requirements become the more stringent the thicker
the specimen. On the other side, a too thin specimen
might not reflect the initial structure of the grain
boundary due to changes induced by the thinning of

'A low index orientation is an orientation [2k/] that has a low sum
h+k+1
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Fig. 1. (a) Schematic representation of an atomic arrangement around a grain boundary. It is supposed that lattice imaging is only possible
along the directions a, b, ¢ and d. The crystallographic arrangement of the grains is such that the direction b in the left grain is parallel to the
direction a of the right grain, and the grain boundary is parallel to the a direction of the grain on the right. Because of that favourable
orientation relation structure images of both grains are obtainable and the image of the grain boundary is as sharp as possible. For this
orientation columns can replace the rows of atoms, each with its own scattering potential depending of the weight of its atoms and their
spacing. The further the orientation deviates from the directions a, b, ¢ and d, the poorer the contrast of the HREM images, which trend is
faster for thicker specimens. Thus a very thin specimen will still allow an appreciable misorientation (several degrees).
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the specimen or lattice relaxations due to the very
limited thickness of the specimen. The interaction
between electrons and matter is very large (about 10"
times larger than for X-rays), such that very small
specimen thicknesses can be investigated. The speci-
men thickness required for a good image contrast
ranges from 1 to 10 nm depending on the scattering
potential. This implies that the requirements that the
electron beam is parallel to the grain boundary and
parallel to atom columns are not very stringent.
Obviously, the better the resolution of the micro-
scope, the more directions one can get structural
images from. In particular for the study of grain
boundaries this increase in suitable directions is
important”

Compared to the imaging of the atomic arrange-
ment at a grain boundary, the imaging of the atomic
arrangement of a surface is much easier. In the first
place the requirement that the second grain is also in
an orientation allowing structure imaging does not
have to be fulfilled. Secondly no information from
the second grain, due to delocalisation of infor-
mation, is complicating the interpretation of the
image of the surface. In most cases the crystallo-
graphic planes occurring at grain boundaries are also
the most stable surface planes, because such surfaces
and interfaces tend will have a relatively low energy.
Thus a surface can serve very well as a model
material to investigate the atomic arrangements.

In this paper we want to illustrate the use of
through-focus exit wave reconstructions, in particular
on grain boundaries. To illustrate the differences in
delocalisation of information between reconstructed
exit waves and HREM images, we show some

2Assuming that a HREM allows a double tilt of =30°, one out of
three grain boundary can be aligned along the electron beam.
Assume next that by rotation of the specimen about the interface
normal with a range of 40° one orientation can be reached
allowing structure imaging for the first or the second adjacent
grain, Then the chance of being able to have a grain boundary
being parallel to the electron beam with the first grain only (the
situation for a surface) is still one out of three. Assuming random
orientation of the grains and that the maximum misorientation is
2°, the chance that an orientation can be found in which both
grains are in a both grains in an orientation allowing structure
imaging is 1 over 30. A doubling of the number of orientations
allowing structure imaging increases this chance to 2 over 15.

simple examples rather than giving examples of
quantitative comparisons. Surfaces are used to illus-
trate the problems arising with the imaging of grain
boundaries, because they can serve as simplifications
of grain boundaries. After a short introduction to the
resolution of the electron microscope and the de-
localisation of information due to the imperfection of
the microscope, three examples of reconstructed exit
waves are discussed.

1.1. The resolution of the electron microscope

Concerning the resolution of a HREM, one has to
distinguish between point resolution (or structural
resolution) as the finest detail that can be interpreted
directly in terms of the structure, and the information
limit which is the finest detail that can be resolved by
the instrument, irrespective of a possible interpreta-
tion. The electron microscope in the phase contrast
mode at optimum focus (Scherzer focus) directly
reveals the projected potential, i.e. the structure, of
the object, provided the object is very thin and the
atom columns are sufficiently separated. All spatial
frequencies g with a nearly constant phase shift are
transferred from object to image (see Fig. 2). Hence
the point resolution, pg, can be obtained from the
first zero of the transfer function. The information
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Fig. 2. Transfer function (imaginary part, and thus for the phase)
for 300 kV with a C, of 1.3 mm and a defocus of ~63 nm (which
is close to Scherzer focus). The damping corresponds to a defocus
sprcad of 6 nm and a divergence of 0.1 mrad. The point
resolution=0.2 nm and the information is 0.14 nm assuming that
the contrast should be at least 10%.
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beyond pg is redistributed over a larger image area
(delocalisation of information). In particular the high
frequency information can be delocalised over sever-
al nanometers even for a good electron microscope
and optimal imaging conditions. The information
limit corresponds to the maximal diffracted beam
angle that is still transmitted with appreciable signal-
to-noise ratio. Since the information limit is mostly
better than the point resolution, a promising way of
increasing the resolution is by restoring the infor-
mation that is present between pg and p; and which
obviously has the wrong phase. This information has
to be unscrambled for which purpose exit wave
reconstruction has been developed. In that case p
will determine the final resolution.

Recently two exit wave reconstruction methods to
unscramble the delocalised information have been
developed: through-focus electron holography and
off-axis electron holography [7]. The exit wave
reconstruction (unscrambling of the information) is
done in two steps. First, the wavefunction in the
image plane is reconstructed. Since by recording the
image only the amplitude information is collected,
one has to use a method to determine also the
missing phase information. The phase in HREM
images can be determined by holographic methods of
which two approaches exist: off-axis holography [&]
and focus variation [9]. For both techniques one
needs a very high-resolution camera (CCD), a
powerful image processor, and a field emission
source to provide the necessary spatial coherence. In
off-axis holography [8], the beam is split by an
electrostatic biprism into a reference beam and a
beam that traverses the object. Interference of both
beams in the image plane then yields fringes, the
positions of which yield the phase information. In
the focus variation method, the focus is used as a
controllable parameter so as to yield a through focus
series from which both amplitude and phase in-
formation can be extracted [23-27]. Images are
captured at very close focus values so as to collect
all information in a three-dimensional space, com-
posed of the intensities of the image R(x,y) and the
defocus. Schiske [23], Kirkland [24] and Saxton [25]
have already suggested such methods. An alternative
to the use of exit wave reconstructions is to improve
the point resolution of the electron microscope. A
0.1-nm point resolution is already obtainable with

high-voltage high-resolution electron microscopes
[28,29]. Such microscopes have as disadvantage their
price and an increased chance of irradiation damage.

In the exit waver reconstruction, after determining
the image wave one has to reconstruct the exit wave
of the object. For this the microscope parameters
have to be known very precisely. This forces the
microscopist to perform the experiments with care
and to decide beforehand which information he
wants to achieve, such that the experiments are
optimised to obtain this information. In the case one
aims at the highest resolution, the best focus range is
around Lichte focus (about three times Scherzer
focus) for which the damping of the high frequency
information is smallest.

Coene et al. [9] have developed a procedure to
refine the exit wave by iteration comparing the
simulated images for the whole through focus series.
The best-matching criterion for this purpose is the
maximum-likelihood criterion. In this way all in-
formation, both linear and non-linear, that is present
in the images is fully exploited, so that the highest
precision is achieved.

2. Experimental

Electron transparent areas of the various speci-
mens were obtained by crushing (NiO and
(Mo,Co)S, on y-Al,0O,) or by ion milling (sapphire/
CeO, interface). The crushing was done under
ethanol, after which a suspension was dripped onto a
Cu grid with a carbon-coated holey film. The ion
milling was done with the thin film side facing away
from the ion gun with a final ion-polishing step using
an acceleration voltage of 3 kV, a gun current of 0.3
mA, and an angle of 8°. Electron microscopy was
performed with a Philips CM30ST electron micro-
scope with a field emission gun operated at 300 kV
and a Link EDX element analysis system. The
information limit of this microscope is 0.14 nm. The
high-resolution images were recorded with a 1024 X
1024 pixel Photometrix CCD camera with a dynamic
range of 12 bits. For the through focus exit wave
reconstructions (TF-EWR), a series of 15-20 HREM
images was recorded with focus increments of 5.2
nm.

The choice of representation of the exit wave is to
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a large extent arbitrary. One can either display a
positive phase shift deviating from 2n 7 of the phase
of an area having no atoms (e.g. vacuumy) as black or
white. Similarly a decrease in the amplitude can be
displayed in two ways. In this paper the amplitude
decrease and the positive phase shift in thin areas are
displayed by a darkening. Thus for small thicknesses
the heavy scattering atoms appear as dark dots in the
amplitude as well as in the phase image, allowing
easy comparison of these two images.

In order to determine the structure of a surface or
interface by transmission electron microscopy one
has to view parallel to the surface (profile imaging)
or the interface as is shown in Fig. 3. Additional
requirements are that one has to look in a direction
along which the atoms are aligned in columns that
are sufficiently separated and the specimen has to be
very thin e.g. 20 nm or less.

2.1. Example 1: image calculations of a [100]
surface of NiO imaged in profile

The complexity in the structure determination
from conventional HREM images as compared to
exit waves is demonstrated in Fig. 4. This figure
shows calculated exit waves and calculated conven-
tional HREM images for a range of defocus values
of the (001) surface of NiO viewed along the [110]
direction for two thicknesses, e.g. 1 and 5 nm. In the
model used for this calculation all atoms have a
Debye—Waller factor of 125 pm’ except for the Ni
atoms at the (001) surface, which have a Debye
Waller factor of 375 pm’. This Ni atom can be
clearly distinguished in the amplitude of the exit
wave, since it i1s much less dark. In the HREM
images this different Ni atom is, however, not
observable. In fact, these images would be almost the

Fig. 3. Schematic representation of profile imaging. The arrow indicates the direction of the electron beam.
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— defocus (nm) —»

Fig. 4. Calculated images for a (001) NiO surface in profile imaging, using Cg=1.3 mm, a defocus spread of 6 nm, a divergence of 0.1

mrad and a mechanical vibration of 0.05 nm.

same, if this Ni would have also a Debye—Waller
factor of 125 pm’.

One can see that in the HREM images the
information of the surface is delocalised. The extend
of this delocalisation depends on the defocus. The
information of the ‘single crystalline’ part is of
course also delocalised, but this is not visible due to
the periodicity of this area. In this figure the smallest
delocalisation seems to occur at a defocus of about
—70 nm. However, this minimum delocalisation
depends on the scattering angle, the wavelength and
the spherical aberration of the objective lens. For a
spherical aberration of 1.35 mm and a defocus of
about —70 nm, a minimum delocalisation is ob-
tained for a reflection g of about 5 nm~'. But for a
reflection of 10 nm ™" the delocalisation is still very
large at a defocus of —70 nm and the minimum
delocalisation occurs at a defocus of about —270
nm. No defocus can be chosen to have the minimum
delocalisation for all diffracted beams.

In contrast to the HREM images, in which the
information is delocalised, the exit wave shows a
sharp edge of the specimen and the difference in
Debye Waller factor is also clearly seen. Obviously

the exit wave leads to a much more accurate
description of the atom positions at and near the
surface. Note that the effect of a larger Debye Waller
factor is in first approximation quite similar to a
smaller scattering potential. In the phase image one
can see that the dot corresponding to the Ni atom
with the Debye Waller factor of 3 shows a larger
extension. Thus, only in combination with the size of
the dots a larger Debye Waller factor can be dis-
tinguished from a partial occupancy.

2.2. Example 2: reconstructed exit wave of a [100]
surface of NiO imaged in profile

Fig. 5 shows a reconstructed exit wave of the
(001) surface of NiO in profile and one of the
HREM images of the through focus series used for
this reconstruction. The black dots in the exit wave
correspond with Ni columns in the viewing direction.
The Ni atoms are imaged as black dots in the
amplitude, whereas the black dots in the phase image
correspond to the Ni positions in the thin part of the
crystal and to O positions in the thicker part. The
black dots of the Ni columns in the amplitude at the
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Fig. 5. Profile images of the (001) surface of NiO. (a) Shows an experimental image taken at — 100 nm; (b) and (c) shows the amplitude and
phase of the exit wave, calculated from a through focus series of 15 images, of which the image (a) is the first image. The dark dots
correspond with Ni columns in the viewing direction. The Ni atoms are imaged as dark dots in the amplitude, whereas in the phase image
the dark dots correspond to the Ni positions in the thin part of the crystal and to O positions in the thicker part. The black dots of the Ni
columns in the amplitude at the surface arc less dark, probably due to a larger Debye—Waller factor. The arrows point to the same linc
position, from which is clear that in (a) one row of black dots is actually located above the surface.

surface are less black, which is probably due to the
larger Debye Waller factor, which is normally larger
for atoms at the surface. The experimental image
does not show this feature of less contrast at the
surface because of delocalisation and because it
contains information from both the amplitude and the
phase of the exit wave (the phase is less sensitive to
differences in Debye Waller factors). Furthermore,
the experimental image shows one extra row of black
dots, situated outside the crystal, which is obviously
due to the delocalisation discussed in Example 1.
In case one is only interested in the atomic
positions in a single crystalline area, and the crystal
is well aligned, a small deviation from the absolute
focus will in most cases not lead to a change in the
positions of the black or white dots. Thus the atom
positions can still be determined quite accurately.

However, in the case of a defect, grain boundary or
crystal surface (in profile view), a slight deviation in
focus can lead to substantial shifts in the positions of
the black dots, as is evident in Fig. 5, which shows
the effect of +10, +5, 0, —5 and —10 nm focus
shift from the absolute focus for a reconstructed exit
wave of a (100) surface of NiO. The focus shifts of
+10 and — 10 nm result in shifts of the black dots of
—0.02 and +0.02 nm away from the bulk respec-
tively.

2.3. Example 3: MoS, slabs on vy-Al,O,

MoS, to which cobalt sulfide or nickel sulfide has
been added on an atomic scale (CoMoS and NiMoS
catalysts, respectively) is employed on a large scale
as catalyst in the hydrotreating of oil. In order to
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have a large surface area and to prevent rapid
sintering to larger particles, frequently v-Al,O,
consisting of small particles is used as support for
the CoMoS and NiMoS catalytic phase. MoS, is
present as slabs, as shown in Fig. 7. The most active
phase is believed [30] to be the one for which the
edges of the MoS, slabs are decorated with Co or Ni
(see Fig. 7).

Fig. 8 shows the phase and amplitude of a
reconstructed exit wave and one of the HREM
images, which was used for the reconstruction. A
string of dark dots can be seen in the amplitude
image, which are the strongly scattering atoms, e.g.
Mo and Co. The last dark dot of the string is much
less dark than the others ones, indicating that in this
column much less scattering potential is present.
This could be due to a large fraction of Co in this
column. Howeyver, if the slab has a rather pancake-
like shape (see Fig. 7b), the projection of the edges
will also result in less scattering potential. Finally,
the atoms at the edges could have a larger Debye
Waller factor. The sulphur atoms are more visible in
the phase of the exit wave. The black dots of the
sulphur atoms form with the Mo atoms V shapes,
which are typical for the MoS, structure along this
projection. Note that along the electron beam direc-
tion the CoMoS slab will probably also have a

5 nm

10 nm

0 nm

curved shape. Only that part of the curved columns
of atoms, which is more or less parallel to the
electron beam, has resulted in significant contrast.

2.4. Example 4. correction for the delocalisation
at an interface

Single crystalline Al,O, (sapphire) is considered
as a very suitable substrate material for microwave
applications due to its low dielectric losses, availabil-
ity of large crystals and relatively low cost. Un-
fortunately, the high reactivity of sapphire with high
temperature superconductor materials prevents direct
epitaxial growth of thin films. The problem can be
solved by the deposition of an intermediate buffer
layer. Cubic CeO, demonstrates a low reactivity and
the ability to epitaxy with R—Al,O, (1102) and the
YBCO phase. Because of this, it is considered to be
a good buffer layer material [31,32]. However, the
critical properties of the superconducting layer are
strongly dependent on the single crystalline quality
and the smoothness of the buffer layer: a smooth
surface and a low density of mismatch dislocations
in the buffer layer, facilitate the epitaxy of the HTSC
layer with high crystallinity and consequently high
T, and J_ characteristics [33]. In this respect, the
accommodation of the lattice mismatches at the

-5 nm -10 nm

Fig. 6. Experimental exit wave (amplitude) of the (001) surface of NiO in profile view at various focus values. The dark dots correspond
with Ni columns in the viewing direction. The applied focus propagations are given below the images. The image on the far right represents
the same series of images but compressed in horizontal direction, which is about the same as looking at a glancing angle in horizontal
direction. The position of the row of dots at the surface is shifted away from the bulk when a negative focus propagator is applied.
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electron
beam

Fig. 7. Schematic representation of the morphology of MoS, particles and their location on the y-Al,O, substrate. The position of the Co
atoms at the edges is illustrated in (a). The dark small atoms are Co atoms, and the large and small bright atoms are S and Mo, respectively.
The covering of the y-Al,O, particle by the MoS, particle like a blanket is illustrated in (b).

L TS !
wave (ampl.)

‘single ‘ima'ge o exit wave (phése) exit

Fig. 8. HREM image and exit wave of a MoS, particle on y-Al,O,. (2) Shows onc of the HREM images of the through focus series. (b) and
(c) Show the amplitude and phase of the reconstructed exit wave.

YBCO/CeO, and CeO,/R-Al,O, interfaces are Fig. 9 shows images of a sapphire/CeQ, interface.
important for the optimisation of the manufacturing Fig. 9 show a typical HREM image and a recon-
of devices. structed exit wave, respectively. Note that, whereas
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Fig. 9. HREM and exit wave images of the CeO,/sapphire interface. (a) Shows a HREM image. (b) Shows the amplitude of the
reconstructed exit wave. Whereas the exit wave shows a very sharp interface, in the HREM image the interface is fuzzy due to the
delocalisation of information. (c) Shows an enlargement of a section of the exit wave. Open circles represent the bulk positions of Ce atoms.
The Ce atoms neighbouring the interface are shifted towards the bulk of the CeO, layer. (d) Shows a diffraction pattern of an area
containing substrate, CeO,, and YBCO. From this it can be concluded that the sapphire is tilted over 1.7° about the interface normal. Due to
the tilt the black dots in the sapphire will not correspond to the Al positions. Insets in (b) and (c) are calculated exit waves using a specimen
thickness of 8 nm, a tilt of 1.7° as (d), an isotropic specimen vibration of 0.05 nm, no objective aperture and a defocus spread of 6 nm
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the exit waves reveals a very sharp interface, in the
HREM image the interface is fuzzy. This is due to
the delocalisation of information occurring in the
imaging process. Obviously the exit wave gives
much more precise information about the atomic
positions at the interface.

The misfit between the sapphire and the CeO,
lattices, being 5.4% in [1011] and 12% in [1210]
directions, is mainly accommodated in the very first
atomic layers of CeQ,, as can be seen in Fig. 9. This
figure shows a reconstructed exit wave of the
sapphire/CeO, interface. At regular intervals one
can observe a different contrast in the CeO, layer
next to the interface. The average spacing between
these areas is 4 nm, which agrees well with the
dislocation spacing which one expects from lattice
parameters mismatch for the (001) lattice spacing of
CeO, (0.541 nm) and the (1102) lattice spacing of
sapphire (0.4759 nm). One expects a dislocation
spacing of 3.95 nm. The mismatch observable in the
image plane should also be present along the viewing
direction since in this direction a mismatch also
occurs.

An enlargement of the exit wave of the interface is
shown in Fig. 9c. The positions of the Ce atoms and
the Al atoms, corresponding to their positions in the
bulk are given as open circles. The black dots
corresponding to the Ce atoms neighbouring the
interface are more elongated along the interface
normal that the corresponding black dots in the bulk
and they are a little bit shifted away from the
interface. The elongation might be due to small
variations in the positions along the viewing direc-
tion. The shift away from the interface suggests an
interface relaxation in which the Ce atoms are drawn
into the CeO, lattice. The black dots at the Ce
positions of the first atomic plane of the buffer are
absent at the locations of the misfit dislocations. In
the phase image of this exit wave, however, one can
still observe dots at these sites, which indicates that
the atom columns on these sites are less ordered in
the viewing direction. This is quite logical given the
two-dimensional dislocation network.

The exit wave of the sapphire in Fig. 9¢ shows
two types of dark dots. However, calculated exit
waves for sapphire show that these two types of dots
are both Al and should have the same intensity,
whereby the Al atoms are not in the centre of the

four surrounding Al atoms as is shown in the insets
in Fig. 9b and c. In the experimental exit wave the
weak dark dots seems to be almost in the centre.
This discrepancy can be explained only partly by the
rather large misorientation of the sapphire. Image
calculations show that for such a tilt the intensities of
the two types of dots can be slightly different, but
less than in the experimental exit wave. Also the
centering of the black dots in the centre of the four
surrounding black dots as observed in the experimen-
tal image can only be obtained by a shift of the Al
position along the c¢-axis (e.g. z(Al) is 0.372 instead
of 0.352). It should be noted that due to the tilt the
position of the dark dots in the exit wave would be
different from the actual atomic positions. One also
has to take into account that when the actual columns
of Al atoms are tilted over 1.7°, the projection of the
top of the column is shifted over 0.15 nm from the
projection of the bottom of the column for an 8 nm
thick specimen. Thus although the dark dots corre-
sponding to the Al atoms neighbouring the interface
are shifted towards the interface, they might not
correspond to the actual position of the Al atoms.

3. Discussion

The electron—matter interaction is sufficiently well
understood to allow a calculation of HREM images.
Such calculations are frequently used to verify a
postulated structural model. In the image simulation
algorithm three stages can be distinguished. First, the
electron scatters dynamically in the crystal. This
interaction can be simulated using the multislice
methods. As an input to the multislice program one
has to specify all the object parameters such as unit
cell, position and type of cell atoms, Debye—Waller
factors, object orientation and thickness, and the
wavelength of the electrons. The result of this
calculation yields the wavefunction at the exit face of
the crystal. In a second step, the formation of the
image in the electron microscope is simulated where
all the instrumental parameters have to be specified.
Finally, the electron intensity in the image plane is
calculated by squaring the wavefunction. Several
commercial software packages [34-37] exist for
high-resolution image simulations. For calculations
of conventional HREM images one has to do all
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three steps. For a calculation to compare with the
reconstructed exit wave only the first step with a
subsequent band filtering to account for the infor-
mation limit are required.

Several groups have done excellent quantitative
characterisations using HREM images (grain
boundaries [1-5], interfaces [38—40] and single-
crystalline areas [41]). However, a large majority of
the present use of image simulation is that the image
comparison is done visually and not quantitatively or
in a recursive refinement. Since a large number of
parameters can be adjusted, visual comparison is not
very reliable. Obviously, a development towards
standard use of quantitative comparison is required.
A major step in this development is the exit wave
reconstruction technique, because that gives more
precise data and also forces the electron microscopist
to calibrate the microscope and to work according to
clear procedures. This is needed because the exit
wave can only be correctly interpreted if this is done
at the exact focus and with a proper correction of all
the lens aberrations, because otherwise phase and
amplitude information are mixed. A robust method
for determining the exact focus is to exploit the
entropy of the exit wave as a function of focus
[42,43]. An efficient correction for all microscope
parameters is possible with the fingerprint method
reported by Thust et al. [44]. The local misorienta-
tion can be measured directly by using nanodiffrac-
tion. But the change in doses (electrons per unit area)
and total electron flux upon switching from nanodif-
fraction mode to HREM mode can lead to small but
very significant changes in the orientation. The
determination of the orientation from the exit wave is
in principle possible as is illustrated by Bokel et al.
[45,46]. They showed that the local misorientation
on a unit cell scale could be determined from ‘single
crystalline’ areas in the exit wave, provided this
structure is known.

If one wants to determine the structure of an
object without modelling a major final step remains:
the retrieval of the projected structure of the object
from the wavefunction at the exit face. This is
certainly not a straightforward process. It is most
simple if the object is thin enough to act as a phase
object (typically less than 2—-4 nm for the com-
pounds discussed in this paper): in that case the
phase is proportional to the electrostatic potential of

the structure, projected along the beam direction.
However, even in this case it will be very hard or
impossible to determine the exact atomic weight of a
given dark dot in the exit wave, because its contrast
will not only depend on the atoms in the projected
column but also on their Debye—Waller factor as is
shown in Fig. 2. If the object is thicker, the problem
is even more complicated.

However, if the distance between the columns is
not too small, a correspondence between the
wavefunction at the exit face and the column struc-
ture of the crystal is maintained. Within the columns,
the electrons oscillate as a function of depth without
leaving the column. Hence, the classical picture of
electrons traversing the crystal as plane-like waves in
the direction of the Bragg beams, which historically
stems from X-ray diffraction, is in fact misleading. It
is important to note that channelling is not a property
of a crystal, but occurs even in an isolated column
and is not much affected by the neighbouring
columns, provided the columns do not overlap.
Hence, the one-to-one relationship is still present in
case of defects such as surfaces, interfaces or dislo-
cations provided they are oriented with the atom
columns parallel to the incident beam. One can
explicitly specify the thickness dependency of the
wavefunction at the exit face of a column. In that
case the structure can be considered as individual
columns of which the scattering and thus the contrast
changes with specimen thickness. This leads to a
situation that the positions of the black dots in the
exit wave do not change their position but do change
their relative intensities with thickness. Thus, if the
thickness of a specimen is unknown, one is unable to
indicate the scattering of a given projected column
but the position of this column can be determined
quite accurately. In this way the exit wave still
retains a strong correspondence with the projected
structure, whereby the positions are still (almost) the
same but the contrast (in phase or amplitude) cannot
be used to determine the scattering potential in the
projected structure unless the thickness is accurately
known. We used this to determine the structure of
Ce,Cu,,P, [13]; from the exit wave we were able to
determine the positions of the columns. This model
was the basis of a structure refinement using electron
diffraction data for several thicknesses, whereby first
the position of the columns was refined assuming all
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columns to be equal Cu columns. Next the occupan-
cies were refined, allowing one to decide which atom
columns contained, Ce, Cu or P. The final refinement
gave very accurate atomic positions.

In conclusion, exit wave reconstruction has now
been matured into an important step towards quan-
titative structure determination of crystalline objects.
By extending in this way the resolution limit of the
microscope up to the information limit, which is
beyond the size of an individual atom, it has become
possible to resolve atomic structures without much a
priori knowledge. Further development is needed in
particular in the interpretation of exit waves from
misoriented areas.
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