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Abstract

A new method for forming high-resolution images is de-
scribed using large-angle elastically scattered electrons in a scan-
ning transmission electron microscope. The imaging is incoher-
ent so that there is no contrast from within an amorphous phase,
no Fresnel fringe effects at interfaces, no lateral spreading of
the lattice image, and minimal dependence on microscope focus
and specimen thickness. The image is not a reconstruction of
the object from the diffracted beams emerging from the sam-
ple, but, at least for thin crystals, is best thought of simply as
a map, showing atomic resolution, of the scattering power of
the sample. The scattering power for high-angle scattering is
strongly dependent on atomic number Z giving the images a
strong chemical sensitivity. Examples of semiconductor and
superconductor materials are presented.

Introduction

Conventional high-resolution electron microscopy and con-
ventional analytical electron microscopy are clearly distinct
techniques, although in recent years it could be said that they
have been moving toward a common goal. High-resolution imag-
ing has been concerned with increasing its chemical sensitivi-
ty, while analytical microscopy has been concerned with im-
proving its resolution, ideally to the atomic scale. Improved
chemical sensitivity in a high-resolution image can be obtain-
ed by increasing the resolution beyond what is needed for simply
resolving the lattice!® and looking at the fine details of the phase
contrast image. For higher sensitivity to impurity atoms diffuse
imaging can be employed in which the lattice contrast is avoid-
ed.*® It is probably fair to say that the extraction of chemical
information from conventional phase contrast images is the most
challenging aspect of high-resolution studies (see the excellent
review by Bourret®). In conventional analytical electron micro-
scopy the electron energy-loss technique has the best chance
of achieving atomic resolution, since compared to x-ray detec-
tion, this technique minimizes the effect of beam broadening
in the sample, has a high collection efficiency, and with the ad-
vent of parallel detectors also has a high detection efficiency.
The achievable resolution will still be limited by the low cross
section of many processes of interest and by the fact that their
signatures often lie on a large background of many other events.
Resolutions achieved to date have been at nanometer rather than
atomic dimensions’#

High-angle elastically scattered electrons provide a means
of bridging the gap between conventional imaging and analysis.
Characterized by a cross section which is both reasonably high
and strongly Z dependent, an image based on high-angle scatter-
ing can show both atomic resolution and chemical sensitivity.
The Z-contrast method can be considered either as a high-reso-
lution imaging technique with strong chemical sensitivity or as
an analytical technique capable of atomic resolution. This will
be demonstrated by the examples presented below.

Background

It has long been realized that if electrons scattered through
high angles could be utilized in a microscope, then improved
chemical sensitivity would result? This is because the scatter-
ing factors become increasingly Z dependent at large angles ap-
proaching eventually the full Z2 dependence of unscreened
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Rutherford scattering. In a STEM, these electrons can be utiliz-
ed by placing an annular detector around the transmitted beam.
Crewe and co-workers included these high-angle scattered elec-
trons using an annular detector extending from low to high
angles!%:!! This intercepted a large fraction of the total elastic
scattering giving an efficient image showing good Z contrast with
which they were able to image single heavy atoms supported
on light substrates. The contrast was sufficient to allow in-
dividual atoms of platinum and palladium to be distinguished !
In this case it is not beneficial to detect only high-angle scat-
tered electrons, since this reduces the detection efficiency
resulting in a noisier image.'? For crystalline materials, however,
it is critical to detect only high-angle scattered electrons,' since
detecting the diffracted beams scattered at low angles introduces
diffraction contrast effects which at best obscure and at worst
totally mask the Z contrast.15:1¢ As the scattering angle increases,
coherent Bragg diffraction becomes increasingly attenuated and
replaced with the thermal diffuse background. Eventually, no
diffracted beams can be distinguished, the scattering becomes
incoherent with an angular dependence, which becomes that
of simple Rutherford scattering!? (see Figure 1). The character-
istic angle for this changeover from coherent to incoherent scat-
tering is of the order of (u?)!’2/ N\, where u? is the mean square
atomic vibration amplitude. For Si at room temperature, this
is ~80 mrad. The intensity scattered in the incoherent tail at
high angles will still be sensitive to crystal orientation through
the electron channeling effect. A beam incident parallel to a
crystal plane or axis will be concentrated onto the atomic planes
or columns, resulting in a higher scattered intensity at high
angles than if the same beam was incident on the crystal in a
random direction. Such crystallographic, orientation, or chan-
neling effects are well understood from dynamical diffraction
theory® and form the basis of the recent lattice location techni-
ques using characteristic inner-shell excitations!®:20

The intensity of the incoherently scattered electrons will
also have a dependence on thickness. However, if sample thick-
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Figure 1. Schematic showing incoherent imaging in the STEM
using a high-angle annular detector to collect the incoherent
tail of the elastically scattered electron distribution.
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Pigure 2. Cross-section images of Sb-implanted Si following
solid phase epitaxy (SPE) growth; a) conventional bright-field
image; b) STEM low-angle annular dark-field image showing
diffraction contrast; ¢) STEM high-angle annular dark-field
image showing Sb distribution via Z contrast.

ness variations are either gradual or non-existent, then this ef-
fect will result in changes of intensity of a large scale compared
to the field of view. For the images shown in this paper, especial-
ly those recorded at high magnifications, thickness-dependent
changes in intensity can safely be ignored.

Incoherent imaging using a high-angle annular detector was
first applied to catalyst samples consisting of small metal clusters
on light amorphous or polycrystalline supports.¢-2! It has been
very successful for such studies, especially as the particle size
approaches the resolution limit of conventional phase contrast
imaging 22 The method has also been applied to semiconductor
materials, primarily to exploit the strong Z dependence of the
scattering in order to make small dopant concentrations visi-
ble in a Si matrix 22 This is illustrated in Figure 2, which com-
pares images of high-dose Sb (80 keV, 1.5x10%¢ cm™2) implanted

Figure 3. a) Conventional diffraction contrast TEM image, and
b) Z-contrast STEM image showing In distribution after rapid
thermal annealing of In-implanted Si.
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Si following recrystallization in a furnace at 5560°C for 40 min.
The conventional TEM image (Figure 2a) clearly shows the in-
terfacial breakdown which occurred 30 nm from the surface.
It can also show the strains induced by the dopant and the twins,
but gives no direct indication of the dopant distribution which
caused the breakdown of epitaxial growth. Neither does the
wide-angle annular detector image (Figure 2b), since Bragg
beams reaching the detector dominate the contrast. However,
by tilting away from the two-beam condition to avoid strongly
exciting Bragg beams, and by increasing the inner detection
angle to 65 mrad, the image in Figure 2c is obtained. This direct-
ly maps out the Sb concentration, even showing a fine band
of high concentration dumped at the point where interfacial
breakdown occurred. Such an image represents an elemental
map, and can be directly quantified using appropriate screen-
ed cross sections24 The incoherent nature of the Z-contrast im-
age is particularly useful for these studies of recrystallization
and phase transformation, since the dopant is imaged indepen-
dent of the phase of the Si matrix. Figure 3 illustrates this very
well for the case of In (125 keV, 2x10'® cm”2) implanted Si rapid
thermally annealed at 700°C for 60 seconds. The conventional
TEM image (Figure 3a) shows that epitaxial recrystallization oc-
curred part way only, the remaining material being fine-grain
polycrystalline Si. Precipitates of In are visible in the epitaxial-
ly grown Si, and the end-of-range damage below the original
amorphous/crystalline interface can be seen. The Z-contrast
image shows clearly that In precipitates are also present in the
polycrystalline Si, and that interfacial segregation has occur-
red. A high concentration, both of precipitates and of In in solu-
tion, is seen just ahead of the crystallization front. Z-contrast
studies showed clearly that the amorphous/polycrystalline
transformation nucleates heterogeneously on In precipitates
which form homogeneously in the highly doped amorphous Si 2
The transformation proceeds in competition with epitaxial
recrystallization 26 and its associated interfacial segregation 2’

Studies such as these showed clearly how high-angle elastic
scattering could be usefully applied to many problems in
materials science, exploiting its twin characteristics of strong
Z-sensitivity coupled with the incoherent nature of the image.®
This prompted speculation on the possibilities of high-resolution
imaging based on high-angle elastic scattering, especially since
the point resolution limit for incoherent imaging, 0.43
C,l/4\3/4 is significantly less than that for coherent imaging,
0.66 C,174\3/429,30 Would it be possible to preserve the
chemical sensitivity of high-angle scattering and simultaneously
resolve the crystal structure? Clearly, in the limit of a very thin
crystal this should be possible, although it was not so clear how
the strong electron channeling effects set up by axial illumina-

0.21 nm

PFigure 4. a) STEM image of uranium clusters on a thin car-
bon film; smallest spots are single atoms (100 keV, C; ~ 1.3
mm, a ~ 11 mrad, B ~ 15-150 mrad semiangles); b) intensi-
ty profile across single atom.
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tion would manifest themselves. Such questions were answered
using a VG Microscopes HB501 STEM operating at 100 keV and
equipped with an ultrahigh resolution polepiece. For the
theoretical C, = 1.3 mm, an incoherent resolution limit of 0.22
nm was predicted. The performance was tested using a sample
of single uranium atoms supported on a thin carbon film, and
the results are shown in Figure 4. Single atoms are visible, and
intensity profiles across them gave probe sizes (full-width, half-
maximum intensity) in the range 0.21-0.24 nm, in excellent
agreement with the theoretical expectation?® Attempts to
resolve crystal lattices with high-angle scattered electrons have
been very successful. Below are presented a number of examples
of high-resolution images from semiconductor and supercon-
ductor materials, followed by a discussion on high-resolution
Z-contrast imaging compared to conventional phase contrast
imaging.

Semiconductor Materials

Viewed along the <110> direction, the elemental semicon-
ductors appear as an array of zig-zag chains of atoms with a
chain separation of 3.3A for Si (center to center). This should
be resolvable with a 2.2A probe, although the two projected
sites within each chain, separated by 1.4A, would clearly not
be resolvable. An electron beam incident in this direction will
be strongly channeled along these chains, and the intensity scat-
tered to high angles will depend on the channeling effect as well
as the atomic number of the scatterer. The image will be given
by the electron intensity at the atom sites weighted by a suitable
cross section for high-angle scattering and integrated through
the sample. For Si and Ge electron channeling, calculations®
show that the flux is concentrated equally on the two projected
sites within each chain, but is periodic with depth in the crystal,
peaking at depths of n&/2, where £ is the effective extinction
distance under multibeam conditions. Since £ is significantly
less for Ge than for Si (approximately 6 nm compared to 10 nm),
the channeling effect builds up faster in Ge than in Si. The faster
flux buildup on the atomic columns will enhance the Z contrast
seen at a Ge/Si interface in the thinnest regions of the sample.
This is precisely the region where phase contrast imaging can-
not distinguish the interface, as shown in Figure 5. A thin epitax-
ial film of Ge (possibly containing up to 10 at.% of Si) was grown
on Si(100) by oxidizing a Ge-implanted wafer?? The Ge is re-
jected from the SiO,, and has no time to diffuse into the Si. It
segregates as a thin epitaxial film, which is clearly visible in
the Z-contrast image in Figure 5b, but not seen in the phase

Figure 5. Thin region of an epitaxial film of Ge on Si grown
by oxidation of Ge-implanted Si; a) phase contrast on conven-
tional TEM; b) Z-contrast STEM image showing atomically
sharp interface (o« ~ 12 mrad, B ~ 50-150 mrad).
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Figure 6. One interface in a MBE-grown Siy.sG€q. 30/ St strained
layer super lattice imaged by a) Z-contrast STEM showing
chemically diffuse interface, b) phase contrast STEM.

contrast image from the same area. The phase contrast image
is available simultaneously using the bright field detector of the
STEM, although it is not a very efficient imaging mode in STEM
and phase contrast lattice images are rather noisy. That shown
in Figure 5 was taken on a JEOL 200CX to provide a comparable
point-to-point resolution in the phase contrast image as in the
Z-contrast image.

For thicker regions of specimen, the Ge layer is visible in
a phase contrast image, although then the image necessarily
averages over a greater distance parallel to the beam. Also,
chemical interpretation at the atomic scale across the interface
must be made by a full image simulation to include all the
Fresnel effects at the interface. The Z-contrast image in Figure
5 directly shows atomic resolution chemical information. The
bright spots show the location of the atom chains with the in-
tensity depending on composition. There are no contrast rever-
sals in the Z-contrast image, and it only appears over a narrow
range of defocus. This is a consequence of the incoherent nature
of the image; all the phase contrast effects of all beams are in-
tegrated up both in thickness and in angle so that, as noted
before, the image depends on the thickness integrated electron
intensity at the atom sites weighted by the cross section for high-
angle scattering. Another consequence of the integration of
phase contrast effects is that there is no contrast from within
an amorphous phase. The SiO, layer above the Ge shows
uniform dark contrast and the last Ge layers are clearly visible,
whereas in the phase contrast image they are affected by the
random contrast from the amorphous SiO;. We plan to study
lower dose implants to investigate the build up of the first
monolayer of Ge. Also, with higher dose implants leading to
thicker films, strain relaxation occurs through the introduction
of misfit dislocations. Though they are often assumed to mark
the interface, it would be interesting to see if, in fact, they ter-
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Figure 7. Part of an ultrathin multilayer (SigGey), 0o Showing
a) interdiffusion on the monolayer scale, b) a stacking mistake
in the superlattice, (o« ~ 12 mrad, f ~ 75-150 mrad).

minated inside the Ge layer in order to minimize the local strain
energy of the dislocation core.

An example of an interface which is chemically diffuse is
shown in Figure 6. This is one interface in a Si,Ge,.,/Si strain-
ed layer superlattice grown by MBE at a substrate temperature
of 500°C and a deposition rate of 0.2-0.5 nm/s?* The Z-contrast
image shows clearly that the interface is diffuse over a distance
of 10A and also that it is nonplanar. The phase contrast image
(Figure 6b) was taken simultaneously on the STEM, and again
the interface cannot be located. Slowing down the deposition
rate to 0.02 nm/s gives more time for the flux arriving at the
surface of the sample to migrate and form a smooth epitaxial
film. Figure 7 shows images from part of an ultrathin superlat-
tice grown this way3* The aim was to produce an artificial crystal
(SigGey)i00, that is, one hundred periods consisting of two
monolayers of Ge followed by eight of Si. This should appear
as one vertical row of bright dots due to the Ge double layer,
separated by four darker rows of Si. The Z-contrast image in
Figure Ta shows clear evidence of interdiffusion, the Ge dou-
ble layer having broadened significantly. Figure 7b is a lower
magnification image which shows the slight waviness of the
layers, and also that the composition modulation is not quite
parallel to the <100> direction. This is best seen by viewing
along the layers at a low angle. Also visible at the right of Figure
Tb is a stacking mistake which is clearly seen to be Ge rich.
It was most likely caused by a failure of the Ge shutter to close
when the Si shutter opened, since the two layers at each side
of the mistake show contrast similar to the other Ge layers, but
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Figure 8. Z-contrast image of a CoSi,/Si(100) interface show-
ing interfacial reconstruction.

the area in between is wider and shows a contrast intermediate
be-tween that of the Si and the Ge layers. It should be possible
to quantify images such as this, and those seen in Figures 5
and 6, using image simulations combined with thickness
measure-ments or with composition measurements in nonchan-
neling orientations, which can be obtained at reduced resolu-
tion by quantitative Z contrast or from x-ray analysis. It appears
quite possible to obtain a column by column composition map
across such interfaces.

Finally, Figure 8 shows a Z-contrast image of a CoSi,/Si(100)
interface produced by UHV evaporation of Co on clean Si(100)
using a template method followed by homoepitaxial growth to
a thickness of 6.5 nm.?® Atomic resolution chemical informa-
tion is clearly seen at the interface, and the image shows im-
mediately the presence of an interface reconstruction, the
periodicity in the <110> direction along the interface being four
times that of the lattice. This reconstruction is clearly chemical
in nature; the silicide structure appears to be correct right up
to the last Co column, which is periodically located either in
a complete {200} silicide plane or in the partially complete
{200} layer above. The figure shows an intersection of two ‘‘do-
mains’’ of the interface reconstruction; the three Co column-
pairs in the partially complete {200} layer on the left of the

Figure 9. Planar Z-contrast image from a) YBa;CuzOyx and
b) ErBa,CusOyx single crystals (a ~ 6 mrad, f§ ~ 50-150
mrad). Line traces are calculated image intensity across the
respective 1.19 nm unit cells in the c-direction assuming a
Gaussian probe of 0.24 nm FWHM.
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figure are out of sequence with the Co column-pair on the right,
and are separated by a faint partially complete Co column-pair.
Such domains are commonly observed. Although an interface
reconstruction has been reported in a conventional phase con-
trast image of the same system ? it was typically not found dur-
ing these observations. Here it was found everywhere. Either
the conventional image is not sufficiently chemically sensitive
or the reconstruction is quickly destroyed by irradiation at higher
accelerating voltages. Channeling calculations indicate that the
Z-contrast image from CoSi, is centered on the heavy Co atom
sites in the <110> projection. Then the rigid shifts visible in
the image are consistent with the interface structure proposed
by Cherns, et al. * for the isomorphous NiSi,/Si(100) interface
in which, at’least for a flat interface, the Ni atoms retain eight-
fold coordination. They are not consistent with the model in
which the Si atoms retain tetrahedral coordination, which, in-
terestingly, was the model Cherns, et al., found to be consis-
tent with their images of the CoSi,/Si(100) interface. Note that
in the incoherent Z-contrast image the rigid shifts observed are
independent of defocus and sample thickness. At present, the
driving force for the reconstruction is unclear.

Superconducting Materials

These materials tend to contain heavy atoms separated by
relatively large distances, and are ideal for study by Z contrast.
In fact, the first Z-contrast lattice images were obtained for the
1,2,3" superconductors YBa,CuyO,, and ErBa,CuzOy,2®
Observed under planar conditions parallel to the c-layer planes,
Figure 9 shows quite clearly the strong chemical sensitivity. The
Y plane (Z=39) is just visible in the Y123 material between the
twin Ba (Z=56) planes, but when replaced with Er (Z=68) this
plane becomes the brightest. In both materials the Cu(1) planes
are darkest. Each plane is imaged with an intensity dependent

Figure 10. Planar defect in YBa,Cus0,.x single crystal chang-
ing from substitutional type above the arrow to interstitial type
below.
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Figure 11. Axial image of a) substitutional and b) interstitial
planar defects in YBa,CusOypx (¢ ~ 12 mrad, B ~ 75-150
mrad).

on its projected scattering power. The calculated line traces in
Figure 9 are obtained simply by convoluting an appropriate
probe profile with the projected scattering power. It seems
remarkable at first sight that such good agreement with the ex-
perimental image is obtained by ignoring all electron channel-
ing effects at a thickness (~5 nm) well beyond the weak phase
object limit for phase contrast imaging. This is because initial-
ly the channeling effect concentrates the electron flux equally
onto the various planes, and only at significant thicknesses does
it redistribute the flux and alter the relative intensity of the
various planes.

Figure 10 shows an image of a planar defect in the
YBa,Cuy0,, crystal, which is located between the two Ba
planes. Above the arrow it expands these planes a distance c¢/6,
indicating an interstitial type defect, but below the arrow it does
not, indicating a substitutional type of defect. The dark con-
trast indicates a light atom such as copper or carbon. In view
of the existence of a Y,Ba,Cug0,,, phase?® it seems most like-
ly that the interstitial defect comprises an extra CuO plane and
can be considered an intrinsic defect, or a thin intergrowth of
the 248 phase. This structure has also been proposed from phase
contrast image simulations*:#! although in one case it was sug-
gested to result from a degradation reaction*! In our experience,
degradation results in the interstitial type defects, where clearly
from the Z-contrast image some copper must be removed and
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Figure 12. Grain boundary between YBa,CuyOrx and CuO in
polycrystalline material, showing the superconductor ter-
minating at the Cu(l) plane.

Figure 13. A low-angle tilt boundary in polycrystalline
YBa,CusOyrx. The boundary is parallel to the c-layer planes
of one of the two grains, which are separated by triangular
amorphous zones sometimes one (a), sometimes two (b) unit
cells across. The Cu(1) plane is again the preferred termina-
tion plane. The slight waviness of the planes is due to specimen
arift.
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replaced with lighter atoms, most likely carbon. Figure 11 shows
axial images of both kinds of defect. Again, the Cu(1) planes
are the darkest in the image, but now the Ba columns are in-
dividually resolved and can be seen to move apart at the in-
terstitial defect in (a), but are simply separated by a darker
region for the substitutional defect in (b). The visibility of the
Y columns and of the Cu(1) columns is better in the thinner
region of the crystal at (b), although this is also slightly tilted.

The Cu(1) plane is clearly indicated as the weak link in the
structure, and we have also observed that in polycrystalline
material grains having a boundary parallel to the c-planes always
terminate at this point. This is illustrated in Figure 12, which
shows a grain boundary between a grain of YBa,Cu;0;,,, which
is imaged axially, and a grain of CuO, which is in an orienta-
tion in which its lattice is not resolved. Clearly, the supercon-
ductor chooses to terminate at the Cu(1) plane, and there are
indications in the image that the Cu atoms at the interface are
in their correct Cu(1) positions.

The same phenomenon is observed at the low-angle tilt
boundary shown in Figure 13. Both grains again terminate after
the Ba planes, although the Cu(1) sites are not visible due to
imperfect axial alignment. The dark triangular regions are amor-
phous zones, sometimes one unit cell, sometimes two unit cells
across to accommodate the filt. Phase contrast microscopy
studies of low-angle tilt boundaries have shown that the tilt is
accommodated by an array of partial dislocations up to a critical
angle of 5-7°, beyond which triangular amorphous zones are
seen 2 Since amorphous YBa,Cu;0,, is not superconducting,
such a result could well explain the measurements of critical
currents across individual grain boundaries, which show these
currents to be drastically reduced for tilts of only a few degrees??
It is of critical importance in determining the direction of future
research in this area to know whether this effect is a structural
relaxation, which is therefore avoided only by engineering low-
angle boundaries, or whether it is due to a chemical segrega-
tion effect, which could be avoided by other means. This ques-
tion can also be answered by Z-contrast imaging, simply by
tilting the right hand grain in Figure 13 out of contrast. Then,
crystalline and amorphous phases of the same composition will
scatter at the same intensity, which is what was observed as
shown in Figure 14. The scattered intensity is lower than for
the grain which is still aligned, which shows enhanced scatter-
ing due to the channeling effect. To within a few percent, no
contrast change is visible from the triangular regions, which
are located to the right of the vertical part of the boundary,
although compositional changes are visible further up the boun-
dary. This rules out the possibility that the triangular regions
are amorphous forms of the likely second phases such as BaO,
CuO, Y04, Y,BaCuOg, or BaCuO,. It also rules out significant
changes in stoichiometry from the nominal YBa,Cu,;0, composi-
tion. All indications are that this is an intrinsic structural relax-
ation of a chemically clean boundary, driven by the increasing
grain boundary energy as the tilt angle increases and more
dislocations per unit area are required #* This is exactly the kind
of information needed for determining research directions in
superconductor materials, and well illustrates the usefulness of
the high-resolution chemical sensitivity of Z-contrast imaging.

Discussion

It is hoped that the examples presented here have demon-
strated the two important characteristics of high-resolution Z-
contrast imaging—the strong chemical sensitivity combined with
the incoherent nature of the image. Both aspects are valuable
for image interpretation. The incoherent nature means that the
image is best not thought of as a reconstruction of the object
from the various diffracted beams like a conventional phase con-
trast image, but as a high-resolution map of the channeling ef-
fect of the sample convoluted with the scattering power to high
angles. It could be said that this represents a perfect reconstruc-
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Figure 14. Z-contrast image showing no chemical changes be-
tween the triangular amorphous zones and the crystalline
region of the right-hand grain of YBa,CuzOr.x of figure 13.

tion, a ‘‘lensless’’ reconstruction inside the crystal of all the
diffracted beams, although it seems simpler to think in terms
of electron intensities in real space. This simple view of the imag-
ing process ignores the coherent nature of the incident probe,
and this aspect needs further consideration. However, electrons
incident at the higher angles in the probe will tend to excite
Bloch waves which are not peaked close to the atom sites. Since
only the tightly bound Bloch waves will contribute significant-

ly to the high-angle scattering, there seems reason to believe
that the angular divergence could be ignored at least for a
qualitative image simulation. Calculations on the superconduc-
tor material do show good agreement between experimental
images at various sample thicknesses and images simulated by
ignoring the angular dependence? This approach may save
significant computing time and make simulations of Z-contrast
images as efficient as simulation of phase contrast images.
Compared to phase-contrast imaging, it must be true that
the effective integration of phase-contrast effects in the Z-
contrast image must result in less sensitivity in particular cases,
most likely for light atoms. High resolution Z-contrast imaging
should be viewed as complementary to phase-contrast imag-
ing rather than as a replacement. Its advantages are in inter-
pretability, that the likely atomic structure and chemistry are
suggested more clearly from the image so that perhaps fewer
possible models are suggested for image simulation. The in-
coherent nature of the image results in minimum dependence
on sample thickness and microscope defocus, with no Fresnel
fringe affects at interfaces, no lateral spreading of lattice fringes,
and no ‘‘random’’ contrast from amorphous phases. It appears
that atom positions are seen independent of thickness and
defocus with an intensity which is chemically sensitive. It may
even be possible to solve many structures without image simula-
tion. These points will become clearer through further ex-
periments and image calculations, and a better understanding
of this new high-resolution imaging technique will be obtained.
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