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Abstract

The extent to which energy filtered imaging allows
quantitative matching of experimental and theoretical
electron microscope images is investigated using two
examples. In the first example, the matching of high
resolution lattice images of (WO,),(Nb,0,),, both energy
filtered and unfiltered with a carbon surface layer, with
corresponding simulations is considered. It is shown that
in both cases even after all possible microscope and
specimen parameters have been taken into account in the
simulations, the contrast in lattice images obtained
experimentally isonly 1/3 of the contrast of corresponding
simulated images. In the second example, energy filtered
convergent beam patterns in a scanning transmission
electron microscope are shown to depend sensitively on
the microscope lens parameters and are used as a method
of measuring defocus, spherical aberration and other
microscope parameters.
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Introduction

The quantitative comparison of experimental trans-
mission electron microscope images with theory is an
important goal that hasalwaysbeen difficult torealise. Itis
difficult to include inelastically scattered or “absorbed”
electronsinimage simulationsand so the general procedure
has been to arbitrarily scale the intensity and the contrast
inthesimulation to match the experimenta image. Therecent
development of imaging filters coupled with charge-coupled
device (CCD) detectorsfor image recording has meant that
images can befiltered to separate the zero lossfrom theloss
electronsfor comparison withimage simulations (Krivanek
et al., 1992). However, even for filtered images, a full
guantitative comparison of experimental images with
simulationsistill not straightforward.

The purpose of this paper is to show the extent to
which images and diffraction patterns can be analysed
quantitatively with the aid of an imaging filter, and to this
end two contrasting examplesare given. Firstly | will givea
brief summary of quantitative matching of high resolution
images of (WO,),(Nb,O,),. Only the major results are
presented here, for more details see Boothroyd et al. (1995).
The second example shows how lens aberrations can be
determined from energy filtered coherent convergent beam
patterns taken in a scanning transmission electron
microscope.

QuantitativeM atching of High Resolution I magesand
Simulationsof (WO,),(Nb,O,),

Typically, high resolution images are acquired
unfiltered and are compared qualitatively with image
simulationsthat have been cal culated assuming only elastic
scattering. Such comparisons are often poor when the
images are compared quantitatively and good matches are
generally only obtained because the imaging parameters
and crystal thickness are left as free parameters to be
determined during qualitative matching (Hytch and Stobbs,
1994). Boothroyd and Stobbs (1988, 1989) have shown that
the effect of inelastic scattering on high resolution images
is significant. Comparisons of the effects of inelastic
scattering and carbon contamination on high resolution
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Table 1. Percentages of the electrons|ost from theincident
beam for isolated (WO,),(Nb,O,), and carbon layers of the
thicknesses analysed here.

oxide carbon

15%
11%

15%
2%

inelastically scattered
lost completely

images of (WO,),(Nb,O,), have also been made by
Boothroyd et al. (1995). Here, | will summarise the major
results concerning the matching of images and simulations
of (WO,),(Nb,O,),.

Images were obtained using aJEOL (Tokyo, Japan)
4000FX (C=~2°mmand C =1.4°mm) at 400°kV andaGatan
(Pleasanton, CA) imaging filter. The areaexamined consisted
of aclean wedge-shaped crystal overlapping the edge of a
carbon film, allowing the comparison of images of identical
thickness with and without a carbon overlayer to model the
effects of carbon contamination. All imageswere scaled so
that the incident intensity when no specimen was present
was unity. Thewordsintensity and contrast have been used
to mean different thingsin different papers. Here, to avoid
confusion, | will useintensity to mean the average valuein
an image, contrast to mean some measure of the local
variationinintensity (such asthe standard deviation divided
by the mean) and pattern to refer to the qualitative
distribution of bright and dark dotsin alattice image.

About 8 unit cells of similar thicknesses from near
the crystal edge were averaged to reduce noise from an
elasticfiltered image with no carbon and from an unfiltered
imagewith acarbon layer, and are shown at thetop of Figure
1 for ameasured defocus of —74°nm. From these images,
and similar elagtic filtered imageswith carbon and unfiltered
imageswithout carbon, it is possible to deduce thefraction
of the electronsinelastically scattered and lost completely
(*absorbed”) on passing through the thickness of
(WO,),(Nb,0,), and carbon examined here. These values
areshownin Table 1. The surprising result isthat, even for
the very thin region (~10°nm) of crystal examined, about
15% of the electrons have been inelastically scattered and
when acarbon layer isalso present thisrisesto 28% (i.e., (1
—(1-0.15)%(1-0.15))X100).

In order to produce simulated images all the neces-
sary experimental parameters(e.g., defocus, energy spread,
and beam divergence) were measured immediately after
image acquisition, except for the crystal thickness which
had to be estimated by comparison with simulations for
different thicknesses. Although the thicknessis a possible
source of error, it wasfound that only athicknessof 10°nm
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(b)
0.76 mean 0.88
0.11 contrast 0.06

(d)
0.76 mean 0.88
0.30 contrast 0.20

Figure 1. Comparison of energy filtered (left) and unfiltered
(right), experimental (top row) and simulated (bottom row)
|atticeimages of (WO,),(Nb,O,), for adefocus of —74°nm.
Theimageswere printed such that black correspondsto 0.5
and whiteto 1.4 on ascalewheretheincident intensity is 1.
“Mean” isthe average intensity in the image on this scale
and “contrast” is given by the image standard deviation
divided by the mean.

provided a good match to the pattern of the image. The
method of simulating inelastic images is as described
previously (Boothroyd et al., 1995; Boothroyd and Stobbs
1988, 1989). For the simulations of the unfiltered imagewith
acarbon layer, the proportion of inelastic electronsincluded
was that measured from the images and shown in Table 1,
and their energy distribution was obtained from an energy
loss spectrum acquired after theimagesfrom asimilar area.
Theresulting simulations are shown at the bottom of Figure
1. The mean image intensity and its contrast, measured as
the standard deviation divided by itsmean is shown beneath
each image. No attempt has been made to calculate from
first principlesthefraction of inelastic electronsfor 10°nm
of oxide. This fraction has been measured from the
experimental images and hencethe mean intensitiesfor the
simulationsin Figure 1 agree with the experimental images.
However, there is no agreement for the image contrast. In
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Figure 2. High resolution images of (WO,),(Nb,O,),, (a) unfiltered, (b) zero lossfiltered, (c) plasmon lossfiltered, and (d)
second plasmon lossfiltered, taken using aPhilips CM 200 FEG at 200 kV. Theintensitiesin (c) have been multiplied by 20 and

(d) by 40times.

both cases, the contrast in the experimental imagesisabout
1/3 of that in the simulated images. A factor of 3isalarge
disagreement and as| will show, thereisno way of reducing
it significantly. The beam divergence was measured froma
selected area diffraction pattern. A specimen vibration
amplitude of 0.05°nm was used in the simulations and it
was found that larger values for the vibration, required to
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reduce the contrast to match the experimental images,
removed too much high frequency detail beforethe contrast
wasreduced to the experimental level (the samewould aso
apply to specimen drift). Thefocal spread, whose sourceis
in the voltage and lens instabilities has, to first order, a
similar effect on the image as vibration and thus could not
bemuch larger than the value used, while an upper limit for
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the voltage spread was in any case derived from the width
of the zero loss peak in an energy loss spectrum. In this
work, the effect of the point spread function of the detector
was not included, but subsequent work has shown that
under the conditions used here the contrast in the
experimental images will have been reduced to no lower
than 0.8 of its real value by the detector point spread
function. Giventhat all these parameters have been measured
accurately and none can be adjusted to reduce the contrast
any more it is depressing that there is such a large
discrepancy in the image contrast levels, especialy given
that intensities in diffraction patterns appear to have been
calculated to greater accuracy (e.g., Saunderset al., 1995).

To end this section on amore optimistic note, recent
images of the same oxide have been obtained on a Philips
CM200field emissiongun (FEG) éectron microscope (Philips
Electron Optics, Eindhoven, The Netherlands) at 200kV
(courtesy of Dr C.J.D. Hetherington and the National Center
for Electron Microscopy, Lawrence Berkeley National
Laboratory, Berkeley, CA) to assess the degree to which
plasmon loss electrons do contribute contrast to a lattice
image. Figure 2 showsunfiltered, zerolossfiltered, first and
second plasmon loss images of (WO,),(Nb,O,),. The first
plasmon lossimage defocus was close to Scherzer defocus
with the zero loss image being underfocus and the second
plasmon loss image overfocus. The presence of lattice
fringesin both the first and second plasmon lossimagesis
clear and it will be interesting to determine whether the
specimen thickness that most closely fits the plasmon loss
images will be the same asthat fitting the same area of the
zero loss image. Figure 2 demonstrates that the methods
used to include plasmon scattering in high resolution
calculationsarerealistic.

Deter mination of MicroscopelL ensPar ameter sfrom
Coherent Conver gent Beam Patterns

The quantification of lattice images requires the
fitting of imageintensitiesto simulationsand thelast section
has shown that this can be difficult. In this section | will
give a preliminary description of how information can be
obtained from energy filtered coherent convergent beam
diffraction patterns. | will concentrate on the fringe
positions, athough the amplitude of the fringes depends
on the spot sizeand coherenceand in principle could provide
ameans of measuring these parameters (Jameset al., 1995).

It is well known in convergent beam electron
diffraction that if the incident convergence angle is made
larger than the Bragg angle for the diffraction maximathen
the discs will overlap and interference may occur (e.g.,
Vincent et al., 1993). Thecriterion for interferencefringesto
be visible in the overlap region is that the spot size has to
be small enough so that the image of the incoherent source

when projected on the crystal is smaller than the plane
spacing of the corresponding overlapping discs in the
diffraction pattern. The spacing of the fringes produced
depends on the probe defocus and can be thought of as a
shadow image of thelattice planes. Thefringesare straight
for small incident convergence, but as the convergenceis
increased the spherical aberration of the probeforming lens
becomes significant and the fringes are distorted into
shapesthat are dependent on the lensdefocus. An example
of the fringes formed as a function of defocus for a 111
GaAssystematic row collected using a Gatan imaging filter
attached to aV G HB501 scanning transmission microscope
(VG Microscopes, East Grinstead, UK) areshownin Figure
3. If theprobeisoverfocus(i.e., focused on aplane between
the electron source and the specimen) then thefringes curve
inwardsat their ends (Fig. 33). If the probeiswell underfocus
then thefringes curve outwards (Fig. 3d), and if the probeis
only alittle underfocusthen more complicated patternsresult
(Figs. 3b, c). Given that these patterns consist mainly of
bent fringes perpendicular totheg,,, vector onemight expect
that the amplitude of their Fourier transform would contain
apair of fuzzy satellite spotswhose distance from the center
depended on the inverse of the fringe spacing. It is thus
amusing that the patterns shown in Figure 4 for different
probedefoci were discovered entirely by accident. Although
the shape of the fringe patterns in the convergent beam
pattern images changes considerably with defocus, their
Fourier transforms aways consist of two comet-shaped
satellite spotswhose position relative to the origin changes
with defocus but whose shape, which resembles that of a
spot affected by coma, remains constant.

Simulating Coher ent Conver gent Beam Patterns

As afirst start towards understanding the origin of
the fringes and the reason for the constant shape in the
Fourier transforms, simulations of the patternsarerequired.
A full ssimulation would involve cal culating the phase shifts
produced by the objective lens in the incident cone of
electrons for the defocus required, and thus the shape of
the probe on the specimen entrance surface, then
propagating this electron distribution through the GaAs
crystal using a multislice calculation. However, for thin
specimens, asused here, it can be assumed that the diffracted
beams are simply copies of the unscattered beam tilted by
an angle corresponding to g. The diffracted beams have a
different amplitude and are phase shifted by the crystal by
an arbitrary constant amount with respect to the unscattered
beam, but the changein amplitude only altersthe amplitude
of the resulting fringes and the crystal phase shift smply
alters the phase of the fringes, leaving their spacings un-
changed. Thus, a simple way of calculating the fringe
positions in coherent convergent beam patterns is to
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Figure 3. (a-d) Coherent convergent beam patternsfrom a 111 systematic row in GaAswith defocus changing from overfocus

in (a) to underfocusin (d).

calculate the effect of the objective lens on the unscattered
beam as a complex wave, then add copies of this with the
same amplitude at angles corresponding to g and —g and
calculate the modulus squared to get the intensity. The
result of such acalculation for the conditions corresponding
to Figure 3a, i.e., GaAs 111 with a defocus of 350°nm

overfocusandaC_of 3.1°mm, isshown in Figure 5aand its
Fourier transformin Figure 5b. The fringe pattern of Figure
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Saresemblesclosely that of Figure 3aand the comet-shaped
satellite peaks of the Fourier transform are reproduced in
Figure5b. Thefirst pair of comet-shaped peaksin Figure 5b
away fromthe origin arisesfrom the primary set of fringesin
Figure5aformed asaresult of interference of the unscattered
beam with the g and —g beams. These two peaks are crossed
by fine straight fringes perpendicular to g, caused by the
presence of the two identical sets of fringes in Figure 5a.
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Figure 4. Amplitude of the Fourier transform of the convergent beam patternsin Figure 3. (a-d) correspond to Figure 3a-d
whilst (€) and (f) are further underfocus.

Thesefinefringesarealso visible experimentally in Figure
4. The pair of comet-shaped peaks furthest from the origin
in Figure 5b arises from the interference fringesformed in
the single small region of Figure 5a where the g and —g
beams overlap and are thus not crossed by fine fringes.
Thissecond set of peaksisnot seeninthe Fourier transform
of the experimental images (Figure 4), indicating that the
microscope stability was not good enough for coherent
interference between g and —g.

| have shown earlier how the Fourier transformsare
affected by achangein the microscope defocus (Fig. 4) and
it can be seen that the shape of the comet-shaped peaks
remains unchanged and the comet’s tail angle is aways
60°. Next, | will discuss the effect of other microscope
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Figureb5 (next three pages). (a) Coherent convergent beam
simulationfor adefocusof 350°nm, C,of 3.1mmand 100kV
corresponding to Figure 3a. (b) Fourier transform of (a). (c-
n) Asfor (a) and (b) except (c) and (d) no objective aperture,
(e) and (f) C_= 10°mm, (g) and (h) astigmatism = 200°nm
parallel tog, (i) and (j) astigmatism = 200°nm at 45° to g, (k)
and (1) three-fold astigmatism = 2000°nm parallel to g, (m)
and (n) three-fold astigmatism = 200°nm at 30° to g.

parameters on the coherent convergent beam fringes and
their Fourier transforms. If no limiting objective apertureis
used (Figs. 5¢ and 5d), then the comet-shaped peaks extend
to much higher frequencies and ‘wrap around’ due to the
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unaersampling Of Higure SC. IT tne spnefical aerration IS
reduced to zero, then not surprisingly the fringes become
straight and the comet-shaped peakslosetheir tailsand are
reduced to spots. For alarger C_(Figs. 5e and 5f) the comet
shape is again unchanged with the same 60° angle, but the
comet’stail extendsto higher frequencies. Figures 5g to 5j
show theeffect of 200°nm of astigmatism applied paralld to

g (Figs. 5g and 5h) and at 45° to g (Figs. 5i and 5j). Whenthe
astigmatismisparallel tog (Figs. 5g and 5h), theeffect isthe
same asif the defocus had been reduced by 200 nm, i.e., the
fringe spacing is increased and the comet separation is
decreased. For astigmatism applied at 45° to g (Figs. 5i and
5j) the fringes become ‘S shaped (including the central
fringe in each pair of overlapping discs), and the comet-
shaped peaks are displaced perpendicular to g, but again
thereis no change in the comet’s shape. It can be seen that
thereisalittleastigmatism present inthe experimental Fourier
transforms because of the asymmetry of the central fringe
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IN Hgure 3D ana parucularty In Figure 3c. Hnaiy, IT inree-
fold astigmatismisapplied parallel tog (Figs. 5k and 5l), the
fringes become more bent on one side of the central fringe
in each pair of overlapping discs than the other and each
peak splitsinto two comet-shaped peaks with different tail
angles. For three-fold astigmatism applied at 30° to g (Figs.
5m and 5n), the fringes distort into an ‘S’ shape just asfor
two-fold astigmatism (Fig. 5i) but the central fringein each
pair of overlapping discsremains straight, and surprisingly
thereisvery little changein the Fourier transform (Fig. 5n).
Interestingly, thetail sof the peaksin the experimental Fourier
transformsin Figure 4 are split dlightly into two tails with
different angles, suggesting that three-fold astigmatism is
present. This is especially noticeable in the underfocus
images (Figs. 4i and 4j).

Quantifying coher ent conver gent beam fringe spacings

Asshown inthelast section and by Lin and Cowley
(1986), the fringe positions contain information about the
lens aberrations, although it is probably not possible to
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derive al of the lens parameters from just one pair of
overlapping discs. In this section, | will attempt to show
how thefringe positions can be measured from experimental
convergent beam patterns and thus derive quantitative
valuesfor somelens parameters.

The fringes in a coherent convergent beam pattern
can be treated like the fringes in a hologram in order to
extract their amplitude and phase. The convergent beam
patternisFourier transformed, acircular mask isdrawn round
one of the comet-shaped peaks and everywhere outside
thismask is set to zero, then inverse Fourier transformed to
give a complex image. The amplitude and phase of the
complex image derived from Figure 3aare shownin Figures
6a and 6b. Moving the head of the comet-shaped peak to
the center of the Fourier transform before inverse
transforming simply removes a constant phase ramp and
makes the phase look like that which would be obtained
near zero defocus. This method will only work for large
overfoci, and evenlarger underfoci, when the comet-shaped
peaksin the Fourier transform are separated from the origin
sufficiently to allow masking of one peak without including
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the origin or any part of thetail of the other peak.

In order to quantify the phase, | will consider aline
through the unscattered 000 beam towardsthe g beamin a
convergent beam pattern. Theamplitudein the 000 disc will
be constant up to the edge of the aperture then drop to
zero, while the phase, @, will be given by

@

where A is the electron wavelength, C_ the spherical
aberration, d thedefocusand k thereciprocal distancefrom
the center of 000 towards g. The diffracted beam, g, will
suffer asimilar phase shift @, centered around k°=°g, plus
the phase change introduced by the crystal, @, The
resulting phase difference Ag between the two beams will
be

@, = IA’C k2 + Tadk?

A@=TINC/2 (-4gk3+60%k*-4g°k+g") +

2
Td(-2gk+g?) + @, @

In principleit should be possibletofit the phase from Figure
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6b to the above equation and so derive C, d and Py
However, thisis amessy process due to discontinuities in
the phase. Fitting the differential of the phase wasfound to
be abetter way, viz:

dAgidk = 2TAY(-3N’C K*+3\’C gk-A*C g>d)  (3)

which depends only on C_and d, and does not suffer from
phase discontinuities.

dAv/dk for the experimental images should be
calculated directly from the complex image to avoid phase
discontinuitiesandisshownin Figure 6¢. It isnow possible
to extract a strip from Figure 6¢ along the line joining 000
and g and derive C_ and d by least squares fitting to the

Figure®. (a) Amplitude and (b) phase of thefringesderived
from Figure 3a by masking one comet-shaped peak in the
Fourier transform. (c) Phase differentiated along g.

equation for dDf/dk to give the values shown in Table 2.
The values of C_ are all generally lower than the
manufacturer’s value of 3.1 mm for the lens and thereisa
large spread in the measurements. The figures from the
underfocus values closest to focus are the least reliable, as
asmall part of thetail of the peak inthe Fourier transformis
cut off in the masking process because it lies too close to
the origin. Nevertheless, it isexceptional that it ispossible
to measure any valuefor C_and it must be remembered that
only a small fraction of the available data are being used
here. To make use of the full area of the disc overlapsin
Figure6c requiresdA@/dk in 2 dimensionsand asafunction
of astigmatism and three-fold astigmatism.

In conclusion, coherent convergent beam patterns
provide a useful means of quantifying a microscope's
spherical aberrations coefficient and defocus, while energy
filtering is essential for thefinefringesto bevisible.

Conclusions

| have shown how the intensity and contrast in
energy filtered lattice images can now be compared
quantitatively with image simulations. Unfortunately, such
comparisons have shown that the experimental latticeimage
contrast is still about 3 times lower than that from the best
fitting simulated images. This discrepancy needs to be
understood before it is possible to match image patterns
quantitatively. | have also shown that energy filtered
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Table 2. Values of spherical aberration coefficient, C_and
defocus, d (underfocus negative), derived from dAf/dk on
the central line through 000 and g of the convergent beam
patterns

d(nm) C, (mm)
360 25
90 25
-890 33
—1090 36
—1290 26

coherent convergent beam patterns provide a way of
measuring the defocus, spherical aberration and astigmatism
of the probe forming lens from their fringe positions. It is
anticipated that their fringeintensitieswill enablethe probe
size and coherence to be measured.
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Discussion with Reviewers

M. Saunders: Your resultsindicatethat similar problemsin
matching the experimental and calculated contrast are
observed in both unfiltered and filtered images indicating
that the problem is still present after the inclusion of the
majority of inelastic scattering events. One conclusion that
could be drawn from thisresult isthat the problem relatesto
phonon scattering which would still be present in thefiltered
image. How possible is it that errors in the modelling of
phonon scattering give rise to these contrast problems?

Author: The inelastic scattering included in the calcula
tionsis only that due to plasmon and secondary electron
losses. Phonon scattering is normally treated in low
resolution images by the use of imaginary parts of the
potential which to a first approximation reduce the beam
intensities as the specimen thickness increases, distribut-
ing this intensity between the diffracted beams whereit is
stopped by the objective aperture, thus reducing only the
image intensity and not the contrast. For high resolution,
account has to be taken of the contribution this scattered
intensity makesto theimage asit isnow not prevented from
reaching the image by the objective aperture. Given these
difficulties phonon scattering was ignored in these
calculations, and | would expect it to be partially (but not
wholly) responsible for the contrast problems observed.

P.D. Nédllist: Would the author liketo speculate onthe origin
of the discrepancy between the contrast in the simulated
and experimental images? Does it not really indicate that
the model of inelastic scattering used in the simulationsis
not accurate enough?

Author: Itisquite possiblethat theinel astic scattering model
used is not accurate enough, but at least for plasmon
scattering it seems to account for the additional loss of
contrast between filtered and unfiltered images. | believe
the origin of the discrepancy is not simple, but is a
combination of many factorsthat are not taken into account
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insimulations. Morework is needed to determine what the
discrepancy is.

J. Rodenburg: Thefact that the comet-like featuresin the
Fourier Transform of theinterference patterns described in
the second half of the paper always have edges at 60 degrees
is interesting. | presume it must be the result of a simple
geometric constraint. The Fourier Transform of the shadow
imageistheauto-correlation of, asafirst approximation, the
product of the probe and specimen functions. Presumably
spherical aberration (and, | believe, higher order aberrations)
induces rings of equal phase in the probe, such that the
integral of the autocorrelation goes to zero outside the
comet-like features. Does the author have any
understanding why this necessarily results in the comet
shape?- or isthere abetter way of formulating the problem?
Author: | have thought about this problem alot, but have
not yet come up with a simple explanation for the comet
shape.

P.D. Nellist: Measurements of the coefficient of spherical
aberration using coherent convergent beam diffraction
patterns has already been performed by Lin and Cowley
(1986). How doesthe method of the author compareto their
method, particularly with respect to their quoted accuracy
(15%)?

Author: The method of Lin and Cowley (1986) requiresa
coherent convergent beam pattern where the objective
apertureislarge enough and the crystal aligned well enough
so that the two diffracted beams are of the same intensity
and all three beams overlap and interfere. This means that
thelattice spacing of the crystal must belarge enough (they
used Beryl, lattice spacing 0.8°nm) to permit interference of
thetwo diffracted beamswith each other so that the ellipses
that his method depends on are visible. For the material
used here (GaAs 111, spacing 0.33°nm) this was not the
case, and no ellipses are visible on Figure 3 athough they
are visible in the simulations of Figure 5. My method as
described is less accurate than that of Lin and Cowley for
determining C_ but it does work for the GaAs 111 discs
shown and it’s accuracy could be improved greatly by
comparing the whole pattern rather than just the central
row.
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