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INTRODUCTION

Electron diffraction is generally regarded as
not accurate enough to be widely used as a
means for resolving unknown structures.
Although electron crystallography [1] is gain-
ing acceptance nowadays, electron diffraction
is mainly used for phase identification (i.e.
finding which known phases can explain all
the observed diffraction lines). One of the
main advantages of electron diffraction over
X-ray diffraction (XRD) is locality. Even a half-
micrometre-sized area of a thin sample can
contain thousands of nanocrystals acting as
the equivalent of a powder sample in XRD.
The program called ProcessDiffraction [2]
which is presented here was developed to help
phase identification in electron diffraction
patterns recorded from such "powder" sam-
ples. These patterns belong to the selected
area electron diffraction (SAED) patterns
together with the spot patterns from single
crystals. The latter needs a different processing
[3] and only a limited assessment of these spot
patterns is given here. Convergent beam elec-
tron diffraction (CBED) patterns are out of our
scope, similarly the simulation [4,5] of pat-
terns.

The diffraction patterns to be processed can
directly be recorded with either CCD cameras
orimaging plates (IP). An alternative is to digi-
tise the patterns from conventional photo-
graphic films with the help of a scanner in the
optical density mode of operation. Patterns
digitised from film need correction for non-
linear blackening if (semi)quantitative assess-
ment of intensity values is required. Measure-
ment of the d-values of the reflecting planes
do not need intensity corrections.

Previously, the diameters of the rings were
measured with a ruler (or micrometer or com-
parator). Such manual processing has several
drawbacks, shared by the microdensitometer
method when blackening is measured along a
line. These measurements are only accurate if
the line of measurement contains the centre
of the pattern, which is not easy to locate accu-
rately. Furthermore, the diameter of a ring
might vary as a function of direction, due to
elliptical distortion. Additionally, measure-
ment of faint or "spotty" rings is ambiguous
and inaccurate, similarly the evaluation of
broad, diffuse rings. Finally, measurement of
any individual hk/ reflection superimposed on
the ring pattern is also ambiguous if its pair hk/
is missing. PracessDiffraction overcomes these
problems and presents the results in graphs
and pictures as well as tabular form, ensuring
that several distributions and markers can be
compared easily.

Our development was motivated by the

need for a custom-tailored, free program that
is planned to evolve to include assessment of
texture and determination of the radial distri-
bution function (RDF) [6] to measure the dis-
tance of first neighbours. Other individual
solutions for different aspects of extracting
information from electron diffraction (7,8,9]
complement our effort.

EXPERIMENTAL

SAED patterns were recorded on film without
energy filtering at 200 kV in a Philips CM-20
TEM. Patterns were digitized in an AGFA
DuoScan 1200 scanner in optical density mode.

EXAMPLES OF EVALUATING SAED
PATTERNS

The usefulness of the method is demonstrated
on simple test samples in order to let the
reader focus attention on the method, in con-
trast to focusing on debatable interpretation
from an unknown sample.

INPUT FILES

Uncompressed image files in either "bitmap
(BMP)" or "tagged image format (TIF)" are
accepted by the program either in "positive"
or in "negative” form [10]. In the "positive"
case, high electron intensity is white as in a
positive print or as recorded by a CCD or an IP.
In the "negative" case, high electron intensity
is black as recorded on photographic films.

CENTRING AND CORRECTING
DISTORTION

Centre and distortion are determined with the
help of human visual pattern matching. The
pattern is overlaid with a generated ellipsis.
The pattern can be shifted and/or magnified.
The radius and eccentricity (e) of the ellipsis
(which is circle if e=1) can be changed (see Fig
1.) When one of the rings completely coincides
with the reference ellipsis, both the centre and
the distortion of the pattern are determined.
Calculation of the distribution is initiated from
amenu point at that stage. An automatic pro-
cedure further refines the centre. This refine-
ment procedure is based on the fact that if the
assumed centre is slightly off the true one, one
side of the ring is closer to it than the other.
Consequently, the peak (that represents the
ring in the distribution) will split and its peak-
to-background (P/B) ratio will reduce. The best
choice of the centre co-ordinates is charac-
terised by the highest P/B ratio for a correctly
selected ring.

BACKGROUND AND GROSS
RENORMALIZATION
The intensity between the diffracted peaks is
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frequently far from zero in case of electron dif-
fraction. This background can be especially
high for small scattering angles (large d-val-
ues) where the long tail of the intense direct
beam is also present. Diffracted intensities can
only be assessed after background removal.
Two model functions are available to fit back-
ground at the moment: Normal distribution
(Gaussian function) and log-Normal distribu-
tion. A raw distribution with fitted back-
ground is shown in Fig 2.

Most recording media (film and CCD) cannot
accommodate to the large dynamic range of
intensities present in a single SAED pattern.
That is why a beam stop is frequently used to
shield the most intense part of the pattern
(the direct beam). Part of the beam stop also
covers a strip of the less intense regions of the
pattern (see Fig 1). The covered strip with fixed
width represents different fractions of the dif-
ferent rings with varying perimeter, so aver-
aging is spoiled differently for them. Exclusion
of the totally black points from the averaging
(gross renormalization) corrects for this prob-
lem.

PHASE IDENTIFICATION USING
DATABASES

X-ray diffraction databases [11] list the d-val-
ues of the reflecting planes together with the
relative intensities of the diffracted lines. Com-
parison of this list to a list of measured values
is possible and followed on a daily basis in TEM
laboratories, too. However, it is much more
intuitive to compare visually the peaks in the
measured distribution to a set of marker lines,
representing both the positions and intensi-
ties of the lines characterising a known phase
in the database. ProcessDiffraction can lay 10
different markers with different colours and
weight-factors over the measured distribu-
tion. Identification of a mixture of phases is
made much easier with this tool (Fig 3). Figure
3 is also an example of the usage of the com-

pare memory that contains the previously

1 0 EUROPEAN MICROSCOPY AND ANALYSIS ® JANUARY 2002

Figure 2:

The importance of removing the background, espedially in case of smail peaks over a lerge backgiound
Distribuition of diffiacted intensity s seen, Measured distribution is shown with green dashed fine while fitted
background 15 presented with red dofted line. Foatnote destribes sample and indicates which regions were

selected manually for background fitting.

processed distribution from the supporting
carbon foil. Similarly, members of an exposure
set or patterns taken with different camera
lengths can be compared using the 5 compar-
ison memories in the program.

SINGLE-CRYSTAL REFLECTIONS
AND RENORMALIZATION

Parameters of single crystal reflections may be
needed in this polycrystalline environment in
two cases. First, when a known single crys-
talline substrate also serves for the calibration
of the camera constant. Figure 4 shows an
example of processing such a spot pattern. Fig-
ure 4 is also an example of the usefulness of
the renormalized net intensities (i.e. when
averaging is only done for the individual
bright spots within the ring). The usual net
intensity, which is perfect for rings, gives incor-
rectly low peaks for the spot pattern, because
the intensity from the bright spots is averaged
over the entire circle with many dim pixels.
The renormalized net peaks correctly show
both the high P/B ratio of the spots and the
exact positions of the spots.

Second, a minority phase might be present in
a limited number of grains, producing only
some individual reflections, in contrast to
(spotty) rings. Identification of such phases is
helped by reading off individual d-values
(even if their pairs are missing) using a cursor
window.

NONLINEARITY OF RECORDING
MEDIUM

Photographic films are infamous for their lim-
ited dynamic range. This is not a problem for
most images, but becomes important for
(semi)quantitative diffraction work. Two main
parameters describe the relation of electron
intensity to the optical density recorded by the
film. The so-called gamma-factor (g), describ-
ing the speed of the film and the developing
process, and the saturation value of optical
density (Ds) characteristic of the film. The non-

linear recording by the scanner also con-
tributes to this problem. This nonlinearity not
only affects the absolute values of the intensi-
ties recorded for the individual diffraction
lines, but even worse the ratios of net intensi-
ties also change as demonstrated in Figs 5 and
6. It can be seen that the peak, which is smaller
than the other with low exposure becomes the
larger with high exposure. This reversal of size
for the net intensities is explained by the satu-
ration of the gross intensities. The higher
background under the higher peak forces ear-
lier saturation for their sum, leaving less net
value after background removal. Correction
for the response of the recording medium
results in almost undistorted intensity values
(and ratios) for a much wider intensity range,
as can be seen in Fig 6. The correction applied
here is based on a calibration where exactly
the same distribution was recorded 3 times
immediately after each other with increasing
exposure time. In case of linear response, the
intensity in each point should increase in pro-
portion to the exposure time. Deviations from
this behaviour were used to calibrate the g
and Ds parameters.

ACCURATE AND REPRODUCIBLE
EXPERIMENTAL PATTERNS

Many microscopists are not aware of the fact
that the key parameters are in their hands,
namely the reproducibility of the camera
length and the width of the rings. Both of
these parameters are affected by the lens cur-
rents. Although most of the operators set the
objective lens current to a fixed value, many of
them change the current of the C2 condenser
lens carelessly, to accommodate the need for
easier visibility. However, if the current value
of C2 is determined, which provides the most
parallel beam and this value is reset for the
exposure of each SAED pattern, it resultsin the
narrowest (best) peaks and long-time repro-
ducibility of the camera length, facilitating
comparison of patterns even if no inner stan-




File Process Show Compare Marker Caftvate Golo Help
i pa 234 2457 40 =
PD_7:C+ Al+ Cu BEG model = log-Normal 117-139 ; 150-201 ;682 246 2337 100 |
- |76 2083 &6
L e e e et 284 2005 8§
5 : 1 316 1819 28
| = : ' i : 372 1546 17
T ; : | 376 1529 19
R e B Moo Srnarers et T 384 1437 23
@ & H 1 38 1482 23
| > ] 5 [ ! w3 14 73
=] : I i : a6 1382 21
e e | B 1 Tt R iy famsaspadd 431 134 2
= A H] 453 1269 37
?:' H Ha7a 1213 74
i ags 1162 40
B 1" v | W r ilste 1113 20
= i 1524 1097 3
| | i i|oz 1o 2
| S o - 551 1043 17
| ® ; g 556 1034 14
‘ i | A ||566 1.016 1€
@ : |57 1007 9
I =0 | 580 0991 5
- T T 1|58 0385 B
| 200 250 380 470 560 850 ilsm oa73 5_|
| . . . |55 096 5
| Radius of circle [pixels] 227 o2
| i }
= PD7_1153 Net e C_film Memoryl — (.75 Cu_fre_JCPDS4_23¢[|619 0929 20
i—-— PD7_1153 Nd Ranormalized —— 1% A1 fec_JCPDS4_787 —_— ﬂ.Z‘*AIEOE_JCPDSQE-Dl:: g: ggg;‘ ?15 _'_l

Figure 3:

s an example of phase identfication, a test sample was produced by evaporating S0ACu+120 A Alovera car-
bon foil. The resuiting sample cantains a mixture of rystalltes with different grain siz. The SAED pattem recarded
from an area of 5 m diameter shows both faint coniinuous and bright spotty rings Fig 7). The larger the differ-
ence hetveen "Net” and *Net Renormalized”, the more spotty the ring. The markers aid over the distribution indf-
cate that the Cu s in nanocrystaline form, producing continuous rings. The larger-grainedl Al results in spotty, dis-
continuous fings. Some of the faint continuous rings origin from A1,O), indicating tha part of the Al grains is 04
dised. The imperfect emoval of the background (manifestng n sharp peaks superposed over two broad bumps)
i due to the scattering within the suporting carbon film, as can be seen from the comparison to the net distri
bution recorded from the C-flm,

dard is available for calibration. Otherwise Boston, Lendon, 1997.
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Spot pattem from a S single crystal (insert) and the distribution of the oiffracted net iniensiies. Although spots
are broad due to overexposure, the renormalized intensiies exactly show the pasttions of the peaks with good
PIB. Quiter peaks yiald accurate callbration for the position of spos. Kinematically forbidden reflections (e.g. Si
(200))are absent from the XRD database, but are strongly excited in SAED (overlapping peaks at R=215 and 363).
ic) Example of the Cursor window to read off indiviclual d-values.

46,58 - G- 676

7. McCaffrey JP, Secberg E.B, Philips LR and Madsen LD,

each pattern would need its own calibration.

CONCLUSIONS

The program ProcessDifrraction is a valuable
tool for processing SAED ring patterns. Quan-
titative results from films are obtained with
the newest version V1.2.2 of the program via
correction for the non-linear response of the
photographic medium. The program is free
and is available from the home page of the
author.
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Net intensities from a series of expastires without gamma-correction: the relative net intensities vary &

exposure. Their ratio can even reverse,

Figure b:

lot with et intensities from the same series of exposaras with gamma-Correction: the relative net intensities are almost

independent of exposure. Smallvariation is due to the imperfection of correiion.
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