High-resolution analytical
electron microscopy

One can use elastically and inelastically scattered electrons
and x rays from a sample illuminated by an electron beam to determine the
composition and structure of extremely small regions of the sample.

R. W. Carpenter

The objective of high-resolution analyt-
ical electron microscopy is the determi-
nation of the local structure of a wide
variety of specimens. This is accom-
plished by collecting and analyzing the
many different signals emitted by a
sample when it is irradiated by a high-
energy (around 100 keV) electron
probe. At present one can determine
the structure and composition of solids
at spatial resolutions of 50 nm or less;
the results are, in general, characteris-
tic of the bulk solids from which the
specimens were taken. Such detailed
knowledge of the local structure and
composition of solids is required espe-
cially in geology, materials science, sol-
id-state physics and solid-state chemis-
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try, where properties such as flow
stress, fracture modes, electron mobil-
ities and phase transformations are
highly sensitive to details of structure
and composition.

The basic instrument used for high-
resolution analytical microscopy is
the transmission electron microscope.
However, an analytical electron mi-
croscope, while retaining the basic
characteristics of a transmission elec-
tron microscope, is the result of addi-
tional instrumentation developments
over (approximately) the last ten
years. These developments include
electron sources and optics that allow
formation of very small and very in-
tense electron probes (which therefore
have high spatial-resolution), im-
proved vacuum systems to minimize
specimen contamination and the addi-
tion of various different signal detec-
tors. The challenge is, of course, to
do all this while preserving the imag-

ing performance of the instrument.

Analytical signals

The table on page 36 shows the sig:
nals most often collected in an analy:
tical electron microscope. The list is
not exhaustive, but representative of
the methods that are available.

There is also a wide variety of tech
niques available to collect and display
the information produced by these
probes.

» One can form images of the samplé
directly from the elastically scattered
electrons (conventional fixed-beam
transmission electron microscopyk

» One can scan a fine probe across the
sample and collect the elastically of
inelastically scattered electrons
form an image (scanning transmissiot
electron microscopy). -

» One can produce electron-diffractiot
patterns from small parts of the salIlplf
either by “aperture-selected-area m-
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Advanced analytical electron microscopes.
(a) The photo at left shows a microscope
capable of forming either scanned or fixed-
beam images. At the top of the column are
the field-emission gun and its associated ion
pumps: at the bottom of the column is an
electron energy-loss specrometer. (Photo
courtesy of E. A. Kenik, ORNL.) (b) At right,
a dedicated scanning transmission electron
microscope. Here the field-emission
electron gun and its ion pumps are at the
bottom and the electron spectrometer is at
the top of the column. Figure 1

crodiffraction” or by “probe-selected-
area microdiffraction” (also called
“convergent-beam microdiffraction”).
P One can analyze the composition of
the sample directly by measuring the
energy-loss spectrum of the transmit-
ted electron beam or by observing the
spectrum of the x rays emitted by the
excited sample.

» One can use secondary and back-
scattered electrons to observe the to-
pography of the sample and to gain
some qualitative information on its
composition.

The historical development of ana-
lytical electron microscopy illuminates
the relationship among the various
techniques it comprises. From its be-
ginnings in the 1930’s, the primary goal
of what may be called conventional
electron microscopy has been high im-
age resolution, that is, determining the
geometric arrangement of atoms rela-
tive to one another in solids; determin-
ing the identity of these atoms was a
secondary objective. This goal re-
quired that electron optics for imaging
be given preference in instrument de-
sign. Energy-loss spectroscopy was
first proposed as an analytical method
in 1944, but inadequate vacuum sys-
tems and other instrumentation prob-
lems delayed its widespread use for
more than two decades.” X-ray spec-
troscopy began to attract increasing
interest when solid state detectors ca-
pable of fast parallel data collection
were first coupled to transmission elec-
tron microscopes.” Convergent-beam
diffraction was first demonstrated
about forty years ago, but only recent-
ly, with the advent of suitable lenses in

clean vacuums, has the technique been
useful for analytical electron micros-
copy.®> A major stimulus for develop-
ing lenses and field-emission sources
capable of forming the small probes
that are necessary for high-spatial-res-
olution microanalysis and microdif-
fraction came from research on form-
ing scanned transmission images, for
which the resolution is dependent on
the size and current density of the
incident probe.*

All of these methods have been used
more or less independently for re-
search. Recently developed instru-
ments make it possible to use them all
in a single instrument, in some cases
simultaneously. Two typical analyt-
ical electron microscopes of advanced
design are shown in figure 1. Figure la
shows an electron microscope fitted
with a field-emission gun that can form
either conventional or scanned trans-
mission images (TEM/STEM/FEG).
Figure 1b shows a dedicated scanning
transmission electron microscope (D-
STEM) also fitted with a field-emission
gun. The principal difference between
the two is in the way they form their
images: D-STEM instruments form
scanned images exclusively.

Modern instrumentation

Figure 2 shows schematically the
operating parts of a modern analytical
electron microscope. It has three ma-
jor components in common with all
electron microscopes: the illumina-
tion system, the objective-lens-speci-
men-stage system and the magnifica-
tion-lens-camera system. In addition,
there are several sets of scanning coils,

two spectrometers for measuring the
energy distribution in the emitted x-
ray spectrum and in the transmitted
electron beam, and detectors for secon-
dary and back-scattered electrons.
These components are shown in their
correct positions relative to the elec-
tron source and the specimen.

The most prominent feature distin-
guishing an analytical electron micro-
scope from a conventional one is the
ability to form small electron beams for
the incident probe, which is necessary
for microelemental analysis, microdif-
fraction and scanned-image forma-
tion. The probe is usually formed by
an objective lens of the condenser-
objective type, which can operate in
two different modes: In the “micro-
probe” mode, the lens is strongly ex-
cited and that portion of its magnetic
field on the electron-entrance side of
the specimen (the “pre-field”) focuses a
convergent microprobe on the speci-
men, while in the “conventional” mode
the effective lens field is weaker, and a
larger (diameter more than 250 nm),
nearly parallel beam illuminates the
specimen. A microscope fitted with an
objective lens of this type together with
scanning coils and various signal detec-
tors allows experimenters to use on a
single suitable specimen all the imag-
ing, diffraction and microanalysis
methods mentioned above.®®

Electron sources and vacuum sys-
tems have important but less obvious
effects on the performance of electron
microscopes. The lenses of the illumi-
nation system demagnify the electron
source to form a small probe at the
specimen; because electrons are lost
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from the probe during demagnification,
the brightness of the image is reduced.
Field-emission electron sources are be-
ing increasingly used in advanced ana-
lytical microscopes because they are
much brighter than the familiar tung-
sten thermionic sources of convention-
al electron microscopes. Furthermore
the effective electron-emitting region
of a field emission sources (generaly
less than 10 nm in diameter) is much
smaller than the corresponding region
of thermionic sources, which are typi-
cally 10 microns or more in diameter.
The field-emission sources thus pro-
duce current densities higher by about
a factor of 1000 than those achieved by
thermionic sources.’

Field-emission sources were first de-
veloped for scanning transmission mi-
croscopes, where their characteristic
high brightness is necessary to form
high-resolution images. For the same
reason one can also expect the best
results in microdiffraction or micro-
elemental analysis at the small-probe
spatial-resolution limit when one uses
field-emission sources. The brightness
of field-emission sources is also useful
in high-resolution conventional imag-
ing experiments: It permits a reduc-
tion in the time required for recording
the image (the photographic exposure)
from 3 or 4 seconds to about 0.5 second,
which decreases the probability that
the image will be disturbed by me-
chanical or electrical instabilities in
the microscope. Field-emission
sources require an ultrahigh vacuum
for stable operation, particularly in the
source chamber; however, an analyt-
ical electron microscope also requires
ultrahigh vacuum for reasons beyond
field-emission stability.
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posed to amorphous carbon.

Observations in many laboratories
have shown that the vacuum environ-
ment in conventional electron micro-
scopes is not “clean” enough for analy-
tical purposes. The major problem is
contamination of the irradiated speci-
men area. The usual contamination,
called “system contamination,” con-
sists of amorphous deposits of carbona-
ceous material on both surfaces of the
electron-transparent specimens in re-
gions irradiated during microprobe ex-
periments; they arise from organic
compounds that diffuse on the speci-
men surface to where the incident
probe is focused and are there decom-
These
deposits form rapidly in poor vacuum
environments whenever the sample is
illuminated with a microbeam.®* Con-
tamination will degrate scanning
transmission images and microdiffrac-
tion patterns and will obviously inter-
fere with microelemental analysis—
especially if carbon analysis is re-
quired.

Conventional vacuum systems in-

Methods for structural analysis

Signal Primary information
Transmitted electrons
elastic
direct beam bright-field images

Bragg-scattered
direct plus Bragg

dark-field images
high-resolution images and
microdiffraction patterns
microanalysis of light
elements (2= 30)
energy-loss images
microanalysis of medium to
heavy elements (22 12)
characteristic x-ray images

inelastic

Emitted x rays

volving oil-diffusion and rotary me.
chanical pumps are inadequate either
to stabilize the field-emission sources or
to avoid sample contamination. Micro-
scope designers have responded tg
these problems by gradually adjusting
their designs to incorporate ultrahigh
vacuum technology, but the process has
been evolutionary rather than revoly.
tionary and it is not complete. At
present, commercial instruments in-
corporate ion pumps to stabilize their
field emission sources and ion pumps or
advanced liquid-nitrogen traps to clean
their specimen chambers. These in.
struments attain residual pressures of
roughly 10~ ® torr at the specimen and
less than 10~ '° torr in their gun cham-
bers—a significant improvement rela.
tive to the roughly 10 ~° torr attainable
in conventional electron microscopes,
System contamination generally re
mains within manageable limits if the
pressure within the specimen chamber
is kept below 10~ ° torr for most experi-
ments. However, laboratory-con-
structed instruments have produced
results in the analyses of surface struc-
tures—concerning observations of dis-
location intersections with free sur-
faces and surface-structure phase
transitions—which show that further
improvements are possible.” We may
expect that many future instruments
will be true uhv systems.

Microelemental analysis

Figure 3 illustrates the versatility
and range of an analytical electron
microscope, in this case applied to &
structural ceramic. The bright-field
transmission image shows a polyerys
talline region of sintered silicon nitride
fluxed with magnesium oxide. This
material is not in thermodynamic equi-
librium after sintering and contains &
number of different phases, some of
which are noncrystalline. The vari-
ability of the composition is shown by
the electron energy-loss spectra and
energy-dispersive x-ray spectra shown
for the regions marked by A to D in the
image. The microdiffraction patterns
from the same areas demonstrate the
structural differences between them.
The energy-loss spectra show peaks
corresponding to excitations of inner
shell electrons for elements in each
phase superimposed on a backgTOLEUﬂ '
that decreases rapidly with increasing
energy loss. The corresponding ener
gy-dispersive x-ray spectra show char-
acteristic emission peaks for K-series¥
rays from the (heavier) metallic ele
ments in the four regions on a lo¥
background that varies slightly with
energy.

At present, energy-dispersive X1&/
spectroscopy is a more highly deve:
oped and simpler method for micr
analysis. However, the higher sens
tivity of energy-loss spectroscopy for -
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light elements and its higher energy
resolution are the basis for active and
growing research on the method. The
measured count rate in a characteristic
x-ray spectrum peak, for examplea K, -
peak, is given by

R, = QJnufE

where @ is the K-shell ionization cross
section, ./ the incident electron flux, n
the volume concentration of the atom
of interest, w the K-shell fluorescence
yield for the excited atoms, f the frac-
tion of the total K-shell emission that is
in the K, peak and E the detection
efficiency. The fluorescence yield, that
is, the probability that a K-shell ioniza-
tion will decay via its characteristic x-
ray emission, depends on Z, the atomic
number of the target atoms, and is very
small for low-Z elements. The comple-
mentary decay process, Auger emis-
sion, has probability 1 — w and is larger
for low-Z elements. However, because
the escape depth of Auger electrons is
small, they are not useful for internal
microanalysis.

The variation of fluorescence yield
with atomic number is an important
point and is one of the reasons that
both x-ray and electron spectrometers
are used on analytical microscopes. For
x-ray energy-dispersive spectroscopy
one uses lithium-drifted silicon solid-
state detectors having an area of 10 to
30 mm?® and generally located about 1
cm from the specimen. Low-energy x
rays are absorbed in the beryllium
windows, gold layers and silicon dead
layers of these detectors while those of
higher energy are not. The geometric
collection efficiency is relatively low
for all characteristic x rays because
they are emitted from the irradiated
specimen with radial symmetry, while
the solid angle subtended by the detec-
tor at the specimen is typically around
0.1 steradian.

In the case of electron energy-loss
spectroscopy, on the other hand, every
K-shell excitation results in a loss-
electron, with the magnitude of the
energy loss equal to the ionization ener-
gy of the target atom. These inelasti-
cally scattered electrons are scattered
through small angles, so the distribu-
tion is strongly peaked about the for-
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Structure and composition of small regions
of a sample of sintered silicon nitride, shown in
the superposed photos opposite. The spec-
tra and diffraction patterns come from the
spots labelled A-D: at right, convergent-beam
diffraction patterns from aras A and D; below
left, electron energy-loss spectra from all four
regions; below right, x-ray energy-dispersive
spectra. The sample is highly inhomoge-
neous in composition and structure, for exam-
ple, it is crystalline at A, B and C, and
amorphous at D. Figure 3

ward scattering direction. A properly
designed and operated energy-loss spec-
trometer will therefore have a detec-
tion efficiency near unity. The count
rate from a K-shell ionization edge is
then

RE = JnQ(a.AE')

where .J is the flux, as before, n is the
number of ionized atoms and Qa,AE) is
the partial ionization cross section for a
spectrometer acceptance angle a over
the energy-loss range AE at the edge
with the characteristic loss energy E.'°

The x-ray energy-dispersion and elec-
tron energy-loss methods are comple-
mentary: Each has advantages and
both are necessary for a complete char-
acterization of the elements in a speci-
men.

Energy-loss spectroscopy is the less
familiar of the two methods, and a
simple description of the various re-
gions of an experimentally acquired
spectrum may be useful here. Figure 4
shows an energy-loss spectrum for a
thin carbon foil and extending from the
zero-loss peak (the direct beam, marked
A) to beyond the K-shell excitation edge
at 283 eV. The peak marked B, at a
loss of 24 eV, corresponds to a single
plasmon or valence electron excitation;
C and D mark simple increases in
detector amplification. The sharp
jump at 283 eV corresponds to excita-
tion of K-shell electrons, and the small
broad peak following the K edge is a
result of a convolution of the plasmon-
loss and the K-loss peaks. We can

arbitrarily divide the spectrum into
three regions:

» the zero-loss peak, which includes
unscattered electrons and quasi-elasti-
cally scattered electrons (scattered by
phonons)

P> the low-loss region extending from
about 5 to 50 eV, which includes plas-
mon and valence-electron scattering
P the inner-shell-loss region, which
has a useful range from around 100 to
3000 eV.

All but a few percent of the electrons in
the spectrum are in the zero- and plas-
mon-loss regions, and the small inner-
shell peaks ride on a large, continuous-
ly decreasing background.

Both the plasmon-loss and the inner-
shell-loss peaks shift their positions in
alloys with changes in the chemical
composition; however, the plasmon
shifts are, in general, very small and
correlation of the peak shifts with
changes in the composition of the speci-
men is difficult.'"" For this reason, one
prefers inner-shell losses for micro-
analysis. The spectrometers used for
energy-loss microanalysis are most of-
ten of the magnetic-sector type with a
dispersion of about 4 microns/eV. An
energy resolution between 5 and 15 eV
is suitable for microanalysis. The loss
spectrum is scanned across a scintilla-
tor-photomultiplier detector and re-
corded serially with a computer or
multichannel analyzer.

Two important quantities that deter-
mine the usefulness of the x-ray and
electron spectroscopies are the “mini-

mum detectable mass” and “minimum
detectable mass fraction.” The mini-
mum detectable mass refers to the
smallest detectable amount of some
element in the specimen in a free or
pure state or in a weakly scattering
matrix. It is a measure of the sensitiv-
ity of the system, and *‘clean” spectra
free of system artifacts are necessary to
make it as small as possible. The
minimum mass fraction refers to detec-
tion of some element in a surrounding
matrix that may not be weakly scatter-
ing, so that the background from the
matrix becomes the limiting factor.
Methods for calculating and measuring
these quantities have been considered
in detail elsewhere.'*'? Both depend
on the operating mode of the micro-
scope, the accelerating voltage, and the
atomic numbers of the elements in the
target and the thickness of the target.
In general, for optimized systems the
minimum detectable mass will be be-
tween 10~ '® and 102 grams and the
minimum detectable mass fraction will
be in the range of 0.1 to 3%.

The development of quantitative
methods to determine local composi-
tions from x-ray or electron spectra
taken from thin specimens is currently
the primary objective of microanalysis
research. Such quantitative methods
are most developed for x-ray energy-
dispersive spectra taken from homo-
geneous (single-phase) specimens. The
methods are based on a comparison of
the integrated intensities of the char-
acteristic peaks—after subtraction of
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amplifier resettings.

the background and corrections for
atomic-number dependence. To con-
vert the peak-intensity ratios to con-
centrations, one can use either stan-
dards of known composition or cal-
culations of the cross-sections.'*'® The
table on page 41 is an example of the
accuracy obtainable with energy-dis-
persive spectroscopy; it shows a com-
parison of compositions obtained with
a “thin-film standardless” spectroscop-
ic method with compositions obtained
with an independent bulk chemical
analysis.'* The agreement between
the two methods was good, particularly
for the determinations made with K-
shell characteristic emission peaks.
Excitation cross-sections for L- and
higher-shell emission peaks are less
well known at present.

The quantitative methods currently
available for energy-loss spectra enable
one to make microanalytic measure-

K-shell electrons are excited at 283 eV.

Figure 4

ments for light elements in thin speci-
mens with an accuracy of about + 15%
from an analysis of the peaks from K-
shell excitations.'® The most impor-
tant sources of uncertainty in the anal-
ysis are the angular and energy depen-
dence of the partial ionization cross
section, @(a,AE) and the effects of mul-
tiple inelastic scattering on the loss
spectrum.

To calculate the elemental composi-
tion from the electron energy-loss spec-
tra one uses a single-scattering treat-
ment of inelastic scattering. This is a
standard approximation of thin-foil mi-
croscopy; its validity depends on the
thickness of the specimen in the par-
ticular situation of experimental inter-
est. The effects of specimen thickness
on the shapes of electron-loss are sim-
ple to recognize experimentally: As
the thickness increases, the intensity of
the plasmon-scattering peak increases

relative to the intensity of the zero-loss
peak, and the inner-shell excitation
peaks become difficult to detect aboye
the increasing background intensity,
Furthermore, the relative intensity of
the inner-shell energy-loss peaks from
different constituents of multielement
specimens changes rapidly beyond a
limiting thickness value, producing an
apparent change in composition with
thickness. Experimental results sug.
gest that the apparent compositional
changes due to multiple scattering are
within the uncertainty limits of the
analysis if one obtains spectra for re.
gions of the specimen thinner than
about 20% of the mean free path of
plasmons.'” One can easily find ac-
ceptable regions by observing the rela-
tive intensities of the first plasmon
peak and the zero-loss peak: The ratio
is proportional to the thickness of the
specimen. For typical plasmon mean
free paths, these regions correspond to
specimens 20 to 70 nm thick.

One must also restrict specimen
thicknesses to this range or less fo
achieve maximum spatial resolution
with energy-dispersive spectroscopy.
This is a particularly important prob-
lem when one examines specimens con-
taining local heterogeneous regions
such as interfaces or particles of &
second phase. Figure 5 and the table
next to it (on page 41) illustrate the
large differences in apparent composi-
tion that can occur as a result of differ-
ent experimental conditions.* With
small particles of precipitates, beam
spreading can be a problem; at present,
the best solution to this problem i
making an extraction replica, but one
must be careful to avoid chemical
changes in the extractant while prepar-
ing the specimen. Small particles con:
taining only about 10~ '® gram of mate-
rial have been analyzed using this
method.'®

Microanalysis based on energy-dis
persive spectroscopy has a reduced spé-
tial resolution in thick foils, probably

Precipitates from a sample of austenitic stainless steel.
photo shows an area about 200 nm across. The table on the next
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because of multiple elastic scattering of
incident electrons within the foil,
which causes an increase in the volume
from which x rays are emitted.' In
electron-transparent foils of heavier
metals, such as copper or gold foils
about 100 nm thick, the x-ray emission
region is several hundred nanometers
in diameter. The small, high-current-
density probes that the field-emission
sources produce are useful for high-
spatial-resolution microanalysis only
for thin specimens.

The reader interested in using high-
resolution analytical microscopy
should not view these restrictions on
specimen thickness as an unnecessary
burden: It has been known for some
time that clean, thin specimens (less
than around 50 nm thick) are necessary
for quantitative interpretation of high-
resolution images; this requirement is
uniform for all the experimental tech-
niques we have discussed. The restric-
tion on specimen thickness can be re-
laxed to some extent if one uses
incident electrons with a higher ener-
gy. Exploratory experiments and cal-
culations by a number of investigators
have shown that peak-to-background
ratios in microelemental analyis, spa-
tial resolution and high-resolution im-
ages are all improved in thicker speci-
mens with high-voltage microscopes
(with accelerating voltages generally
up to 1 MV, but higher in a few cases).
Only high-resolution microscopes have
been designed for high-voltage oper-
ation thus far.

Microdiffraction

Microdiffraction and imaging in an
analytical microscope are extended be-
yond the capabilities found in conven-
tional electron microscopy. The abili-
ty to form small probes and the low
specimen contamination rate in an
analytical instrument allow one to per-
form interesting and useful diffraction
experiments with what is called “‘con-
vergent-beam electron diffraction.”
Here one selects the diffracting volume
by focusing the incident probe on the
appropriate part of the specimen: The
diameter of the probe and the thickness
of the specimen determine the wvol-
ume. One can obtain probe sizes down
to 0.5 nm in analytical microscopes
fitted with field-emission sources. For
a typical incident probe of 5 nm diame-
ter and a specimen 30 nm thick, the
irradiated volume contains approxi-
mately 10* atoms.

One can obtain diffraction patterns
from very small sample volumes with
instruments that cannot form small,
convergent probes by using small aper-
tures to select an area of the sample.
This “aperture-selected-area microdif-
fraction” is restricted to a minimum
{iiameter of about 250 nm, correspond-
Ing to an irradiated volume containing

Comparison of microanalytic methods

Incident
Sample Energy Measured Intensity Composition (weight percent)
(keV) Ia/lg Thin-film Bulk
B-NiAl 200 Ni-K/Al-K = 2.05 Ni = 69.5 Ni = 68.5
Al = 30.5 Al=315
100 Ni-K/Al-K =1.79 Ni = 69.6 Ni = 68.5
Al =30.1 Al=315
B-ZrNb 200 Nb-K/Zr-K = 0.163 Nb = 14.9 Nb=154
Zr=840 Zr=846
B-CuZn 100 Cu-K/Zn-K = 163 Cu=604 Cu=60.2
Zn=1396 Zn=1398
Ni,Ma 120 Mo-K/Ni-K = 0.113 Mo =292 Mo = 28.0
Ni=70.8 Ni=710
120 Mo-L/Ni-K = 0.246 Mo = 27.4 Mo = 29.0
Ni=726 Ni=71.0
NbH1 120 Nb-L/Hf-L = 1.30 Nb = 43.9 Nb =459
Hf = 56.1 Hf = 54.1
Fe-13 Cr-40 Ni 120 Fe-K/Ni-K = 1.25 Ni =401 Ni=40.4
Cr=142 Cr=13.2
120 Cr-K/Ni-K = 0.426 Fe =457 Fe =466
Fe-13 Cr-20 Ni 120 Fe-K/Ni-K = 3.59 Ni = 20.0 Ni=18.7
Cr=145 Cr=13.3
120 Cr-K/Ni-K = 0.0880 Fe =65.5 Fe =66.9

perhaps 10° atoms. For this reason
diffraction patterns formed with con-
vergent beams are more sensitive to
local changes from composition gradi-
ents or lattice defects than aperture-
selected microdiffraction patterns.

A unique and less obvious feature of
convergent-beam patterns is that they
contain information on three-dimen-
sional configurations. The patterns
are formed by irradiating the specimen
with a focused probe of electrons; the
convergence half-angle of the beam is
usually in the range 6-15 milliradians,
which is large compared to the nearly
parallel beams used for aperture-select-
ed-area diffraction. Because of the an-
gular spread of the incident electrons,
the Bragg condition can be satisfied for
reflections in reciprocal-lattice planes
that lie above the plane containing the
lattice origin, the so-called “higher or-
der Laue zones.” If we denote the
lattice planes by their usual Miller
indices, (h k [), then diffraction vectors
corresponding to higher-order reflec-
tions satisfy

[uvwlthkl)=n
where n is a positive integer and [u v w]

is a vector antiparallel to the axis of the
incident beam cone of electrons. For

“zero-layer” reflections n = 0. The dif-
fraction vector components along the
incident beam direction for higher-or-
der Laue zones carry structural infor-
mation along the beam direction in
addition to the usual two-dimensional
information present in the pattern.
The two patterns shown in figure 6
illustrate the use of upper-layer diffrac-
tion to examine properties of crystals.
The dark lines in the central discs
result from excitation of Bragg reflec-
tions from higher-order Laue zones
whose indices shown in figure 6a.
One can obtain quite detailed infor-
mation about the crystal structure from
such patterns. When the irradiated
crystal volume contains a dislocation,
for example, all upper-layer lines corre-
sponding to Bragg diffraction planes
distorted by the displacement field are
split into fringes. Kikuchi lines corre-
sponding to upper-layer Bragg reflec-
tions exhibit the same behavior. (Kiku-
chi lines arise from Bragg diffraction of
inelastically scattered electrons.) Be-
cause the diffracting volume is small
relative to the extent of the defect
displacement field in the lattice, the
effect is easily observed, and the Burg-
ers vector (which describes the magni-
tude and direction of the crystal disloca-

Analysis of precipitates

Element Composition (weight percent)
Extracted Suspended Embedded Matrix
precipitate precipitate precipitate
(figure 5a) (figure 5b) (figure 5c¢)
Sn 0.05 23" 1.1 1.3
Mo 16.7 14.2 8.7 39
Cr 659 58.2 30.9 18.4
Mn 0.05 0.2 1.47 1.5
Fe 14.6 216 47.9 623
Nn 28 a6 10.0 126
*Increased silicon content probably due to the heavy conlamination layer
surrounding the precipitate.
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Convergent-beam electron-diffraction patterns: (a) from a perfect
crystal, with “upper-layer lines," from the indicated crystal planes; the

tion) can be determined from the
splitting symmetry of both upper-layer
and Kikuchi lines.'® The upper-layer
lines exhibit high sensitivity to local
lattice distortion, and it is therefore
reasonable to expect that their posi-
tions within the central disc depend on
local lattice-parameter changes caused,
for example, by a concentration gradi-
ent. This is indeed so, and differences
in local crystal lattice parameter can be
determined®® with an accuracy of about
1partin 500. This method of detecting
fluctuations in local compositions from
shifts of upper-layer lines is comple-
mentary to the microanalysis methods;
the line shifts give no direct informa-
tion concerning the chemical identity
of the atoms causing the lattice distor-
tion, but the diffraction method is like-
ly to have higher spatial resolution in
all but the thinnest crystals.

One can also use upper-layer diffrac-
tion effects in convergent-beam diffrac-
tion patterns to determine crystal sym-
metry. An elementary example is
available in figure 6. Note that the
array of upper-layer lines from the
perfect crystal has three-fold rotational
symmetry about the incident beam di-
rection, but the symmetry of the zero-
layer Bragg spots (the six large spots
from the [2 2 0| reflections) alone indi-
cates six-fold symmetry about the
[111]axis. The true symmetry of the
perfect crystal axis is given when three-
dimensional information is contained
in the diffraction pattern. The rela-
tionship between convergent-beam dif-
fraction and three-dimensional crystal
symmetry can be used efficiently to
identify the structure of complex mate-
rials.®" This technique is very effective
when used with microanalysis to iden-
tify small second-phase particles that
occur in many materials such as semi-

conductors or steels. When one uses
very small probes from field-emission
sources (less than about 0.5 nm in
diameter) for convergent-beam diffrac-
tion, one observes coherent interfer-
ence effects in high-divergence pat-
terns. These interference effects have
been observed in regions where the
Bragg spots (really disks) overlap, and
in convergent-beam shadow images.
The effects are the diffraction ana-
logues of fringe imaging in high-resolu-
tion lattice or structure images in con-
ventional or scanning transmission
electron microscopy. They promise to
yield structural information at higher
resolution than the imaging modes®*
and they offer intriguing possibilities
for examination of local lattice distor-
tions associated with segregation to
lattice defects or nucleation phenom-
ena.

Imaging
A variety of imaging modes is avail-

dislocation with Burgers vector 1[0 1 1].

Acronyms

Researchers in analytical electron micros-
copy use many acronyms; among the most
common are:

AEM analytical electron microscopy

CBED convergent-beam electron diffraction

(X)EDS (x-ray) energy-dispersive
spectroscopy

(E)ELS (electron) energy-loss spectroscopy

HOLZ  higher-order Laue zones

HVEM high-voltage electron microscope

MDM minimum detectable mass

MMF minimum (detectable) mass fraction

SAD (aperture-)selected-area
microdiffraction

STEM  scanning transmission electron
microscopy

TEM ("conventional" or "fixed-beam')
transmission electron microscopy

uhv ultrahigh vacuum

outer disks are all of the |2 2 0| type; (b) from a crystal that having a

Figure 6

able in analytical electron micro-
scopes. The most widely used, of
course, are conventional, or fixed-
beam, and scanning transmission im-
ages. The resolution attainable by ei-
ther method is in principle the same,
because of reciprocity. The point-reso-
lution limit at optimum defocus for
high-resolution analytical microscopes
is calculated to be slightly less than 0.3
nm (at 100keV) for either fixed-beam or
scanned images, and experiments have
nearly reached the limit. Four years
ago the best conventional microscopes
dedicated to high-resolution research
did not have as high a resolution,?® and
present dedicated high-resolution mi-
croscopes perform with only slightly
better resolution. Taking into account
the fact that the x-ray spectrometer is
mounted close to the objective lens and
that the specimens can still be tilted
approximately + 20°, these instru-
ments are a noteworthy achievement
for the engineers and designers who
built them. With such instruments
one can examine the relationship be-
tween structure and elemental segre-
gation nearly at the atomic level. These
new instruments are responsible for
the rapidly increasing interest in ana-
lytical electron microscopy.

In practice there are important dif-
ferences in conventional and scanned
bright and dark field images, particu-
larly for crystalline specimens. Fixed-
beam images are recorded in parallel
(all at once, on photographic film), and
scanning images are recorded serially
(with photomultipliers or solid-state de-
tectors). With instruments fitted with
field emission guns, both methods pro-
duce excellent results at medium reso-
lution.' At high resolution, fixed-beam
images are clearly superior to scanned
images at present.”* However, because
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10 nm

Cubes of magnesium oxide covered with a thin layer of evaporated nickel. Attop is a bright-
field scanning electron image, below is animage formed from nickel K, x rays, clearly showing the

nickel layer.

scanned images are formed by modulat-
ing the intensity of a display tube with
some signal from the specimen as the
small probe scans over it, one can think
of using signals other than elastically
scattered electrons. Some experiment-
ers have used characteristic x rays
from some atomic constituents of the
specimen to form low resolution “x-ray
scanning images.” With analytical mi-
croscopes fitted with field-emission
guns, one can form high-resolution im-
ages with either characteristic x rays or
inelastically scattered electrons from
very thin specimens or free surfaces to
show the elemental distribution in the
specimen. These experiments are dif-
ficult under high-resolution conditions
because the collection and detection
efficiencies for the signals have not yet
been optimized, but they offer intrigu-
ing opportunities for examining the
distribution of atomic species around
lattice defects or .on free surfaces,

Figure 7 shows, for example, two im-
ages of magnesium-oxide cubes having
a thin layer of nickel evaporated on two
edges; figure 7b was produced with
nickel K radiation in a field-emission
scanning microscope. The cubes were
about 10 nm in size, and the x-ray
image shows the nickel layer to be
roughly 2 nm thick. This corresponds to
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(Research of Perter Turner, Giffith University, Autralia.)

Figure 7

around 1500 atoms of nickel in the
irradiated volume. This image clearly
shows the advantages of using small,
high-current-density probes and ultra-
high vacuum systems.

The future

During the next decade we can ex-
pect that analytical electron micros-
copy will be applied to an increasing
number of diverse problems in applied
physics, materials science and solid-
state chemistry. Particularly active
research is expected on the mechanism
of phase transformations at interphase
interfaces in structural alloys and sol-
id-state electronic devices and on the
structure of catalytically active materi-
als. It is likely that a significant frac-
tion of future activity in high-resolu-
tion analytical microscopy will be
concentrated in academic and industri-
al research centers, in view of its strong
interdisciplinary nature and high cap-
ital cost for instrumentation.

Several laboratories are vigorously
pursuing research in this field. In the
longer term we can expect that new
instruments capable of maintaining
very clean environments in all operat-
ing modes will appear for use in high-
resolution research on surface struc-
ture and compositions as well as inter-

nal microstructure. These instry
ments will, we can assume, incorg
field-emission electron sources, ul
high vacuum systems and increase
accelerating voltages.

The author is indebted to his colleagues
discussions and for some of the results s,
in this article, particularly to N.J. Zal
D. M. Maher and J. M. Cowley. The sup
of the Division of Materials Sciences, U
Department of Energy, and of the Nationg
Science Foundation is acknowledged,
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