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Abstract

The detailed correlation of surface morphol-
ogy and subsurface microstructure has been made
possible by the scanning transmission electron
microscope. This instrument provides the capa-
bility for simultaneous and independent secondary
electron and transmitted electron imaging from
the same sample area. This includes the ability
to generate mixed secondary/transmitted electron
images, which form a concise visual presentation
of the information in the two component images.

Correlative surface and through-volume
specimen examination of this type has most fre-
quently been applied to backthinned samples,
which are specifically prepared in a way which
produces electron-transparent material in the im-
mediate vicinity of a surface of interest on the
original bulk sample. However, the technique has
also been found to be useful for relating local
microstructural features to the overall structure
of the sample, and for determining the local
specimen geometry for microanalysis by energy
dispersive x-ray spectrometry. The formation of
a mixed secondary/transmitted electron image also
serves as a novel means of signal processing
which reduces the difficulty of forming a trans-
mitted image from regions adjacent to the edges
of a thin foil sample.
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Scanning transmission electron microscopes
(STEM's) can be used to form images from a wide
variety of the signals which emanate from samples
under exposure to a high energy electron beam.
For a typical instrument operated in its scanning
mode, this would include images formed from
transmitted electrons (possibly energy-filtered),
secondary electrons, backscattered electrons, and
diffracted electrons (using an annular dark field
detector). 1In most modern STEM's these signals
can be simultaneously and independently detected,
electronically-processed, and displayed. This
provides the opportunity to correlate the infor-
mation contained in these different signals from
the same sample area. This correlation may be
accomplished either by simply comparing the im-
ages of interest, or by actually mixing these im-
ages together prior to display in an effort to
obtain new information from the sample, or a more
visually concise presentation of the originally
available information. These possibilities have
been discussed in detail in recent papers on im-
age mixing (Jones and Smith, 1978, Isaacson et
al., 1980).

One of the physically significant correla-
tions of disparate information which may be ac-
complished in a STEM is the comparison of a sec-
ondary electron (SE) image of a sample region
with the bright-field transmitted electron (TE)
image from the same region. This comparison
serves to relate the sample surface features (ob-
served in the SE image) to the microstructure in
the region immediately underlying the sample sur-
face (observed in the through-volume TE image).
The ability to correlate surface and subsurface
structures through the use of a single instrument
has led to work establishing the potential of the
STEM as a tool for the understanding of the de-
velopment of surface morphology during fracture,
(De Vries and Mastenbroek, 1977, Katagiri et al.,
1980, Nix and Flower, 1982), wear, (Carpenter,
1978, Carpenter et al., 1980), corrosion (Smith
et al., 1979, Scamans and Tuck, 1979) and oxida-
tion (Field et al, 1980), and the manufacture of
semiconductor circuit devices (Anderson and Ram-
sey, 1979, Rackham and Steeds, 1980). Employing
secondary electron imaging as an adjunct to
transmitted electron imaging has also been found
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to be quite helpful in the day-to-day use of a
STEM for the examination and analysis of a wide
variety of samples, as will be shown.

This paper will deal with secondary electron
imaging in a STEM, with a particular focus on the
utility of relating SE and TE information. The
components and operation of a typical system
which can be used to generate correlated SE and
TE images from a STEM, including mixed SE/TE im-
ages, will be briefly described. This will be
followed by examples of the application of sec-
ondary electron imaging to the examination of
backthinned samples and samples obtained from
heterogeneous specimens such as welds and alloy
powder compacts. A discussion of the benefits of
the technique as an aide during the STEM micro-
analysis and imaging of thin foils in general
will also be included.

Correlated Secondary Electron/
Transmitted ETectron Tmaging

Instrumentation

The instrument used in the present work
was a JEOL 200CX TEMSCAN equipped with a standard
transmitted electron detector and secondary elec-
tron detector, a side-entry Si(Li) detector for
energy-dispersive x-ray spectrometry (EDS), and a
commercially-available analog signal mixing sys-
tem. The two electron detectors are both scin-
tillator/photomultiplier types. In this micro-
scope, as is typical for a combination transmis-
sion electron microscope/STEM (TEM/STEM) (Wil-
liams and Edington, 198la), the SE detector is
seated above the objective lens pole piece out of
the Tine of sight of the sample. The scintilla-
tor is biased to 10kV to attract the low energy
secondary electrons which spiral back up through
the objective lens. This bias is not shielded by
a Faraday cage as it is in a conventional SEM,
and as a result a noticeable shift in the TE
scanning image occurs when the SE detector high-
voltage is turned off or on. As a result, the
voltage on this detector must be left on if cor-
related TE/SE imaging is to be done, particularly
at high magnifications. At this position in the
column, the secondary electron detector forms im-
ages from the top (probe-entry) surface of a sam-
ple held in the side-entry goniometer stage.
With the sample tilted for EDS analysis, this is
the same surface which faces the EDS detector.
The transmitted electron detector is located be-
Tow the TEM camera chamber at some distance be-
neath the sample.

A block diagram of the relevant portions of
the signal mixing system is shown in Fig. 1. Sig-
nals from the dedicated amplifiers serving the TE
and SE detectors are first passed into an image
selector box and the "channel 1" and "channel 2"
outputs chosen. The two outputs are fed into the
signal mixer, which allows control over the po-
larity of the input signals, the type of mixing
(i.e., addition or division) which will be per-
formed, and the relative balance between the two
input signals in the final mix. The balance con-
trol is continuously adjustable from 100% channel
1/ 0% channel 2 to 0% channel 1/ 100% channel 2.
The output from the mixer is passed through an-
other amplifier, and then serves as one input to

a split screen display device. The second input
to the split screen device is the original unmix-
ed channel 2 signal. The output from the split
screen device is viewed on a waveform monitor and
a cathode ray tube (CRT) display. Images are re-
corded on a second CRT with 200 line/cm resolu-
tion. A description of the internal operation of
analog signal mixers may be found elsewhere
(Isaacson et al., 1980). For the remainder of
this paper, the discussion will be limited to the
processing and applications of normal polarity
images only. Several examples of the mixing of
SE and TE images of both normal and reverse po-
larity (for biological samples) can be found
elsewhere (Kokubo et al., 1980, Hosoi et al.,
1981).

Assuming, for the moment, that the secondary
electron signal is chosen for channel 1, and the
transmitted electron signal chosen for channel 2,
then the system shown in Fig. 1 can yield the
following full-screen displays: SE image, TE im-
age, and mixed SE/TE image. In addition, it is
also possible to form a split-screen display with
a mixed SE/TE image on one side of the screen and
an unmixed TE image on the other side. With this
system, the mixed image may be varied consider-
ably (by using the amplifier for the channel 1
signal, the balance control, and the post-mixing
amplifier controls) without significantly chang-
ing the unmixed reference image. An example of
this capability is shown in Fig. 2, where a con-
secutive series of split screen images was made
by changing the balance, gain, and level of the
mix in the left halves of the images while the
right halves show the fixed TE reference image

SIGNAL FROM
SE DETECTOR/
PRE—AMPLIFIER
WAVEFORM
IMAGE MIXER b
SE IMAGE
ADD OR DIV?
AMPLIFIER 5 .
SIGNAL MIXED _|SCREEN DISPLAY
SELECTOR| _ # 2 hﬂ:gg WT DEVICE CRT
TE IMAGE |
AMPLIFIER AMPLIFIER
f RECORDING
CRT
SIGNAL FROM REFERENCE IMAGE
TE DETECTOR/
PRE—-AMPLIFIER
Fig. 1: Block diagram of signal mixing and

906

dispTay system.

Fig. 2: [Illustration of the use of a fixed re-
erence image during image mixing. The left
hand side of each photograph is a mixed SE/TE
image of the sample region; the relative propor-
tion of each component in the mix is indicated at
the top as %SE vs. %TE signal. The right hand
side is a fixed TE reference image from the same
sample area. It can be seen that the mixed image
can be varied widely (i.e., from 100% SE/0% TE to
0% SE/100% TE) without changing the reference im-
age. The sample is an electropolished thin foil
of a high-alloy stainless steel; Cr carbide par-
ticles are visible along the grain boundaries, Ti
carbide particles can be seen in the matrix.
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throughout. This latter mode was wired-in at the
suggestion of this author to provide a reference
image against which the quality of the mixed im-
age may be directly compared.
Imaging Conditions

Procedures for optimizing TE and SE images,
including such things as alignment, choice of
beam current, lens settings, and specimen tilt,
and the use of various apertures, are described
elsewhere (see, for example, Goldstein, 1975,
Newbury, 1975, Humphreys, 1979, Williams and
Edington, 1981b, and Williams, 1982). It should
be realized that, when trying to correlate these
images in a STEM, some choices for operating con-
ditions involve trade-offs. For instance, the SE
signal and contrast from a sample increase mark-
edly if the sample surface is tilted away from
the horizontal (Newbury, 1975). On the other
hand, tilting the sample through large angles al-
so increases the effective thickness of a thin
foil, reducing the extent of the area transparent
to the electron beam, and making TE imaging more
difficult. As a second example of a trade-off,
use of a smaller condenser aperture reduces the
convergence angle of the electron probe, improv-
ing the contrast in a TE image (Humphreys, 1979),
as well as increasing the depth of field of the
SE image when dealing with a sample with an ir-
regular surface (Goldstein, 1975). This improve-
ment in image contrast offsets to some extent the
effect on the TE image of the reduction in probe
current accompanying the use of the smaller aper-
ture. The smaller probe current will have a more
deleterious effect on the signal-to-noise ratio
of the SE image, however, particularly for rela-
tively smooth foils, since the contrast in this
image depends primarily on the topography of the
foil surface rather than on diffraction effects
as in the TE image. The choices in any given
situation obviously depend on the nature of the
foil being examined, and on the information de-
sired in the final image.

Once the imaging conditions are chosen, the
SE and TE images can be assigned to the two dif-
ferent display channels. By turning the balance
control from one stop to the other the two com-
ponent images can be observed. This allows the
two images to be individually optimized with the
controls of their respective dedicated amplifi-
ers. The average signal levels are made approxi-
mately the same, and this is checked with the
wave-form monitor. With the two components set,
turning the balance control slowly between the
stops appears to "fade" one image into the other,
making visual comparison of the SE and TE images
extremely simple. Alternatively, if a mixed
SE/TE image is desired, the balance control is
set depending on the relationship which is to be
expressed between the surface and subsurface mi-
crostructure in the final image. The contrast
and brightness levels for the mixed image are ad-
justed by the use of the controls for the ampli-
fier dedicated to the mixed image itself.

Applications of Secondary Electron Imaging

Backthinned Samples
The sampTe preparation technique known as
backthinning is often employed to produce thin
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foils specifically for correlating surface fea-
tures to the microstructure underlying the sur-
face. Backthinned samples are prepared from bulk
samples as follows (Goodhew, 1972). The surface
of interest is first sliced off the starting sam-
ple. The slice is then typically spark-cut to
yield a group of 3 mm diameter disks, each of
which has a portion of the original surface of
interest on one of its sides. This side is coat-
ed with a lacquer for protection during subse-
quent handling, and then the disk is thinned to
electron transparency by electropolishing or ion-
milling the material from the opposite (the
"back") side. After thinning the protective lac-
quer is removed with the appropriate solvent and
the sample can be examined in the microscope.

The sample will have a portion of the original
surface of interest on one of its sides and, as-
suming little or no leakage of electrolyte under
the lacquer occurred during sample perforation,
this surface topography should extend up to the
edge of the hole in the foil. The electron
transparent areas in the sample will be repre-
sentative of the microstructure in the material
in the region immediately underlying the surface
of interest. The original application of back-
thinning as a sample preparation technique was by
Hirsch et al., 1959, who used it to examine, in a
conventional transmission electron microscope
(CTEM), the dislocation structure below slip
steps on the surfaces of deformed samples of an
18-8 stainless steel.

It is the STEM, however, which appears to be
ideally suited for samples made in this fashion,
with its potential for correlative SE (surface)
and TE (through-volume) imaging. An example of
this is shown in Figs. 3-5. A backthinned sample
was prepared from a fracture surface on a sample
of a manganese-modified 316 stainless steel. A
low magnification SE image of this sample may be
seen in Fig. 3, which shows the region of the
fracture surface in the vicinity of the hole de-
veloped during jet polishing from the back side.
Figure 4 shows the SE, TE, and mixed TE/SE images
which were taken of a portion of the sample area
near the hole. The TE image in Fig. 4a indicates
that a patch of thin area was produced in the
sample away from the edge of the hole. By it-
self, however, the information in the TE image
does not reveal anything about any feature on the
fracture surface which might be associated with
the thin area. The SE image (Fig. 4b) from the
same area taken at the same sample tilt, shows a
dimple to be present on the fracture surface at
this location. The mixed image in Fig. 4c proves
that the fine dislocation cell structure visible
in the TE image underlies the bottom wall of the
dimple visible in the SE image. Further, the
boundaries of the thin patch are in part deter-
mined by the steep side walls of the dimple.
Having the ability to directly correlate the sur-
face and through-volume images from a backthinned
sample in a STEM greatly increases the informa-
tion which can be obtained from the sample.

Figure 5 shows a higher magnification mixed
image of this same area. This mixed image pro-
vides a concise visual correlation between the
two distinctly different component images, which
leaves no doubt as to how the two images relate.
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Fig. 3: Low magnification SE image of backthin-
ned fracture surface sample in manganese-modified
316 stainless steel. The hole in the sample pro-
duced during thinning has been marked at H. D
shows the Tocation of the dimple examined at
higher magnifications in Figs. 4 and 5.

Fig. 5: Higher-magnification mixed TE/SE image
taken of dimple in backthinned fracture surface
sample.

In addition, for a backthinned sample the two
components often contain complementary image in-
formation. The TE information comes from the
thinner, transparent, regions of the film, which
do not yield much information in the SE image
compared to the non-transparent areas where the
sample thickness varies widely. As a result, the
two image components together tend to "fill up" a
field of view rather efficiently in a mixed

image. Fig. 4: Images of region marked D in Fig. 3.
Many examples of STEM studies using compara- a) TE image. b) SE image. c) Mixed TE/SE image.

tive SE and TE images on backthinned samples have
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been reported in the literature. Backthinned
samples made from fatigue fracture surfaces in
304 stainless steel (De Vries and Mastenbroek,
1977), copper and brass (Katagiri et al., 1980),
and 7010 aluminum alloy (Nix and Flower, 1982)
have been examined in an attempt to relate fa-
tigue striations on the fracture surfaces to the
underlying dislocation structure. Backthinned
samples have been prepared from 1100 aluminum and
Cu-8%A1 samples with wear tracks on their sur-
faces, and examined in STEM to relate the track
morphology to underlying dislocation structure
and local changes in grain structure (Carpenter,
1978, Carpenter et al., 1980). The corrosion of
an A1-4%Cu alloy was studied using backthinned
samples in a STEM, and it was found that the sur-
face corrosion product formed first on Al,Cu par-
ticles in the material, rather than at grain
boundaries or on regions with high dislocation
density (Smith et al., 1979). The effect of
small Be additions on the prevention of oxidation
in an A1-5%Mg alloy has also been investigated
using backthinned samples in a STEM (Field et
al., 1980); this study concentrated on the struc-
ture of the oxide films which form at the surface
of the alloy. (Related work by Scamans and Tuck,
1979, has also been done using thin film corro-
sion samples to study the initial stages of hy-
drous oxide formation on various aluminum al-
loys.) Multilayer laser target materials have
been characterized in a similar manner, by thin-
ning from the back up to the target surface
(Johnson et al, 1983).

Semiconductor circuit devices have also been
a popular subject for investigation in the STEM.
Such samples are backthinned from the substrate
side to allow examination of the devices at the
chip surface. This approach has allowed the com-
parative SE and TE imaging of embedded stainless
steel impurity particles in silicon transistors
(Anderson and Ramsey, 1979), and of the growth
structures of several types of vapor-deposited
metal/semiconductor contacts (Rackham and Steeds,
1980, Loveluck et al., 1977).

Heterogeneous Samples

An important question which arises when
electron-transparent samples must be thinned from
bulk starting specimens concerns the accuracy
with which the structure in the tiny amount of
thin area produced during sample preparation re-
presents the actual structure in the bulk sample.
This is a particularly crucial issue when dealing
with notoriously inhomogeneous samples such as
weldments and compacted alloy powders. Fortu-
nately, multi-phase samples often show surface
relief after thinning. This means that secondary
electron images in the STEM can be used to locate
the thin area within the overall sample, and so
relate the Tocal microstructure observed in
transmission to the remainder of the bulk.

A simple example of this, found in the 1it-
erature, deals with the STEM examination of thin-
ned samples made from Ni-based superalloy powder
particles held together by electroplated Ni
(Field and Fraser, 1978). The objects of inter-
est in these specimens were the 100 micrometer -
diameter powder particles. Secondary electron

imaging clearly revealed the locations of the
particles, as well as how the thin area (produced

by electropolishing) was distributed in and among
them. Utilizing this SE imaging capability in
the STEM conveniently avoided the possibility of
straying out into an electroplated Ni region dur-
ing subsequent TE imaging or microanalysis of the
thin area.

Correlating the SE and TE images from a com-
plex sample also aids in the interpretation of
the local microstructure. An example is shown in
Fig. 6. The material in question is explosively-
compacted Al-6wt.%Si alloy powder. Previous mi-
croprobe investigation of this material showed it
to be made up of basically four types of distin-
guishable microstructures: cellular powder par-
ticle remnants which appeared to survive the com-
paction process relatively unchanged; fine-
grained rapidly-quenched splat-caps on the sur-
faces of some of these remnants which also sur-
vived the compaction process; cellular particle
regions which were severely deformed during com-
paction; and fine-grained interparticle regions
which may have melted and re-solidified during
compaction.

This diverse microstructure is quite diffi-
cult to interpret when viewed in a transmitted
electron image (see Fig. 6a). However, forming a
secondary electron image of the surface of the
thin area (Fig. 6b) clearly reveals the prior
particle boundaries. In addition, the electro-
polishing solution used preferentially etches the
Si-rich eutectic phase present along some of the
cell boundaries in the structure. This addition-
al information helps to assign the structure vi-
sible in the thinned region in a TE image to the
general categories developed by lower magnifica-
tion observation in the electron microprobe.
Mixing a small proportion of the SE image direct-
ly into the TE image (Fig. 6c) proved to be a
convenient means of correlating the two images
and avoiding any question of where the prior par-
ticle boundaries were amidst the fine-celled
structure of the material. This latter point was
occasionally difficult to judge just from a side-
by-side comparison of the SE and TE images alone.

A somewhat related example of the use of se-
condary electron images to aid in the interpreta-
tion of complex microstructures via STEM was re-
ported in a study of high-stress contact fatigue
in ball-bearings (Osterlund and Vingsbo, 1978).
Thin foils, which consisted of complex mixtures
of martensite, heavily deformed ferrite, and var-
ious carbides, were prepared from the bearings
and then etched in Nital for 10 seconds to en-
hance their surface topography. Subsequent cor-
relation of the SE image of the etched surface of
the thin area with the TE image of its internal
structure aided the identification of the phases
present at a given region of the thin foil.
Secondary Electron Imaging as an Aid to STEM

Microanalysis

Setting the Overall Sample Orientation for
Microanalysis. It has been demonstrated that
the geometrical relationship between the sample,
EDS detector, and incident electron probe can
significantly influence the results of the STEM
microanalysis of a sample (Glitz et al., 1981,
Zaluzec, 1981, Williams and Goldstein, 1981).
This geometry should be set up so as to minimize
possible absorption effects, particularly when
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Fig. 6: Micrographs of region of dynamically-
compacted A1-6%Si powder sample. a) TE image.

b) SE image. Note the ease with which the indi-
vidual prior particles can be identified.

c) Mixed TE/SE image. The mix has been performed
to allow the SE component to outline the prior
particle boundaries in the TE image.

the Cliff-Lorimer thin-film approximation (Cliff
and Lorimer, 1972; 1975) is to be used to analyze
the EDS data. For example, assume that a thin
foil has been prepared from a bulk sample for the
purpose of measuring the concentration profiles
of the alloying elements across the grain or cell
boundaries present in the material. If the final
thinning technique involved perforating a disk-
shaped sample by jet-electropolishing or ion-
milling, a roughly wedge-shaped cross-section
will have been generated in the foil near the
hole. The boundaries which should be analyzed in
the thin foil are those which run perpendicular
to the edge of the foil, because an analysis
which runs parallel to the edge (perpendicular to
these boundaries) would be performed with roughly
constant foil thickness throughout (along an jso-
thickness contour of the wedge). In addition,
the sample should be positioned in the specimen
holder so that the boundaries to be profiled are
near the edge of the thin foil furthest from the
EDS detector. This minimizes the path length for
x-ray absorption in a wedge-shaped sample, and
allows the x-rays escaping to the detector to
travel in what are hopefully iso-concentration
planes parallel to the boundaries being analyzed.
The proper geometry can be easily arranged
using the SE imaging capability of a STEM. This
is illustrated in Fig. 7 for a weld fusion zone
sample cut from a bulk specimen of an Al-Cu alloy
in a direction parallel to the local solidifica-
tion cells. A very low magnification SE image
such as the one shown in Fig. 7a includes a por-
tion of the specimen holder in the field of view.
Most holders designed for microanalysis will have
a notch (for x-ray escape) or some other distin-
guishing characteristic which serves to show, in
a low magnification image, the direction in which
the EDS detector lies relative to the sample.
For convenience, in the present case the scan di-
rection has been rotated, using the SE image as a
guide, to place the EDS detector off of the top
edge of the image in Fig. 7a. A somewhat higher
magnification SE image, Fig. 7b, taken with this
same rotation, shows that the overall direction
of the solidification cells will not meet the
criteria recommended above. The cells which run
perpendicular to the edge of the hole in the sam-
ple are located on the lower left or upper right
in the image. To limit absorption effects the
sample should be removed from the microscope and
rotated to bring one set of these cells to the
bottom of the image, opposite the detector.
Determining the Local Sample Geometry. At
higher magnifications, secondary electron imaging
can also aid STEM microanalysis by locating those
features optimally positioned for analysis. For
example, consider the effect of specimen geometry
on the analysis of second phase particles in a
thin foil. Figure 8 illustrates the problem. If
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Fig. 7: Low magnification SE images of an Al-Cu
weld sample in a graphite specimen holder.

a) Very low magnification view to establish de-
tector position relative to sample. The notch N
in the graphite holder G points toward the detec-
tor; the scan direction has been rotated to bring
this direction to the top of the display, for
convenience. The sample can be seen at S; the
hole in the sample, produced during thinning, is
at H. b) Higher magnification SE image of the
region of the sample around the hole. The direc-
tion of the solidification cells is shown at C.
It can be seen that the cells run perpendicular
to the edge of the hole along the lower left and
upper right edges of the hole. Proper orienta-
tion of this sample for x-ray microanalysis would
require rotating the sample within the holder to
bring one of these edges to the bottom of the
field of view.

an inclusion located below the surface of the
sample facing the incident beam and x-ray detec-
tor is analyzed (Fig. 8a), probe spreading and
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Fig. 8: Schematic illustration of possible sam-
pTe geometries for the STEM analysis of second
phase particles in a thin foil (taken from Allen,
1982). a) Analysis of a particle near the bottom
surface of the foil. The characteristic x-ray
signal from the particle may be reduced and dis-
torted by spreading of the incident probe and
x-ray absorption in the matrix above the parti-
cle. b) Analysis of a particle at the top sur-
face of the foil, facing the incident probe and
EDS detector. The particle sees the full probe
current and the x-rays generated travel di-
rectly to the EDS detector without passing
through intervening matrix material.

absorption of the particle's characteristic
x-rays by the matrix will act to reduce and dis-
tort the signal generated by the particle. A
much more favorable geometry for analysis is to
have the inclusion actually on the surface of the
sample facing beam and detector (Fig. 8b). 1In
this case, the full probe current will hit the
particle, maximizing its x-ray signal, and the
x-rays will travel straight to the detector
without passing through intervening matrix mate-
rial, thereby minimizing absorption effects. As
mentioned earlier, because the different phases
in a multiphase sample tend to polish at differ-
ent rates during sample preparation, second
phases at the sample surface will often show re-
lief in an SE image. Therefore, if the secondary
electron detector in the STEM is located on the
beam-entry/EDS detector side of the sample an SE
image can easily be used to find inclusions at
the sample surface which are optimally positioned
for STEM analysis.

These considerations were demonstrated in an
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experiment performea by this author on a thin
foil made from a high-alloy stainless steel con-
taining (Ti,Nb)C inclusions (Allen, 1982). Fig-
ure 9 shows the sample region analyzed in that
study. Figures 9a-c are TE, SE, and mixed TE/SE
micrographs which were taken of the sample as it
was first put into the STEM. Figures 9d-f are
similar micrographs which were taken after the
sample was removed from the STEM, turned over,
and then reinserted in the instrument. A compar-
ison of the two TE images shows the left-right
inversion of the sample structure which was a
manifestation of the repositioning done to the
sample. The two SE images clearly show the loca-
tions of the second phase particles which were on
what were originally the top (Fig. 9b) and bottom
(Fig. 9e) surfaces of the foil in this region.
The mixed SE/TE images helped to unambiguously
correlate the information in their two component
images; as can be seen, the secondary electron
component served to highlight the particles at
the foil surface in each view.

With the information obtained from the SE
images, a series of analyses were performed on a
group of particles (numbered 1-7 in Fig. 9c)
which were on one of the surfaces of the foil.
Basically, a comparison was made between the
x-ray spectrum obtained from each particle when
it was down on the bottom foil surface (facing a-
way from the incident beam and EDS detector), and
from when it was up on the top foil surface (fac-
ing the beam and detector). One such comparison
(for the particle numbered 2 in Fig. 9c) is shown
in Figs. 10a and 10b. It can be seen that the
niobium L-line and titanium K-line signals from
the particle were significantly stronger when the
particle was up on the top surface of the foil.
For example, the measured Ti K-alpha intensity
with the particle on the bottom foil surface was
only 40% of the top surface value. A similar
marked improvement in the measured particle x-ray
signal was found for the other particles as well
when they were in their optimum analysis posi-
tions on the top foil surface. Calculations were
performed to show that the differences between
the "top surface" and "bottom surface" spectra
could be accounted for by the expected beam
broadening and x-ray absorption effects illustra-
ted in Fig. 8. It was pointed out that this ef-
fect of particle height would be especially im-
portant when dealing with 1ight element analysis,
where the soft x-rays generated would be strongly
absorbed by most matrix materials.

The information on specimen geometry deter-
mined from the set of micrographs in Fig. 9
serves to locate markers (particles) on the top
and bottom surfaces of the sample which may be
used in making parallax-effect measurements of
local foil thickness. For example, measurements
made using the particles numbered 1, 2, B1, and
B2 in Fig. 9 showed that the local foil thickness
was 460 + 25 nm. The method is similar to those
suggested elsewhere, but the use of the SE signal
to Tocate markers built in to the foil surfaces
obviates the need for either stereomicroscopic
observation to determine reference particles
(Nankivell, 1962b), or the use of vapor deposi-
tion (Nankivell, 1962a) or latex spheres (von
Heimendahl and Willig, 1980) to mark the sample

surfaces. 1In common with other parallax tech-
niques, including contamination spot separation
measurements (Lorimer et al., 1976), reasonable
estimates can be obtained for the height of ob-
jects totally within the foil as well.

Secondary electron imaging can also aid in
the STEM analysis of thin foils by detecting sur-
face artifacts associated with specimen prepara-
tion. For example, if any doubt exists as to
whether or not some particles observed may be
real or artifactual, a set of images such as
those in Fig.9 can quickly establish the presence
or absence of the particles in the foil interior.
(In Fig.9 itself, the particle marked M in Fig.
9c does not show SE contrast in either foil ori-
entation and therefore is clearly in the foil in-
terior.) In addition, the SE image may reveal
preferential etching at grain or cell boundaries.
The Tocal change in sample thickness at the
boundary may then have to be taken into account
when interpreting data taken during concentration
profiling across such boundaries. Secondary
electron imaging in the STEM has also been used
to examine the buildup of contamination on sample
surfaces during STEM analysis (Hren, 1979).

Finally, SE imaging can be of use on parti-
culate samples as well. For STEM analysis, such
samples are usually deposited in some fashion on
a thin support film held on a transmission elec-
tron microscope grid. It again becomes necessary
to consider the local geometry of the specimen in
order to obtain accurate analyses. Figure 11 il-
lustrates this point. The sample is powdered
coal which has been dispersed on a holey carbon
film held on a copper grid. Particles are pre-
sent on both sides of the support film. The TE
image of a region of this sample is shown in Fig.
1la. In order to avoid any effects of absorp-
tion, particle-particle screening, or overlap,
the SE image was used to select only those parti-
cles for analysis which were on the top surface
of the support film and had clear paths toward
the EDS detector. As seen in Fig. 1lb, the pure
SE image of the area, this selection was easily
done since the bottom surface particles visible
in the TE image were invisible in the SE image.
By mixing the SE and TE images together (see Fig.
11c), large areas of the support film could be
quickly searched for appropriate particles for
analysis. The utility of SE imaging in the STEM
in regard to examining particulate samples has
been commented on previously (Porter et al.,
1979, Porter et al., 1982, McConville, 1983).
Mixed Secondary Electron/Transmitted Electron

Imaging as a Means of Image Processing

A constant source of annoyance during the
bright-field transmitted electron imaging of thin
samples is the problem of "hole glare", i.e., the
fact that in a TE image, if the hole in the spec-
imen is in the field of view it will be the
brightest object in the image. This generally
sets the 1imit on the amount of contrast which
can be achieved from the adjacent specimen region
in a recorded image. However, in a secondary
electron image, the hole is always the darkest
object in the field of view, for the simple rea-
son that no secondary electrons are generated
there. In a mixed TE/SE image, therefore, these
two extremes will tend to balance each other out,
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Fig. 9: Images of an electropolished thin foil
of ATToy 800 (from Allen, 1982). The precipi-
tates in the field of view are (Ti,Nb)C type.
a-c) TE, SE, and mixed TE/SE images of a region
of the sample. As can be seen in the mixed im-
age, the SE component reveals the particles at
the top surface of the foil in this view (e.g.,
the particles marked 1-7 in c)). d-f) TE, SE,
and mixed TE/SE images of the same region of the
sample after the foil was turned over. As can be
seen from f), a new group of particles (e.g., Bl
and B2) are now on the upper foil surface. Par-
ticle M does not show SE contrast in either of
the foil orientations, and so must lie entirely
within the foil. ¢=—

and the hole will appear grayish. This provides
the opportunity to increase the contrast of the
image of the sample areas adjacent to the hole.

Figure 12 illustrates this assertion. Fig-
ure 12a is a standard TE image of the edge of a
thin foil prepared from dynamically-compacted Al-
6%Si powder alloy. Figure 12b is a mixed TE/SE
image taken of this same sample area with the
same overall range of contrast, as measured by
the waveform monitor. It can be seen that the
hole is no Tonger the brightest object in the im-
age, as it is in Fig. 12a, and that the image of
the sample appears much improved near the edge of
the hole. This indicates that mixing SE and TE
images together in the STEM may help to overcome
the problem of hole glare and serve as an alter-
native option for signal processing to improve
the appearance of TE images.

Conclusions

1. A STEM provides a unique opportunity to cor-
relate information on a sample's surface morphol-
ogy with information on the internal structure of
the sample in the region immediately underlying
the surface. This can be done because it is pos-
sible to independently form a secondary electron
(surface) and transmitted electron (through-vol-
ume) image of the same sample area at the same
time. Further, it is possible to mix these two
images together to present this direct correla-
tion in a visually concise, unambiguous manner.

2. Secondary electron imaging in a STEM finds
applications in:

a) the examination of backthinned samples,
as a means of correlating the desired surface and
subsurface microstructural information,

b) the examination of heterogeneous samples,
such as welds or alloy powder compacts, to aid in
relating the local microstructure observed in the
transmitted electron images to the overall struc-
ture of the sample,

c) day-to-day STEM microanalysis, where se-
condary electron imaging can determine informa-
tion about sample geometry important for develop-
ing satisfactory microanalysis results, and a-
voiding misleading specimen preparation arti-
facts, and

d) the imaging of sample regions near the
edge of thin foils, where the secondary electron
component in a mixed secondary electron/transmit-
ted electron image improves image quality by re-
ducing the brightness of the hole image.
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Fig. 10: EDS spectra taken from the particle

a) Spectrum with particle
on bottom foil surface. b) Spectrum with parti-
cle on top foil surface. Note the improvement in
the particle-related signal (i.e., the Nb and Ti
signals) found in b). (From Allen, 1982.)

numbered 2 in Fig. 9c.
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Discussion with Reviewers

D. B. Williams: Could you comment on the resolu-
tion in SE images in a STEM compared with similar
images in a conventional SEM?

Author: The fact that the sample in a STEM is
generally held within the objective lens of the
microscope increases the resolution of SE images
taken in a STEM. This is reflected in the reso-
lution figures quoted by STEM and SEM manufactur-
ers for SE images in their instruments. Several
SEM manufacturers now allow for "high-resolution"
modes of operation, which usually involve insert-
ing small specimens up into the objective lenses
of the instruments. Of course, forming an SE
image with the sample located within the objec-
tive lens of an SEM requires such an instrument
to have an SE detector located above the lens, as
in a STEM.

E. L. Hall: Concerning the section describing
the use of the SE imaging mode to set the proper
overall sample geometry for STEM microanalysis,
has the author compared results (for example,
composition profiles) obtained with the sample
oriented in the incorrect geometry versus the
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correct geometry? What is the magnitude of the
error caused by this effect?

Author: An analysis similar to the one suggested
has been carried out in a study of the absorption
of Al K-alpha x-rays in an ion-milled foil of Ni-
Al (Glitz, et al., 1981). Performing the analy-
ses on this foil with the sample area in the
"correct" and "incorrect" positions was found to
introduce a factor of two error in the Ni
K-alpha/Al K-alpha intensity ratio obtained for
this strongly absorbing system. A means of cor-
recting the usual absorption terms to take into
account the wedge-shaped cross-section of a typi-
cal foil edge has been described elsewhere (Zalu-
zec, 1981).

L. E. Thomas: Many of the newer computer-based
muTtichannel analyzer systems used for x-ray mi-
croanalysis offer capabilities for digital stor-
age and color display of scanned images. What
applications of mixed-mode STEM imaging do you
envision for these systems?

Author: It is easy to imagine that the use of
such a system to independently store a TE and an
SE image from the same sample area, followed by
later image processing and mixing of the stored
images, could be quite useful in a variety of
ways. Such a system would certainly be much more
flexible than the analog system described in this
paper. However, increasing the capabilities and
flexibility of an image processing system also
tends to increase the danger of introducing arti-
facts into the processed image which have no
physical basis in the structure of the sample it-
self. As long as these advanced systems easily
allow the user to compare processed images to the
"raw" image components, such systems should cer-
tainly be of use for most of the applications
described in this paper, particularly those in
which backthinned samples are examined.

D. B. Williams: Given the obvious advantages of
SE imaging in the STEM, why do you think there
have been so few publications in the literature
in which SE and combined SE/TE imaging are ap-
plied?

Author: Part of the reason lies in the fact that
up until the advent of the Tatest generation of
TEM/STEM instruments, the instrument manufactur-
ers did not provide systems for easily comparing
and mixing TE and SE images. Now that such sys-
tems are built in to the instruments by the man-
ufacturers themselves, it seems likely that the
use of SE and mixed TE/SE imaging in STEMs will
pick up.

L. E. Thomas: For applications involving corre-
ation of "top" and "bottom" surface images from

thin specimens in a STEM, it may be worthwhile to
modify the specimen holder so that it can be in-
verted in the microscope. Often this can be ac-
complished simply by changing the position of a
locating pin on the holder. Also, the display
can easily be rewired for image inversion to fa-
ciiitate the comparison.
Author: Agreed.
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