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Abstract Introduction

First experimental results on a Phillips EM 400
TEM/STEM fitted with a field-emission electron
gun and objective "twin lens" are given hera.
Operation of the FEG is reliable up to maximum
design voltage (120 kV). Highest resolution
achieved in TEM was 1.9 A fringe. A wide
variety of diffraction modes were demonstrated,
ranging from CBDP from a small area (̂ 10 A dia)
in STEM mode to SAD with angular resolution of
8 urad in TEM mode. The ECS sensitivity is very
high. STEM imaging performance to the highest
magnifications examined (200 kx) is good. Work
is in progress to evaluate the limits of STEM
performance.

This paper presents first experimental re-
sults obtained from a Philips EM 400 FEG/TEM/
STEM. TEM/STEM microscopes in general are
capable of a large variety of imaging, diffraction
and microanalysis operational modes. These have
been illustrated in detail elsewhere.1'2 In this
paper we consider basic imaging, diffraction and
microanalysis performance of the instrument noted
above, which differs in significant aspects from
a standard EM 400. Most significant is the addi-
tion of a field emission electron gun to provide
a fine, high current density probe. A special
objective lens, the so-called "twin lens," is
also part of the instrument. The twin lens is a
wide-gap TEM/STEM lens that permits EDS -with a
high take-off angle and use of a high-tilt side-
entry single-eucentric goniometer stage without
sacrificing high-resolution performance. The
twin lens is a symmetric condenser/objective of
innovative design easy to use in both TEM and
STEM.

This instrument will, in most instances, be
applied to analysis of structural defects and
local composition variations in crystalline speci-
mens. Two applications in particular are worth
noting in more detail. The first deals with the
early stages of radiation damage in alloys with
ordered or modulated structures. The second is
the detailed analysis of interfaces such as grain
boundaries and interphase interferes; both the
structural details and local chemical composition
are of interest. The diffraction effects associ-
ated with local lattice parameter modulations and
interfaces require high angular resolution and the
highest possible signal-to-noise ratio in the re-
cording mode. High angular resolution diffraction
requires a strongly collimated incident probe, and
recording of diffraction pattern fine structure
requires photographic film. Thus, most struc-
tural analysis is performed in TEM or some fixed
beam/film recording diffraction mode and micro-
analysis is done in thin areas using TEM, or STEM
for maximum spatial resolution. Of central im-
portance to both modes of operation is the per-
formance of the field emission electron gun.



Field Emission Electron Gun Performance

The gun is of the thermally stabilized high
vacuum type, and uses a single-crystal tungsten
tip. The tip has a [111] direction aligned along
the beam axis. The gun chamber is separated from
the column by two differential pumping apertures.
The gun chamber proper is evacuated by two 25 z/s
ion pumps and the space between the differential
apertures is evacuated by a small 3 J./S ion pump.
Operating pressure in the gun chamber is'"2 * 10"10
torr, according to a pump current/pressure cali-
bration curve supplied by the manufacturer.

The gun has exhibited no instabilities in
operation at 100 or 120 keV. It can be operated
at lower accelerating voltages, but no significant
use has been made of these. The indicated emis-
sion current is usually 15 to 20 pA using an ^3
kV extractor voltege, which is continuously vari-
able up to 4 kV. The gun has been operated satis-
factorily up to 40 uA emission current. The nor-
mal tip operating temperature is ^1100 K. The
flashing temperature used prior to star'up is
usually 1-1900 K. The gun can be operated with a
cold tip for short periods, if desired.

Measurements of probe current in TEM and STEM
modes, using the photographic exposure measurement
facilities and an exposure time/probe current cal-
ibration made with a Faraday Cup, permitted esti-
mates of the source brightness to be made. For an
accelerating voltage of 100 kV the measured probe
current in TEM was ^2 x 10"8 A using a second con-
denser aperture of 150 pm diameter. In STEM the
measured proae current was ^8 * TO"11 A using a
nominal 20-pm-dia condenser aperture (probe de-
fining aperture in STEM terminology). Brightness
v;as calculated from3

£ (1)
where I is the measured probe current, d is the
probe diameter and a the illumination half-angle.
The largest uncertainty in the estimate is the
probe diameter, d. The manufacturer's estimated
values for d are about 5 A in STEM and 50 A in
TEM. Our measured values of a are 4 mrad in STEM
and 7 mrad in TEM (see Table 1). For the I and a
values measured B is estimated as 8 x 108 and
6.8 x 108 A/cm2-sr in STEM and TEM respec-
tively. If the upper limiting probe diameters
for STEM and TEM are taken to be 10 A and 100 A,
then B is reduced to ^2 x 108 A/cm2-sr in
both cases, other parameters taken as constant.
In a discussion of various electron sources Joy1*
compared them on the basis of £/Vo, where Vo is
the accelerating voltage. In the present case
B/Vo values between 2000 and 8000 were obtained
depending on assumptions of probe diameter. These
values are in or above the range given by Joy for
thermally assisted and cold FEGs. Joy's estimate
of tip life for a thermally assisted FEG, 100 h,
has already been exceeded by a factor of 2 or 3.

In more practical terms, the exposure time
for a lattice image in TEM using a silicon speci-
men ^200 A thick at an electron optical magnifi-
cation of 480 kX is typically 1 s with an emission
current of 15 uA. At lower magnifications, TEM
pictures taken of typical retailurgical specimens
(cf. Fig. 4) require somewhat longer exposures

than one expects based on experience with stan-
dard TEM instruments. The usual exposure time
range is 15 to 30 s. This is a result of lower
total probe current in the present instrument.
It has caused no experimental difficulties what-
ever because stage stability is high. The slight
relatively high frequency flicker in illumination
intensity typical of FEG sources is visible when
operating in TEM mode, but has no effect on image
recording. The effect does yield a noisy back-
ground in STEM images if fast scan times are used
Most of the noise can be eliminated by using
longer scan times, which are also necessary to
avoid clipping. No long-term drift in emission
current has been observed over periods of an hour
or so unless changes in tip operating temperature
or extraction voltage are made during operation.

Diffraction Performance

At present all diffraction patterns are re-
corded on film with a static beam on the specimen.
The diffraction pattern magnification can be
varied over a wide range (camera length L of 4 to
680 cm) using the usual post-specimen lenses. A
small-angle diffraction mode is also available.
The beam tilting coils on the electron exit side
of the specimen, presently used for alignment of
post-specimen lenses, can be used for Grigson
scanning with addition of appropriate electronics.

The diffraction capabilities of the instru-
ment as presently used are considerably broader
than conventional TEMs, due to the field emission
gun/twin lens combination. First, a larger region
of reciprocal space is visible than in conven-
tional instruments, which facilitates quick
orientation of specimens. Second, higher angular
resolution in SAD is possible than with instru-
ments using larger electron sources. Third,
convergent beam diffraction patterns from small
areas can be simply taken in either TEM or STEM
mode. The limits of the viewable field in
reciprocal space are shown in Fig. 1. The field
is 17.3° in diameter at 120 kV. At larger camera
lengths the field covers the whole final screen
and is quite useful for making large tilts. It
is especially useful in determining orientation
differences across boundaries in polycrystalline
specimens. The angular resolution available in
diffraction is controlled by the second condenser
lens current setting and aperture in TEM and the
objective lens prefield and second condenser
aperture in STEM. Table 1 lists the limiting
illumination half-angles for several operating
conditions. The first two modes in Table 1 pro-
duce convergent beam diffraction patterns. A
wide-angle convergent beam pattern is shown fh
Fig. 2." The diameter of the pattern is 3.9°.
Fine detail in the pattern corresponding to
M).l mrad (5.7 x lO"3") is clearly visible. At
120 kV 2e22o = 1.0° for Si; in this pattern the
points of the smallest sixfold star correspond to
{220) Bragg positions and those of the larger
sixfold star to {422} Bragg positions. A TEM
convergent beam pattern taken at somewhat larger
camera length is shown in Fig. 3. Higher order
Laue zone lines are easily visible within the
direct beam.



Fig. 1. Convergent beam diffraction pattern along
<111> zone axis of a silicon single crystal taken
at 120 kV; L = 312.4 mm. The disk of reciprocal
space over which one can observe the Kikuchi pat-
tern is 17.3° diameter. The bright ring about
half-way between the zone axis and the field limit
is the first-order Laue zone ring, of diameter
9.6°. Illumination half-angle a- = 6.6 mrad; TEM
mode.

Fig. 2. Wide-angle convergent beam pattern from
a silicon crystal. The beam direction is very
close to <111>. Taken at 120 kV with L = 422 mm,
a.j = 34.0 mrad (see text for discussion).

Table 1. Illumination Half-Angle at 120kV

Mode

STEM

TEM, convergent
probe

TEM, parallel

34.

6.

62.

1C2 Aperture Diameter,

150

0

6

9

mrad

mrad

urad

22,

4.

46.

100

.1 mrad 4.

,4 mrad 0.

2 urad 8.

urn

0

8

2

19

mrad

mrad

urad

Fig. 3. Direct beam spot in convergent beam dif-
fraction pattern from silicon at L = 153.8 cm.
Taken at 120 kV along <111> a-j = 6.6 mrad. Fine
structure lines are termed HOLZ lines. Note that
<111> is seen immediately to be a threefold rota-
tion axis, which is not apparent from a Bragg
spot pattern of the same orientation.

Earlier research by others5'6 showed that
CBDP patterns can be used to determine a number
of important specimen parameters such as lattice
constant, local foil thickness and scattering
factors. In the context of AEM the capability to
measure local lattice parameter to an accuracy
better than 1 in 1000 should form a very useful
complement to microchemical analysis. This method
may prove to be more sensitive to local changes
in chemical composition for some materials than
conventional microchemical analysis methods. The
angular resolution quoted for SAD in Table 1 is
higher by i-lOO than that obtainable in a TEM
using a conventional thermionic hairpin gun;7 the
improvement is due primarily to the use of the
FEG in the present instrument.

The design of the instrument is such that
the objective lens can be operated as if in STEM
with the instrument in TEM mode; conversely, the
second condenser lens (normally off in STEM mode)
can be used in STEM to achieve continuous varia-
tion of probe size and illumination angle. Thus,
the values listed in Table 1 represent limits of
performance in standard STEM and TEM modes for
the noted aperture sizes.

Many of the materials of interest to us are
multiphase, with very small crystallites. It is
expected that the diffraction capability of this
instrument will provide a major advance in the
structural analysis of these materials.

Imaging Performance

The microscope is typically used for struc-
tural analysis in TEM and microchemical analysis
in STEM. There is no difficulty in transferring
from one mode to another; typically 30 s to 1 min
is required.



Examples of TEM and STEM images are shown in
Fig. 4. The specimen was type 316 austenitic
stainless steel. Strong <111> reflections (non-
parallel) are excited in both upper and lower
grains. The foil thickness is approximately 1600
A. It can be seen that the images have essential-
ly the same sharpness but that the contrast is
somewhat reduced in STEM. This region of the
specimen is thicker than one would normally choose
for microchemical analysis, given a choice, but
typical for many defect analysis studies. For
such experiments the TEM mode is more convenient.

Another grain boundary in the same specimen
is shown at higher magnification in Fig. 5. In
this case the upper grain has a <111> diffraction
vector strongly excited (s * 0) while no low order
reflection is excited in the lower grain. It can
be seen that adequate resolution is available in
STEM diffraction contrast for microanalys-is.
These micrographs show an interesting variation
on a top-bottom effect, such as discussed earlier
by Fraser et al.3 In Fig. 5(a) new fringes are
added to the grain boundary fringe pattern along
the top edge as the foil gets thicker; the grain
boundary intersects the electron entrance surface
at the bottom of the fringe pattern and the exit
surface along the top of the fringe pattern. In
Figs. 5(b),(c) it can be seen that contrast infor-
mation is lost from the upper edge of the boundary
fringe pattern, near the electron exit surface, in
both TEM and STEM in this thicker region of the
foil. In the experiments of Fraser et al., con-
trast information was lost at the exit surface in
STEM, but conversely at the entrance surface in
TEM. We believe the difference results from dif-
ferences in diffracting conditions in the two ex-
periments. In the present case only the top grain
is in a strong diffracting condition, so the image
forming beams traverse a thick region of strongly
scattering material only for that part of the
fringe pattern near the exit surface [i.e., along
the upper part of the fringe pattern shown in
Figs. 5(b),(c)]. In the work of Fraser et al.,8

stacking faults were examined; in that case the
diffracting conditions for both sides of the fault
were the same, and the image forming electrons
were strongly scattered through the whole foil
thickness above and below the inclined fault plane.
This explanation is consistent with the view that
the top-bottom effect is related to inelastic
scattering.

The capability of the present instrument to
produce high-resolution images is of interest in
view of the growing use of phase contrast images
for research in materials science. A multibeam
lattice image of a silicon crystal is shown in
Fig. 6. The specimen was oriented with B close
to [110] the foil surface normal and the area
shown is about 200 A thick. No objective aperture
was used and the illumination was axial; the ac-
celerating voltage was 100 kV. Each elliptical
white dot represents a column of two-atom clusters
in the [110] projection of the silicon lattice
with the spacing between atoms being 1-1.36 A. The
edge-on {111} planes, spacing 3.1 A, and {220}
planes, spacing 1.9 A, are resolved. However, it
is considered possible that the 1.9 A fringes
arose from achromatic 011}-{lll} interference

rather than chromatic {220}-f000} interference. '
This resolution is not as good as that achieved
by Izui and coworkers,10 where the clusters were
resolved into the two individual atoms, using a
high-resolution TEM with very limited tilt capa-
bility. However, it can be considered very good
for an analytical TEH/STEM equipped with a high-
angle tilting stage, and is certainly adequate
for lattice fringe imaging research on interfaces
and order-disorder transformations in many mate-
rials of metallurgical interest. Line resolution
of 2 A (axial) has been achieved using Au crystals,
where the possibility of achromatic interference
does not exist. High-resolution STEM performance
at this l^vel has not yet been investigated.

Analytical Mode

The energy dispersive x-ray detector/cryo-
st.at, which is mounted on the instrument at 90°
to the specimen rod eucentric tilt axis, was
supplied by EDAX and is newly designed for the
"twin lens" pole-piece. The detector observation
direction is at 70° to the electron beam on the
electron entrance side of the specimen which re-
sults in a significant improvement in P/B ratio
compared to detectors at 90° to the electron
beam.11 The 30 mm2 detector is positioned as
close as possible to the specimen and subtends a
large solid angle of 0.13 sr. Two spray aper-
tures mounted in the vacuum liner tube, one on
each side of the variable C2 aperture assembly,
effectively eliminate electron tails on the in-
cident beam.12 A non-beam defining collimating
aperture is mounted in the top of the objective
pole-piece. A slight to moderate high-energy
x-ray fluorescence problem exists. The flux is
not severe; the source is thought to be the con-
ventional C2 variable aperture. Installation of
a thick condenser aperture is expected to reduce
the problem. Relatively weak copper peaks are
observed for a normal specimen holder. These can
be eliminated by using a "low-background" holder.

The performance is illustrated by the analy-
sis of an MC-type carbide precipitate shown in
Fig. 7. The specimen is a carbon extraction
replica from aged type 321 stainless steel.13

The isolated precipitate, which is approximately
cuboidal, of edge length %100 A, constitutes
£5 x 10"18 g of material. The spectrum shown in
Fig. 8 which contains more than enough counts for
a statistically accurate analysis was obtained in
the TEM mode using a 150 urn C2 aperture with the
C2 lens at crossover. The resulting probe size
was ^100 A. This spatial resolution is adequate
for a great many applications. The fact that
this is achieved solely by going to crossover
with C2 with no other changes makes this mode of
analysis very straightforward and quick. Of
course, for the highest spatial resolution in ex-
tremely thin specimens, where bean broadening will
have its smallest detrimental effect, operation
in the STEM mode will be optimum. The in-hole
signal showed essentially only a copper peak and
the MC precipitate is basically TiC with the con-
stituents having atomic number Z>11 being ap-
proximately 75% Ti, 15% Cr, 6% S, 3% Ni, 1% Fe
(all atomic percent).



Fig. 4. TEM and STEM images of a grain boundary pinned by a non-metallic inclusion during a recrystal-
lization annealing treatment. Strong non-parallel <111> reflections are excited in both grains, (a)

() i l 7
g g p g

TEM/BF; (b) STEM/BF. Imaging conditions: for TEM a. = 1.0 mrad, detector half-angle = 7 mrad; STEM a,
= 4.0 mrad, detector half-angle = 7.0 mrad. Image width of dislocation A approximately 70 A in both

Fig. 5. A straight grain boundary in 316 ss showing the same top/bottom effect in TEM and STEM, (a)
Low-magnification STEM shows additions of thickness fringes at intersection of grain boundary and
bottom of foil as foil becomes thicker due to wedge; (b) high-magnification STEM shows loss of fringe
image quality near bottom of foil; (c) high-magnification TEM shows loss of image quality in same area.
100 kV (see text for discussion).

Fig. 6. A structure fringe image of a silicon
single crysta) taken in TEM at 100 kV with the
beam aligned along [110]. Axial illumination
was used at 100 kV. The {111} and {220} planes
are clearly resolved.



Conclusions

All of our experience so far indicates that
this instrument will operate reliably and its
performance is superior to conventional TEM/STEM
analytical electron microscopes. In particular
the combination of high resolution in TEM, excel-
lent diffraction performance in SAD and CBDP
modes, high EDS sensitivity, and the high-tilt
capability of the stage make it unique. Our
results on STEM imaging so far indicate the mode
produces useful images of metallurgical specimens
(diffraction contrast). The principal practical
difference between TEM and STEM images is some-
what reduced contrast in STEM.

Research is currently under way to evaluate
the limits of STEM performance in this instrument.
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Discussion with Reviewers

D. C. Joy: Have you, or might you, consider gas
processing of the tip in order to obtain greater
axial brightness and superior drift and stability
performance?
Authors: We have not considered gas processing
of the tip up to the present. We have not been
limited by intensity or tip stability in experi-
ments so far, but changes will be considered if
necessary in the future.

S. Das: How was the temperature of the field
emission tip measured?
Authors: The tip temperature was estimated
visually. It can be seen through a window in
the FEG chamber. Tip temperature could be
measured directly using an optical pyrometer with
optics designed for small size targets.

P. C. Joy: Can you image the emission pattern of
the cathode using the lenses of the EM400? Is
the emission uniform across the oathode area or
is it patchy? Is the brightest patch on axis,
and does its position change with time?
M. Hibino: Have you measured the probe diameter
for TEM? This will help you estimate the bright-
ness more accurately.
Authors: Yes, the tip can be imaged with the
lenses. However, at the maximum magnification
the emitting area is imaged as a very bright disc
^4 mm in diameter. The emission appears to be
uniform, but a magnification of over 10G would
be necessary to determine this accurately. The
brightest patch is on or very close to axis,
well within the range of alignment beam tilt
available. Its position changes little with
time. An estimate of the TEM probe diameter at
C2 crossover can be made from the diameter of
the bright spot, however the spot is not sharp-
edged such as the image of the variable C2 aper-
ture in a convergent beam diffraction pattern, so
such estimates are not very quantitative. A
reasonable estimate is 60 A. The estimate must
be made visually, since the spot is so bright
that a photograph taken at minimum exposure time
(0.1s) is exposed to saturation in the central
area.

M. Hibino: Why do you adopt a [111] tungsten
tip among the tips of any other orientations?
Authors: Tips of several orientations were tried
out for short times when the instrument was in-
stalled in August 1978. Trie (117] gave the best
performance and has been used since, without
failure.
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Fig. 7. TEM micrograph of a carbon extraction
replica from aged type 321 stainless steel. The
isolated precipitate is an MC-type carbide from
which the energy-dispersive x-ray spectrum of
Fig. 8 was obtained.

Fig. 8. Energy-dispersive x-ray spectrum of the
MC-type precipitate shown in Fig. 7. Analysis
time = 100 s: vertical scale = 1000 counts.

S. Das: \-Ihat is the origin of the flicker in
the illumination in the field emission tip?
Authors: No experiments have been done to deter-
mine the source of the flicker, however it may be
due to continuous absorption and desorption of
gas on the tip. This effect has been present on
all FEG equipped microscopes the authors have
operated.

P. C. Joy: Have you attempted to estimate the
lateral coherence of the beam by observing the
phantom fringes beyond an edge or using Fresnel
fringes? Is the value found consistent with
estimate of source brightness, and have you
encountered any problems (in TEM) with fringing
around out-of-focus detail?
Authors: Me have not made lateral coherence
estimates at large defocus. At about 0.5 ym
defocus lattice fringes on a graphite foil are
shifted outside the crystal image by -vlOO A. We
have not encountered serious problems in TEM with
fringing around out-of-focus detail, unless the
focusing error is large.

M. Hibino: How did you measure the illumination
and the detection angles? How accurate are they?
Authors: Illumination angles were measured from
the angular divergence of diffraction patterns

from a crystal of known unit cell size. Detector
angles were measured from the angle subtended by
the detector aperture on the diffraction pattern.
The values are accurate to •»-+_ 10".

M. Hibino: 'lou mentioned three merits in the
diffraction capabilities due to the FEG twin lens
combination. It seems to me, however, that the
essential merit is the capability of observing
the brighter diffraction pattern due to the
kighter brightness of the gun. '.-Ihat did you
assume as a limiting factor for the diffraction
obtainable with a conventional hairvin gun? r.ow
did you get a factor of 100 as an angular reso-
lution in SAD?
Authors: The brightness of the diffraction is an
advantage over conventional guns, particularly if
one operates at long camera length and large over
focus to obtain high angular resolution. There
are several less obvious advantages. In many
conventional microscopes convergent beam dif-
fraction experiments are conducted with the
specimen set below the objective lens, so that
sufficient covergence can be achieved; this pre-
vents reasonable imaging of the specimen area
used. This restriction is avoided in the present
instrument. A second advantage is the high
angular resolution obtainable in the SAD mode,
which is in the small-angle scattering range for
thermionic gun instruments (text ref. 7). Small-
angle electron scattering modes in thermionic
gun instruments usually require the objective
lens to be turned off, thus the area contributing
to the pattern is large and not well defined
(»5.0 urn, see text ref. 2). In the present case
imall-angle patterns can be taken from smaller,
more well defined areas. The factor of 100
increase in angular resolution results from the
small electron emission area of the FEG tip,
which can be demagnified to a much greater extent
than a hairpin gun without reaching a loss of
brightness limit (see text ref. 7).

E. L. Hall: One major limitation in the ability
to measure lattice parameters using C3ED to 1
part in 1000 is contamination of the specimen.
Could you comment on the presence and severity
of contamination, and any precautions you have
taken to minimize it?
Authors: The reviewer is correct; on rapidly
contaminating specimens HOLZ lines are eliminated
within a minute. We have found that contamination
rate is quite variable from one specimen to
another. The rate is faster in wide-angle CBED
(static beam STEM diffraction) than TEM/CBED.
We have taken no special precautions to prevent
contamination other than using clean specimens
and passing the specimen through the airlock
rapidly. Contamination of specimens does not
seem a serious problem.

S. Das: What is Grigson scanning?
Authors: Grigson scanning is post-specimen
scanning of an intensity distribution over an
apertured electronic detector system. It is
described in text refs. 1, 2 and R. U. Carpenter
and N. J. Zaluzec, "Transmission Scanning Dif-
fraction and Microscopy in a TEM/STEM Instrument,"



p. 28 in Anal--:isal Electron Microscopy, Report
of a Specialist Workshop, Cornell University,
Ithac, N.Y., July 1978, ed. P. L. Fejes.

M. Hibino: It does not seem that the imaging
conditions of TEM and STEM in Fig. 1 are the
oame. The contrast of the STEM image may vary
largely with the illumination and detection
angles. Therefore it may >iot ks possible to
compare the image quality from these micrographs.
\-Ihy do you think the TEM mode is more convenient?
E. L. Hall: The STEM image presented in Fig. 4b
has markedly poorer resolution than the compara-
ble TEM image. Are the probe si::e and beam
current under which these images Here recorded
known, and could you comment on the expected
ultimate spatial resolution for imaging in STEM?
Authors: The reviewers are correct in noting
that the imaging conditions for TEM and STEM are
not equivalent. Note that in both cases the de-
tector acceptance angle is larqer than the illu-
mination half-angle, and further that the illumi-
nation half-angle for STEM is larger than for
TEM. The larger illumination half-angle in STEM
permits a large value of AW, where w is the
dynamical deviation parameter, so that the image
has less dynamical character and is dominated by
anomalous transmission and has reduced contrast
(see D. M. Maher and D. C. Joy "The Formation
and Interpretation of Defect Images from Crys-
talline Materials in a STEM," Ultra Microscopy,
I, (1976) 239-253). The dislocation images in
the figure show this to be the case. We do not
agree that the STEM images have markedly poorer
resolution, based on a comparison of dislocation
image width. We find TEM more convenient than
STEM for most defect analysis because it is
faster than STEM. Since the authors are both
more experienced in TEM this bias may not be
entirely correct. The probe currents used for
these images were -x-8 x 1 0 " n A (STEM) and 10"e A
(TEM); probe sizes were ^10 A (STEM) and 11 urn
(TEM). The expected ultimate spatial resolution
for STEM imaging is 2 A line.

E. L. Hall: What is the recording time ''or a
STEM image?
H. L. Fraser: Regarding the high frequency noise
in the FEG emission, the authors claim that this
can be reduced in their system simply by in-
creasing the time of exposure of a STEM image.
However, the FEG/STEM images they show exhibit
a rather significant contribution from this
noise; why wasn't a longer exposure time used
if a reduction in noise can be achieved?
Authors: STEM images are generally recorded
with 1000 lines per frame, with line times of
8, 16, 32, 64 or 125 ms. A longer exposure time
was not used in this case because it was not
necessary for illustration of the image charac-
teristics of present interest.

H. L. Fraser: On the question of the top/bottom
effect associated with TEM and STEM images shown
in Figs. 5, two points may be made.^Firstly, the
foil thickness appears to be *»15OO A (of stain-
less steel). It is difficult, then, to compare
images in relatively thin stainless steel with

those in the work of Fraser et al. (text ref. 8}
where a top/bottom effect waa found to be the
limit of usable foil thickness. Secondly, the
imaging conditions (i.e., angles) are not speci-
fied for Figs. S; please Quote these. If theu
are tlxe same as those in Fig. 4, then it can be
seen that in the case of TEM, a rather convergent
beam was used. Calculations (ref. 8) show that
fringe contrast decreases as this convergence
angle increases, so thai in general one might
expect a decrease in fringe contrast (over the
whole boundary) in the TEM image of Fig. be
compared to the case of a parallel beam. The
decrease in contrast of the fringes at the exit
surface of the foil would then be explained by
the use of a relatively high beam covergence in
TEM, coupled with a "heavy" background level
from the grain oriented for strong diffraction.
A simple check on this would be to orient this
grain boundary so that the grain weakly dif-
fracting in Fig. 6a would be strongly diffracting
a>id, conversely, the strongly diffracting grain
would be weakly diffracting. Has this been done?
Authors: The imaging conditions used in TEM
were approximately the same as Fig. 4 and the
STEM conditions were the same, so a rather con-
vergent beam was used in TEM. The experiment
you mentioned has been done. When the dif-
fraction conditions are reversed, so that only
the bottom grain of Fig. 5 has a low order re-
flection excited, the fringe contrast is poorest
at the electron entrance surface, that is along
the bottom edge of the fringe pattern in Fig. 5.
This result holds for both TEM and STEM images.
The controlling factor is the beam path length
in the strongly excited grain. A long path
length results in loss of image quality for both
TEM and STEM.

M. Hibino: I imagine that the images in Fig. S
are bright field images. If so, why is the
brightest area between the slightly visible broad
thickness fringes in top region in Fig. Sc not
brighter than the bottom region where the dif-
fraction eorAition is not fulfilled? Concerning
the top-bottom effect, please explain the rela-
tion between the differences in diffracting
conditions for both sides of the grain boundary
and the effect of the inelastic scattering in
more detail. Is is not possible to explain your
observation by the top-bottom effect studied by
7. Kamiya (J. Electron Microscopy, 2B_ 231 (1973)?
Authors: The images are BF. In the top grain
s * 0, so that strong diffraction occurs every-
where. In the bottom diffraction is weak and
little diffracted intensity is blocked by the
objective aperture. Thus the bottom grain ap-
pears brighter. The diffracting conditions were
arranged so that a low order g (<111> in this
case) WJS excited in the upper grain, and no low
order g was strongly excited in the lower grain.
Inelastic scattering degrades that part of the
grain boundary fringe image where strongly dif-
fracted beams have the longest path length
through an excited crystal (see answer to
H. L. Fraser's question above). It does not
seem possible to explain the present results
using Kamiya's top/bottom study, since the



diffracting conditions change drastically across
the boundary in the present, case.

H. L. Fraser: It is stated that a "moderate"
x-rau fluorescence problem exists, l-fnat is
meant by "moderate," e.g., what percentage of
the Hi-peak in the spectrum of Fig. 8 is produced
bu x-vcrj fluorescence? How have spectral contri-
butions from stray electron radiation been
reduced?
Authors: As stated in the text the only detect-
able peaks in the "in-hole" spectrum were Cu K
lines. However, an extraction replica is a poor
test specimen with which to evaluate the extant
of uncoilimated fluorescing radiation (text ref-
erence 12). Using a self-supporting thinned
disk of B-NiAl the Ni Ka intensity of the in-hole
signal amounted to <lt of the Ni Ka signal from
an area of the foil of -̂ 60 nm thickness. As
mentioned in the text, spra.v apertures (installed
by the manufacturer) on each side of the variable
Cj aperture assembly effectively eliminate
"electron tails."

H. L. Fraser.' You mention that the Cu-aystems
peak ia either weak or absent depending on
which specimen holder is used. However, it
seems that in Fig. 8, there is a significant
Cu Ka peak present at ^8.keV. How are your
statements and results rationalised?
Authors: The Cu K lines in Fig. 8 originate
from both the specimen holder and the support
grid for the extraction replica. The intensity
is approximately twice the in-hole Cu signal
(which is due to fluorescence by uncoilimated
high energy x-rays produced in the condenser
system). The remaining 50% of the Cu signal is
due to fluorescence by specimen generated radia-
tion (for details, see text reference 12).
Self-supporting specimens or extractions on Be
grids result in much smaller Cu systems peaks.

M. Hibino: Could you please give the electron
prcbe current you used for x-ray analysis of the
MC-type precipitate? Did you notice any effect
of aontamination and specimen/electron probe
drift during the analysis time? What is your
estimation fov possible higher spatial resolution
of x-ray analysis in your instrument?
Authors: A probe current of 8nA was used and no
visible contamination was visible after the 100s
analysis time (Fig. 7 was taken after the analy-
sis). The TEM image was viewed continuously
during the analysis and the amount of specimen/
electron probe drift was estimated to be <2 nm.

It is not yet clear what will be the
limiting factor for the spatial resolution of
x-ray analysis. Available current in small
probes will probably not be the limiting factor
because of the large detector collection angle.
Drift or beam spreading within the specimen are
more likely candidates. Certainly, a resolution
<5 nm appears possible.

S. Das: Would the authors comment on how the
performance of their instrument compares with
the performance of other dedicated STEM (e.g.,
VG microscopes)?

Authors: Direct comparisons between TL'M/STEMs
and D-STEMs are difficult because two different
design concepts are used. From a materials
science viewpoint the additional diffraction
capabilities available in a TEM/STEM (if fitted
with an FEG) in the form of high angu)ar res-
olution and very high S/N for film recorded
patterns are quite useful. The TEM/SAD image/
diffraction capability is often faster for
setting up a specific diffraction condition and
recording the image than the equivalent opera-
tions in a D-STEM. On the other hand, if one is
interested in direct quantitative recording of
intensity distributions from diffraction patterns
or images a TEM/STEM must usually be fitted with
special (Grigson) scanning coils; D-STEMs can
normally operate in this mode. It is fair to
say that scanning signal processing electronics
are more advanced in D-STEMs than TEM/STEMs in
present commercial instruments. The analytical
capabilities (EDS, EELS) of the two types depend
as much on spectrometer design and interfacing
as on the instruments themselves, and are still
in development, especially EELS.


