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many fields of science and technology. Recent

I. INTRODUCTION progress of materials analysis by transmission
electron microscopy has been made together with

Electron microscopes have been widely used in  various improvements on electron microscopes.
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One of the notable improvements of the capa-
bility in electron microscopes is the resolution
limit. The high-voltage, high-resolution electron
microscope (JEM-ARMI1250) installed in Tohoku
university has proved to reach its theoretical
point resolution of about 0.1 nm, and thus the
atomic arrangements of most materials projected
along crystallographic axes can now be resolved
directly. It should be also noted that the gun of
field emission-type has been newly developed in
place of the electron gun with thermal emission-
type. The installation of the field emission gun
on electron microscopes enables us to obtain an
electron probe smaller than 1 nm in diameter,
and then to carry out the compositional analysis
at interfaces on the atomic scale owing to a
lower energy spread and a higher brightness
than the conventional guns (Otten, 1994; Bando,
1994).

The increasing application of electron micro-
scopy has also induced rapid developments in
specimen preparation techniques. There are a
number of techniques on specimen preparation
for transmission electron microscopy (TEM),
i.e., electropolishing, ionmilling, ultramicrotomy,
chemical polishing, crashing and so on. Among
them, the ultramicfotomy whose main applica-
tion was limited to the organic substances in the
past recieves much attention recently as its
active application to the TEM study of metal
alloys (McMahon and Malis, 1993), semiconduc-
tor, polymer and ceramics (Watson ef al., 1962;
Petres ef al., 1969). One of the great advantages
of _ultramicrofomy is known to be the speed and
simplicity of specimen preparation. Attempts to
slice hard materials by this technique are not
new but mechanical damage during sample pre-
paration has been the major concern. However,
the newest microtomes‘can produce quite thin

sections (<40 nm) with small artifacts by care-

ful sectioning process, so that the investigations
can be carried out on relatively damage-free
areas. In addition to ultramicritomy, focused ion
beam etching technique has been newly develop-
ed. The technique has been successfully applied
to the fabrication of TEM specimens of Si based
and III-V based semiconductor materials. If
specimens consist of different materials distribut-
ed inhomogeneously, it is difficult to obtain uni-
formly thin specimens by other techniques.
However, the thin specimens of these materials
can be successfully obtained by the focused ion
beam etching technique with strong focused ion
beam at the local regions. Thus this focused ion
beam etching technique is especially useful to
investigate boundaries and interfaces by electron
microscopy (Pantel ef al., 1994; Saka et al.,
1994).

Besides the peripheral instruments for electron
microscopy have uﬁdergone drastic changes. One
of the revolution is the emergence of new
recording device, such as the imaging plate
system (Mori ef al., 1990; Oikawa et al., 1990)
and the slow scan CCD camera(Ishizuka, 1993;
1993).
imaging plates enable us to record images at

Fan and Ellisman, In particular, the
high sensitivity, wide dynamic range and good
linearity to the electron dose in comparison to
ordinary photographic films. By coupling these
new recording system with a computer network
system, quantitative analyses of high-resolution
electron microscope images and electron diffrac-
tion patterns can be carried out.

In analytical electron microscopy,
technique, so called ALCHEMI, can be applied

successfully to locating additives in various inter-

a new

metallic compounds by analyzing the electron
channeling effect in the energy dispersive X-ray
spectroscopy. In the electron energy loss spectro-

scopy, not only the compositional information
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but also the information on the electronic struc-
ture of advanced materials can be obtained in
short acquisition time,

In this paper, the authors present the experi-
mental results obtained by utilizing aforemention-

ed new instruments and techniques.

High - Voltage, High - Resolution Electron
Microscope

One of the most important parameters on the
capability of electron microscopes is the resolu-
tion limit. In general, the theoretical resolution

limit of electron microscopes d is given with
=0, B5CMAAY - ot 1)

where C, and 4 are a spherical aberration
constant of the objective lens and the wave
length of the incident electrons, respectively.
Thus much effort has been devoted to get small
values of C; and to achieve the high resolution
of electron microscopes. The theoretical resolu-
tion limit of the high-voltage, HREM (JEM-
ARM 1250) installed in Tohoku university is
estimated to be 0.103 nm. However, the effec-
tive resolution limit is influenced by other imag-
ing parameters, such as the chromatic aberra-
tion and the beam divergence of the incident
electrons. The effective resolution limit can be
estimated by investigating a Fourier diffracto-
gram of HREM images of thin amorphous films
(Park and Shindo, 1996). Fig. 1(a) and (b)
shows the Fourier diffractogram of a HREM
image of a Ge thin film obtained by HVEM in
Tohoku university near the Scherzer focus and
the intensity profile obtained by averaging the
square of Fig. 1(a) along the circumference,
respectively. From the intensity profile of Fig.
1(b),
position indicated by an arrow. The position is

the change of slope can be seen at the

coincident with the intensity limit of the Fourier
diffractogram as indicated by the dotted line in
Fig. 1(a). By measuring the spatial frequency q
of the position, the effective resolution limit of
the electron microscope is estimated to be 9.35
nm™} in the reciprocal space or 0.107 nm in the
real space.

By utilizing the high-resolution limit of an

Intensity

q(nm™)

Fig. 1. Fourier diffractogram of (a) HVEM image of
a Ge thin film near the Scherzer focus and
(b) its intensity profile,
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Fig. 2. (a) HREM image of a Hematite (a-Fe:0,)
particle by a’ high-voltage, HREM with
the incident electron beam parallel to the
[2021] direction.

(b) Model of -Fe,O; structure projected along
the [2021] direction.

HVEM, the atomic positions of most materials
projected along crystallographic axes can now be
resolved directly. As one of examples, Fig. 2(a)
shows a structure image of a hematite particle
HREM with the
incident electron beam parallel ‘to the [2021]
In Fig. 2(b),

arrangement of the hematite structure projected

obtained by the high-voltage,

direction, a model of an atomic
along the [2021] direction is shown. The arran-
gement of dark dots in the image of Fig. 2(a)
well corresponds to the Fe atom positions of the

Table 1. Parameters used for computation of images.

Accelerating voltage 1250 kV
Spherical aberration constant 1.6 mm
Chromatic aberration constant 4.1 mm
Objective aperture radius 6 nm™!
Number of beams 32x32

model in Fig. 2(b) despite of the background
contrast of a carbon film. Each square in Fig.
2(a) and (b) indicates a unit cell used for the
image simulation. Figure 3 shows simulated
images calculated with the parameters listed in
Table 1 together with the defocus value of
40~43.5 nm and the crystal thickness of 0.7~
8.1nm. From a comparison between the calculat-
ed and real images, it is reasonably concluded
that the calculated image by t.he defocus value
of 40~43.5 nm and the crystal thickness of
nearly 3.7 nm is well coincident with the observ-

ed structure image.
Specimen Preparation Techniques

A number of thinning techniques have been
developed for the preparation of TEM samples,
for example, ion milling, jet-polishing, crashing
and ultramicrotomy. Among them, the authors
have recently applied the ultramicrotomy to
make thin sections of fine oxide particles (Shindo
et al., 1993, 1994; Park et al., 1994, 1995).
Under the optimum slicing conditions of ultra-
microtomy, successive thin sections of fine oxide
particles can be obtained (Park ef al., 1994,
1996). As one of examples, Fig. 4(a) shows
successive thin sections of the resin containing
pseudocubic hematite (a-Fe;0;) particles. Enlarg-
ed electron microscope images corresponding to
the part of each section are shown in Fig. 4(b).
It is found from the shapes of these sections
that the sections make an angle of about 37

degrees with the surface of the pseudocubic
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t=0.7nm 2.2 3.7  Af=43.5nm

5.1 6.6 8.1

Fig. 3. Simulated images. Af and t are the defocus value and crystal thickness, respectively.
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Fig.4. (a) Transmission electron micrograph of the successive thin sections of the resin containing pseudo-
cubic hematite particles. '
(b) Enlarged electron microscope images of the successive thin sections of (a).
(c) Schematic illustration showing the positions of the successive sections of (b) in a pseudocubic
particle.
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Fig. 5. Transmission electron micrographs of the sections of pseudocubic (a) and peanut-type (b) hematite
particles. In each inset, the original particles without slicing are shown, respectively.

particle as schematically indicated in Fig. 4(c).
Fig. 5(a) and (b) show electron micrographs
of sections of pseudocubic and peanut-type
particles together with the groups of the original
particles in below. In the micrograph of the thin
section of the pseudocubic particle in Fig, 5(a),
there are small subcrystals 10 to 20 nm in size
lining up outwards from the center of the parti-
cle. In the micrograph of the thin section of the
peanut-type particle in Fig. 5(b), the subcry-
stals are elongated and radially oriented from
the rotational axis of the particle. To gain
insight into more detailed arrangements and
crystallographic orientations of subcrystals of
HREM

study has been carried out with a high-voltage

pseudocubic and peanut-type particles,

electron microscope and the HREM images of

these two particles are presented in Fig. 6(a)

and (b), respectively. The images clearly show
the shapes of the subcrystals in pseudocubic and
peanut-type particles on atomic scale being
Thus it
can be found that the preparation of successive

completely different from each other.

thin sections with an ultramicrotome and their
observation by HREM are very useful to make
clear three dimensional atomic arrangement of
these fine oxide particles and their growth

mechanism which can not be analyzed so far,
Quantitative Analysis in Electron Microscopy

1. Computer system for image analysis

In order to easily handle a huge amount of
the image data obtained with the new recording
system, the efficient computer network system

is indispensable. Fig. 7 shows the constitution of
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Fig. 6. High-voltage, high-resolution electron microscope images of the parts of the sections of pseudocubic

(a) and peanut-type (b) hematite particles.
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Supercomputer
(SX-3R)
JEM-ARM1250 Main Frame: ACOS3900
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Fig. 7. Constitution of the computer system for image
analysis.

the computer system for image analysis. Based
on UNIX operating system, the computer ter-
minal (Argoss 3252) in the atomic scale mor-
phology analysis (ASMA) laboratory is connected
through the network system (TAINS) with the
high-voltage electron microscope (HVEM) and a
main frame (ACOS 3900) including a super-
computer (SX-3R) at the computer center,
Tohoku university, respectively. By using the
main frame, we are easily handle a huge amount
of imaging plate (IP) data, i.e., 3760 %3000 pixels,
16384 gray level, and analyze the data with the
software already developed in the main frame
(Shindo et al., 1995). By using this system, we
can process and store the digital data obtained
with the imaging plate as well as 'the conven-
tional EM films. The system can be also used

for the quantitative analysis of the imaging plate

Fig. 8. (a) Structure model of Pb(Ba,Sr);(Eu,Ce).

Cusoy-

(b) The intensity distribution of the HREM
image with a contour map.

(¢) Lower intensity distribution of the image.

(d) Higher intensity distribution of the image.

Crosses in (a) indicate the vacant oxygen

position (Ov). Large and small dark arrows

in (c) correspond to Pb and Cu atomic colu-

mns, respectively. Large open arrows in (d)

indicate the vacant oxygen positions.

data of high-resolution electron microscope im-

‘ages and electron diffraction patterns obtained

by conventional electron microscopes as will be

shown in the following sections.
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Fig.9. (a) Electron diffraction pattern of Gaosln.sP,
observed with the imaging plate.
(b) A part of the electron diffraction pattern
(a) shown with a contour map.

2. Quantitative analysis of high- resolution
image

One of the most interesting applications of the
quantitative analysis of HREM images with the
imaging plate is the structure analysis of layered
Cu oxides, which are related to the high-T.
superconductors (Shindo ef al., 1991, 1994). An
example of HREM images of Pb(Ba,Sr).(Eu,
Ce).CusO, observed with the imaging plate is
shown in Fig, 8(b)-(d) comparing with a struc-
ture model proposed by X-ray diffraction study
of Fig. 8(a). A contour map of Fig. 8(b) shows
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Fig.10. (a) Ridge of the diffuse scattering peak pro-

jected along the horizontal line in D1 of
Fig. 9 (a).

(b) Ridge of the diffuse scattering peak
projected along the horizontal line in D2
of Fig. 9(a).

whole intensity of the HREM image. In order to
examine the intensity distribution more easily,
we separated the contour maps into two parts
by using the present image processing system.
Low and high intensity regions of Fig. 8(b) are
shown in Fig. 8(c) and (d), separately. Dense
contour lines in Fig. 8(c) indicate the atomic
columns of heavy elements, whereas dense
contour lines in Fig. 8(d) indicate the lower
potential regions, According to these results, we
can distinguish Pb atomic columns from Cu
atomic columns and locate the vacant oxygen
positions between the Cu atomic columns in a
wide area of the HREM image.
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Fig. 11. Atomic arrangement of NisAls with the L1,
-type ordered structure projected along the
[001] direction, showing alternate (110)
planes (¢ and B) parallel to the electron
beam.

115

3. Quantitative analysis of electron diffraction
pattern

In the quantitative analysis of electron diffrac-
tion patterns, it is very interesting to investigate
intensity of superlattice reflections and short-
range order diffuse scattering to get structural
information of ordering or disordering process
(Shindo et al., 1990, 1993). It has been noted
that the dynamical diffraction effect is relatively
small on the weak scattering and thus the
change of intensity of these superlattice reflec-
tions and diffuse scattering may be directly
connected to the ordered state as discussed in
detail previously (Shindo ef al., 1982, 1988).

Fig. 9(a) shows an electron diffraction pattern
of GayslnesP by the IP with the incident elec-
tron beam parallel to the [110] direction. There
are wavy diffuse scatterings between strong
fundamental reflections, as clearly observed in
the square regions D1 and D2. Fig. 9(b) shows
a contour map of a part of the electron diffrac-
tion pattern of (a). The diffuse scatterings have

fairly strong intensity on slightly curved lines,

Intensity ( counts /1000 )
H

1 2 5 6 7 8
Energy/keV

6

Energy/keV

Fig. 12. Characteristic X-ray spectra of the annealed NisAlxMns on two diffraction conditions, (a) s>0, and

(b) s<0.
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Fig. 13. Energy loss spectra of Cu, CugTiwa, AlsCusz
Fey; and CuO.

and have intensity maxima around the reciprocal
lattice points, such és (-1/2, 1/2, 1/2). It was
reported that the iri;censity distribution of the
diffuse scattering changes under different growth
conditions. As clearly indicated in Fig., 9(b),
there exists a fairly strong background around

the transmitted beam in the electron diffraction

pattern. The background is consi-dered to be
contributed by the thermal diffuse scattering
and the scattering due to the plasmon excitation,

In order to analyze the detailed intensity
distribution of the diffuse scattering and to get
the Warren-Cowley short-range-order para-
meters from it, the background intensity has to
be subtracted. Fig. 10(a) and (b) show the
ridge of the diffuse scattering peak projected
along the horizontal line A-B in D1 and D2 of
Fig. 9(a) after subtracting the background. The
zero points of distance as seen in Fig. 10(a) and
(b) are corresponding to the reciprocal lattice
points of (—1/2, 1/2, 1/2) and (1/2, —1/2, —1/2),
respectively. Besides, the arrows indicate the
directions of the high scattering angle. It is seen
that the peaks of the diffuse scattering are
clearly shifted from the zero points and the
intensity maxima of the diffuse scattering are
the high scattering angle side. The characteristic
features of the shape and the intensity distri-
bution of the diffuse scattering can be attributed
to the atomic displacement as well as the
arrangement of the small ordered domains. It is
considered that the atomic displacement results
from the different length of bond between Ga-P
and In-P. Thus,

quantitative analysis of electron diffraction pat-

it is demonstrated that the

terns is effective in clarifying not only the su-
perlattice structures but also the short-range-
ordered structures of advanced materials such as

III-V semiconductors.

Analytical Electron Microscopy

1. ALCHEMI

The energy dispersive X-ray spectroscopy
(EDXS) of analytical electron microscopy has
been widely used for the compositional analysis
Spence and

of various compounds. Recently,
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Fig. 14. Electron diffraction patterns of AlssIn,sAs observed (a) at room temperature without energy

filtering, (b) at 107 K without energy filtering and (c) at 107 K with energy filtering by selecting the
scattered electrons with the energy loss -5eV<E< 5eV, Streaks appearing around the transmitted
beam are the artifact due to the intensity saturation in the slow scan CCD camera.

At the bottom of each diffraction pattern, intensity profile at the region between two arrows of (a)

is presented.

Taft® (Spence and Taft®, 1983) have demon-
strated that the crystallographic site of minor
element contained in a compound can be deter-
mined by a new technique named ALCHEMI
(Atom Location by CHannelling Enhanced Mlcro-
analysis). This method is based on the electron
channelling effect that the incident electron
beam has different intensities according to the
kind of atomic planes. Here, we review ALCHEMI
on Ni-Al-Mn (Shindo et al., 1990),

The atomic arrangement of Ni;Als having the
L12 type structure, projected along the [001]
direction, is shown in Fig. 11, where Ni and Al
atoms are indicated by full and open circles,
respectively, The incident electron beam is set
to be nearly parallel to the (110) planes, which
consist of two types of planes, i.e, a-plane
composed of only Ni atoms and B-plane com-

posed of both Ni and Al atoms.

EDXS specfra of the annealed Ni;Al,Mn; on
two diffraction conditions (deviation parameter,
s>0, s<0) are shown in Fig. 12, where the
peak intensity of Al in both spectra is set to be
equal, Comparing the two spectra, the X-ray
intensity of Ni on the second diffraction condi-
tion (s<0) is much higher than that of the first
one (s>0).

electron channelling effect on planar channelling

The difference directly shows the

conditions, It is noted that the X-ray intensity
of Mn does not change so much as that of Ni
from one to the other. In order to evaluate the
occupation fraction quantitatively, we obtained
X-ray intensities on a non-channelling condition
where no low order reflections were strongly
excited, With these X-ray spectra, we evaluat-

ed the site occupancy, k, of Mn atoms at the
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Ni site as shown in the previous paper (Shindo
et al., 1988).

The results show that the occupation fractions
of Mn atoms at the Ni sites are 2% (statistical
error: +14%) in the annealed NisAlxMns, 25%
(statistical error: +18%) in the quenched NirsAlg
Mns and 26% (statistical error: +23%) in the
annealed NisAlMny., These results indicate the
disordering ratio, i.e., a ratio of the host ele-
ment Ni occupying the Al site, increases with
the increase of the Mn concentration or by

quenching the compound.
2. Electron energy loss spectroscopy

Electron energy loss spectroscopy (EELS) is
usually used to identify constituent elements
and/ or composition of compounds similar to
EDXS. However, EELS has the higher energy
resolution, i.e, about 1eV (capital) compared to
about 150 eV of EDXS. By using this high
energy resolution of EELS, low-loss spectro-
scopy (zero loss peak and plasmon peak) can be
applied to measure sample thickness with high
accuracy while core level spectroscopy has been
successfuly applied to investigate the electronic
structure, especially the unoccupied density of
states near the Fermi level. Here, the results of
the EELS study of Cu L.3; near-edge fine struc-
tures of Cu compounds are presented (Shindo et
al., 1993). The EELS study was carried out
with a JEM-200CX electron microscope with an
accelerating voltage of 200 kV, Energy loss
electrons were detected in an image mode with
a highly efficient parallel detector (Gatan 666).
The full width at half the maximum (FWHM)
of the zero loss beam is about 1.8eV.

Fig. 13 shows the energy loss spectra of one
of the typical amorphous materials, CusTiyp and
that of quasicrystals, AlgCuxFes. Lzs edges of
Cu and CuO are also shown in Fig. 13 for

comparison and the positions of L3 and L2
edges are indicated by arrows at the top of the
figure. Since Cu has the fully occupied 3d band,
there are no sharp peaks showing a distinct
difference with that of CuQ where large white
lines are observed due to the partially occupied
3d band (3d%). L.: edges of CugTiw and Ale
CuzFeis are between those two typical ones in
likeness, and they have rather small white
lines. It is considered that the white lines of
CueTise mainly result from the charge transfer
between Cu-3d and Ti-3d bands as is the case
of in CueZrsy (Peason ef al., 1988). In the case
of AlgsCuzFens, it is also considered that there is
some charge transfer between 3d bands of Cu
and Fe., However, there is a distinct difference
in the L.; edges of AlesCusFes from that of
CugTise, i.e., FWHM of L3 lines of AlsCuxFers
is much wider than those of CuO and CugTisw.
FWHM of CuO, CugTiw and AlgCuxFes are
about 3.1eV, 2.3eV and 4.0 eV, respectively.
Since FWHM of the zero loss is about 1.8 eV,
the above values of FWHM can not be directly
correlated with the band width of the unoccupi-
ed density of state., Nevertheless it is said that
FWHM of the Cu L.s edge of AlaCusFes is
much wider than that of CugTiw.

reasonable that the above difference of Cu L,

It may be

edge between CueTiw and AlsCuxFes results
from the existence of Al.

3. Energy filtering

Recently, the energy filter systems can be
installed in electron microscopes with the
development of various types of electron energy
loss spectrometers (Gubbens et al., 1994;
Uhlemann et al., 1994). The images of TEM
were usually contributed by inelastically scatter-
ed electrons as well as elastically scattered

electrons. Removing all inelastically scattered
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electrons from the image with a filter can give
rise to better contrast and resolution due to the
reduction of background by plasmon and phonon
scattering events. Thus electron diffraction
patterns with low background may be obtained
by selecting the elastically scattered electrons
with the energy filter, It was reported that
ordered structures appeared in [II-V compounds
and the anomaly of the band gap energy was
closely connected to the ordered structures
which were characterized by diffuse scattering
as well as by superlattice reflections (Gomyo et
al., 1988). In this' study, electron diffraction
patterns of III-V compounds showing diffuse
scattering due to short-range ordering were
observed using the energy filter (Zeiss-EM912-
Omega) and cold stage. Energy filtered electron
diffraction patterns were recorded by the slow
scan CCD camera and the imaging plates.

Fig. 14(a)-(c) show electron diffraction pat-
terns of AlgslnesAs observed under different
conditions. Diffraction patterns of Fig. 14(a) and
(b) were observed at room temperature and at
107 K without energy filtering. On the other
hand, the diffraction pattern of Fig. 14(c) was
observed at 107 K with the energy filter,
selecting the scattered electrons with the energy
loss ~5 eV<E<5 eV,

region between the arrows in the diffraction

Intensity profiles in the

pattern of Fig. 14(a) are presented at the bo-
ttom of each diffraction pattern. By comparing
these three diffraction patterns, it is clearly
seen that the diffraction pattern of Fig. 14(c) is
the most sharp with low background and the
detailed intensity distribution of diffuse scatter-
ing is well observed. It is concluded from these
results that the background around the trans-
mitted beam is reduced effectively by reducing
the plasmon scattering rather than the thermal
diffuse scattering (Shindo et al., 1995). Thus, it
is demonstrated that the electron diffraction

study with energy filtering is quite effective in
clarifying ordered structures of III-V semicon-

ductors,
Concluding Remarks

Recent transmission electron microscopy in
materials analysis was outlined based mainly on
the experimental results of ASMA (atomic scale
morphology analysis) laboratory in Institute for
Advanced Materials Processing, Tohoku univer-
sity. It is noted that the transmission electron
microscopy has achieved rapid progress not only
the electron microscopes themselves but also the
peripheral instruments. Moreover, new techni-
ques in analytical electron microscopy are
reviewed together with rapid developments in

specimen preparation techniques.
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