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HREM/STEM
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A combined 200 kV HREM/STEM incorporating aberration correctors in both
probe-forming and imaging lenses has been installed at Oxford University. This
unique instrument is also equipped with an Q-type in-column energy filter, annu-
lar dark field detectors both above and below the filter, and an EDX system. This
paper presents an overview of the instrument together with data from initial per-
formance tests that have demonstrated < 0.1 nm resolution in both TEM and

STEM imaging modes.

Introduction

Transmission Electron Microscopy (TEM)
isnow clearly established as an invaluable tool
in the determination of the structure and struc-
tural chemistry of a range of technologically
important materials. In the last decade signifi-
cant advances in instrumentation have been
made with the development of Field Emission
Gun (FEG) electron sources [1, 2] operating at
intermediate (200-300 kV) voltages. These
instruments provide imaging at closeto 0.1 nm
resolution, together with sub nanometer diam-
eter bright probes which can be used to collect
Electron Energy Loss Spectra (EELS) and to
map characteristic X-Ray emission (EDX)
peak intengities, providing chemical as well as
structural information.

However, in the case of high resolution
imaging, much of the extra information avail-
able can only be usefully extracted using indi-
rect computational techniques such as exit

other than phonon scattering to be eliminated
from individual HREM images, improving
quantitative interpretation and has enabled
high resolution Electron Energy Loss Spectra
(EELS) to be acquired.

A major practical challenge is now to fur-
ther improve the limits of TEM and STEM
resolution simultaneously by incorporating
aberration correctors [7, 8] together with other
analytical equipment, including energy filters
in a single electron optical column. Recently
this has been achieved and we present here the
first of this new generation of aberration-cor-
rected analytical FEGTEM/STEM instru-
ments, recently installed at Oxford
University’s Department of Materials. This
unique instrument incorporates hexapole based
aberration correctors in both the imaging and
probe forming lenses [ 7, 8], together with anin
column Q type electron energy filter [5]. Pre
and post filter High Angle Annular Dark Field

Phase of the exit plane wavefunction of the
complex oxide FeFz:6Nb2Os recovered from a
focal series of aberration corrected images to a
resolution of 0.09 nm. The insets show a struc-
tural model and an enlargement of the marked
region in which both cation and O anion

(HAADF) detectors are aso fitted, in addition
to an EDX detector.

In this paper we first describe the instru-
ment, and then present results from prelimi-
nary performance tests together with early

wave reconstruction [3] or holography [4] due
to the rapid oscillations in the wave aberration
function at high spatial frequencies arising
from the increased coherence of the source.

columns arevisible.
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For Scanning Transmission Electron
Microscope (STEM) based imaging and analy-
sison the nm scale FEG sources are also indis-
pensable providing increased probe current
and reduced probe diameter. In paralel the
development of energy-filtered imaging sys-
tems[5, 6] has enabled the intensity from elec-
trons scattered inelastically by mechanisms

TParks Road, Oxford OX1 3PH, U K.
E-mail: angus.kirkland@materials.ox.ac.uk

results from various active areas of materias
research at Oxford.

Design and Construction

The basic instrument (Figure 1) is based on
the new JEOL JEM-2200FS column, incorpo-
rating a Schottky field-emission gun operating
a up to 200 kV [2]. The aberration correctors
are inserted into the column above and below
the standard objective lens to enable aberration



correction of both the illumination (CESCOR)
and imaging (CETCOR) systems. Both correc-
tors are based on a pair of strong hexapoles
separated by a round doublet transfer lens
enabling the correction of spherical and other
aberrations to third order [7, 8]. In addition a
series of additional weak multipoles are
included within the correctors for adjustment
of the beam axis and for the correction of
residual parasitic aberrations. In order to
ensure excellent mechanical and magnetic sta-
bility the electron optical column incorporates
specially designed and improved magnetic
coupling yokes and, as noted later, we have
successfully maintained a stable corrected state
over many hours. The electron energy filter is
a corrected in-column Q-type [5, 9] providing
isochromatic imaging and diffraction together
with high resolution EELS. Annular Dark
Field detectors are fitted above and below the
filter together with a conventional bright field
STEM detector below the filter. An EDX
detector (50 mm? thin window Si(Li)) is also
attached to the column. The specimen stage is

fully motorized on five axes and integrated
piezo drives are provided for precise control of
the specimen shifts.

The instrument is configured for full remote
operation of the complete electron optical col-
umn including both correctors and al ancillary
systems (apertures, detectors etc.) using five
separate PCs communicating across a local
area network and running a combination of
Windows® and Unix® operating systems.

For remote viewing at TV rate a
Hamamatsu (wide screen) camera system is
used which includes automated black level,
shutter and gain control, together with a Gatan
Ultrascan 2024 x 2024 CCD camera coupled
to an independent phosphor for high resolution
image recording.

Aberration Correction and
Measurement

The Scherzer resolution [10] of the uncor-
rected objective lens (Cs = 0.5 mm) is 0.19 nm,

Cs=0.5 mm

(Figure 2(a)) measured from the calculated
power spectrum of an image of a thin amor-
phous Ge film, calibrated from lattice fringes
of Au particles with an information limit better
than 0.14 nm. In order to obtain a corrected
state, the tilt-induced values of 2-fold astigma-
tism and defocus are measured from a Zemlin
tableau [11] of power spectra obtained from
images recorded for a range of beam tilts.
From these measured values the complete set
of aberration coefficients to third order are cal-
culated [12] and these values are used to apply
appropriate voltages to the individual electron
optical elements of the post imaging corrector.
In the corrected state, atypical set of calcu-
lated aberration coefficients are listed in Table
1. For images recorded in this condition the
measured continuous signal transfer limits, as
measured directly from the Young's Fringe
pattern shown in Figure 2(b), corresponding
to 37% and 10% are 0.14(5) nm and 0.12(4)
nm respectively. As the signal limit is now
determined by higher order aberrations and
effects of incoherent damping terms this data

Cs=0.01 mm

(@)

(b)

Fig. 2 Power spectra calculated from high resolution images of an amorphous Ge foil in both (a)
uncorrected (at the Scherzer defocus) and (b) corrected TEM states. In the corrected state
the power spectrum illustrated was cal culated from a pair of laterally displaced images of a

Fig. 1 The JEOL JEM-2200FSinstalled at Oxford
showing major electron optical components
and detectors. The local computer network
controlling the microscope, correctors and
ancillary devicesisvisiblein the fore-

ground. thin amorphous Ge film and shows information transfer to 0.12(4) nm (marked with acir-
; ; cle), corresponding to 10% signal transfer.
A1 2-fold astigmatism 239.3 pm
Az 3-fold astigmatism 33.5nm
As 4-fold astigmatism 639.5 nm
As 5-fold astigmatism 18.2 um
As 6-fold astigmatism 1.626 mm
B2 1% order Axial coma 4.625 nm
Ba 2 order Axial coma 71.15um
S Star aberration 685.4 nm -
Da 13.94 um
Cu Defocus -301.5nm
Cs Spherical aberration 802.0 nm
Cs -2.08 mm A
Table1 Values of individual aberration coeffi- - " ]
cients to 5 order after correction of R
Aok circle:35mrad( o )
Cs=0.01 mm

Fig. 3 Ronchigrams recorded from the same specimen as Fig. 2 in both uncorrected and corrected
STEM states.
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also serves to confirm the excellent mechani-
cal and electrical stability of the total system.

High resolution STEM imaging and analy-
sis both require the smallest possible probe
with the highest possible current. This has pre-
viously been successfully achieved in correct-
ed, dedicated cold field emission gun STEM
instruments using an alternative corrector
design based on a combination of quadrupoles
and octupoles [13]. However, thisis now also
realized for the first time in a combined
TEM/STEM instrument using a hexapole
based corrector.

The measurement and subsequent correc-
tion of aberrations in the illumination system
requires a suitable specimen that contains
high-resolution, high-contrast information
across the whole field of view at an ADF
STEM image magnification of ~x0.3 M. In
order to calculate the aberrations present in the
probe-forming lenses, successive pairs of
images are recorded at over-focus and under-
focus conditions for a tableau of probe posi-
tions. From such a data set the complete set of
aberration coefficients to third order can be
determined in an analogous fashion to that
used for TEM correction and these values are
used to apply appropriate voltages to the indi-
vidual electron optical elements of the probe
forming corrector.

Direct measurement of the aberrations pres-
ent in the probe can also be made using a
Ronchigram of an amorphous specimen
recorded with a large condenser aperture
(~100 mrad) to enable inspection of the size
and symmetry of the features at high angles
surrounding the central zone which reflect the
symmetry of the residual, higher-order aberra-
tions [14] (Figure 3). The present microscope
has the unique advantage that the probe can
also be imaged directly to measure the final
corrected state. The potential for using aberra-
tion-corrected probes with convergence semi-
angles up to 30 mrad is currently being investi-
gated, since such probes have been calculated
to contain up to an order of magnitude more
current than probes of similar size in an uncor-
rected instrument employing the same source
at the same accelerating voltage. We intend to
exploit thisin both EELS and EDX analysis at
ultra-high spatial resolution.

Initial Applications

The microscope is fitted with a bright-field
and an ADF STEM detector below the in-col-
umn energy filter to alow unfiltered or ener-
gy-filtered STEM images to be acquired. A
second HAADF detector is positioned above
the in-column filter so that a stationary probe
position can be selected from within a scan to
allow an EEL S spectrum to be acquired from a
selected point without any disturbance due to
the insertion or removal of any aperture or

configurations both with in-column [5, 9]
geometries and as post-column imaging spec-
trometers [6]. In the instrument described here
an isochromatic corrected, Q-filter was chosen
for both EELS, and for energy-filtered imaging
and diffraction. Figure 5(a) shows a series of
energy-filtered images of a'Y-doped SisN4/SiC
ceramic, clearly revedling Y segregation at the

grain boundaries which is important in deter-
mining the mechanical and other properties of
the material. Figure 6 shows an example of a
zero-loss CBED pattern recorded from a
<111> Si single crystal, experimentally con-
firming a filter acceptance angle of > 80 mrad
in the corrected state.

With the versatility offered by this unique

Fig. 4 (a) High resolution ADF STEM image of a<110> oriented Si crystal showing individual atomic
columns separated by 0.136 nm. (b) Power spectrum calculated from (a) showing clear transfer of
the {226} reflection corresponding to a spacing of 0.082 nm.

detector. The angular acceptance ranges of
both sets of detectors can be varied by chang-
ing the magnification of the intermediate and
projector lenses. Figure 4(a) shows an ADF
image of a<110> Si crystal, in which individ-
ual atomic columns, spaced 0.136 nm apart in
projection, are clearly resolved. The power
spectrum calculated from this image (Figure
4(b)) indicates the transfer of the { 226} reflec-
tions corresponding to a spacing of 0.082 nm.
As dready noted commercial electron ener-
gy filters are now available in several distinct

Fig. 5 Energy filtered images of a 'Y -doped SisN4/SiC ceramic showing enhanced Y concentration at the
grain boundaries. (a) Zero loss bright field image recorded with a5 eV energy selecting dlit. (b) N
map. (¢) C map. (d) Si map. (€) O map. (f) Y map.

(4) JEOL NewsVol.39 No.1 4 (2004)



instrument at our disposal we are planning a
wide range of experimental programs of which
we present one example here. As part of an on-
going study of complex oxides we are now in
the position to resolve clearly both the cation
lattice and the anion sublattice in many of
these compounds. Combining the benefits of
TEM aberration correction with indirect speci-

dmrud

(a)

men exit wave reconstruction from focal or tilt
series [3] of aberration corrected images we
can now achieve directly interpretable structur-
al resolution below 0.1 nm. As an example,
Figure 7 shows the restored exit wave of a
complex niobium oxide block structure in
which all atom positions, including those of
oxygen, are visible in the restored phase and in

- Hilmmrual

(b)

Fig. 6 Energy filtered CBED patterns from Si <111> in both (a) uncorrected and (b) corrected
states. In both (a) and (b) the energy selecting dlit widthis4 eV.
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image of the same crystal as (a). (¢) Modulus and (d) Phase of the specimen wave of the
same crystal recovered from a 20 member focal series of images. The power spectrum of
therestoration inset in (d) shows information transfer to 0.09 nm (with 0.1 nm marked with
acircle) and in (d) both cation and anion lattices are clearly resolved.

which structural information has been recov-
ered to 0.09 nm. It has also been possible to
record ADF STEM images of the same crystal
(Figure 7(b)) which do not indicate any
notable segregation of cation species. We are
currently extending these studies into further
investigations of interstitial anion and cation
distributions in these materials using both
recovered specimen exit wave functions in
combination with ADF STEM imaging.

Conclusions

A unique double aberration-corrected, energy-
filtered analyticdl HREM/STEM has now been
installed and tested at Oxford. Initial datafrom
a range of materials has confirmed that it is
capable of resolution below 0.1nm in both
HREM and STEM modes and it is now being
used in awide range of applications in materi-
als science.
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Variable Magnification of Electron Holography
for Junction Profiling of Semiconductor Devices
with Dual Lens System on JEOL JEM-2010F
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Dual lens electron holography with wide ranges of field of view and spatial resolution suitable for semiconductor
device characterization is summarized. The electron optical configuration utilizes two objective lenses. The first
objective lens forms a virtual image of the sample and the second objective lens focuses the virtual image at an
intermediate image plane beyond the electron biprism in the form of the hologram. Adjusting the magnification of
the objective lenses and the voltage applied to the biprism provides a field of view between 100 and 1,000 nm and
a fringe spacing between 0.5 and 10 nm with a fringe contrast (10%-30%) usable for electron holography. The
method allows fringe width and spacing relative to the object to be varied independently from the fringe contrast,
resulting in holograms with both high spatial resolutions and high signal-to-noise ratios.

Introduction

Recent scaling in semiconductor device
manufacturing down to sub-micrometer level
(20-100 nm gate length) requires two dimen-
sional electrical junction mapping at a high
spatia resolution (less than 1 nm). Off-axis
electron holography in a TEM has been suc-
cessfully used to produce 2-D potential maps
of semiconductor device at a spatial resolution
from which junction positions can be inferred
[1-3]. The potential maps are derived from
phase information which is extracted from the
interference pattern generated by overlapping
electrons which have passed through the semi-
conductor sample with the electrons which
have not. The overlap is accomplished by
using an electron biprism (Fig. 1). The width
of the overlap, the interference fringe spacing,
and the fringe contrast are the key holographic
parameters which determine the field of view,
spatial resolution, and sensitivity of the result-
ant potential maps.

The requirements of electron holography to
inspect the current generation of semiconduc-
tor devices are (1) an overlap width in the
range of about 100 to 1000 nm for an adequate
field of view (FOV), (2) fringe spacing
between 0.5 and 10 nm for meaningful spatial
resolution, (3) visibility of the fringe contrast
(10-30%) for useful signal to noise ratio, and
(4) adjustability of both the overlap and the
fringe spacing relative to the sample for flexi-
bility.

Under the “commonly used single lens
mode”, the JEOL JEM-2010F and JEM-3000F
FETEMs can achieve two separate FOV
ranges from 10 nm to 100 nm and 2 um to 5

12070 Route 52, Mail Stop 40E, Hopewell
Junction, NY 12533-6531, USA
E-mail :wangyy@us.ibm.com
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um, depending on whether the objective lens
or objective minilens is excited, respectively
[4, 5]. As shown in Fig. 1a, when the lens fur-
ther away from the sample (OM) is used, the
magnification of the image is small, which
results in large field of view and low spatial
resolution relative to the sample. When the
lens close to the sample is used (Fig. 1b), the
magnification of the sample is large, which
leads to smaller field of view and higher spa-
tial resolution. Unfortunately, semiconductor
junction potential mapping requires fields of
view and spatial resolutions in the gap between
these two ranges.

In this work, we summarize a method of
using the two objective lenses on a JEOL
JEM-2010F simultaneously to provide a con-
tinuously varying magnification of the sample
a the intermediate imaging plane. This dual
lens operation allows €electron holography to
be performed from low to high magnification
and provides the FOV and fringe spacing nec-
essary for two-dimensional (2D) junction map-
ping of semiconductor devices[6].

Background

In order to understand the dual lens system
in this report, we briefly describe, the basic
setup of the microscope, the principles of elec-
tron holography, and the basics of dual lens
electron optics.

Microscope setup for
electron holography

The JEOL JEM-2010F used in this work
had a standard lens configuration and was fit-
ted with a Gatan Imaging Filter (GIF). Three
condenser lenses preceded objective lens (an
ultrahigh resolution pole piece). The objective
minilens below the main objective lens was
followed by four lenses: 11, 12, 13, and P,

which completed the magnification process. A
retractable electron biprism manufactured by
JEOL was positioned between the objective
minilens and the first intermediate lens (11).
The biprism consisted of a 0.5 pum diameter
platinum wire positioned between two ground
electrodes. In the present work, 11 was turned
off and the intermediate image plane was set
below 11. The electron hologram formed at
this plane was magnified by the remaining
lenses and recorded on the GIF CCD camera
to gain the extra magnification necessary for
adequate sampling. Alternatively, the CCD
device in the camera chamber could be used to
record the holograms after adjustment to the
biprism position.

Basic principle of
electron holography

To form electron holograms, a positive volt-
age is applied to the biprism wire, while the
electrodes are grounded, which causes one
beam to split into two beams interfering with
each other. Asillustrated in Fig.1, the off-axis
electron hologram interference pattern can be
thought of as being formed from two virtual
sources, St and S, of finite size (J) positioned
above the biprism and separated by a distance
d. The fringe spacing, ai, and fringe width, W,
at the image plane were described by Litchet
as[7,8]:

) A b
Oi= m (1+ 5) (1)
and
Wi= 2oVbb—2r0 (14 D) (2)

where a is the distance between the virtual
sources and biprism position, b is the distance
between image plane and the biprism position,
A is the wavelength of the electron beam, and
Vb isthe biprism voltage, y is a constant relat-
ed to microscope setup, and rp is the radial of
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Fig. 1 Electron hologram formation using a single lens in a dua lens imaging system. The interfer-
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Fig.3 Virtua source position for the dua lens system. Thefina virtua source position is the imag-
ing position of the second foca point of the first lens through the second lens. The diagramis
only for the purpose of illustration, it does not represent the actual scae of aand b.

biprism wire [8, 9]. The fringe spacing, Oobj,
and width, Wy, relative to the object, can be
expressed asfollows:

Oobj = 0i /Mobj (©)]
and
Wobj = Wi /Mobj, 4)

where Moy is the magnification of the imaging
lens (es). The above equations show that the
magnification is a major factor which deter-
mines the fringe spacing and width relative to
the object, and hence a major factor in deter-
mining the FOV and spatia resolution of the
hologram.

Fringe contrast is another important param-

eter in electron holography and can be
written as: [6]

n= Imaclmn _ SN(B) ®)

| max+ [ min ﬁ
where

The fringe contrast, along with the electron
dose determines the minimum detectable volt-
age in the potential maps derived from electron
holograms. Based on Egs.(5) and (6), larger
biprism voltage leads to larger fringe width
and smaller fringe spacing, both preferred for
most analyses. However, fringe contrast
decreases with increased biprism voltage due
to the finite size of the electron source, asindi-
cated by Egs.(5) and (6). The control of fringe
width, spacing, and contrast by varying
biprism voltage aone limits the operational
range of a TEM set up for electron holography.
By continuously atering the magnification of
imaging lenses, (see Eqgs.(3) and (4)), the
fringe width (Wobj) and spacing (0osj) can be
changed without significantly degrading fringe
contrast, widening the operational range for
electron holography.

Optical ray diagram for the dual
lens method

For a single imaging lens system, with both
object position and image plane fixed, the only
way to vary the magnification is adjusting the
lens position with an appropriate focal length.
As mentioned earlier, if the lensis close to the
object, the magnification is large, and if the
lensis far away from the object the magnifica-
tion is small. However, with two or more lens-
es, the magnification can be changed without
changing the position of the lenses by varying
thefocal length of the lenses.

For the magnetic lenses used in most trans-
mission electron microscopes, the focal length
is related to the lens voltage according to the
following equation [10],

f= & )

where K is a constant for agiven lens, and V is
the voltage applied to the lens. Increasing the
lens voltage (increasing the strength of the
lens) decreasesitsfocal length.

Figure 2 illustrates the combined operation
of the objective lens and objective minilens
which isthe basis for thiswork. The voltage of
the objective lens (OL) is set so that the posi-
tion of the object is behind the first foca point
FioL, but before the lens thereby forming avir-
tual image of the object. The second objective
lens (OM) is used to project areal image of the
OL virtua image onto the intermediate image
plane beyond the biprism. As shown in Fig. 2,
when the focal point of OL gets closer to the
sample, the virtual image moves further away
from the sample and is megnified. In order to
refocus the virtual image onto the same image
plane, the focal length of OM is increased
(strength of OM decreases) to compensate the
movement of the virtual image position. So the
magnification of the sample at the image
plane, Mobj, can be adjusted by varying the
focal length of the first objective lens (OL) to
give a virtual image of variable size which is
refocused to the intermediate image plane by
the objective minilens (OM).

JEOL NewsVol.39 No.l 7 (2004) (7)



The virtual source of electron holography is
another important parameter which determines
the fringe spacing and fringe contrast, as indi-
cated in the above equations. In a single lens
operation with paralel beam illumination, the
virtual source position is at the back focal
plane of the lens. However, under dual lens
operation, the virtual source position depends
on the lens condition used. As shown in Fig. 3,
“a" is determined by the projection action of
the objective minilens. Since “a” is variable in
the dua lens mode, the fringe spacing, ai, will
depend not only on the biprism voltage, Vb, but
aso on the OL and OM excitations, even with
the fixed imaging plane (fixed “b").

Experimental Results and
Discussions

Figures 4 and 5 summarize experimental
results for fringe width, fringe spacing, and
fringe contrast. In Fig. 4, the fringe spacing,
width, and contrast are plotted against biprism
voltage with different OL vaues. The expected
trends of decreasing fringe spacing and
increasing fringe width with increasing
biprism voltage are observed. Also, as expect-
ed, a decreasing fringe spacing for increasing
OL excitation is shown in Fig. 4b. The graphi-
cal results show that the range of values for
field of view and fringe spacing necessary for
semiconductor characterization are achieved.
Moreover, athough the fringe contrast is
strongly dependent on the biprism voltage, it is
only weakly dependent on the OL excitation.
In al, the data shows that the dua lens mode
leads to a large operational space for electron
holography without sacrificing fringe contrast,
which determines the signal to noise ratio in
the amplitude and phase (potential) maps
derived from the electron holograms.

In Fig. 5, the fringe spacing and width rela-
tive to the object are plotted against OL excita-
tion at a constant biprism voltage (20 V). The
fringe spacing and width decrease as OL exci-
tation increases, but at different rates. In addi-
tion, fringe spacing levels off with OL above
3.0 V. The difference in these trends can be
understood in light of Eq.(1) through Eq.(4)
above. The fringe width in the object plane is
inversely dependent on the magnification of
the imaging lenses, when the biprism voltage
is fixed and the imaging plane, “b", is fixed.
S0 increasing Mapj (increasing OL excitation)
causes a continuous decrease in Wop;.
However, the fringe spacing, donj, depends not
only on Mopj, but also on the virtual source
position, “a”. When OL is below 3.0 V, the
fringe spacing decreases faster than the fringe
width does. This is due to the fact that f2oL
quickly approaches the position of fiom as OL
isincreased from 1.0 V to 3.0 V (see Fig. 3).
This, in turn, causes the virtual source to move
away from the biprism, which leads to a larger
“a’. Thislarger “a” coupled with alarger Mon;
is responsible for the sharp drop in gonj. When
OL is above 3.0V, the refocusing of the image
by OM causes f2oL and fiom to diverge and
leads to a smaller “a”. The fringe spacing
decreasing rate slows down due to the compet-
ing effects of an increasing Monj and a smaller
“a’ (Eq.(1)). _

As mentioned above, dual lens operation
results in a wide range of fringe spacing and
fringe width at a fixed intermediate image
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plane. However, if warranted, the image plane
can aso be changed with dual lens operation
by varying I1 or 12 in combination of OM. The
adjustment of the image plane leads to the
variation in “b”, which provides additional
parameters for further widening the FOV and
spatial resolution range while keeping the
fringe contrast at a usable range. Another way
to vary “b” is to physically move the biprism
position. For instance, lowering the biprism
position leads to asmaller “b” and alarger “a”
for asimilar lens configuration.

Example

To demonstrate the flexibility of the dual
lens method, we obtained electron holograms
of pFET devices with poly silicon gate lengths

of 220 nm and 70 nm on bulk Si and on silicon
on insulator (SOI) substrates, respectively.
Samples were prepared by mechanically pol-
ishing to an initia thickness of ~400 nm and
using ion milling to reduce the thickness to a
final value of ~200-300 nm. Samples were
coated on one side with ~20 nm of carbon to
reduce the effects of charging. Two holograms
were obtained during the operation using the
biprism voltage of 20 V: one is the hologram
with the sample and the other is the hologram
without sample, known as a reference holo-
gram. Phase and amplitude maps were
obtained from these two holograms through
Fast Fourier Transformation and inverse Fast
Fourier Transformation (FFT). Potential can
be extracted from the phase map. Potential
maps were reconstructed using the ASU plug-
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insto Gatan Digital Micrograph [2].

Contour potential maps for the two devices
are shown in Fig. 6. Both devices exhibit sym-
metric doping profiles and the expected 1.0 V
potential drop across the junctions. The inten-

sity of the maps near the sides of

the gates

(side wall spacers and CoSi2) changes sign
abruptly due to phase wrapping. As summa-
rized in Table 1, both gonj and Wonj can be
scaled by simply varying OL excitation with-
out losing fringe contrast. This allows the char-
acterization of different size devices with the

same signal sensitivity.

In high performance CMOS logic devices,
low dose ion implants are placed between the
channel and the low resistance (high dose)
source/drain regions. In Fig.6b, the upper
curved portion of the P-N junction on either

side of the device channel represents the result
of such alow dose implant, which is clearly
visible due to the high spatia resolution in the
hologram from which the potential map was
reconstructed.

Another example is the junction mapping
on narrow Si diffusion region (shown in Fig.
7a), which is usualy perpendicular to the gate.
In typical device layouts, this is usually the
contact region or the region which makes con-
nection between one device and another.
Sometimes, a high leakage current is observed
from the contact region to the substrate in this
narrow Si diffusion region. In order to under-
stand the leakage path, a junction map was
acquired by electron holography (Fig. 7b). A
P-N junction is clearly shown in the potential
map. Near the edge of the Si diffusion region,

10 20 30 40 5 60 70

Y Data

10 20 30 40 50 60 70 80 90 100 110120130140 150 160 170 180
X Data

Fig.6 6aand 6b are potential maps of pFET devices made with the dua lens method with different spatia

resolution.

Tablel Experimenta conditions of two potential maps shown in Fig. 6b and 6a.

220 nm Gate (Fig. 6a) 70 nm Gate (Fig. 6b)
OL voltage (V) 20 815
Fringe Spacing, dobj (Nm) 25 14
Fringe Width, Wopj (nm) 800 575
Mo 5.7 14.8
Contrast (reference hologram) 10% 11%
(a) (b)

TEM bright field image

SiO2

Potential map

Fig. 7 P-diffusion to N-well profile for narrow Si. At the edge of Si near SO, wall, the junction is dightly

tilted towards CoSi.

the junction is slightly curved upwards
towards CoSi2. The dight displacement of the
junction near the edge of insulator could be
due to either the implant shadowing or B loss
at the S to SOz interface. Without high spatia
resolution, it would be difficult to detect this
small shift of the junction near the edge of Si
diffusion region.

Conclusion

Dual lens electron holography with wide
range of field of view and spatia resolution for
semiconductor junction characterization is
reported in this paper. The method has the
advantage of allowing the fringe width and
fringe spacing in electron holograms to be
changed independently from the fringe con-
trast. This results in better spatial resolution
and voltage sensitivity for the characterization
of semiconductor devices using 2-D potential
mapping. To demonstrate the utility of the
method, three potential maps with different
spatia resolution were reported in this paper.
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The Electron Backscatter Diffraction Technique

— A Powerful Tool to Study Microstructures by SEM

Stefan Zaefferer

Max-Planck-Institute for Iron Research

In the last 10 years the electron backscatter diffraction (EBSD) technique has developed into a powerful tool for
the crystallographic analysis of materials in the scanning electron microscope. In particular the emergence of com-
puter algorithms for the fully automated analysis of diffraction patterns has pushed the technique to develop into a
new kind of scanning microscopy technique, known as “orientation imaging microscopy, OIM*” or “automatic
crystal orientation mapping, ACOM”. The ACOM technique is based on the consecutive acquisition of electron dif-
fraction patterns obtained from every point of a scan grid on a flat surface of a steeply inclined sample in the SEM.
The automatic analysis of these EBSD patterns yields for every scan point the crystallographic orientation and
phase and a value indicating the quality of the diffraction pattern. From these data the microstructure of the
scanned area can be reconstructed. The resulting crystal orientation maps give a vast amount of information on the
sample, including kind and distribution of different phases, size, form and defect condition of grains, kind and posi-
tion of grain boundaries, local crystal orientation and misorientation distribution (texture) and others more.
Furthermore, EBSD can be used to investigate the structure of crystals, i.e. lattice symmetry and lattice parameters
and may therefore take over a large amount of crystallographic work that was performed before by TEM. The
EBSD technique usually requires less complicated sample preparation and allows the observation of much larger
areas, yet with a quite high spatial resolution. Although the EBSD technique can be applied with good success on a
standard tungsten filament SEM it profits enormously - in terms of spatial resolution and orientation accuracy - from
using a thermal field emission gun instrument with a high beam current. The present text briefly describes some of
the physical fundamentals and the practical set-up of the technique before it presents a couple of application exam-
ples that illustrate some of its possibilities. All examples stem from problems of physical metallurgy — the author's
field of expertise — although the technique is also intensively applied to the study of non-metallic, crystalline materi-
als like semiconductors, ceramics and minerals.

Introduction

Electron backscatter diffraction patterns
which are obtained from bulk samples have
lots of similarities with Kikuchi diffraction
patterns obtained from thin foils in the trans-
mission electron microscope. Figure la dis-
plays a typical pattern: It consists of bright
bands (the so called Kikuchi bands), on arela-
tively strong background. Each of the bands
corresponds to a set of lattice planes in the
crystal and from the angles between the bands
and from their width the Miller indices of
these lattice planes can be determined. Finaly,
from indexed bands the crystal orientation and
phase can be cal cul ated.

EBSD patterns were first observed in the
scanning electron microscope by Venables and
Harland in 1973 [1]. However, the technique
did not receive much attention until Dingley
[2] developed a computer program for manual
indexing of diffraction patterns and replaced
the photographic film that was used for pattern
registration by a set-up of a phosphor screen
and a TV camera. In 1992 Krieger-Lassen [3,
4] introduced a special software agorithm, the
so-called Hough transform, for the automatic
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detection of the Kikuchi bands in EBSD pat-
terns. Together with an automatic indexing
agorithm he created a computer program for
the fully automated determination of crystal
orientations from EBSD patterns. This devel-
opment enabled Adams et al. in 1993 to devel-
op a new way of scanning microscopy, the
"orientation imaging microscopy (OIM)" [5].
The publication of this work marks the bresk-
through of the technique. The emergence of
several commercial and non-commercial sys-
tems and an increasing number of users stimu-
lated a strong development of both, software
and hardware. Severa recent texts give a good
overview on the current state of the art, e.g. [6,
7]. The most complete is the collection of arti-
cles in the book of Schwartz et al. [8].
Overviews on still more recent developments
are given by Humphreys [9] and Dingley [10].
It should be mentioned that EBSD — particul ar-
ly in combination with energy dispersive x-ray
spectroscopy (EDX) — also becomes a more
and more used tool for crystallographic phase
determination [11-13].

Physical and Technical
Background
In the classical image EBSD patterns are creat-

ed — as Kikuchi patternsin the TEM —in atwo
step process. In the first step the electrons

entering into the crystal are quasi-elastically
but incoherently scattered. This process can be
regarded as the formation of an electron source
inside of the crystal — electrons travelling in al
directions, emerging from a small area in the
crystal. These electrons may now be diffracted
at the crystal lattice according to the Bragg
equation. It can be easily shown that the loci of
diffracted electrons emerging from a point
source inside of the crystal are pairs of cones,
centred about the lattice plane normal vectors
with an opening angle of 180° - 26 and an
angle of 20 between them, as it is shown in
Fig. 2a. Since the Bragg angle 6 is rather small
(in the order of 1° for 15 kV accelerating volt-
age) the cones are very large and each pair of
cones thus intersects an observation screen,
positioned somewhere tangentia to the propa-
gation sphere of the scattered electrons, in
amost straight and parallel pairs of lines, the
so-called Kikuchi lines. The distance between
the two lines is approximately proportional to
tan(6) while the position of their centre line
can be understood as the gnomonic projection
of the diffracting lattice plane onto the obser-
vation plane. The simple geometrical image of
EBSD presented here does, of course, not
account for any details in the pattern. These
are treated, for example, in the paper by
Wilkinson and Hirsch [14].

In order to observe the diffraction pattern
one must allow the diffracted electrons to



escape from the crystal. To this end the sample
is strongly tilted, usually to about 60° or 70°.
The observation screen, a retractable transpar-
ent phosphor screen, is positioned close to the
tilted sample (usually between 20 and 40 mm
away from the beam-sample intersection) as
indicated in Fig. 2b. The phosphor screen is
observed by a highly light-sensitive camera
which transmits the acquired image to a com-
puter for further processing. The same comput-
er aso controls the beam positioning and - in
some cases - the beam focussing necessary for
automatic crystal orientation mapping
(ACOM). For ACOM the electron beam is
moved stepwise over the sample and a every
position a pattern is acquired and analysed. A
typical result obtained by ACOM is presented
in Fig. 3. The figure shows the microstructure
of a partially recrystallised IF steel ([15]) as
observed by electron channeling contrast and
by ACOM. In the crystal orientation map simi-
lar colours stand for similar crystallographic
directions pointing towards the sample normal.
Grains with uniform orientations (i.e. recrys-
tallised grains) appear in uniform colour while
grains with interna orientation gradients show
changing colours. In this way grain form and
size, recrystallised and unrecrystallised aress,
type of grain boundaries and the local texture
(here displayed in form of pole figures separat-
ed for deformed and recrystallised areas) can
be easily recognised and quantified. It should
be mentioned that ACOM is — compared to
other scanning techniques in the SEM — a
rather dow technique. Although the map dis-
played in Fig. 3 has been acquired with about
30 measurements per second the complete map
still requires several hours of measurement.

Experimental Requirements
for EBSD

The quality of an EBSD measurement and
the capabilities of an EBSD system are meas-
ured by means of a couple of parameters.
These are the signal-to-noise ratio (SNR)
observed in the pattern, the pixel resolution of
the pattern, the spatial resolution and the
acquisition and processing speed of the sys-
tem. These parameters are controlled by a
number of factors, including, under others, the
sample (sample preparation, material,
microstructure), the microscope (emitter type,

a) b)

Fig. 1 Patterns of different quality obtained from an as-cast niobium sample. @) High resolu-
tion EBSD pattern (915 X 915 pixel). Exposure time 7 s, with background subtraction.
b) Raw EBSD pattern for high speed mapping. Resolution 112 X 112 pixel, exposure
time 15 ms, before background subtraction.
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visible in the diffraction pattern in b).
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Fig. 3 Example of ACOM on a microstructure of a partially recrystallised IF steel. a) Electron
channeling contrast image obtained with the backscattered electron (BSE) detector
from the untilted sample. b) Diffraction pattern quality map of the observed area. c)
Crystal direction map indicating the crystal directions pointing paralel to the sample
normal direction (ND). Grain boundaries with misorientation larger than 15° are
marked as black lines. d) (111) pole figures of the deformed and recrystallised partition
of the sample, showing that recrystallisation strongly supports crystal orientations with
(1212) || ND (centre of pole figure). (Courtesy of I. Thomas).
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accelerating voltage, beam size and current,
mechanical and electronic stability), the EBSD
camera (light sensitivity, pixel resolution,
read-out time) and the EBSD software (pro-
cessing speed, robustness). In the following
some of these factors are briefly discussed. A
detailed treatment can be found in the work of
Humphreys[9].

Sample conditions

In order to avoid shadowing the sample sur-
face should be relatively flat. Since EBSD isa
very surface sensitive technique (the signal
stems, depending on the material, from a layer
of less than ten to tens of nanometre thick-
ness), it is, however, more important that the
surfaceis free of any deformation layer created
by mechanical polishing. Best polishing results
are obtained by chemical or electrochemical
procedures. However, hard materias can often
also be prepared by afina polish with 50 nm-
colloidal SIC. Difficulties amost aways arise
when multi-phase samples are to be prepared.
In these cases often different polishing quality
is obtained on different phases and surface
reliefs may develop that disturb the acquisition
of patterns. No universal preparation method
can be given for these cases. Another impor-
tant precondition for the sample is good elec-
trical conductivity since arelatively high beam
current is required to obtain clear patterns. On
metals usualy no problem arises aslong as the
sample is well contacted to the sample stage.
Nevertheless, resin-mounted samples, even if
they are well conductive, often lead to sample
drift during longer measurements due to their
reduced thermal conductivity. Non-conductive
meaterials have to be coated with a thin layer of
carbon (up to few tens of nanometres) or an
even thinner layer (< 5 nm) of amorphous
metal. The quality of an EBSD pattern (i.e. the
SNR and the sharpness of the Kikuchi lines)
also depend on the material observed.
Generdly, the quality increases with increas-
ing atomic weight and increasing bonding
forces of the material. Thus, usually, heavy
metals show better patterns than light ones and
covalently bonded materials show better pat-
terns than those with metal bonding. Findly it
must be mentioned that lattice defects (e.g. dis-
locations) disturb the formation of clear pat-
terns. The higher the lattice defect density of
the sample is, the worse the pattern quality is.
This relationship, on the other hand, can be
used to map the density of lattice defectsin the
sample.

Microscope

In principle, EBSD patterns can be obtained
with every SEM. However, the quality of the
obtained patterns and the achievable spatial
resolution strongly depends on the microscope
characteristics. Microscopes with tungsten fila-
ment deliver enough beam current but the
beam spread is rather large. On the other hand,
instruments with cold field emitter alow for a
small beam size but the relatively small beam
current as well as the reduced long-term stabil-
ity are not optimum for EBSD. The best over-
all EBSD performance is obtained from a
microscope with thermal field emission gun
and high beam current, as it is the case, for
example, with the JEOL JSM-6500F which
offers a particularly high beam current at small
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beam diameter due to its in-lens emitter. The
high beam current allows reaching either a
very high measurement speed at still accept-
able noise level in the pattern (currently about
60 patterns per second can be acquired and
analysed by the authors equipment) or the
acquisition of very brilliant, detailed diffrac-
tion patterns at low speed (2 or more seconds
of exposure time). Pattern examples for both
conditions are displayed in Fig. 1. The small
beam diameter is important to reach a high
spatial resolution. Furthermore, the spatial res-
olution depends on the penetration depth of the
beam into the material and is therefore influ-
enced by the accelerating voltage and the
investigated material. Humphreys [9] and
Dingley [10] have made very detailed investi-
gations on these parameters. Here we just
mention that the spatial resolution in principle
becomes better with decreasing accelerating
voltage, however, currently an optimum is
reached at about 15 kV. Lower voltages cur-
rently still cause problems with the sensitivity
of the phosphor screen and the pattern analysis
software. On iron the current author has deter-
mined a spatia resolution of approximately 30
nm at 15 kV using the JSM-6500F. On au-
minum the resolution is significantly worse
(values of 100 nm have been mentioned), on
platinum values below 10 nm have been meas-
ured. A final point concerning the microscope
is its mechanical and electronic stability.
EBSD measurements require rather long meas-
urement times (up to 12 hours for very large
maps) with the stage at a highly tilted position.
During this measurement time the beam cur-
rent has to be stable and the beam position
must be perfectly controlled. Furthermore, for
high resolution measurements with step sizes
of few tens of nanometres the stage drift must
not exceed about 1 nm/min.

Camera

The EBSD camera is nowadays in most
cases a digital, highly light-sensitive CCD
camera. Often they are Peltier-cooled to reduce
noise. Most cameras can be used in several
binning modes, thus enhancing sensitivity and
read out speed on cost of pixel resolution by
comprising a certain number of pixels. In this
way the camera may allow acquisition of high-
ly resolved images (= 1000 x 1000 pixel) at
slow acquisition speed or of low resolution
images (= 100 x 100 pixel) with very high
speed. Currently, some camera types are able
to record and transmit more than 100 |ow-reso-
Iution images per second.

At the present dtate, it is certainly improve-
ments of the camera which will alow the most
significant improvements in terms of spatial
resolution and SNR of an EBSD system.
Phosphors with higher sensitivity for lower
energy electrons, higher sensitivity of the chip,
higher density of pixels and a flexible camera
positioning in the chamber may be possible
developments.

Software

A couple of commercia software packages
are available, which partly rely on quite differ-
ent software algorithms. Two parts in the
measurement software are most essential for a
reliable and robust measurement. The first is
the line detection algorithm which uses the

already mentioned Hough transform. Several
variations have been developed since the origi-
nal work of Krieger-Lassen (e.g. [16]). Most
of these are used for specia cases, for exam-
ple, for the precise detection of band width for
the distinction of different phases or for index-
ing of complex crystal structures. A good con-
trol on the parameter of the Hough transform
is an important feature. The second part is the
indexing algorithm. The most important fea-
ture here is how the algorithm deals with false
or imprecisely detected bands. Furthermore it
is important how the algorithm deals with
ambiguities (i.e. several possible orientation
solutions). Values used to decide for the right
solution are the number of votes that a certain
solution receives for indexing of different band
combinations or the angular deviations
between recalculated and detected bands. It
should be mentioned that a good indexing
algorithm is able to enhance the physical spa-
tial resolution of EBSD insofar as it allows to
separate, with high confidence, the solutions
stemming from the overlapping patterns of two
neighbouring crystals.

Application Examples

The following chapter illustrates some of
the capabilities of the EBSD and ACOM tech-
nique by means of two examples from physi-
cal metallurgy. The first, dealing with the
problem of Goss texture formation in silicon
steels mainly illustrates the possibilities to
measure very large crystal orientation maps
and gives an example how these data can be
processed in order to extract important infor-
mation from them. The second is an example
on the combined application of ACOM and
EDX elemental mapping to the investigation
of the microstructure, phases and phase orien-
tation relationship in an oxidation protection
coating on a nickel-based superalloy. All
measurements have been performed on a
JEOL JSM-6500F SEM equipped with a
DigiView digital EBSD camera (TSL/EDAX)
and the OIM 3 (TSL/EDAX) software pack-

age.

The Goss texture formation
in Si-steels

Silicon steel with 3 % Si is a soft magnetic
material with low electrical conductivity that is
mainly used in form of stacked laminations of
sheets for electrical transformer cores. The
easiest magnetisable crystal direction is the
<100> direction and, in order to reduce mag-
netisation energy losses, one would like to
have this direction parallel to the magnetic flux
in the transformer core, as shown in Fig. 4.
The required cube texture, { 100} <001>2, how-
ever, is technologicaly difficult to achieve.
The best compromise between optimum tex-
ture and technological feasibility is the Goss
texture, {110} <001>, which develops during
secondary recrystallisation after a process con-
sisting of warm rolling, cold rolling and pri-
mary recrystallisation [17]. The abnormal
growth of Goss-oriented crystal's, independent-
ly at different positions in the fine grained,
wesakly textured, primary recrystallised matrix
is still one of the most surprising phenomena
in physical metallurgy and has been subject of
much debate in the last 60 years [18, 19].
Figure 5 shows a growing Goss-oriented grain



in the recrystallised matrix. While the matrix
grains have grain sizes in the order of 30 um,
the final Goss grains have sizes of several mil-
limetre. It can be easily shown, that only 1 out
of 1.000.000 matrix grains develops into a
final Goss grain. In order to find these grains
and, eventually, understand their particular
properties a large number of grains has to be
investigated and only the latest EBSD systems
are able to perform the required amount of
measurements. Figure 6a shows an EBSD
map consisting of about 1.3 Mio. measurement
points and about 60.000 grains. Many of these
maps have been measured (each of which
takes about 12 hours) in order to enhance the
chance to find a vita Goss grain. What can be
done with these mountains of data? One possi-
bility is, to check whether Goss grains have
any origina size advantage. To this end the
data are andlysed by classifying the measured
grains according to their grain size and to their
angular deviation to the Goss orientation. This
classification is displayed in Fig. 6b. The fig-
ure clearly shows, that there is no tendency of
large grains to be close to the Goss orientation.
Rather, large grains seem to have the same ori-
entation distribution than the other grains. This
conclusion, however, could be shown not to be
correct: large grains have a certain preferred
orientation, characterised by their <100> direc-
tion being parallel to the rolling direction of
the material. Disregarding this result a size
advantage of Goss grains could not be proofed
[20] and we currently follow a different
hypothesis for Goss grain growth.

The microstructure of
superalloy oxidation protection
coatings

Nickel-based superdloys are used as mate-
rial for turbine blades in jet-engines. The mate-
rial shows a microstructure that consists of a
high volume fraction of cuboidal, coherent
precipitations with L1, crystal structure (basic
composition NizAl) in a matrix with fcc struc-
ture. In order to obtain a high creep resistance
2nd generation superalloys are alloyed with
important amounts of refractory elements like
W, Ta, Mo and Re [21, 22] and turbine blades
are often solidified as single crystals. The
materials service temperature and life-time can
be improved if an oxidation protection coating
is applied to the surface for example by in-dif-
fusion of aluminum in a process called pack-
cementation [23]. The increased aluminum
content close to the surface leads to a transfor-
mation of the L1, NizAl phase into the more
heat and oxidation resistant B2 NiAl phase.
Unfortunately, the single crysta structure of
the base material is not conserved in the coat-
ing. Instead, the coating shows a quite com-
plex polycrystalline structure consisting of
several layers with different composition, mor-
phology and crystallographic texture [24, 25].
Furthermore, the increased Al content leads to
precipitation of the refractory elements. The
mechanical and thermal stability and quality of
adhesion of the formed layer are strongly
dependent on the details of the microstructure
and texture and this can be perfectly investi-
gated by EBSD, combined with EDX for the
determination of elemental composition. Both
techniques can be applied simultaneously but
the EDX results from tilted samples usually
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Fig. 4 Schematic drawing of the core of an electrical transformer, indicating the cube orienta-
tion {100} <001> and the Goss orientation { 110} <001> as possible preferred crystal ori-
entations. In case of the cube orientation the easiest magnetisable crystal direction,
<100>, is everywhere parallel to the magnetic flux. In case of the Goss orientation only
one half of the coreis optimally oriented, the other oneis parallel to <110>.

Fig. 5 Channeling contrast image of a growing Goss grain in a primary
recrystallised matrix.

Fig. 6 Results of ACOM on a primary recrystallised sheet of silicon steel. a) Large crystal ori-
entation map, covering an area of approximately 2000 X 2000 pm? measured with a
step size of 2 pm. About 60.000 grains are included. Blue marks y-fibre grains (<111> ||
ND) green marks a-fibre grains (<110> || RD) and red marks Goss grains ((110)<001>).
For all components a 15° spread is alowed. b) Chart representing the number of grains
over their grain size and angular deviation to the Goss orientation. Horizontal and verti-
cal linesindicate the limits for Goss grains and large grains, respectively.
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cannot be quantified. Therefore, in the present
case they have been carried out separately,
whereby EDX spectral mapping was per-
formed on the untilted sample. Figure 7a
shows a backscattered electron image of the
microstructure across the complete diffusion
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zone. Mainly atomic-number contrast reveals
the position of the high-density precipitations.
The ACOM map in Fig. 7b, in contrast,
reveals the details of microstructure, including
the phase and morphology of the grains.
Detailed investigations [26, 27] revedl, that the
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whole diffusion zone is composed of 5 differ-
ent layers, marked in Fig. 7b. The interface
between L1, and B2 is situated in layer P1. It
can be easily shown that the crystals of both
phases are in Bain orientation relationship?
with each other. From this relationship a

Fig. 7 Microstructure of the interface between a Ni-based superalloy single crystal (top) and an Al-rich coating formed by pack-cementation
(bottom). @) BSE image showing mainly compositional contrast. The ACOM of the area marked in @) are shown in b) and c). b) isthe
phase distribution (showing fcc=NizAl, bcc=NiAl,). c) is the crystal direction distribution. As reference direction serves the (001)

direction of the matrix single crystal.

Fig. 8 Phase identification by EDX and EBSD for a precipitate in the diffusion zone of the material displayed in Fig. 7. @ BSE image of the
interface. The circle marks the investigated particle. b) EDX spectrum obtained by spectral mapping. ¢) EBSD pattern. d) EBSD pat-
tern overlaid with the indexing for hexagonal NiAlITa.
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model for interface misfit stresses was devel-
oped, showing that mainly compression stress-
esarise. Layers P2 and P3 are characterized by
elongated grains but different textures. Layer
Cfinally isthe actual protection layer.

The mechanical stability of the precipitation
zone is strongly influenced by the strength of
the precipitations. It is therefore of interest to
determine their crystallographic phases. Due to
the complex structure of most of these phases
an automatic determination is not possible.
Rather, some characteristic particles are deter-
mined manually but supported by the comput-
er program Delphi (TSL/EDAX). First, the
composition of the precipitation is determined
from the quantitative EDX maps. The spec-
trum obtained from the marked positionin Fig.
8a is shown in Fig. 8b. The spectrum reveals
that the particle mainly contains Ni, Al and Ta.
With this information an x-ray powder diffrac-
tion data base is searched for possible phases.
A set of about 30 phases is determined. Next,
the crystallographic information found in this
data base is extracted and used to index an
EBSD pattern obtained from the same position
on the sample (Fig. 8c). Usudly, theintensities
stored for x-ray data do not fit with the elec-
tron intensities. Therefore the recognition of
the correct indexing requires careful inspection
of the pattern and the calculated solutions.
Finaly, the intensities can be adapted and the
correct solution accepted. In the case presented
here the hexagonal phase NiAlTa (powder dif-
fraction file number 180045) was unequivocal-
ly determined. The fit between the caculated
and measured pattern is shown in Fig. 8d.

Conclusions

In recent years EBSD has become an
extremely powerful technique for the study of
microstructure of crystalline materials. The
currently optimum EBSD system consists of
an SEM with a thermal field emission gun
with a high and stable beam current and a flex-
ible, highly sensitive digital CCD camera for
pattern acquisition. An optimum system cur-
rently achieves spatial resolutions for crystal
orientation and phase determination in the
order of - depending on the material — 10 to
100 nm. The pattern acquisition and analysis
rate may exceed 100 per second. Alternatively
to a high acquisition rate very brilliant diffrac-
tion patterns, close to those obtained in TEM,
may be obtained with few seconds of exposure
time. Nevertheless, even with the highest
acquisition speed the crystal orientation map-
ping (ACOM) technique for the measurement
of orientation and phase maps stays a rather
slow form of microscopy. Acquisition times
up to 12 hours require a high stability of the
microscope. However, the amount of quantita-
tive data obtained by the mapping technique
are unexceeded by other microscopic tech-
niques. A couple of examples have demon-
strated the possibilities: microstructures can be
quantitatively characterised, for example, in
terms of phase distribution, grain morphology,
defect density, grain boundary character and
microscopic and mesoscopic crystal orienta-
tion and misorientation distributions.
Furthermore, the EBSD technique, particularly
in combination with EDX, is more and more
used for the crystallographic characterisation
of crystals down to asize of 100 nm.

Future improvements of the technique in terms

of spatial resolution, acquisition rate and pat-
tern quality are mainly expected from optimi-
sation of the detector system, i.e. phosphor
screen and camera.
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Notes

1. Theterm “OIM” of the crystal is nowadays
used as registered trade mark of
TSL/EDAX.

2. These values indicate the Miller indices of
the crystal plane parallel to the normal
direction, ND, and the indices of the crystal
direction parallel to the rolling direction,
RD, of the sheet, respectively.

3. (110)g2 | (111)( 12 and [001]g || [1-10] L 12-
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A ciliate was found in a dead larva of the mosquito, Aedes (stegomyia) albopictus that was collected at a bamboo
grove in the suburb of Saga City, Kyushu, in September 1999. Morphological and ecological characters of this ciliate
were very similar to those of the ciliate, Lambornella stegomyiae belonging to the family Tetrahymenidae [4]. It was
found that the ciliate grew very well in lettuce infusion including a small piece of meat.

The purpose of this work is to clarify the life history of this ciliate and its systematic relationship with the ciliates of
genus Lambornella. As the first step of this work, we examined the morphological features in the growth and
encystment of this ciliate. These experiments indicated that the present ciliate belongs to the genus Tetraymena.
Moreover, it was also found that large numbers of cysts were formed in the stationary phase of growth. In the cyst
formation, the oral apparatus broke down and absorbed to cytoplasm, and the cells transformed to round and to be
covered by cyst wall, while the basal bodies of somatic cilia were retained on the cell surface. Observation of this
process using a scanning electron microscope (SEM) revealed that the cilia of a given cell surface area were drawn
into cytoplasm, and then such a bare cell surface was begun to be gradually covered with the cyst wall.

Introduction

In September 1999, a ciliate was found in
the abdominal cavity of a dead larva of the
mosquito, Aedes (stegomyia) albopictus col-
lected at a bamboo grove in the suburb of Saga
City, Kyushu, Japan. When the ciliate was iso-
lated to a container with lettuce infusion con-
taining a piece of meat, the ciliate grew very
well. Now, two stokes of this ciliate are main-
tained in our laboratory. This ciliate is very
similar to Lambornella stegomyiae belonging
to the family Tetrahymenidae, because of the
morphological and ecological features that they
livein the abdominal cavity of dead mosquito’s
larva[4]. Culicidian mosquitoes, such as Culex
sp. and Aedes sp., are known as a vector of
dengue fever and other virus type fevers in
South Africa and South Eastern Asia[1, 3, 13,
18]. It has been reported that the ciliate L. ste-
gomyiae attacked the living larva of such mos-
quitoes, invaded hosts' abdominal cavities,
multiplied, and then finaly killed the hosts [1,
3,5, 6, 8,9, 13, 14, 15]. Although the present
ciliate lived in the abdomina cavity of a dead
mosquito’s larva, our preliminary experiments
showed that they did not attack the living mos-
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quito’s larva nor invade their abdominal cavi-
ties. However, it was verified that if a dead
larva of mosguito was given to this ciliate, the
ciliate would invade into mosquito’ s abdominal
cavity and would proliferate there (Sunahara,
unpublished data). It, therefore, would be inter-
esting to clarify the life history of this ciliate
and the systematic relationship between this
species and the ciliates of genus Lambornella.
As the first step of the investigation, we exam-
ined characters of growth and morphological
features during cyst formation in this ciliate.

Materials and Methods
Cells

Stock A5, which was established in our lab-
oratory, was mainly used in this work. Stock
cultures of A5 were maintained at 23 + 1°Cin
lettuce infusion (0.5 g dried lettuce pow-
der/1000 mL DW, boiled for 5 minutes) includ-
ing a piece of raw beef or chicken meat (1.2
9/1000 mL). Two days before the beginning of
an experiment, cells of the stock culture were
transferred to a newly prepared culture medium
and were maintained at 23 + 1°C.

Growth

To examine the growth of the ciliate, the
exponentially growing cells (10 cellgmL asini-
tial cell density) were transferred to a 200 mL
Erlenmeyer flask with 50 mL culture medium,
and then they were maintained at 23+1°C. For
estimation of cell densities in the culture,

known volume of aliquots of cell suspension
were put on a cell counting plate after enough
agitation of the culture for obtaining even dis-
tribution of cells. Subsequently, they were
fixed with a few drops of Bouin's fluid (satu-
rated piclic acid : formalin : acetic acid =
15:5:1 mixture), and then they were counted by
using a counter under the dissecting micro-
scope.

Deciliation

Deciliation of cellswas performed following
Ogura’'s ethanol method [10]. The cells were
transferred to a test tube containing Ogura's
adapting solution (1 mM CaCl,, 0.5 mM KCl,
0.5 mM KOH, 1 mM HEPES, pH 7.4 with
HCI) for 15 to 30 minutes. Subsequently, these
cells were transferred to another test tube con-
taining Ogura's adapting solution with 5% of
ethanol, and then the test tube was given strong
shakes for one to two minutes to remove the
cilia These deciliated cells were resuspended
in distilled water.

Induction of encystment

The stationary phase of culture was filtrated
with Kimwipe to remove large debris in the
culture, and then the cells were collected by
centrifugation (1200 rpm, 5 minutes). Such
concentrated cell suspension was diluted 10 to
20 times with culture medium or CFF (cell-free
fluid). These cell suspensions were transferred
to depression slides with 100 L each, and
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Fig. 1 Growth curve of the ciliate Tetrahymena
sp. cultured at 23°C in alettuce infusion
containing a piece of raw beef.

Fig. 2 Corticd structures of vegetative (ato f) and
encystment cells (g toi). Bar = 10 wm. All
micrographs are the same magnification.
aand b: Non-dividing cell.

c: Anterior pole region of a non-dividing
cell.

d: Posterior pole region of a non-dividing
cell. Allow indicates a basal body of the
caudal cilium.

e Posterior region of anon-dividing cell.
Allows indicate contractile vacuole pores.

f: Dividing cell.

0: Breaking down of the oral apparatus at
early stage of encystment.

h and i: Spherica encysting cell. The oral
apparatus is already disappeared, while
basal bodies of somatic ciliaare retained.

maintained at 23 + 1°C. Theresfter, the rate of
cyst formation was examined at regular inter-
vals.

Preparation of CFF

CFF (cell-free fluid) was prepared by fol-
lowing procedure. The stationary phase of cul-
ture was filtrated with No. 2 filter paper
(Advantec) to remove large debris in the cul-
ture. Then, the filtrated cell suspension was
centrifuged for removing the most of cells
(1500 rpm, 10 minutes). This rough cell-free
fluid was transferred to an aspiratory filtration
equipment (Nalgen, 500 mL) with DP70 filter
paper (Advantec, 45 mm in diameter) and was
filtered by an aspirator (WP-15, Yamato). The
filtered fluid was filtered again using the same

equipment with CMF filter paper (Advantec,
pore size 10 um, 45 mm in diameter), and then
the filtrated fluid was finally filtered using a
millipore filter (Advantec, pore size 0.45 um,
45 mm in diameter).

Silver impregnation

To know the morphologica features of the
ciliate, the cells were impregnated by the Chat-
ton-Lwoff wet silver nitrate method after the
modification of Gillies and Hanson [7].

Specimen preparation for SEM

The cell suspension was filtrated with
Kimwipe to remove large debris in the culture,
and then the cells were collected by centrifuga-
tion (1200 rpm, 5 minutes). These cells were

washed twice with distilled water. These cells
were fixed with Parducz’s fixative (2% OsO, :
saturated HgCl, =6:1 mixture) for about one
minutes at room temperature, and washed
twice with double de-ionized water (DDW).
Then SEMpore (made by JEOL), equipped
with silicone ring on the holder, was installed
on a SEMpore holder (made by JEOL) joining
a50mL disposable syringe, and after its surface
was washed with DDW it was coated with
0.1% poly-lysine hydrobromide solution ( MW
70000 - 150000, Sigma). Then fixed and
washed ciliates were transferred gently to a
drop of DDW (approx. 20 uL) on the SEM-
pore. After waiting for one to two minutes, sev-
eral drops of t-butanol were dripped on the
specimen, and DDW of the specimen was com-
pletely replaced with t-butanol after treating for
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about 30 minutes. The t-butanol on this SEM-
pore was completely frozen using liquid nitro-
gen. The frozen specimen was set in the speci-
men chamber of a SEM (JEOL JSM-5500LV)
as it was. Then, it was allowed to dry up by
waiting for about two hours in the low vacuum
mode (LV mode, pressure in the specimen
chamber 30 Pa, accelerating voltage 15 kV,
spot size 40 to 50). The dried specimen was
coated with platinum to a thickness of about 25
nm using an ion sputtering system (JEOL JFC-
1600). The specimen was observed in the high
vacuum mode (HV mode, accelerating voltage
5 kV, spot size 15 to 20) using a SEM (JEOL
JSM-5500LV) at Nishikyushu University.

Results and Discussion
Growth curve

When the cellswere kept at 23 + 1°Ciin let-
tuce infusion including a piece of meat, they
grew logarithmically until day 2 of the culture,
and then continued to proliferate until day 6,
followed by the stationary phase of growth
(Fig. 1, O). The maximum cell density reached
up to 2217 cellmL at day 6 of the culture,
while the encysting cells appeared in the cul-
ture after day 7 (Fig. 1, A). In this process, it
had not been known whether the ciliates direct-
ly engulfed the pieces of meat. They, however,
proliferated around the piece of meat. Further-
more, naturally contaminated bacteria also pro-
liferated around the piece of meat. Our prelimi-
nary experiments have indicated that the ciliate
does not grow in a lettuce infusion including
bacteria Enterobacter aerogenes as food organ-
isms without a piece of meat. Therefore, it is
difficult to consider that this ciliate grows by
ingesting the bacteria around the mesat. Since it
iswell known that the ciliates belonging to the
genus Tetrahymena release some kinds of
digestive enzyme into the culture medium, it is
highly possible that this ciliate also release
some sort of digestive enzyme [2, 11, 12]. This
problem remains to be analyzed in the future.

Morphology of swimming cells

The swimming cell isalong elipsoid. Mean
cell length and width was 57.0 + 12.2 um (£
SD) and 29.3 + 14.0 um (% SD) (n=500),
respectively. The ora apparatus was located in
the anterior 1/4 to 1/5 ventra region of the cell
and was constructed by three membranelles
and one paroral membrane. The most left mem-
branelles, which is called the first membranelle,
isthelargest, while the most right one, whichis
called the third one, is the most small of them.
In the first and second membranelles their ante-
rior potions dightly bend to the right side, that
is, to inner side of the ora apparatus (Fig. 2a)*.
The number of post ora kineties (POM’s) is
typicaly two (Fig. 2a, Fig. 3c). Furthermore, in
the apical region of this ciliate there is a dorso-
ventrally oriented and non-ciliated strip of area
(Fig. 2c, 2i). On the contrary, in the ciliate of
the genus Lambornella, the second mem-
branelle is the largest among three mem-
branelles, and curvesinverted S-shape. Further-
more, the number of POM’s is three or more.

the cell was a non-ciliated, small circular bare
area. In the center of this area, only one basa
body was observed (Fig. 2d). It could not be
confirmed by observation of living ciliates
whether the ciliate has a cauda cilium in the
posterior end of the cell. However, it could be
confirmed using a SEM that the ciliate has a
caudal cilium of which length is the approxi-
mately same as that of somatic cilia (Fig. 3e,
Fig. 4b). One to four contractile vacuole pores
located at 1/4 to 1/5 posterior right region of
the cell (Fig. 2e, Fig. 3f). By using a SEM, it
could be observed very curious character that
many cilia of the anterior ventral region were
oriented toward the one side like brush (Fig.
3b). The metachronal beating of the cilia also
could be observed using a SEM (Fig. 3a).

Encystment

This ciliate often formed cysts during cul-
ture. Many cells began to encyst in the early
stationary phase, and almost all cells finaly
encysted in the late stationary phase. These
cysts were easily excysted when they were

transferred to anewly prepared culture medium
containing a piece of meat. From these facts, it
was suggested that this ciliate proliferated by
cell divisions under the good conditions for the
growth, while they might undergo encystment
under certain environmental conditions, such as
drying, deficient of food, and others. From the
observation of living encysting cells it was
revedled that the cells tended to gather on the
bottom of container and to rotate there prior to
cyst formation. Cells of these stages were col-
lected and stained by Chatton-Lwoff silver
impregnation method. From the observation of
these impregnated cells, it was found that the
cells gradually shortened along the longitudinal
axis, and then their oral membranelles gradual-
ly broke down and degraded (Fig. 2g). Then
the cell became around cyst. In these process-
es, the number of membranellar basa bodies
gradually decreased, and they finally disap-
peared (Fig. 2h, 2i). On the contrary, the basal
bodies of the somatic ciliary rows were not
extinct even at the final stage of encystment
(Fig. 2h, 2i). Since this staining method did not
reveal whether each of these basal bodies bore

Fig. 3 The vegetative cell was visualized by scanning electron microscopy.
a: A swimming cell. The cilia show metachrona beating. b: At the anterior ventral region

(arrow), the ciliatend to be often oriented in the same direction like brush. c: A deciliated swim-

ming cell. It can be seen clearly that the cell hastwo rows of POM’s. d: Anterior poleregion of a
deciliated non-dividing cell. e: Posterior pole region of adeciliated non-dividing cell. Allow indi-
catesacaudal cilium. f: Posterior region of a deciliated non-dividing cell. Allow indicates a con-

tractile vacuole pore.

From these morphologica characters, the pres-
ent species might belong to the genus Tetrahy-
mena, not to the genus Lambornella.

It was a'so found by observation of the silver
impregnated specimen that the posterior end of
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Fig.4 Theencysting cel

cilium, the morphogenetic events of encyst-
ment were examined by scanning electron
microscopy. The observations revealed that in
the rounded cells gathering on the bottom of
container their cilia beat nearly perpendicularly
right-ward against the longitudinal axis of the
cell (Fig. 4a, 4b). This suggested that the cells
were rotating clockwise on the bottom of con-
tainer. In agiven area of the rounding cell, sev-
eral cilia were gradually drawn into the cell
(Fig. 4c, 4d). Subsequently, this non-ciliated
bare area began to covered with cyst wall,
although the remainder cortical area was cov-
ered with many cilia, yet (Fig. 4€). Findly, the
cell became completely spherical cyst of which
surface was entirely covered with cyst wall.
Furthermore, it was found that there were many
ridge-like furrows on the cyst wall, which
might be consistent with ciliary rows.

It is important to establish the inducing
method of the cyst formation to analyze the
encystment inducing factors and to observe the
more detail morphogenetic events. As prelimi-
nary experiments, we tried to induce the cyst
formation by the newly prepared culture medi-

um containing bacteria and CFF (cell-free
fluid) obtained from stationary phase of cul-
ture. Our preliminary experiments revealed that
the cells tend to easily transform the cysts,
when the cells were transferred to encystment
inducing medium with large surface-volume
ratio (the wide surface area and shallow in
depth). We, thus, tried to induce the cyst for-
mation by the following procedures. 100 uL of
cell suspension was transferred to a well (22
mm in diameter, 8 mm in depth) of the depres-
sion slide and was maintained at 23 = 1°C.
When the encystment was induced by culture
medium containing bacteria, the mean cyst for-
mation rate was 3.8 £+ 0.8% (* SD) at 21 hour,
3.3 £ 2.7% a 27 hour and 20.1 + 10.6% at 45
hour after the onset of induction, respectively.
On the contrary, when the encystment was
induced by CFF, the mean cyst formation rate
was 18.1 + 8.8% at 21 hour, 18.2 = 8.9% at
27 hour and 43.1 * 16.4% at 45 hour after the
onset of induction, respectively. It was suggest-
ed that the present ciliate did not grow in the
bacterized lettuce infusion, but the cyst forma-
tion occurred dowly under the condition of the

| was visualized by scanning electron microscopy.

a: A cell beginsto be shortened along the longitudinal axis. Allow indicates an oral apparatus.

b: Posterior pole region of an early encysting cell which undergoes rotating movement on the
bottom of a container. Allow indicates a caudal cilium. c¢: Beginning the absorption of cilia

d: Theciliaare gradualy drawn into cytoplasm. e: The bare cell surface isbegun to be gradualy
covered with the cyst wall. f: A mature cyst. There are many ridge-like furrows on the cyst wall.

presence of bacteria in the culture medium. On
the other hand, when the encystment was
induced with CFF, which was removed
Tetrahymena cells and bacteria, the cyst forma-
tion occurred at higher rate than using culture
medium with bacteria. These results suggested
that starvation, that is no food supply, or some
substance(s) contained in CFF might be impor-
tant for inducing cyst formation in this ciliate.
It has been reported that in the ciliate Euplotes
akind of low molecular weight protein released
from the cell might play an important role in
the encystment [16, 17]. However, in the pres-
ent species, it may be important for encystment
that the amount of cell suspension is small with
large surface-volume ratio, no food supply, and
no existence of bacteria. Therefore, it could not
exclude the possibility that in this ciliate the
mechanisms of cyst formation differ from those
of Euplotes. Thus, it should be urgently estab-
lished the encystment inducing method, which
may be required high rate and rapid encyst-
ment.
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Introduction

Many microscopists using a transmission
electron microscope (TEM) might have expe-
rienced that the energy dispersive X-ray
(EDX) spectrum, which is obtained from the
same crystalline thin film, varies depending on
the crystallographic orientations. This is due
to the channeling effect of incident electrons.
That is, incident electrons, which excite atoms
in a crystal, may channel preferentially on a
specific sitein a unit cell due to strong dynam-
ical diffraction. The channeled site varies with
the crystallographic orientation, and thus, X-
ray emission rates vary as the channeled site
varies. An important point is that the orienta-
tional dependences of the intensities of X-rays
emitted from the excited atoms are the same if
the crystallographic sites of these atoms are
equivalent. In 1982, Taftp and Spence devel-
oped a technique to determine crystallographic
sites by investigating the orientational depen-
dences of the X-ray emission counts. They
called this technique atom location by channel-
ing-enhanced microanalysis (ALCHEMI) [1].
For instance, the crystallographic site of a sub-
gtitutional impurity atom can be determined by
comparing the characteristic X-ray intensity of
the impurity atom with that of each host atom.

The origind ALCHEMI required measure-
ment of intensities of EDX spectra obtained
under different diffraction (or channeling) con-
ditions. The number of spectra needed for this
measurement depends on the number of differ-
ent sublattice sites over which adopant atomis
distributed. The angular-scanning technique
of the incident electron beam was first intro-
duced to the ALCHEMI method by Bielicki
[2]. This technique displays two-dimensional
channeling patterns obtained by a systematic
angular scan of the electron beam, and it is
shown that the contrast in the obtained patterns
varies between different sublattice sites.
Rossouw et al. [3] described that the angular-
scanning ALCHEMI| patterns around low-
index zone axes provide more reliable and
accurate results about the site occupation than
the conventional ALCHEM I patterns, because
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a number of intensity data (~ 5000 data) are
used. Rossouw et al. [4] showed that visua
inspection of the channeling pattern may be
sufficient to revea the sublattice site distribu-
tion of 1 atomic percent impurity atoms.

Here, we show an experimental example
obtained from GaAs, which has the zinc-blend
type structure. Ga atoms and As atoms are
projected onto different positions in the [110]
projection but onto an equivalent position in
the [111] projection. Thus, it can be expected
that the orientational dependences of the char-
acteristic X-ray emission rates (channeling pat-
terns) of Ga and As are different in the [110]
projection but the samein the [111] projection.
Figures 1 (a) and 1 (b) show the channeling
patterns of Ga and As taken around the [110]
incidence using Ga-K and As-K emissions.
The angular ranges in the horizontal and verti-
cal directions are approximately 100 mrad and
70 mrad, respectively. Figure 1 (c) showsthe
ratio pattern of Ga/As, which enhances the dif-
ference in contrast between the Gaand As pat-
terns. A specific contrast seen in the ratio pat-
tern clearly shows that the channeling patterns
produced by Ga-K and As-K are different,
confirming that Ga and As are projected onto
different positions in this projection. Figures
2 (a) and 2 (b) show the channeling patterns
taken around the [111] incidence using the
same X-ray emissions as Figs. 1 (a) and 1 (b).
Figure 2 (c) shows the ratio pattern of Ga/As.
Theratio pattern is dominated by the noise sig-
nal, showing no specific contrast. This pattern
confirms that Ga and As are projected onto an
equivaent position in this projection.

Quasicrystals are new types of solids, which
are neither ordinary crystals due to their non-
crystallographic rotational symmetry such as
5-fold rotation symmetry, nor amorphous
solids by their long range order. Figure 3
shows an electron diffraction pattern of a
decagonal quasicrystal of Al72Ni2oCos. It can
be seen that the pattern shows sharp reflection
spots and has tenfold rotation symmetry.
Quasicrystals have been discovered in various
intermetalic compounds so far. Most qua-
sicrystals are ternary alloys composed of Al
and two kinds of transition metals (TMs),
whereas their crystalline approximants are
often binary aloys of Al and aTM. It is con-
sidered that the second TM element in qua-

sicrystals plays an important role in stabilizing
the quasicrystalline structure. Thus, it isworth
investigating the location of the second TM
atoms, that is, whether the first and second TM
atoms are located at the same or different kind
of sites.

Using high-angle annular dark-field scan-
ning transmission electron microscopy
(HAADF-STEM), the arrangements of the TM
atoms have been shown for various decagonal
quasicrystals [5-12]. However, the TM atoms
were not clearly distinguished in the HAADF-
STEM images, because their atomic numbers
aretoo close. Theoriginal ALCHEMI method
had been applied to an icosahedral quasicrystal
of Al-Cu-Fe by Shindo et al [13]. They found
that Al occupies a set of sublattice sites differ-
ent from that of TMs. However, they could
not distinguish whether Cu and Fe are mutual-
ly ordered or disordered.

In the present paper, the 2D angular-scan-
ning ALCHEMI method was applied to
decagona quasicrystals to reveal the chemical
order between transition metal atoms. A simu-
lation study using structural models with and
without chemical order was also made to con-
firm the present results.

Experimental

An aloy with a nominal composition of
Al72Ni20Cos, Al7oNi1gCo12, Al7oNiisFers and
AlesCu17Co17 were investigated in the present
study. A fundamental lattice phase of
Al72Ni20Cos and a superlattice phase of
Al7oNi1gCo1> were prepared by annealing the
ingots with the same nominal compositions at
900°C for 47 h, followed by quenching in cold
water [14-16]. Decagonal AlzoNiisFeis was
prepared by the melt-quenching technique
using a single roller melt spin apparatus rotat-
ing at 3000 rpm[17]. Decagona AlssCu17Co17
was prepared by the Bridgeman method from
an ingot with a nominal composition of
AlesCu7.5C027.5 [18]. The specimens were
crushed and glued on Cu or Mo grids for elec-
tron microscopy. The present ALCHEMI
study was carried out using a JEM-2010FEF
electron microscope operated at an accelerat-
ing voltage of 100 kV. The microscope is fit-
ted with an Oxford LINK ultra thin window
EDX detector for measuring characteristic X-



ray emissions. Al and TM count windows
were set on each K-edge peak. 64 x 54 EDX
spectra were measured at an angular scan
range of about 100 mrad along the x-axis and
about 70 mrad along the y-axis, and displayed
as two dimensional patterns for each element.
The electron probe size on the specimen was
200 - 400 nm in diameter. The angular con-
vergence of the electron beam was 1.8 mrad.
During the experiment, no damages of the
specimens due to electron beam illumination
were observed.

Results and Discussion
Al72NizoCosg

Figures4 (a), 4 (b) and 4 (c) show channel-
ing patterns of Al72Ni2oCos using characteris-
tic K X-rays of Al, Ni and Co, respectively,
where the electron beam was scanned around
the decagona zone axis. Figure 4 (a) shows a
bright spot at the zone-axis incidence indicated
by the arrow and weak bright bands, each of
which is sandwiched by two dark lines and
runs through the zone-axis position. The
bands are rotated by 36 degrees to each other,
forming tenfold rotation symmetry about the
zone-axis position. Figure 4 (b) shows dightly
bright lines radiating from the zone-axis center
and a bright spot at the center. Figure 4 (c)
also exhibits a pattern similar to Fig. 4 (b).
The difference between Fig. 4 (a) and Figs. 4
(b) and 4 (c) indicates that each Al atom occu-
pies a site different from that of Ni and Co.
Figures 4 (d), 4 (e) and 4 (f) show the intensi-
ty ratio patterns of Ni/Al, Co/Al and Co/Ni,
respectively. The ratio patterns of Ni/Al and
Co/Al show similar specific radia lines, indi-
cating more clearly that the Al site is different
from the Ni and Co sites. On the other hand,
the ratio pattern of Co/Ni shows extremely
weak contrast on the noise background. This
implies that, to a good approximation, Co and
Ni occupy the same sites, or that Co and Ni are
chemically disordered.

Other channeling patterns taken in different
crystallographic orientations show the same
feature as mentioned above, that is, TM/AI
patterns show certain contrast and Co/Ni pat-
terns show amost no contrast. Therefore, we
conclude that, to a good approximation, Al

Channeling patterns of GaAs taken
around the [110] zone-axis incidence
using X-ray emissions of () Ga-K and
(b) AsK. The retio pattern of Ga/As
is shown in (c), which clearly shows
the difference between the Ga and As
patterns, indicating that Ga and As
atoms are projected onto different
positions in this projection.

Fig. 2 Channeling patterns of GaAs taken

around the [111] zone-axis incidence
using X-ray emissions of (a) Ga-K and
(b) AsK. The ratio pattern of Ga/As
is shown in (c), which is dominated by
noise, indicating that Ga and As atoms
are projected onto the same position in
this projection.

Fig. 3 A selected-area electron diffraction pattern of a decagonal quasicrystal of AlzNizCos

taken at an incidence along the decagonal axis. The pattern shows sharp reflection spots

and has tenfold rotation symmetry.
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atoms occupy a set of specific sites different
from TMs, and that Co and Ni atoms occupy
the same sitein disorder [19, 20].

In order to confirm the chemical disorder
between Ni and Co, we simulated the channel-
ing patterns of Al72Ni2Cos by using the two
structural models with and without chemical
disorder. Figures 5 (a) and 5 (b) show the
atom clusters of the two structural models with
and without chemical disorder, respectively
[21, 22]. The simulations were made for
hypothetical crystalline structures with period-
ic arrangements of the clusters, which approxi-
mate a real quasicrystalline structure.
Channeling states formed by the incident elec-
tron beam with different orientations were cal-
culated on the basis of the multislice algo-
rithm. X-ray emission rates were calculated
by integrating the product of the inelastic scat-
tering cross section of the excited atom and the
amplitude of the channeling state over the unit
cell and over the specimen thickness.
Channeling patterns were calculated at an
accelerating voltage of 200 kV with the speci-
men thickness of 100 nm. Figures6 (a), 6 (b)
and 6 (c) show simulated channeling patterns
of Al-K, Ni-K and Co-K emissions respective-
ly, by using the chemical disorder model at
incidences around the decagonal zone-axis.
Figures 6 (d), 6 (e) and 6 (f) show the ratio
patterns of Al/Ni, Al/Co and Ni/Co, respec-
tively. It can be seen that the ratio patterns of
Al/TMs clearly show a specific contrast, but
that of Ni/Co does not show any contrast. This
feature is consistent with the experimental
result as mentioned above. Figures7 (a) to 7
(f) show simulated channeling patterns of Al-
K, Ni-K and Co-K emissions by using the
chemical disorder model and their ratio pat-
terns of Ni/Al, Co/Al and Co/Ni. It can be
seen that the ratio pattern of Ni/Co clearly
show a specific contrast, even for an 8 atomic
percent of the Co content. This simulation
analysis strongly supports that Ni and Co
occupy the same site. It should be pointed out
that the present result is consistent with the
fact that Al72Ni2oCog is a Hume-Rothery elec-
tron compound, in which the composition of

the Al site is different from the Ni and Co
sites, similar to the case of Al72Ni2Cos. The
ratio patterns of Ni/Al (Fig. 8 (d)) and Co/Al
(Fig. 8 (e)) clearly show the difference
between the Al and TM patterns. The ratio
pattern of Co/Ni (Fig. 8 (f)) is dominated by
noise, showing no specific contrast. Thisindi-
cates that Ni and Co atoms randomly occupy
the same site. Channeling patterns taken at
different crystallographic orientations show
the same feature as mentioned above, that is,
TM/AI patterns show certain contrast and
Co/Ni patterns show almost no contrast.
Therefore, for Al7oNiigCor2, we conclude that
Al atoms occupy a set of specific sites differ-
ent from TMs, and that Co and Ni atoms occu-
py the same sitein disorder [25].

We also found that an AlzoNiisFers decago-
nal quasicrystal has the same feature of chemi-
cal order as that of Al-Ni-Co. An Al-Cu-Co
decagond quasicrystal, however, was found to
have a chemical order between Cu and Co as
well as that between Al and TMs [26]. This
might be due to a unique character of the elec-
tronic structure of Cu. That is, the electronic

structure of Cu has an intermediate character
between the electronic structures of Al and Co,
and thus Cu may be able to substitute for both
Al and Co, whereas the eectronic structure of
Co is rather different from that of Al, and thus
Co may not be able to substitute for Al. In
fact, aMonte Carlo simulation study using pair
potentials showed that a stable structure pos-
sesses a strong chemical order between Cu and
Co [27]. This fact is consistent with our
ALCHEMI results.

Conclusion

The 2D angular-scanning ALCHEMI tech-
nique was applied to quasicrystals. It was
shown that the quasicrystals show characteris-
tic channeling patterns at incidences of particu-
lar zone axes as ordinary crystalsdo. From the
qualitative analysis of the channeling patterns,
we successfully obtained information on the
crystallographic sites of the constituent ele-
ments such as chemical order. In quasicrys
tals, information on chemical order is very
important not only for determining the struc-

o LR L

Fig. 4 Channeling patterns of an Al72Ni»oCos decagonal quasicrystal taken around the decagonal zone-axis
using emissions of (a) Al-K, (b) Ni-K and (c) Co-K. The zone-axis center isindicated by the arrow
in each pattern. Ratio patterns of Ni/Al, Co/Al and Co/Ni are shown in (d-f). The Al pattern shows
different contrast from those of TM as clearly seen in (d) and (e). Only faint contrast on the noisein
(f) indicates that Co and Ni are distributed randomly across the same set of sublattice sites.

Ni and Co atoms adjusts the electron atom
ratio (e/a) of the aloy [23, 24].

Al7oNi1gCo12
and other quasicrystals

We applied the ALCHEMI technique also @)
to other decagonal quasicrystals to revea their -
chemical order. A superlattice-ordered
decagonal quasicrystal of Al7oNiigCoi2 had
been believed to have an atomic chain of an

..__,.-".-;_‘_;" ‘-\-q— (b) : . -

alternative sequence of Ni and Co along the v RN i " | o
decagonal axis, and thus, have a chemical b - e e T v ‘
order between Ni and Co. Figures8 (a), 8 (b) b > . e +
and 8 (c) show channeling patterns of Lol TR L
Al70Ni18Co12 using characteristic K X-rays of i . . |
Al, Ni and Co, respectively, where the electron "-'* B . & P

beam was scanned around the decagona zone -.,'J gt "
axis. The Al pattern shows a bright spot at the 4

zone-axis incidence position and slightly B 2 .
bright bands radiating from the zone-axis posi- "“‘r"’r
tion. The Ni pattern shows a dark spot at the e Al N Co

zone-axis position and pairs of dightly bright
lines radiating from the zone-axis position.
The Co pattern shows a feature similar to that
of the Ni pattern. The difference between the
Al pattern and the TM patterns indicates that

Fig. 5 Structural models of atom clusters of Al72Ni20Cos (&) without any chemical order between Ni and
Co and (b) with achemical order between the TMs.
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ture but aso for revealing the formation mech-
anism of the unique structures of the qua-
sicrystals. One of the problems of ALCHEMI
at the present time is the low efficiency of the
X-ray detection. Improvement in the detection

solid angle and counting rate is needed for
more accurate quantitative analysis. In the
future, ALCHEMI will be applied not only for
the determination of the site of dilute impuri-
ties but also for the structural analysis of struc-

Fig. 6 Channeling patterns simulated from the model without chemical disorder between TMs (Fig. 5(a)).

The ratio patterns of TMS/Al show a specific contrast and Co/Ni shows no contrast, being consis-

tent with the experimental result.

C) ] (O

Fig. 7 Channeling patterns simulated from th

=

e model with a chemical order between TMs (Fig. 5(a)).

Not only the ratio patterns of TM</Al but also the ratio pattern of Co/Ni show a specific con-
trast even for asmall Ni content of the model, being inconsistent with the experimental result.

Fig. 8 Channeling patterns of an AlzoNi1sCo1> decagonal quasicrystal taken around the decagonal zone-

axis using emissions of (a) Al-K, (b) Ni-K and (c) Co-K. The zone-axis center is indicated by the
arrow in each pattern. Ratio patterns of Ni/Al, Co/Al and Co/Ni are shown in (d-f). Al contrast
differs from TM contrast (d and f), and extremely faint contrast on the noise in (f) indicates that a
chemical order between Al and TM and chemical disorder between Co and Ni.

turally complex materials such as quasicrystals
and even for holography [28].
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Electron Spin Resonance Spectroscopy in Food
Radiation Research

Mitsuko Ukai
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A review of ESR techniques for studying the properties of radicals induced in y-irradiated foods is presented. In
particular, the relaxation detecting method, as well as long-range field scan scheme, are illustrated in the case of
radicals observed in irradiated pepper. The determination method for spin concentration of radicals is given for the
quantitative estimation of quantum yield of radiation on foods.

Introduction

The use of the sterilization technology such
asirradiation of various electromagnetic waves
and rays of elementary particlesis gaining wide
applications. It alows extension of the shelf
life of foods [1]. In practice, dried-food and
agricultural products are over treated, and
researchers suggest that dosage should be
reduced to the levels much below that recom-
mended by FAO/IAEA/WHO Standards for
irradiated foods, i.e., 10 kGy [2].

It has been seen that while irradiation kills
pathogens, it can induce free radicals that could
threaten health. Electron spin resonance (ESR)
spectroscopy techniques have been applied for
the evaluation of irradiation treatment to awide
variety of foods[3-8]. ESR techniques are spe-
cific, rapid and simple to detect radicals con-
tained in the foods. The greatest advantage of
ESR is that it is a nondestructive testing
method. Thus, it allows the food samplesto be
reanalyzed and reconfirmed. In fact, ESR has
been accepted as a standard method
(Committee Europe de Normalization: CEN) in
the EU community. ESR has become increas-
ingly popular in food control laboratories all
over theworld.

Here, we will revea the existence of free
radicalsin irradiated pepper using various ESR
techniques. Thereby, we can determine the
existence of the radiation-induced free radicals
in the pepper by comparison with non-irradiat-
ed pepper. We shall further estimate the spin
concentration in irradiated pepper.

Experimental
Materials

The pepper specimen in the present study is
black pepper commercially available in Japan,

Hakodate 040-8567, Japan
E-mail : mitsuko@cc.hokkyodai.ac.jp
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bottled in glass (18 g) and stored at room tem-
perature. The specimen was sedled in the ESR
sample tube (JEOL) with the amount of 300
mg in either vacuum or air.

Irradiation conditions

Irradiation was carried out at the Japan
Atomic Energy Research Institute (Takasaki
Research Ingtitute) at room temperature (ca.
300 k). The dose level of the y-ray was con-
trolled by the irradiation period. We selected
the three dose levels, i.e,, 10, 30 and 50 kGy
following the FAO/IAEA/WHO Standards.

ESR spectroscopy

ESR measurements were carried out using
two ESR spectrometers (JEOL, JES-FE1IXG
and JES-FA200). All the ESR spectra were
recorded at the X-band (9.3 GHz). For careful
detection of dl the radical species in the pep-
per, we employed two kinds of field sweep,
250 + 250 mT and 340 + 100 mT. In order to
determine the electron relaxation behavior of
radicals in the pepper, we varied the
microwave field strength 1-196 mW to obtain
progressive saturation behavior (PSB). Field
modul ation/demodul ation was operated at 100
kHz. All the ESR measurements were done at
room temperature.

Spin concentration was determined using
TEMPOL (2.2.6.6-Tetramethylpineridine-N-
oxyl) asastandard sample.

Results
Spectral feature of ESR signals

Figure 1 shows the ESR spectrum of the
black pepper before irradiation. It consists of
three signal components. The signa found at g
= 4.0 originates from a transition metd ion, i.e.,
Fe3*. The sharp intense signal found at g = 2.0
is due to the organic free radical that has result-
ed from either biochemical or radiation induced

reactions [4]. Furthermore, we detected a huge
sextet of hyperfine lines that is attributable to
Mn?* ion.

Hyperfine structure
of Mn* ion in pepper

To evaluate hyperfine constant (hfc) of Mn2*
ion in the pepper samples, we employed two
methods, either taking the summits or the max-
imum slope of each peak. Those methods
yielded the identical hfc of ca. 7.4 mT for vari-
ous peppers. Thisvaueissimilar to the hfc for
Mn2* ion in various metallo-proteins, such as
Mn superoxide dismutase [9].

Progressive saturation behaviors

Figures 2A and 2B demonstrate variations
of the peak intensities of P, and P, shown in
Fig. 1. Both figures show that the P, signal sat-
urates more readily than P,. Figure 2C shows
theintengity ratio between P, and P,. The peak
intensity of the organic free radical component
decreases in a monotonic fashion. In fact, Fig.
2 indicates that P, saturates promptly as com-
pared with P,. This suggests that P; has a char-
acter of an organic free radical, because P; is
attributed to Mn2* that may possess the shorter
relaxation times.

Irradiation effects

Figure 3 shows the ESR spectra of the black
pepper after they-irradiation with 10, 30 and 50
kGy. The sharp intense signal a g = 2.0, i.e,
the P, signal increases with the degree of irradi-
ation.

Two new peaks were induced symmetrically
on the both sides of the P, signal by the irradia-
tion (indicated by arrowsin the bottom figure).

According to the theory of radical produc-
tion in solid by irradiation, alinear relationship
is expected between the irradiation dose and
the radical yield. Thus the linear extrapolation



yields an irradiation dose that may be used for
the sterilization.

Figure 4 demonstrates the PSB of theirradi-
ated black pepper, which is more complicated
than that of the non-irradiated pepper shown in
Fig. 2. Thisisdue to the production of new rad-
icals by theirradiation.

Spin concentration

Figure 5 shows the spin concentration of the
organic free radica in the irradiated black pep-
per obtained using the standard TEMPOL spec-
trum. Comparing the doubly integrated value
(indicated by red line) of the two original spec-
tra, the amount of the radical in the irradiated
pepper was determined to be 2.4-2.8 x 1016
sping/g [10].

Discussion
ESR evidences of multi-component
radical species in pepper

As described above in the result section, we
have found signals composed of three species
in the X-band ESR spectrum of the black pep-
per before y-irradiation. First, we noted a Sig-
nal at g = 2.0 that is due to an organic free radi-
ca [5-9]. Unlike other two signals, the P; sig-
nal quite readily saturates, and thus possesses a
long relaxation time, which reflects the exis-
tence of an organic freeradical.

Second, we observed asignal at g = 4.0, and
no other low field signals at g = 6.0 nor 3.0.
This indicates that ferrous (Fe**) ion may exist.
Theoretically, the signal which appears at g =
4.28 is known to be the ESR signa due to the
E-tensor term of Fe3* ion [9]. Sincethereisno
signal at g = 6.0, Fe3* ion is due to the non-hem
origin.

Third, we found a huge sextet of hyperfine
lines centered at g = 2.0, which is clearly dueto
Mn?* jon. The evaluated hyperfine coupling
constant was ca. 7.4 mT, which issimilar to the
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isotropic coupling of Mn2* ion dispersed in
MgO powder (ca. 8.7 mT). Theresidua differ-
enceis dueto the modified ligand field.

The three signal species found in the black
pepper before irradiation behave independently
under the progressive power saturation [11].
Namely, there are essentially no inter-radical
interactions. This fact somewhat contradicts
the comments made by Stewart [3] who sug-
gested that the resonance position of Mn?* sig-
nal interfereswith the P, signal.

ESR evidences of the irradiated
black pepper

Upon irradiation, two new peaks were found
at the symmetric positions of the both sides of
the P, signa (shown in Fig. 3). The similar
kind of signal has been reported by Reffi et al.
[4] who have observed in the ESR spectra of
the strawberries irradiated with the dose of 2
kGy. Unlike the pepper sample, the irradiated
strawberries showed only one peak in the lower
field with respect to the P; pesk position (see
Fig. 3in Ref. 4).

Although the two signals appeared smulta-
neoudly after irradiation, their relaxation behav-
iors are not the same as seen in the PSBs of the
organic free radicals [5, 6]. Thisis due to the
ESR signals that originated from the different
radicals. To identify radical species, further
ESR data should be collected by electron
nuclear double resonance spectroscopy .

Radiation effects were aso visible judging
from the variation of the peak intensity of the
P; signd as a function of the radiation dose. A
linear dependence of pesk intensity at various
dosage of the radiation was observed. We
could estimate the initial dosage for the
unknown sterilization process by the linear
interpolation method, based upon the ESR
spectra of the black pepper before irradiation

[6].

On the protocol for ESR detection
of irradiated foods

Table 1 shows two protocols for the ESR
detection of irradiated foods containing cellu-
lose. The parameter vaues in an ESR protocol
were examined by the CEN experts in the
beginning of 1990s, and have been finally
authorized and used in the EU community.

As seen in the PSBs of the black pepper, the
microwave power saturation curves of each
signal differ greatly before and after irradiation.
This means that one cannot fix the certain value
of microwave power, such as 0.4 mW recom-
mended by the CEN protocol. Instead, we
would propose the microwave power value at
which the intensity ratio of P1/P, meets the
threshold or maximum value. Thereby, radical
quantity can be measured with high precision
when one uses the intensity ratio as a universal
constant, because the intensity ratio is uniquely
defined in an ESR spectrum.

Perspectives

Among many techniques for irradiated food
researches, ESR techniques are the most sensi-
tive method. In particular, ESR techniques for
determination of spin concentration and PSB
play an important role in food irradiation
research and detection method of irradiation

(26) JEOL NewsVol.39 No.1 26 (2004)

doseinirradiated foods.

Conclusions

1) Using ESR spectroscopy, we reveaed three
radical components in the commercially
available pepper in Japan. However, we
found four distinct signals in the same pep-
per after the irradiation.

2) The ESR spectrum of the non-irradiated
pepper is composed of a sextet line centered
at g =2.0, asinglet a the same g-value and
asinglet at g =4.0. Thefirst oneisattribut-
able to asignd of Mn?* ion (hfc: 7.4 mT).

The second one is due to an organic free
radical. Thethird oneis dueto the Fe3* ion.
Upon irradiation, two new peaks were
found at the symmetric positions of the both
sides of the organic freeradical.

3) The PSB of the ESR microwave power
demonstrated a quite different saturation
behavior of theradicals. The peak intensity
of the free radical component decreasesin a
monotonic fashion, whereas the Mn?* com-
ponent substantially keeps its intensity con-
stant. The PSB of the pair peaks that
appeared upon irradiation was quite differ-
ent from that of organic freeradicals.
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4) We proposed a new protocol for the ESR
detection of irradiated black pepper using
the saturation behavior at various
microwave power levels. This calls for the
major modification of the CEN protocol
used in the EU community.
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Cross Section Specimen Preparation Device
Using Argon lon Beam for SEM
—Cross Section Polisher (CP) SM-09010—

Masateru Shibata

Application & Research Center, JEOL Ltd.

Scanning Electron Microscopes (SEMs) have been used for various applications, such as research and develop-
ment and failure analysis. There are many cases where not only observation of a specimen surface — but also
observation of a cross section — is important. Preparation of a cross section depends on the specimen structure,
observation purpose, and materials. Various preparation methods are put into practice: cutting, mechanical polish-
ing, microtome, and FIB (Focused lon Beam) are the major methods. In this discussion, we evaluate a new cross
section specimen preparation method using an argon ion beam (hereinafter called the Cross-section Polishing or
CP method). We have found that this method is extremely useful for observation of layer structures, interfaces,
and crystalline structures of metals, ceramics, and composites. Here, we introduce examples of applications to var-

ious types of specimens.

Introduction

Observation of cross sections of complex
materials is important to obtain the size of
crystal grains, the layer structures, the film
thicknesses of reaction layers and the existence
of voids. In cross sectional observation,
mechanical polishing is generaly used to pre-
pare a specimen. However, it is difficult to pol-
ish ajunction of materials with different hard-
nesses or a reaction layer formed in the junc-
tion into a flat mirror surface by mechanical
polishing. Mechanical polishing has several
problems as shown in Fig. 1: a) if it is applied

a | Polished surface

a) On materia with different hardnesses, the pol-
ished surface becomes uneven as the soft por-

tioniscut faster and easier.

to materials having different hardnesses, the
polished surface becomes uneven as the soft
portion is cut faster and more easily, b) if it is
applied to soft materias, there are some cases
where pieces of hard polish are buried in the
material being polished, c¢) for soft materials, if
the material has avoid, the material around the
void stretches and deforms, d) if the material
has a void, pieces of polish get stuck in the
void, e) for metals, due to distortion caused by
mechanical polishing on the polished surface,
the information about the crystal becomes dif-
ficult to obtain.

The FIB method is one of the methods

b) On soft material, pieces of hard polish can be
buried in the material being polished.

d) On material with a void, pieces of polish get

stuck in the void.

€) On metals, due to distortion caused by
mechanica polishing on the polished surface,
information about the crystal becomes diffi-
cult to obtain.

Fig. 1 Problemsassociated with mechanical polishing.
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known to resolve these problems, and its appli-
cations in various fields have been reported.
The FIB method is effective for cross section
specimen preparation of micro area and thin
film specimen preparation, however, it is not
effective for preparation of awide surface area
of aspecimen.

The CP method that we are introducing here
does not incur those problems of mechanical
polishing mentioned before, and it enables one
to prepare a wider area of a specimen than the
FIB method. In addition, required skill is mini-
mal compared with other specimen preparation
methods, making it smple for anyone to pre-

Polishing direction

qn—_

¢) On soft material with a void, the material
around the void stretches and deforms.



pare a cross section specimen.

Instrument Outline

The appearance of the instrument is shown
in Fig. 2, and the principal specifications are
listed in Table 1. Because it employs the
Penning type argon ion gun which has a long
life, it can obtain high current density. It
enables one to prepare cross sections consis-
tently. The accelerating voltage is changeable
between 2 and 6 kV and the use of low-energy
argon ions minimizes damage to the specimen.
A turbo-molecular pump and a rotary pump
have been employed for the evacuation system

Fig.3 CP method (Backscattered electron image).

and the instrument can be placed wherever the
space of an office desk isavailable.

Features of the Cross
Section Polisher

@ Provides a good cross section of even a com-
posite of soft and hard materials.

@ Minimizes distortion of the polished surface,
enabling one to observe crystalline contrast
clearly.

@ Polishes an area severa hundred microme-
ters in width, much larger than the FIB
method can polish.

®As it is not mechanical polishing, polish
never embeds in the polished surface.

@ Low running cost

@ Ease of operation

o Eco-friendly, free of drainage and waste lig-
uids

Application Examples
Card edge connector

Figure 3 shows the cross section SEM
micrograph of a card edge connector prepared
by the CP method. The cross section prepared
by mechanical polishing is shown in Fig. 4 for

Table 1 Principal specifications

lon gun

Penning type argon ion gun

Accelerating voltage

2t06 kV

lon beam diameter

500 um (FWHM)

Milling rate

1.3 wm/min (6 kV,silicon, 100 um from edge)

Maximum specimen size | 11 mm (W)X10 mm (D)X2 mm (H)

Specimen stage

X:*x=3mm,Y:*+3mm

Specimen alignment +5°

Vacuum system

TMP, RP

Cu2

Cul

Resin

Fig. 4 Mechanical polishing (Backscattered electron image).

NiP

NiP

Cu2
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comparison. In Fig. 3, the specimen consists of
resin/Cu (first layer)/Cu (second layer)/NiP/Au
from the bottom in order (lft), and the surface
layers are composed of soft metals of Au and
Cu, and hard metal NiP (right). With the CP
method, 1) crystalline contrast in the Cu por-
tion, 2) lateral stripes arising during NiP film
formation can be clearly observed. On the
other hand, the specimen produced by
mechanical polishing in Fig. 4 fails to show
good results due to polish damage.

A cross section micrograph of a gold wire

bonded on a gold plated pad is shown in Fig.
5. The condition of the bonded part, film thick-
ness, voids, and crystalline contrast can be
observed. Figure 6 shows a cross section and
lateral section of the same gold wire. We can
observe that the size of the crystal grainsvaries
both in the cross section and lateral section
micrographs.

A cross section SEM micrograph of aflexi-
ble printed circuit is shown in Fig. 7. The
specimen consists of resin/Cu/Ni/solder. @) isa
good cross section specimen about 350 um

wide, and we can observe voids in the solder.
b) shows the clear difference between crystal
grains of the Cu and Ni portions. The CP
method provides a good result, even if the
specimen is acomposite of resin and metals.

Figure 8 shows a cross section SEM micro-
graph of amolded IC. Figure 9 shows a mag-
nified image and EDS maps of the Cu terminal
connecting portion. On the Si substrate of the
molded IC, various materials, such as SiO2,
SiN, Au, Sn, Al (wiring), and Cu (terminal),
are contained. It is seen that a good cross sec-

Fig.5 Bonded gold wire (Backscattered €lectron image).

Fig.6 Crosssection and lateral section of the same gold wire (Backscattered electron image).

Solder
Cu

Resin

Fig. 7 Flexible printed circuit (Backscattered electron image).
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tion is obtained even from composites with
different hardnesses.

Figure 10 shows an X-ray spectrum from
the area where EDS mapping was performed.
As seen from the spectrum, the peak of theion
source, Ar, cannot be found. Of course,
depending on the constituent elements, the
amount of Ar ion implantation varies, but this
IC specimen has <o little Ar ion implantation
that we can disregard it. With the FIB method,
there are cases where the ion source, Ga, is
detected. It is necessary to take the overlap of
peaks into consideration, depending on the
anaysis elements.

Cross section preparation of
ceramic powder specimen

Figure 11 shows a SEM micrograph of the
surface of a ceramic powder specimen, and
Fig. 12 shows a cross section SEM micro-
graph. The inner cavity that was not seen by
the surface observation can be observed clear-
ly in Fig. 12. For cross section observation of
powder specimens, it is often important to
observe the inner structure, the differences
between specimens, and the core of the pow-
der. In these cases, a cross section specimen
that allows observation of a large number of

powder grains is needed and so the CP method
is considered to be extremely suitable.

Conclusion

The cross section specimen preparation
method using an argon ion beam is one of the
excellent methods among various cross section
specimen preparation methods. It enables one
to easily create cross sections of polymers,
metals, ceramics, and composites with few
artifacts. It is suitable for not only image
observation but also EDS analysis, and it can
prepare a cross section from a specimen area
much wider than the FIB method can.

Backscattered electron image

Elemental map of oxygen

Superimposed image of N, O, and Al

Fig.9 EDSéemental mapson Cu bonding region.

Elemental map of nitrogen

Elemental map of aluminum
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Introduction of New Products

Electron microscope

JEM-2100 .

The JEM-2100 is an analytical electron microscope which not only offers
transmission electron microscope (TEM) images and diffraction patterns, 1
but also incorporates a computer control system which can integrate a ot
scanning transmission electron microscope (STEM) image observation
device, an energy dispersive X-ray spectrometer (JED-2300T), and an
€lectron energy-loss spectrometer (EELS) in any combination.

High stability: High stability of the high voltage and beam current, togeth-
er with the excellent lens system, achieves a high resolution of 0.19 nm at
200 kV.

New frame structure for the column: This new base frame greatly
reduces the effect of vibration on the instrument.

Analytical electron microscope: The EDS system uses a new detector
which isdesigned for a solid angle of 0.28 sr and a take-off angle of 24.1°,
allowing highly accurate analysis and quick data acquisition.

Specimen stage: The new goniometer stage achieves precise specimen
movement at nanometer scales.

Expandability: The main computer system can integrate a STEM image
observation device, an EDS system, and an EELS device, and offer ease
of operation. You can aso share the obtained information with other PCs
using the networking capabilities of the computer system.

Spherical aberration correctors for STEM and TEM

EM-20900CSS
EM-20910CST

The EM-20900CSS is a spherical aberration (Cs) corrector system for
probe-forming (STEM) and EM-20910CST is for image-forming (TEM).
Cs correction is a breskthrough technique to improve the limit of resolu-
tion for structure observation and chemical analysis. The Cs correctors can
be attached to a 200 kV high-resolution microscope with a field emission
gun (JEM-2100F, JEM-2200FS). Using these systems, the spherical aber-
rations of the image and probe-forming lens systems can be set to a
desired value. Residua aberrations up to the third order are automatically
corrected by the PC controlled system. In the case of an ultra-high-resolu-
tion polepiece (URP), the resolutions of 200 kV electron microscope can
be enhanced to be 0.1 nm on STEM and 0.12 nm on TEM.

@ Automatic aberration correction procedure by computer control
o Cs can be set to a desired value (from -0.5 mm to 0.5 mm in a URP

case,

@ Second order aberration coefficients (coma, three-fold astigmatism) can
be reduced to < 0.1 pum. Third order aberration coefficients (star aberra-
tion and four-fold astigmatism) can be reduced to < 5 um

(32) JEOL NewsVol.39 No.1 32 (2004)



Introduction of New Products

TEM Tomograph system

EM-05500TGP

TEM Tomograph system performs 3-dimensional (3D) reconstruction from a
tilted image series. Software — RECORDER - features auto-focus, automatic
position compensation, automatic exposure time estimation, the automatic
image recording and the automatic specimen tilting. Using a TEM with an Q)
type energy filter, high quality 3D reconstruction can be performed by high
contrast zero-loss-energy images. 3D reconstruction using algorithm based on
the CT technique is performed after further precise position compensation and
determination of a tilt-axis direction of a series of images. Furthermore, a
beautiful 3D reconstruction image can be obtained by removal of the artifacts
originating in the missing corn. You can observe 3D structure intuitively at
high speed by visudization of the reconstructed 3D datain a dedicated PC.

® Specimen preparation  Slice section (RuO, staining).
® [ nstrument JEM-2010 electron microscope
& TEM Tomograph system
@ Photographic conditions —60 deg. to +60 deg. (2.5 deg. steps)

Specimen courtesy of Dr. H. Hasegawa of Kyoto University
and Dr. H. Jinnai of Kyoto Ingtitute of Technology.

Reconstruction image of gyroid crystal (Polymer).
Image area:70 X 100 X 25 nm.

Energy-dispersive x-ray
fluorescence spectrometer

JSX-3000

This Energy-Dispersive X-ray Fluorescence Spectrometer (EDXRF)
helps you comply with environmental regulations for hazardous sub-
stances such as the RoHS or ELV directive in the EU. This system
includes an electronically cooled semiconductor detector as standard,
making liquid nitrogen unnecessary. Of course, this system carries out
the general-purpose analyses.

@ Measurement element range:
Nato U
@ X-ray generator:
Rh target, 50 kV, 1 mA (50 W), Fail-safe function provided, Primary
- X-ray filters: 4 including Open
@ Specimen chamber:
300 mm diameter X50 mm, automatic Open/close
= @ Detector:
Electronically-cooled Si (Li) semiconductor detector,
DPP (digital pulse processor) counting method
@ Data processing:
Windows PC, OS: Windows XP, 17 inch liquid crystal display, color
printer

JEOL NewsVol.39 No.l 33(2004) (33)



Introduction of New Products

The ultimate ultra high resolution FE SEM

JSM-7700F

The JSM-7700F is developed as an ultra high resolution SEM for
observation of nano-structures on the surface of a specimen with
high fidelity.

The resolution of 0.6 nm is guaranteed at both 5 kV with the aberra-
tion correction and 15 kV without the aberration correction. The
aberration corrector corrects both spherical and chromatic aberra-
tions.

The side entry type specimen stage commonly used on TEMs is
extremely stable even at a magnification of x 1,000,000.

A specimen is kept clean during observation with the completely dry
pumping system and the newly developed liquid-nitrogen-free anti-
contamination trap.

® Resolution 0.6 nm (5kV), 1.0 nm (1 kV)
® Accelerating voltage  0.5to 30 kV
@ Magnification x 25 to 2,000,000

@ Specimen size 5 mm X 18 mm X 8 mm thick,
5mm X 25mm X 4 mm thick
@ Specimen movements  X=2.5mm, Y=24 mm, Z=1 mm

T=%£45" (4 axes : motor controlled)

e |

Ultra high resolution FE SEM
at extreme low voltages

JSM-7401F

The JSM-7401F isthe latest high performance field emission scanning
electron microscope equipped with the newly developed Gentle Beam
and r-filter. The Gentle Beam produces ultra high resolution at low
electron energies down to 0.1 kV and enables one to observe true fine
surface structures. The r-filter freely mixes secondary electrons and
backscattered electrons to observe contrast varying from true sec-
ondary images to compositional images.

The large 18.1 inch LCD monitor displays a clear high definition live
image with 1,280 x 1,024 pixels.

The fully automated electron optics enables one to achieve the high
performance easily.

The large specimen chamber designed for a large variety of detectors
can accommodate up to a200 mm diameter specimen.

® Resolution 1.0nm
e®Acceleratingvoltage  0.1to 30 kV
® Magnification X 25 to 1,000,000

® Specimen size 150 mm dia.

@ Specimen movements  X=70 mm (motor or manual driven)
Y=50 mm (motor or manual driven)
Z=15t025mm, T=— 5to 70°
R=360° (motor driven)

(34) JEOL NewsVol.39 No.1 34 (2004)



Introduction of New Products

High performance general-purpose SEMs

with a large specimen chamber

JSM-6480 series

The JSM-6480 series SEM is a flexible multi-purpose SEM. Multi-
ple users can customize the operation GUI for their efficient opera-
tions with optimum performance. The well accepted user friendly
GUI has been upgraded to be more compatible with multiple user
environment. A unique addition is SmileShot, which sets the SEM
for the optimum condition by simply selecting the conditions of a
specimen. The large specimen chamber with the five-axis motor
controlled specimen stage affording large movements can readily
handle alarge variety of specimens. The JSM-6480LV, which has the
low vacuum mode built-in, can observe and analyze non-conductive
specimens without any pre-treatment.

The JSM-6480A and JSM-6480LA are the analytical scanning elec-
tron microscopes with a JEOL made EDS elemental analyzer embed-
ded. These compact SEM systems offer comfortable seamless opera-
tion from observation to elemental analysis.

@ Resolution 3.0 nm (HV mode), 4.0 nm (LV mode)
® Accelerating voltage  0.5to 30 kV ( 56 steps)
@ Magnification X5 to 300,000

@ Specimen size 203 mm dia. (max.)
@ Specimen movements  X=125 mm, Y =100 mm, Z=5 to 80 mm
T=—10to 90°, R=360°

N

T /

JSM-6380LV

ém

High performance general-purpose
scanning electron microscopes

JSM-6380 series

The JSM-6380 series SEM is a user-friendly high performance gener-
al-purpose scanning electron microscope composed of the fully auto-
mated high performance electron optics and the newly developed
multi-user compatible operation software. The JSM-6380LV, which
has the low vacuum mode built-in, can observe and analyze non-con-
ductive specimens without any pre-treatment.

The JSM-6380A and JSM-6380LA are the analytical scanning elec-
tron microscopes with a JEOL made EDS elemental analyzer embed-
ded. These compact SEM systems offer comfortable seamless opera-
tion from observation to elemental analysis.

@ Resolution 3.0 nm (HV mode), 4.0 nm (LV mode)
® Accelerating voltage 0.5t0 30kV (53 steps)
® Magnification x5 to 300,000

@ Specimen size 150 mm dia. (max.)

@ Specimen movements  X=80 mm, Y =40 mm, Z=5 to 48 mm
T=—10t0 90°, R=360°
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