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ransmission electron microscopy

(TEM) has been an important tool

for the characterization of nanoscale
objects, which enables us to perform high-
resolution imaging and also chemical com-
position and bonding studies. The develop-
ments in TEM imaging and analysis have
contributed to the research and develop-
ment of material science and engineering.
Subangstrom imaging and analysis have
become possible by the recent improve-
ments of electron microscopes."? However,
the spatial resolution associated with the
imaging of soft materials, such as synthetic
polymers, has its limitations mainly due to
the radiation damage which causes the
chemical and structural changes of a speci-
men. In contrast to the TEM studies of inor-
ganic materials, where the spatial resolution
is limited principally by the electron optics,
the resolution limit of soft-materials imag-
ing is governed by the total electron dose to
which they can be exposed before under-
going structural changes.? Therefore, low-
dose performances for the characterization
of radiation-sensitive materials have been
addressed and associated with parallel-
beam nanodiffraction* and electron spec-
troscopic imaging using the low-loss por-
tion of inelastically scattered electrons.>~7

The nanostructure characterizations of

polymers have been employed by EFTEM
due to its high detection sensitivity of light
elements, which allows us to perform el-
emental mapping and electron energy loss
spectroscopy (EELS).2~'" Carbon is a pre-
dominant element in organic compounds,
and thus the carbon analysis by EELS is ex-
pected to provide higher data collection ef-
ficiency than the other light elements. How-
ever, carbon analysis in polymers by EFTEM
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ABSTRACT Specimen contamination induced by electron beam irradiation has long been a serious problem
for high-resolution imaging and analysis by a transmission electron microscope (TEM). It creates a deposition of
carbonaceous compounds on a region under study, causing the loss of resolution. We developed a method to
reduce the beam-induced specimen contamination by cleaning a TEM with activated oxygen radicals. The
hydrocarbon contaminants accumulated inside the microscope’s chamber can be etched away by gentle chemical
oxidation without causing any damage to the microscope. The “contamination-free TEM” can effectively suppress
the deposition of carbon-rich products on a specimen and therefore enables us to perform high-resolution carbon
elemental mapping by energy-filtering transmission electron microscopy (EFTEM). In this study, we investigated
the structure of polymer brushes immobilized on a silica nanoparticle (SiNP), of which molecular weight, length,
and density of the brushes had been characterized in detail. The isolated particle showed the stretched formations
of the polymer chains growing from the surface, while the densely distributed particles showed the connection
of the polymer chains between neighboring particles. Moreover, the polymer brush layer and the surface initiator
could be differentiated from each other by the component-specific contrast achieved by electron spectroscopic
imaging (ESI). The contamination-free TEM can allow us to perform high-resolution carbon mapping and is
expected to provide deep insights of soft materials’ nanostructures.

KEYWORDS: transmission electron microscopy - polymer brush - elemental
mapping - contamination - EFTEM

cannot successfully provide useful informa-
tion on the polymer nanostructures. In addi-
tion to the radiation damage of a speci-
men, the contamination of the specimen
induced by electron beam causes the un-
certainty in the carbon analysis. It has been
recognized that, in high-resolution imaging,
contamination of a specimen causes loss of
resolution.>'? The contamination is a car-
bonaceous layer deposited on the speci-
men surface as a result of electron bom-
bardment. This beam-induced specimen
contamination is caused by the hydrocar-
bons that are present in the chamber of a
TEM. The electron beam reacts with stray
hydrocarbons in the beam’s path to create
hydrocarbon ions which then condense
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Figure 1. Beam-induced specimen contamination produced on a carbon thin foil by electron beam irradiation with an in-
tensity of 5.6 X 10* el/nm - s. (@) TEM micrograph showing the contamination marks (dark spots) created by irradiation for
3, 5, and 10 min. (b) EELS spectra acquired from the contamination marks. (c) Thickness of the contamination marks esti-

mated from the EELS spectra as a function of irradiation time.

and form carbon-rich polymerized film on the area be-
ing irradiated. The film may reach a level where it can be
easily observed and eventually it can obscure the struc-
tural details of the specimen under study. The speci-
men contamination creates carbon-rich deposits on re-
gions of interest in a specimen and disrupts the
specimen-oriented carbon analysis and imaging. How-
ever, the influence of the specimen contamination on
soft-materials imaging has not been discussed so much
and has not yet been fully understood.

In this study, we attempted to remove hydrocarbon
sources remaining in a TEM by gentle chemical etch-
ing with activated oxygen radicals produced in a
plasma generator. Effective reduction of the specimen
contamination with carbonaceous compounds will lead
to the improvement of the quality and reliability of car-
bon elemental mapping and analysis. We investigated
in this work the possibility of high-resolution carbon
mapping of polymer brushes immobilized on a silica
surface. The immobilization of polymers on a surface is
a promising way of modifying the solid surface and pro-
viding various applications such as adhesion,' fric-
tion,' and photonic''® and stimuli-responsive materi-
als.”” However, it has been difficult to observe the
structures of polymer brushes in real space, which mo-
tivated us to observe the polymer brushes by EFTEM.

Electron-Beam-Induced Specimen Contamination. Figure 1a
shows the contamination spots created on a 10 nm
thick carbon thin foil by illuminating a beam with a di-
ameter of about 200 nm and an intensity of 5.6 X 10%el/
nm - s at an accelerating voltage of 200 kV for various
periods. The thickness of contamination marks that are
left by the electron beam can be estimated by EELS as
shown in Figure 1b. The EELS spectra obtained from the
contamination marks represent the significant increase
in their thickness with increasing irradiation periods.
With increase in the irradiation period, the intensity of
the zero-loss peak decreases but the overall intensities
in the energy-loss region of the spectra increase. The
thickness (D) can be estimated using the equation, D =
A - In(l/ly), where A is the total mean free path for in-
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elastic scattering, /; and I, are the integral intensities of
the overall spectrum and the zero-loss peak, respec-
tively.'® In this case, the A value for graphite was used.
Figure 1c shows the thickness of the contamination as a
function of irradiation time, indicating that the thick-
ness of the contamination increases with the total dose
given to the irradiated regions and reaches to about
600 nm with 10 min irradiation.

The sources of hydrocarbons are attributed to be
vacuum pump oils, degradable or outgassing speci-
mens, and poor vacuum practice.'® Even under ultra-
high vacuum conditions, some of the contamination
sources continue to reside inside the chamber and are
not easily removable. Despite the use of oil-free pumps
at all stages of the vacuum system in our microscope,
the contamination sources still could not be entirely re-
moved from the inside of the electron microscope.
When electron beam is irradiated on a polymer speci-
men, the specimen degrades and low-molar species
evaporate where some species continue to remain and
end up accumulating inside the chamber as residual
carbonaceous contaminations. Those accumulated con-
taminants again evaporated and then are re-deposited
on a specimen surface where the electron beam is irra-
diated. The radiation-sensitive specimens contaminate
the microscope, and the contaminated microscope
causes the specimen contamination. This contamina-
tion vicious circle causes serious problems especially in
case of soft-material imaging.

Cleaning of a Transmission Electron Microscope with Activated
Oxygen Radicals. A common method for reducing the con-
tamination rate is the use of an anticontamination de-
vice. This device cools the area around the specimen
with liquid nitrogen and decreases the partial pressure
of hydrocarbons. However, the contamination still can-
not be sufficiently suppressed especially when small
electron probes are employed for microanalysis. The
use of a plasma generating system has been applied
to analytical TEM and focused ion-beam (FIB) milling to
minimize and, in some cases, eliminate the problems
associated with various contamination sources.?*?' In
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Figure 2. Cleaning of a TEM chamber using a compact plasma generator. (a) Photograph showing the plasma generator (indicated
by an arrow) mounted on an accessory port close to the specimen chamber. (b) Schematic illustration showing the created flow of
activated oxygen radicals in the TEM. (c) Zero-loss and (d) energy-filtered image at 50 = 10 eV, showing the contamination marks
produced on an OsO, thin film after the cleaning. The irradiation condition was same as employed before the cleaning. (e) Carbon

K-edges acquired from the regions indicated in panel d.

such methods, the carbonaceous contamination can
be effectively removed from a specimen. Electron
microscopy parts and accessories, such as apertures,
specimen clamping rings, and Wehnelts, can also be
plasma-cleaned. However, soft materials suffer from se-
rious structural changes by the plasma treatment, and
the cleaning of the specimen holder and other parts
cannot sufficiently remove the contamination sources
from TEM.

We have now developed a more effective process
for the cleaning of the TEM chamber by using acti-
vated oxygen radicals. Here a compact low-
temperature plasma generator (Evactron 45, XEl Scien-
tific, Inc., USA) is mounted on one of the accessory ports
close to the specimen chamber as shown in Figure 2a.
This device uses a low-powered RF plasma to make oxy-
gen radicals form air that can chemically etch away
the contaminations from the interior of a vacuum
chamber.?2 Hydrocarbons and other organics are oxi-
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dized by the oxygen radicals to form volatile oxides
that can be easily pumped out from the TEM. The
plasma itself remains confined within the plasma de-
vice and prevents ion bombardment damage to the
microscope. Cleaning of scanning electron microscopes
(SEMs) has successfully been employed with this de-
vice where the oxygen radicals are carried out of the
plasma device into the specimen chamber by convec-
tion and flux toward the roughing pump.'2?>23 How-
ever, the beam-induced specimen contamination in the
TEM cannot be reduced by the simple operation of the
plasma generator as for SEMs. The reason is assumed
that the specimen chamber and the vacuum path of the
TEM are considerably narrow, where sufficient oxygen
radicals cannot be supplied into the chamber simply by
the roughing pump of the microscope. Therefore, we
introduced an additional pumping system (Edwards
XDi35i oil-free scroll pump) at the objective aperture
port as illustrated in Figure 2b in order to create a vis-
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Scheme 1. Synthesis of PMPC brushes on SiNP.
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Figure 3. Global TEM image showing the distribution of
PMPC-SiNPs on an OsO, thin film.
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Figure 4. Carbon elemental mapping of an isolated PMPC-SiNP by
EFTEM before and after the TEM cleaning. (a,d) Pre-edge images (250
=+ 10 eV), (b,e) post-edge images (315 = 10 eV), and (c,f) calculated car-
bon distribution images of an isolated PMPC-SiNP. Images after (a—c)
and before (d—f) the cleaning.

cous flow of the oxygen radicals into the specimen
chamber. In this scheme, a large amount of the oxy-
gen radicals travels through the specimen chamber,
where it can react with hydrocarbons in the chamber at-
mosphere and on the surfaces. The cleaning process
starts with the closing of the valves to separate the col-
umn from the electron gun part and from the camera
room. Also, the specimen chamber is separated from
the ion-gauge pump and the turbo-molecular pump.
Then, the specimen chamber was evacuated by an ad-
ditional pump attached to the objective aperture port
in which the pressure was kept at 0.4 Torr by a con-
trolled leak of air into the device. After the pressure was
stabilized, a high frequency power (13.56 MHz) was ap-
plied to generate the plasma under the condition of
10 W with room air as the feed gas. Gentle cleaning of
the chamber was performed for 3 min, and then a nitro-
gen gas was purged to flush the reactant products out
of the chamber at 0.9 Torr for 3 min. This cleaning/purg-
ing cycle was repeated 20 times.

After the cleaning, no contamination marks were
seen even after an irradiation for 30 min of the elec-
tron beam on the carbon thin foil without the use of
an anticontamination device. In a case where an os-
mium tetraoxide (OsO,4) plasma-polymerized thin film
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with the thickness of 10 nm was used as an alternative
to carbon film, contamination marks created by the 5
and 10 min irradiations could be seen as extremely thin
depositions and its formation could be studied by EELS,
as shown in Figure 2c—e. Since the contamination con-
sists of carbon-rich products, contrast can be enhanced
when the noncarbon supporting film is used. How-
ever, the contaminations were so thin that those could
hardly be seen by the zero-loss image (Figure 2c), but it
could be slightly enhanced by seeing as an energy-
filtered image at the 50 = 10 eV energy losses (Figure
2d). The ring formations of the contaminations as
shown in Figure 2d have been known to be caused by
the surface diffusion of adsorbed hydrocarbons to the
edge of the illuminated area.? The carbon K-edge EELS
spectra shown in Figure 2e indicate that the carbon
contents in the contaminations slightly increase with
the irradiation period. The nonirradiated area (shown
as the red mark) contains a small amount of carbon as
an impurity, which might have been introduced in the
film preparation process. The ratios of the integrated in-
tensities of the carbon ionizations give the carbon
atomic ratios in the measured regions.?* The integra-
tion of the energy window of 100 eV indicates that the
irradiations for 5 and 10 min increase carbon contents
by 1.4 and 3 times, respectively. The carbon content in
the as-prepared OsO, film is at trace level and is difficult
to be measured. It can be mentioned that the contami-
nation depositions were extremely thin, and the clean-
ing significantly could suppress the specimen
contamination.

Throughout these experiments, it was revealed that
the sufficient amount of the oxygen radicals should be
supplied into the chamber to remove the contamina-
tion sources. High flow rate of the oxygen radicals could
be achieved by appropriate operation of the plasma
generator and the additional pumping system. The flow
rate was 178 cm®/min when the plasma generator and
the additional pumping system were operated as illus-
trated in Figure 2b. On the other hand, when the
plasma generator was mounted at the condenser aper-
ture port, which is located above the specimen cham-
ber, the flow rate was 4 cm3/min and the specimen con-
tamination could not be reduced.

Imaging of a Polymer Brush by Carbon Elemental Mapping.
We have thus achieved the “contamination-free TEM”
by gentle chemical cleaning of the specimen chamber
with activated oxygen radicals without causing any
damage to the microscope. To examine the advantage
of the contamination-free TEM, we investigated the
structure of a single polymer layer immobilized on the
surface of a silica nanoparticle (SiNP) by carbon elemen-
tal mapping. The sample used in this experiment is
shown in Scheme 1. The synthesis procedure of this
sample has been described in detail in earlier publica-
tions: The surface initiator, (2-bromo-2-methyl)pro-
pionyloxyhexyltriethoxysilane (BHE), was immobilized
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Figure 5. Carbon elemental mapping of PMPC-SiNP particles showing
the interconnection of the polymer chains by two particles (a—c) and
multiple particles (d—f): (a,d) pre-edge images, (b,e) post-edge image,

calculation at 250 = 10 and 270 * 10 eV en-
ergy losses. The contrast differences among the
three images (Figure 4a—c) indicate that the
particle shown by the pre-edge image corre-
sponds to the silica particle only, while the post-
edge image shows the entire structure of the
PMPC-SiNP. All the image acquisitions were
performed with the limited dose at room tem-
perature. The preacquisition process for the ad-
justment of focus and camera conditions was
done outside the region of interest; then the re-
gion of interest was brought under the illumi-
nation, and the three energy-filtered images
were acquired with a beam intensity of 1.8 X
10° el/nm - s and an acquisition time of 10 s at
the magnification of 80 000. The carbon distri-
bution image clearly shows the growth of the

and (c,f) carbon distribution images.

on the surface of the SiNP,? of which the average diam-
eter was 12 nm (IPA-ST, Nissan Chemical Industries
Ltd., Japan). Then, poly(2-methacryloyloxyethyl phos-
phorylcholine) (PMPC) was grafted on the BHE-
immobilized SiNP by the surface-initiated atom-transfer
radical polymerization.?® The number-average molecu-
lar weight (M,)) and the graft density of the surface-
grafted PMPC were determined by the thermogravi-
metric analysis (TGA), SEC, and NMR to be 61 000 and
0.073 chains/nm? (about 33 chains immobilized on 1
SiNP on average), respectively. Also, the hydrodynamic
radius of PMPC-immobilized SiNP (PMPC-SiNP) in water
was estimated at 48.1 nm by dynamic light scattering
(DLS). The dimension of the PMPC polymer chains im-
mobilized on SiNP is much larger than that of the corre-
sponding free polymer, suggesting that the PMPC
chains form a “polymer brush” where the radially ori-
ented chains stretch perpendicularly against the silica
surface owing to the strong intermolecular repulsive in-
teraction of PMPC. PMPC has attracted great interests
for its excellent biocompatibility,?” and it also has supe-
rhydrophilicity, which offers excellent stability of the
SiNP aqueous suspension that prevents the aggrega-
tion and precipitation.

A specimen with the PMPC-SiNP distributed on the
050, thin film was obtained as shown in Figures 3, where
only the SiNPs can be seen. Panels a and b of Figure 4
are energy-filtered images of an isolated particle taken at
the energy losses of 270 = 10 and 315 = 10 eV, respec-
tively, which correspond to the pre- and post-edge im-
ages for the carbon K-edge at 285 eV, respectively. We can
see the drastic change in the contrast by an energy jump
beyond the carbon K-edge, showing the presence of the
PMPC brush layer outside of the SiNP. Such distinct con-
trast difference can be achieved only by using the noncar-
bon OsO, supporting film. Figure 4c is a carbon elemen-
tal map calculated by the three-window power law
method using two pre-edge images for the background

www.acsnano.org

PMPC chains from the SiNP surface that cannot
be seen by conventional TEM.

Pixel Intensity

i 1
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Figure 6. Pixel intensity profiles measured along the hori-
zontal lines across the center of the PMPC-SiNP in (a) pre-
and (b) post-edge images. Red and green lines in (c) corre-
spond to the profiles obtained in (a) and (b), respectively.
The illustration of the speculated structure showing the ini-
tiator and polymer brush parts is also shown in (c).
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Figure 7. (a) lllustration describing the model of a core—shell particle with uniform carbon concentration in the shell and
the changes in the intensity profiles with different shell thickness along the line across the particle in the projection im-
ages. (b) Carbon elemental map calculated from the pre- and post-edge images shown in Figure 6 and the measured inten-
sity profile along the line shown in the image together with the calculated profile using the model shown in (a).

The bottom row of Figure 4 shows a series of im-
ages for the carbon elemental mapping achieved be-
fore the cleaning of the TEM. Panels d and e in Figure
4 are pre- and post-edge images for creating the car-
bon map, respectively, suggesting the presence of the
carbon-rich layer on the SiNP surface. However, the
PMPC brush layer cannot be clearly seen in the carbon
distribution image (Figure 4f) due to the contamination
of the irradiated region. During the irradiation of the
electron beam on the specimen, thick carbon-rich
deposition was formed, which obscured the PMPC
brush layer. Therefore, the results strongly indicate
that imaging of polymers by carbon elemental map-
ping is quite sensitive to the specimen contamination.
The reduction of the beam-induced specimen contami-
nation leads to significant improvement in the carbon
elemental mapping. It has been generally known that
the cryo-observation is effective for reducing the dam-
age of the specimen; however, any advantage could not
be found in terms of the improvement of the carbon
mapping, suggesting that the cooling of the specimen
may increase the contamination deposition rate.

The contamination-free TEM allows us to perform
high-resolution carbon elemental mapping. We can
see the formation of polymer chains extended from an
silica surface, presenting the symmetrically and radially
extended polymer single layer from the isolated SiNP
particle. Figure 5 shows a different region of the speci-
men including two particles. Those two particles seem
to separate from each other with the distance of about
50 nm as shown in the pre-edge image (Figure 5a), but
the corresponding post-edge image (Figure 5b) and
the carbon distribution image (Figure 5¢) clearly indi-
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cate that the polymer brush chains are connected to
each other. An about five-times concentrated aqueous
solution gave a specimen with the PMPC-SiNP particles
with a higher density, as shown in Figure 5d. In this
case, the extended formation of the PMPC brush layers
cannot be seen as was observed in the isolated particle
(Figure 5e,f), suggesting that the polymer chains are en-
tangled with each other and form a continuous film.

Dimensional Characterization of a Polymer Brush and a Surface
Initiator Immobilized on a Silica Particle. The gray value inten-
sity profiles along a horizontal line across the center of the
SiNP were measured in the pre-edge and the post-edge
images as shown in Figure 6a,b, respectively. The profiles
measured in the two images are displayed in Figure 6¢, al-
lowing us to estimate the dimensional characteristics of
the particle. The profile obtained from the pre-edge im-
age (green line) indicates that the diameter of the SiNP is
about 20 nm, while that obtained from the post-edge im-
age (red line) estimates the PMPC brush thickness as
about 40 nm. One can see the two peaks in the intensity
profile of the post-edge image at the edge of the SiNP.
Those sharp tiny peaks correspond to the bright ring sur-
rounding the SiNP, as can be seen in Figure 4b, and pre-
sumably are assigned to the surface initiator (BHE) immo-
bilized on the SiNP surface. This speculation is supported
by the experimental fact that the average number of
PMPC brushes grafted on a SiNP is 33 while that of the im-
mobilized BHE is 387, which was determined by TGA.26
This means that carbon density of the initiator is signifi-
cantly higher than that of the grafted PMPC chains. Thus,
the surface initiator can be differentiated from the poly-
mer brush layer as illustrated in Figure 6c, and its thick-
ness is estimated as about 5 nm.

Wwww.acsnano.org



Images given by TEM are two-dimensional projec-
tions of samples. In the model of core—shell particles in
which the carbon concentration in the shell is uniform
and the core contains no carbon, the length of the line
along which the electron beam passes in the shell is pro-
portional to the pixel intensity of the profile in the carbon
map. The variation of the shell thickness with the fixed
core radius at 10 nm results in the change in the profile
as shown in Figure 7a, showing the tendency that the in-
tensities under the core particle increase with increase of
the shell thickness. The shape of the profile obtained from
the carbon map of the PMPC-SiNP is, however, different
from the calculated one, as shown in Figure 7b, suggest-
ing that the inner side of the brush layer is more concen-
trated than the outer side. What we can see by the carbon
elemental mapping is a dry brush adsorbed on the sub-
strate. Therefore, the shapes and the density of the brush
layer are different from those in the suspension. How-
ever, the carbon map well represents the symmetrically
and radially extended brush layer with the comparable di-
mension as was measured by DLS.

CONCLUSIONS
We have developed a cleaning process of a TEM by
gentle chemical etching of the carbonaceous contami-

MATERIALS AND METHODS

Specimen Preparations. Electron-beam-induced specimen con-
tamination was evaluated using carbon-coated microgrids pur-
chased from Okenshoji Co., Ltd. (Tokyo, Japan), where 10 nm
thick carbon thin foils were supported with lacey polyvinyl for-
mal. Plasma-polymerized OsO, films were prepared by the DC
glow charge method using a plasma coater (OP80ONT, Filgen Inc.,
Japan). The film was deposited on a cleaved single-crystal NaCl
surface for 5 s at 1.2 kV to produced 10 nm thick films. The film
was lifted off the substrate by dipping into water and collected
onto 2000-mesh copper grids. Five microliters of a dilute aque-
ous suspension of PMPC-SiNP (75 and 400 pg/mL) was dropped
onto a copper grid covered with an OsO, film, and then it was
dried in vacuo overnight.

EFTEM. A LEO922 energy-filtering transmission electron micro-
scope, in which an Omega-type energy filter is integrated, was
used at an accelerating voltage of 200 kV. In EFTEM, the transmit-
ted electrons are selected not only according to their scattered
angle but also according to their energy. The energy filter dis-
perses the inelastically scattered electrons generated by
electron—specimen interactions according to their energy. This
enables us to perform ESI and EELS. ESI was employed for obtain-
ing zero-loss images and carbon elemental mapping. All normal
TEM images shown in this paper are zero-loss images that are
formed by inserting the energy-selecting slit below the filter with
the 20 eV width centered at the zero-loss peak. Carbon elemen-
tal mapping was performed in accordance with the “three-
window power law” method. This method involves several steps:
First, an image in the vicinity of the carbon ionization K-edge at
285 eV is acquired as an image containing element-specific infor-
mation, and then two images are acquired below the absorp-
tion edge that define the background intensities. Following this,
a background image below the absorption edge is computed
pixel by pixel by extrapolation to the energy loss value above the
absorption edge. Finally, this background image is subtracted
from the element-specific image. For the creation of a back-
ground image, the background curve is modeled as the follow-
ing equation:
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nations accumulated inside the specimen chamber. It
can effectively reduce the beam-induced specimen
contamination, which dramatically improves the qual-
ity of carbon elemental maps of polymers. The polymer
chains end-immobilized on the silica particles can be
imaged by ESI, and its dimension can be characterized
quantitatively by carbon elemental mapping. The modi-
fications of inorganic surfaces with organic compounds
have been employed for improving dispersion, wet-
ting, and adhesion. Thus, this analytical technique could
be a promising approach for various industrial materi-
als. For the analysis of polymers by EFTEM, the detec-
tion of carbon is much simpler than those of other light
elements because of its high content. Thus, an image
with high signal-to-noise ratio can be obtained with
lower electron doses than for other elements. There-
fore, the possibility of carbon analysis by elemental
mapping and EELS with high spatial resolution has the
potential to lead to the advancement for soft-material
nanoanalysis by EFTEM. Also, the contamination-free
TEM will contribute to various analytical techniques re-
quiring extended exposure time of electron beam, such
as electron tomography, EELS, and nanobeam
diffraction.

| =AE" (1)
where [ is the signal intensity, E is the energy loss, and A and r are
the adjustable parameters. A and r are calculated pixel by pixel
from the two images below the edge. Image recording and
processing was performed using a slow scan CCD camera,
Proscan HSC2 (Proscan Co. Ltd.), and an image processing
system, analySIS (Soft Imaging System, Co. Ltd.), on a PC
connected to the microscope.

EELS spectra were acquired by “Parallel EELS” technique. In
Parallel EELS, the specimen area to be analyzed was determined
by inserting an aperture at the entrance of the filter. The spec-
trum was captured on an Imaging Plate (DITABIS, Digital Bio-
medical Imaging Systems AG, Germany), and the image analysis
system measured the intensity and converts it into a spectrum.
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