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Abstract

FIB-TOF-SIMS apparatus to evaluate a suspended particulate matter has been

developed at JST Development of System and Technology for Advanced Measure-

ment and Analysis “Apparatus for evaluating formation and dispersion history of

single particle by focused ion beam and laser ionization techniques”.  A lateral revo-

lution for scanning ion microscope observation is achieved about 10nm, and one for

SIMS imaging is about 40nm.  This technique is applied to evaluate the chemical

states of boron whose leaching is strictly controlled by the regulation from the coal

fly ashes, which have different elution characteristics.  Boron exists at the top sur-

faces of fly ash particles which have higher leaching characteristic, and concen-

trates in the inner part of CaO-MgO particle, especially CaO, which have lower

leaching characteristics. This technique can become very useful analytical tech-

nique for development of environmentally-friendly steel making process for sus-

tainable development.

* General Manager, D.Eng., Materials Charcterization Research Lab., Advanced Technology Research Laboratories
20-1, Shintomi, Futtsu, Chiba

1. Introduction
Suspended particulate matter (SPM) is an extremely complex

compound that originates from various sources and is subject to
change through a complex chemical reaction that takes place under
the influence of the environment in which it exists. Therefore, as
measures to grasp the actual condition of pollution by SPM and to
control such pollution, improvement in the accuracy of dynamic
analysis of SPM in terms of both time and space and analysis of
historical information about individual SPM particles are strongly
called for. In inductively coupled plasma mass spectrometry (ICP-
MS) and gas chromatographic mass spectrometry (GC-MS), which
predominate in environmental analyses today, pre-treating the speci-
men is essential since ionization has no material selectivity. This re-
quires prolonged sampling to collect huge specimen volumes, so that

it is virtually impossible to carry out elaborate dynamic analysis. We
decided to seek, as part of a national project, a new technique that
offers high lateral resolution sufficient for analyzing individual minute
particles while allowing for nondestructive measurement of organic
molecules that can adversely affect the human body.1) We made the
above decision thinking that if we could develop such a technique, it
would make it possible to clarify the causal relationship between a
specific suspended particle and an organic molecule found on the
surface of that suspended particle having a strong environmental
impact and to shed light upon the history of the scattering of sus-
pended particles.

2. Content of Technological Developments
Generally speaking, the average particle size of SPM is in the

sub-micron to several microns range. Therefore, in order to clarify
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Fig. 1   Schematic diagram of FIB-EB-TOF-SIMS apparatus
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Photo 2   SEM image of standard micro-particles with 0.5 mm in
diameter taken by electron beam and FIB

the composition of SPM and the distribution of each of the constitu-
ents of SPM, a high in-plane resolution of sub-microns is required.
With secondary ion mass spectrometry (SIMS), it is only possible to
obtain information on the surface layer (several atoms’ thickness) of
SPM.2-5)

On the other hand, by sectioning a particle in special equipment
and analyzing the cross section by SIMS using the shave-off method
developed by Sakamoto et al., it is possible to extract information on
the particle interior as well.6) Thus, information about the source of
SPM and historical information about SPM can be obtained at the
same time.

It is considered that organic molecules that have a considerable
environmental impact concentrate on the surface of SPM. There-
fore, it is necessary to first make a nondestructive examination of the
surface of the SPM, select particles of it, and then extract informa-
tion about the organic molecules on the SPM particles.

So we planned to develop time-of-flight-type secondary ion mass
spectrometer (TOF-SIMS) provided, as its probe, with a focused ion
beam (FIB) that, in principle, permits detection of even extremely
small amounts of organic matter with high sensitivity and with higher
lateral resolution. In making a search of SPM particles, it is possible
to irradiate an FIB onto the specimen and observe scanning ion mi-
croscope (SIM) images thereof. In this case, however, the organic
matter on the particle surface would be destroyed by FIB irradiation.
Therefore, we considered developing FIB-EB-TOF-SIMS appara-
tus provided not only with an FIB source but also an electron beam
(EB) source that would permit observation of the same point on the
specimen surface as the FIB.7-9)

In the present study, on the basis of our new idea of combining
FIB and SIMS, we aimed to come up with a single-particle history
analyzer that permits analysis of the chemical composition of SPM
particles and the organic molecules on the surfaces of SPM particles
that are unique to a specific environment and a specific place.

3. Performance of Experimental Apparatus
The experimental apparatus consists mainly of an FIB source,

EB source, specimen manipulator, secondary electron detector, time-
of-flight-type mass spectrometer (TOF-MS), and ultrahigh vacuum
chamber. Before all these components were assembled into the ap-
paratus, the performance of each of them was verified and improved
as required in the process of fabrication. Photo 1 shows the appear-
ance of the FIB-EB-TOF-SIMS apparatus, and Fig. 1 is a schematic
diagram of the apparatus.

The TOF-MS is installed right above the specimen stage, and the
EB and FIB are each positioned on either side at an inclination of 45°
so that both the EB and FIB are focused on the same spot on the
specimen.
3.1 Observation of EB- and FIB-excited secondary electron im-

ages
Observing secondary electron images is the most basic function

in evaluating the beam diameter—the basic performance of the EB
and FIB—and the vibration-proof capability of the entire apparatus.
For the experimental apparatus, which was designed for local analy-
sis of SPM in the environment, we strove to enhance the resolution
of secondary electron images to the extent possible.

In addition to elaborate measures to prevent vibration of the ap-
paratus, we took measures to reduce noise, such as covering the en-
tire specimen stage inside the chamber with SUS sheet, since the
noise from the noble pump to the secondary electron detector was
very large.
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Fig. 3   Analytical procedure of surface and inner part of a particle

After calibrating the magnification through observation of model
particles, we measured the lateral resolution of the EB using a speci-
men prepared by vacuum evaporation of gold. The lateral resolution
obtained was 13 nm. A comparison between an FIB-excited second-
ary electron image and an EB-excited secondary electron image shows
that the lateral resolution of the FIB is nearly equal to that of the EB.
Therefore, it may be said that the designed lateral resolution of 10
nm for the FIB was nearly attained. In order to verify the lateral
resolution of the EB and FIB, respectively, we obtained EB- and
FIB-excited secondary electron images of model particles having a
diameter of 0.5 μm. As shown in Photo 2, both the EB and FIB
gave clear images
3.2 Observation of the same particle by the EB and FIB

The EB and FIB sources are installed so that the EB and FIB

irradiate the same spot on the specimen surface at an angle of 45°
from opposite directions. Therefore, as long as the EB and FIB irra-
diate exactly the same spot on a flat specimen, it is possible to ob-
serve almost identical images (though they are mirror images) and
directly observe the cross section of an FIB-prepared particle by the
EB (see Fig. 2).

By improving the hardware to measure particles as described
above, we established a new particle analysis technology. The proc-
ess of particle analysis using the new technology is shown in Fig. 3.
First, a particle is nondestructively sought using a secondary elec-
tron image (SEM). Then, the element distribution at the particle sur-
face can be observed using the TOF-SIMS mass spectrum and imag-
ing by a pulsed FIB. After that, the particle is sectioned by a DC FIB
and the sectioned particle is eucentrically rotated 180° to obtain a
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Fig. 4   Elemental (Si, Al, Mg and Ca) SIMS images of Coal Fly Ash A (A) and Coal Fly Ash B (B)

Fig. 5   B, Al and Ca SIMS images of Coal Fly Ash A (A) and Coal Fly Ash B (B)

mass spectrum and a cross-sectional image of the particle using a
pulsed FIB. It took about five minutes to cut the 2.5 μm particle in
half. The lateral resolution of elemental imaging by SIMS that has
been obtained so far is 40 nm.

By performing the above operation, it is possible to extract infor-
mation about the distribution of elements in the surface and interior
of the target particle.

4. Analysis of Coal Fly Ash10, 11)

An example in which the newly developed apparatus was used to
analyze an actual specimen is given below. The use of coal fly ash as
a filling material, concrete admixture, pavement material, etc. has
been steadily increasing. On the other hand, as a major factor that
has impeded the rapid expansion of coal fly ash use, there is the
problem of elution of environmental pollutants into the soil. Accord-
ing to the environmental standard, the allowable concentration of
boron (B) in drainage in land areas is 10 mg/L. In many cases, how-
ever, there is no linear relationship between the concentration of B in
coal fly ash and the amount of B elution into drainage. Therefore,
finding how to restrain the elution of B is important. The above dif-
ference in elution behavior of B was considered due to a difference
in how B exists in coal fly ash. We therefore attempted to clarify the
mode of existence of B traces in coal fly ash by using the FIB-EB-
TOF-SIMS technique in combination with the STMAS-NMR (sat-

ellite-transition magic-angle spinning nuclear magnetic resonance)
technique.

Using the STMAS probe developed originally by Nippon Steel,
we observed the mode of existence of Coal Fly Ash A (boron con-
centration 1,050 ppm, elution ratio 50%) and Coal Fly Ash B (boron
concentration 540 ppm, elution ratio 17%), respectively. As a result,
it was found that Coal Fly Ash A contained not only Ca

3
(or Mg

3
)B

2
O

6

or Ca
2
(or Mg

2
)B

2
O

5
, but also Ca(or Mg)B

2
O

4
, whereas Coal Fly Ash

B contained only Ca
3
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3
)B
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O

6
 or Ca
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2
)B

2
O

5
 as the main

boron-containing compound. Thus, the difference between the two
types of coal fly ash regarding how boron exists was determined.
Concerning these two types of coal fly ash, we attempted to clarify
the correlation between the mode of existence and the behavior of
elution on the basis of elemental images obtained by FIB-EB-TOF-
SIMS.
4.1 Measurement using FIB-EB-TOF-SIMS

Fig. 4 shows examples of the secondary ion images obtained by
FIB-EB-TOF-SIMS. It can be seen that Coal Fly Ash B is largely
divided into Al

2
O

3
-SiO

2
- and CaO-MgO-based particles. On the other

hand, Coal Fly Ash A does not clearly show any marked difference
in particle composition.

Fig. 5 shows the boron distribution at the surface of particles of
Coal Fly Ash A and Coal Fly Ash B, respectively. In Coal Fly Ash B,
boron was concentrated only on the surface of the CaO-MgO-based
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Fig. 6   Cross sectional elemental SIMS images and SIM (Scanning Ion Microscope) image in Coal Fly Ash B

particles, whereas in Coal Fly Ash A, boron was concentrated on the
surface of every particle.

Fig. 6 shows cross-sectional elemental SIMS images and an SIM
(scanning ion microscope) image of Coal Fly Ash B. It can be seen
that CaO and MgO separately form island structures within the CaO-
MgO particles and that boron is selectively concentrated in CaO,
together with Fe.

The high lateral resolution of 40 nm of the FIB-EB-TOF-SIMS
equipment made it possible for us to obtain the above information
for the first time. In addition, the mode of existence of boron, which
cannot be determined by STMAS-NMR, was found to be either
Ca

2
B

2
O

5
 or Ca

3
B

2
O

6
 from the fact that B coexisted with Ca. In the

measurement using NMR, a very sharp spinning side band (SSB)
was observed in Coal Fly Ash B. The SSB was found to have oc-
curred at the site where B and Fe coexist.

As has been described above, we examined the mode of exist-
ence of boron in two types of coal fly ash with markedly different
boron elution ratios using STMAS-NMR and FIB-EB-TOF-SIMS.
In Coal Fly Ash A with a boron elution ratio of 50%, boron was
concentrated at the surface of every particle. On the other hand, in
Coal Fly Ash B with a boron elution ratio of 17%, boron was con-
centrated largely in the CaO-MgO-based particles, especially the CaO
portion of those particles, in a selective manner. Therefore, we con-
sider that in the boron elution test, the boron elution ratio of Coal Fly
Ash A, with a considerable proportion of boron concentrated at the
surface, was high, whereas that of Coal Fly Ash B was low, because
much of its boron was concentrated in the CaO compound.

5. Conclusion
With the aim of extracting information about the history of scat-

tering and the sources of suspended particulate matter, we devel-
oped apparatus to analyze the history of single particles using a com-
bination of focused ion beam (FIB) and laser ionization as part of the
Advanced Measurement/Analysis Technology and Apparatus Devel-
opment Project under the Japan Science and Technology Agency
(JST). The apparatus we developed is based on the secondary ion
mass spectrometer (SIMS), the probe of which is an FIB used to
prepare extremely thin specimens for electron microscopy. Thanks
to the 40-nm-level lateral resolution attained by the FIB, the apparat-
us enables elemental mapping. In addition, the apparatus permits
observation of the surface and interior of fine particles separately

since their cross-sectional images can be obtained by an FIB. The
particle interior provides information about the origin of suspended
particulate matter (SPM), and the particle exterior provides clues to
the history of scattering of SPM.

Through a national project, we have also studied laser post-ion-
ization technology while developing a technology to detect trace
amounts of organic molecules contained in gases.12-17)

We have clarified the possibility of ionizing specific elements
that have a large environmental impact and are implementing a highly
quantitative, high-sensitivity elemental analysis by irradiating an
ultraviolet laser beam on particles sputtered by an FIB.18-23)

Furthermore, we have clarified the fact that laser ionization per-
mits information to be obtained about the skeletal structure of or-
ganic molecules, which cannot be obtained with conventional SIMS.

Thanks to the development of the above technology, it became
possible to obtain information about the origins of suspended par-
ticulate matter. We consider that by positively pressing ahead with
the application of this technology in the future, we will be able to
supply information of great importance in developing a new envi-
ronment-friendly steelmaking process.
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