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Secondary ion mass spectrometry (SIMS) has some disadvantages including degradation in depth resolution
depending on the depth which are difficult to resolve. To address these disadvantages, we have previously developed
shave-off SIMS and achieved two-dimensional mapping. In this study, we designed the appropriate secondary ion optical
system by simulation to achieve three-dimensional shave-off SIMS. We developed new optical parts and evaluated the
abilities of the designed secondary ion optical system. We acquired the following abilities of the secondary ion optical
system: magnification ratio 1.6 x 102, Z-axial resolution 0.70 um, and transmission > 0.1%.

1. Introduction

Secondary ion mass spectrometry (SIMS) is a surface
analytical technique with some unique advantages.
However, it has some disadvantages that are difficult to
resolve, such as shape and material dependence of
sputtering yield and structural damage occurring on the
sample surface. To resolve or lessen these issues, we
developed a new method called “shave-off SIMS” [1-3].
In conventional SIMS, the primary ion beam scans just
on the surface, and the depth information is acquired by
repeating XY scanning (Fig. 1a). In shave-off SIMS, the
primary ion beam scans on the XY plane and shaves off
the entire cross section (XZ plane) of the sample (Fig.
1b). The entire analysis is completed by only one
shave-off SIMS procedure. Thus, the time of the analysis
is very short (30 min ~ 2 h). Quickness is one of the most
important attributes in analytical science. Shave-off
SIMS enables quicker processing and does not have the
several disadvantages of conventional SIMS.

Two-dimensional mapping (XY plane) is achieved in
shave-off SIMS by using the positional information of
the scanning primary ion beam [4]. However, the
information of Z axis is not acquired at all (Fig. 2a). If it
is possible to magnify the shave-off cross-sectional ion
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image in the Z axis in the secondary ion optical system,
three-dimensional (3D) shave-off SIMS is achieved by
the combination of XY-positional information and
Z-axial magnified image [5] (Fig. 2b). 3D shave-off
SIMS has all the advantages of the existing shave-off
SIMS. If the depth resolution and transmission of 3D
shave-off SIMS become similar to those in conventional
SIMS, 3D shave-off SIMS will be an attractive analytical
method. In this paper, we designed the appropriate
secondary ion optical system to attain the Z-axial
magnification by the simulation of electric field.

2. Simulation

We used SIMION [6] to simulate the secondary ion
optical system. The system consisted of the following
parts: specimen, accelerating electrode and extracting
electrode (extracting system), aperture, focusing lens,
magnifying lens, electric analyzer, and magnetic analyzer
(Mattauch—Herzog-type mass analyzer [7]) (Fig. 3a).
Two datasets for the secondary ion conditions were used.
One was similar to that in conventional SIMS: secondary
ions were randomly emitted from a point like a cone
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Fig. 3 (a) Secondary ion optical system. The geometrical
relationship is not correct. (b) Typical SIMS conditions
(c) Simplified image of Trim simulation under the
condition similar to shave-off SIMS. (color online)

whose half angle was 60°, and the secondary ion energy
was 1-30 eV [8] (Fig. 3b). Here, we defined
conventional SIMS as SIMS in which O*, Cs*, or other
commonly used ions are employed as primary ions and
they just sputters the sample surface. We used the
conventional condition to confirm the function of the
designed secondary ion optical system. The other dataset
was the shave-off condition calculated by Trim [9]. The
Trim simulation was made under the condition similar to
shave-off SIMS [10-11] (Fig. 3c). The conditions of this
simulation were the following: the incident ions were Ga,
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Fig. 4 (a) Energy distribution of secondary ions simulated
by Trim. The Trim simulation was carried out under the
condition similar to shave-off SIMS. (b) Emission angle
distribution of secondary ions simulated by Trim. The
Trim simulation was carried out under the condition
similar to shave-off SIMS (c) Definition of emission
angle. (color online)
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the number of incident ions was 10° the energy of
incident ions was exactly 30 keV, the incident angle was
87°, and the sputtered sample was W. In this simulation,
sputtered particles whose energy was less than 30 eV
were the secondary ions. The energy distribution and
emission angle distribution of the used data is shown in
Fig. 4a and 4b, respectively. The definition of emission
angle is shown in Fig. 4c. We used the condition
simulated by Trim to evaluate the abilities of the
designed secondary ion optical system under the
shave-off condition.
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Fig. 5 (a) YZ cross-sectional image of the current extracting
system. This image was drawn by SIMION. (b)
Geometrical conditions used in the simulation as the new
extracting system. This image was just the YZ cross
section, and the three-dimensional structure was
rotationally symmetric. (c) YZ cross-sectional image of
the new extracting system. This image was drawn by
SIMION. (color online)

3. Results and Discussion

In this paper, we first improved the extracting system
and designed the magnifying lens. The required abilities
of the extracting system were as follows: the rotational
symmetry of the optical system was sufficiently high to
satisfy paraxial approximation [12], the chromatic
aberration of the secondary ions was sufficiently small to
project the resolvable secondary ion image, the primary
ion beam hit the sample, and the manipulation of the
SIMS apparatus was easy. We improved the extracting
system because the existing extracting system did not
have a symmetrical structure and did not satisfy paraxial
approximation (Fig. 5a). We did not acquire any
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Fig. 6 Electric field and the position controlling of the sample
in the new extracting system. The upper image was drawn
by SIMION. The lower image was the simplified scheme
of the position controlling of the sample. (color online)
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Fig. 8 Function of the planar lens. Both images were drawn by
SIMION. (color online)

resolvable cross-sectional ion image by using the
existing extracting system. The geometrical conditions of
the new extracting system are shown in Fig. 5b. This
system was constructed using the accelerating electrode,
sub-accelerating electrode, and extracting electrode. The
new extracting system had rotational symmetry and
satisfied the paraxial approximation. In addition, the
chromatic aberration became sufficiently small to resolve
the cross-sectional ion image on the detector. It
succeeded in reducing the bending of the primary ion
beam and made the ion beam hit the sample (Fig. 5c). In
Fig. 5c, the applied extracting voltage was 7.0 kV, and
the energy of the primary ion beam was 30 keV. In this
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research, the applied extracting voltage was always fixed
to 7.0 kV. We assumed that the sample is attached on the
accelerating electrode directly. When the accelerating
electrode position is changed to control the sample
position, the rotational symmetry of the extracting
system is broken (Fig. 6). However, the electric field
around the sample is kept symmetric if the diameters of
the accelerating electrode and sub-accelerating electrode
are sufficiently large (we assumed over 20 mm) (Fig. 6).
Thus, the manipulation of the new extracting system was
easy.

The required abilities of the magnifying lens were as
follows: the Z-axial magnification was possible, the
magnification was sufficiently large to detect (from 1 um
to 0.1-1 mm), the lens effect worked only in the Z axis
to satisfy the geometrical condition of Mattauch-
Herzog-type mass analyzer, and the electrode structure
was practical. We developed the planar magnifying lens
shown in Fig. 7. In this research, we always fixed the
applied voltage Vi at 1.7 kV. The electric field generated
by the planar lens worked only in one direction (Fig. 8).
This magnifying lens was placed at the main slit, which
was part of the Mattauch—Herzog-type mass analyzer.
The procedure of magnification in the designed
secondary ion optical system is shown in Fig. 9. First,
the real image was made at the center of the main slit.
Then, the real image was magnified by the magnifying
lens, and finally the magnified image was projected on
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Fig. 9 Trajectory of the secondary ions in the designed secondary ion optical system. These images are different from the real
simulation. These images were drawn by SIMION. (a) XY image of the trajectory. (b) XZ image of the trajectory. (color

online)
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the detector.

In this paper, we defined magnification ratio, Z-axial
resolution, and transmission. First, the center of the cross
section of the sample was set at the origin point of the
simulation space. The secondary ions emitted from
point-A, whose Z position was Zinitial ON the cross section
of the sample, made the distribution P (Ziniia) On the
detector. We defined Zgetected @S the average value of P
(Zinitiar). Here, it was assumed that the following equation
was established.

Zdetected =M= Zinitial +C

where M and C were real constants. We defined the
absolute value of M as magnification ratio. In addition,
we defined o as the standard deviation of P (Zinitia)). Then,
the value R was calculated by the following equation:
. 20
Nl
We defined R as Z-axial resolution. It was assumed
that the number of secondary ions emitted from point-A
was Ninitia and the number of secondary ions that reached
the detector was Ngewcied. Then, the value T was
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Fig. 10 Result graphs of the Z axial magnification in each
condition. The error bars show 1o section. The definition
of each physical quantity follows the body. (a) Familiar
condition in conventional SIMS. (b) Calculated condition
by Trim.

calculated by the following equation:

Ndetected
T — —

Ninitial

We defined T as transmission.

In this research, we fixed the voltages that were
applied to each electrode in the designed secondary ion
optical system. The fixed voltages were set to optimize
the Z-axial resolution when the voltage applied to the
extracting system was 7.0 kV. The result of Z-axial
magnification in the designed secondary ion optical
system is shown in Fig. 10a, 10b. In the conventional
condition, the following values were achieved:
magnification ratio 1.6 x 102, Z-axial resolution 1.4 um,
and transmission 0.19% (Fig. 10a). From this result, we
confirmed the function of the designed secondary ion
optical system. Then, we evaluated the abilities of the
designed system. The magnification ratio 1.6 x 10% was
sufficient because we could magnify the cross-sectional
ion image from 1 um to 0.1 mm by using the designed
secondary ion optical system. However, the Z-axial
resolution 1.4 pum and transmission 0.19% was much
inferior to conventional SIMS. Further improvements in
the secondary ion optical system are necessary.

In the condition simulated by Trim, the following
values were achieved: magnification ratio 1.6 x 107
Z-axial resolution 1.4 um, and transmission 0.32 % (Fig.
10b). We expected the secondary ion optical system to
show different results in different conditions. However,
the acquired value of each physical quantity except for
the transmission was same between the two datasets. The
condition simulated by Trim had the unique energy and
emission angle distribution (Fig. 4a, 4b). We explored
why the deviation of the distribution effected the
transmission and why the magnification ratio and Z-axial
resolution did not depend on the distribution. Here, the
aperture was set just posterior to the extracting system in
the designed secondary ion optical system, and only
some part of the secondary ions could pass the aperture
(Fig. 3a). Thus, the transmission was mainly determined
by the aperture in the designed secondary ion optical
system. We concluded that the transmission changed
depending on the energy and emission angle distribution
of the secondary ions because the number of secondary
ions passing the aperture changed depending on the
distribution. On the other hand, the magnification ratio
depended only on the voltages applied to each electrode
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in the designed secondary ion optical system. Moreover,
we assumed that the cause of the consistency of the
Z-axial resolution between the two datasets was that the
distributions of the secondary ions passing the aperture
were almost the same between the two datasets.

4. Conclusion

By developing the new extracting system and the
magnifying lens, we suggested a new secondary ion
optical system that enables 3D shave-off SIMS. The
Z-axial image of samples were magnified from
micrometer size to millimeter size by using this optical
system. However, it is necessary to improve this optical
system because the Z-axial resolution and transmission
shown in this research are much inferior to that in
conventional SIMS. In addition, to enhance the accuracy
of the simulation, experimentally measuring the initial
conditions of secondary ions in shave-off SIMS is
required.
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