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This study describes important techniques for production of a series of video signals for use in fine focusing operations and
near-perfect astigmatism correction in the general-purpose scanning electron microscopy (SEM) field. These techniques can
enhance the stability of the signal greatly when used for focusing. As two particularly important fundamental techniques,
SEM image acquisition with priority given to the signal-to-noise ratio and signal reinforcement based on the active image
processing concept were utilized fully. The performance improvement was evaluated using the case of a previously reported
support system for fine focusing and astigmatism correction based on image covariance. The method is almost completely
robust against noise within practical limits and allows for focusing and astigmatism correction for even extremely noisy SEM
images. The results of this study may be useful not only in the SEM field but also in many fields that use weak signals.

1. Introduction

Many scientific instruments require focusing. However, both
manual and automatic focusing operations may be affected
by noise. In particular, in the high-magnification and
high-resolution observations made in general-purpose
scanning electron microscopy (SEM), which uses an elec-
tron beam current on the picoampere scale, the focusing
performance often varies with the quality of the SEM signal,
which may include severe noise. Field emission guns have
been used to improve the signal-to-noise ratio (SNR) of
SEM images dramatically. However, under both low- and
high-magnification conditions, the problem has yet to be
resolved because the image quality is strongly dependent on
both the characteristics of the specific specimen (e.g., surface
structural details that can only produce very weak image
contrast) and the SEM operating conditions.

During SEM image observation, after image acquisition,
and during the adjustment of the various SEM parameters
performed prior to image acquisition (e.g., focusing), digital

image processing techniques with a statistical backing based
on the SEM image characteristics should be used to reduce
the adverse effects of noise and/or blur substantially. In the
early years of study in this field, many techniques to improve
the SEM image quality were simply adopted from the image
processing field [1]. At present, useful results from several of
these studies are being used in practice in commercialized
and/or prototype SEMs. For example, as practical methods
for use during SEM image observation, a recursive filtering
method (involving averaging over multiple TV-scan SEM
images), was introduced to reduce SEM noise [2], and an
image restoration system (to reduce blur) was developed
for TV-scan moving images that were acquired using a semi-
conductor backscattered electron detector [3]. In addition,
modern image restoration methods based on estimation of
the beam intensity distribution have been proposed to
improve the resolution of previously acquired SEM images
[4, 5]. Another method was proposed to produce a denoising
result that was basically equal to the resolution of the
acquired SEM image (for preservation of fine structures)
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based on evaluation of the noise amplitude of the SEM
image [6].

Recently, a denoising method for critical dimension
(CD) SEM images based on deep learning was developed
[7]. Because this method does not require to be trained with
clean ground-truth images, it will be highly effective for use
in the SEM field (it is very difficult to obtain large numbers
of SEM images with extremely low noise). However, because
we would have to use this method at very high processing
speeds in the focusing operations in this study under a
variety of conditions, including different magnifications,
microstructure geometries, degrees of noise amplitude, and
degrees of image blurring, it is difficult to adopt it at present.
In another very recent study, a deep learning-based refocus-
ing method for blurred SEM images was proposed (an image
restoration method to improve the resolution of previously
acquired SEM images) [8]. The results for this method seem
to have been obtained under the condition that very little
SEM noise was present. In addition, only simple image
blurring was considered, and the adverse effects of image
distortion caused by astigmatism have not been discussed
to date. Therefore, this concept was also unsuitable for use
in this study.

Several methods, including techniques that use Fourier
transforms [9–14], autocorrelation functions [15], and
image variance [16] have been used to perform (automatic)
focusing of an electron beam [11, 15, 16] and to evaluate
sharpness (i.e., image quality) [9, 10, 12–14] in SEM applica-
tions, which are the aims of this study. Unsurprisingly, these
methods will also be strongly affected by noise. Erasmus and
Smith [16] and Oho et al. [17] both used covariance to
achieve more precise focusing under noisy conditions. As
an advance from this study, the SNR of an SEM image with
the same origin as the covariance is adopted as an easy-to-
use index for focusing evaluation, because the measurement
of the SNR does not typically vary under the same focusing
conditions, even if the contrast and brightness are both
adjusted freely [18]. In support of this approach, a compre-
hensive comparison study reported that the normalized
variance, which has the same origin as the covariance, is
the best index for use in focus evaluation among the many
indexes available for noisy optical microscope images [19].
However, despite many research findings to date, fine
focusing operations and near-perfect astigmatism correc-
tion for SEM remain difficult tasks under extremely noisy
conditions.

To solve the difficult problems described above by
improving the signal quality to be used for fine focusing
and astigmatism correction, it is helpful to devise an
appropriate combination of the image processing and SEM
technologies required. If these improvements can be made,
optimal SEM performance will be possible under noisier
conditions. In this study, we use both an SEM image acqui-
sition method with priority given to the SNR [17] and the
active image processing concept [20, 21] to provide a suit-
able solution. The former method maximizes specific image
information required for fine focusing, while the latter
prioritizes the development of various SEM functions to
acquire SEM signals that include sufficient information.

Both of these simple technologies are central to improved
acquisition and processing of the focus detection signal.
We demonstrate that the proposed solution can clearly be
effective under poor SEM conditions that have not been
discussed previously.

2. Experimental System to Improve Signal
Quality during Focusing

Figure 1 outlines the system used to improve an extremely
low-quality SEM video signal for use in focusing. Digital
SEM signals that are output from a Hitachi S-3400N
(general-purpose SEM with a thermal electron emission-
type electron source composed of a tungsten hair pin;
Hitachi High Technologies, Tokyo, Japan) are typically used
in the signal improvement system presented here. We use a
TV scan (in this case, 25 frames/s) in this study, except in
specified cases. The SEM digital video signals are acquired
continuously using a personal computer controlled via
LabVIEW software (National Instruments, Austin, TX). To
obtain better imaging results, the personal computer is
equipped with a DVI3USB 3.0 video grabber (Epiphan Sys-
tems Inc., California, USA) for lossless video capture from
a device with a digital visual interface output port.

As Figure 1 already shows, many ideas have been pro-
posed to improve the quality of the SEM video signals used
for fine focusing and astigmatism correction applications.
It is possible to change the image quality (particularly the
SNR) by adjusting several of the SEM parameters within
the rectangular frame. However, because it is difficult to
increase the incident current for general-purpose SEM with-
out degrading the resolution and because a fairly fast scan is
required for focusing operations, we cannot often expect the
SEM signals to have a high SNR. In addition, the SNR
variations are strongly dependent on the properties of the
specimen under observation (e.g., the features of fine surface
structures). These typical examples will be confirmed exper-
imentally later (see Figures 2 and 3). With these consider-
ations in mind, we will now discuss the important aspects
of image processing techniques (outside the rectangular
frame shown in Figure 1) that can be used widely and effec-
tively to improve signal quality for fine focusing.

2.1. Acquisition of an SEM Image with Priority Given to the
SNR. An SEM image is acquired for a predetermined num-
ber of scanning lines (pixels) and a predetermined acquisi-
tion time, which are both correlated strongly to the SNR of
the acquired image. If the acquisition time remains constant,
we can then place greater importance on either the SNR or
the number of pixels used M via appropriate setting of the
SEM parameters. To consider which of these aspects is
more important in the focusing work, we use the following
equations [16, 17, 22]:

E Covs t1, t2ð Þf gffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var Covs t1, t2ð Þð Þðp =

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
number of pixelsM

p SNR2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2SNR2 + 1

p ,

ð1Þ
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SNR = Sσ
Nσ

=
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

Cov t1, t2ð Þffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
Var t1ð Þ ⋅Var t2ð Þp

− Cov t1, t2ð Þ

s
, ð2Þ

where Efg represents the statistical expectation. Close
examination of Equation (1) indicates the potential useful-
ness of SEM noise immunity. This important feature would

be helpful in focusing operations. The numerator and
denominator on the left-hand side of Equation (1) show the
desired signal (squared) and the standard deviation of the
aggregation of multiple sample covariance (Covs) values,
respectively. In other words, the left-hand side represents
an index of the theoretical scattering of the measurements
of the covariance in the case where a sample has M pixels.

Recursive flter
for noise reduction 
(frame integration)

Acquisition of an SEM 
image with priority given 
to the SNR

Noise suppression by moving average 
of a graph showing change of focus
(combined with frame integration)

Amount of incident current, characteristics of a specimen
Image acquisition time, scan speed, the number of scanning lines (pixels)

Lossless 
capture unit
of digital SEM
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Search for the visual feld
with the maximum 
variation evaluation value
(Active image processing)

SEM

External PC

Figure 1: Experimental system for signal quality improvement during focusing. Numerous ideas to improve the quality of the SEM video
signals used for fine focusing and astigmatism correction are available.
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Figure 2: Confirmation of the quality of the just-focused images and graphs for focusing evaluation in the case without use of noise
reduction technologies. (a) Flat specimen and its specimen stub, which were coated with a thick Au film. (b) SEM image of the flat thick
film acquired at 26 pA. (c) Image of the specimen stub acquired at 26 pA. (d) Image of the film acquired at 8 pA. (e) Image of the film
acquired at 2 pA. (b′–e′) Graphs showing the changes in the SNR during the focusing operation corresponding to each condition. The
bar represents 0.7 μm.
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A higher value of this index will yield a better (i.e., stable)
covariance measurement. Next, the right side is derived from
the left side of Equation (1) and is composed of the SNR and
M. Here, the SEM signal includes the desired signal Sσ and
the noise Nσ, and the SNR is defined as the ratio of the
standard deviation of Sσ to the standard deviation of Nσ.
For the measurement of SNR as shown in Equation (2), we
require two images ðt1, t2Þ taken from the same viewpoint,
and their covariance (Covðt1, t2Þ) and individual variances
(Varðt1Þ and Varðt2Þ) are then calculated. Sσ is equivalent
to the square root of the covariance value above. The reason
for there being no subscript s for the covariance (Cov) shown
in Equation (2) is that the equation expresses the true covari-
ance rather than the sample covariance. The right side shows
the scattering of the sample covariance measurements
expressed using only the SNR and M and indicates that it is

possible to adjust the SNR and M suitably under specific
conditions to improve the numerical value of the index.
The right side of Equation (1) clearly shows that stable
measurement of the covariance in our study can be achieved
by improving the SNR rather than increasing M. We must
therefore select an SEM image acquisition method that
increases the SNR as far as possible.

Figure 4 presents a procedure to acquire an SEM image
while prioritizing the image SNR. For example, if the
number of pixels decreases by a factor of four, the standard
deviation (amplitude) of the SEM noise is then theoretically
halved. As a result, the SNR increases by a factor of 2. After
image acquisition, the reduced image (indicated by A) can
be realized by simple averaging over 2 × 2 pixels, although
this reduces the number of pixels used. A comparison of
the case where this process is repeated four times is
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Figure 3: Improvement in the signal for focusing operations produced by moving the electron beam. To improve the desired signal within
the weak SEM signal fundamentally, the field of view with the maximum variation evaluation value is located near the observation region.
(a–e) Search candidates (with 300,000x magnification). (a) is used to improve the signal for focusing operations. (f) Points a–e show the
changes in the variation evaluation value. For an overall view, all results from (0)–(5) obtained during the process of creation of (c)
when using the SEM image for which priority is given to the SNR are shown. See text for full details. The bar represents 0.14 μm.
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illustrated visually in Figure 4. When compared with the
(unprocessed) SEM image in which priority was given to
the number of pixels used (at the left side of Figure 4),
although the number of pixels has decreased dramatically,
the SNR has improved sufficiently in the SEM image in
which priority is given to the SNR (on the right side, with
the image expanded to enable comparison). This method is
similar to the application of a low-pass filter, but the result
(i.e., the improved SNR) can be handled successfully in
Equation (1) in combination with the change in the number
of pixels M. This use of an increase in the SNR rather than a
reduction in the number of pixels is particularly effective for
data that have been acquired under very low SNR condi-
tions, and it is helpful for focusing operations. Indeed,
SEM instruments have long been equipped with reduced
images that are available to the user for focusing. However,
assuming that these SEM images can be reduced in size
freely, the method required to obtain the best possible results
has probably never been discussed on the basis of sufficient
available experimental results. Within permissible limits,
the original SEM image should be reduced in size to improve
the SNR. In other words, if the desired signal more than
satisfies the sampling theorem (e.g., in the case of unusually
high magnification in general-purpose SEM), then the
averaging approach in question can be used to provide
nearly ideal improvement in the SNR (i.e., where only the
noise component is reduced). As a result, as indicated by
the relationship between the SNR and the number of pixels
M in Equation (1), the variations in the measurements of
the sample covariance will be reduced dramatically. These
typical examples will be confirmed experimentally later in
the paper (see Figure 5). In this study, the SNR itself and
the covariance are used to form the index for focusing oper-
ations. The scattering of the SNR measurements obtained
from images with M pixels is similar to that of the sample
covariance, because the denominator in Equation (2) usually
remains almost constant during focusing operations.

2.2. Reinforcement of the Signal for Focusing Based on the
Active Image Processing Concept. It is obviously important
to acquire desired signals that are as strong as possible to
enable successful fine focusing and astigmatism correction
processes under very low image quality conditions. How-
ever, most obvious techniques to improve the signal quality
through image processing and setting of the SEM parame-
ters have already been examined, including those in the dis-
cussion above. We therefore focus on another important
measurement aspect, i.e., the specimen itself, which has not
been addressed to date for signal reinforcement in focusing
operations. The SEM image quality is related to the size,
shape, and composition of the fine details of the specimen
under study. In this work in particular, because unusually
high magnification is used in the general-purpose SEM (with
a thermal electron emission-type electron source composed
of a tungsten hair pin), the desired signal included in the
SEM image is strongly dependent on the states of the surface
structures included within the visual field (as will be dis-
cussed in later sections). Under these circumstances, we
use the active image processing concept [20, 21] to improve
the SEM signal.

The concept of active image processing can be easily
explained using the example of an X-ray computed tomog-
raphy (CT) scanner commonly used in hospitals. The equip-
ment has a large number of detectors set in advance, and
sufficient information for the image processing is obtained
during signal acquisition. Therefore, when subsequently
reconstructing a tomographic image of an organ or structure
in the body, the work load of the image processing technol-
ogy is low, and it is expected that the resulting image is
always of high quality and stable. Here, the CT scanner is
able to operate as a high-performance instrument because
the data (image) processing method and data acquisition
method discussed below are developed to cooperate with
one another, which is the concept of active image processing.
If the number of detectors is insufficient, excessive demand

SEM image with priority
given to the SNR

It is important that each image is obtained
with the same acquisition time.

SEM image with priority
given to the number of pixels M

Simple average
of 4 pixels

Figure 4: Advantage of SEM image with priority given to the SNR for use in focusing operations and a procedure to obtain the desired
processed image. See text for details.
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is placed on the image processing to compensate for the
missing information. Unfortunately, the quality of the tomo-
graphic images and other images obtained will often be
unsatisfactory.

With the above concept in mind, in the following, we
will discuss active image processing adopted in the focusing
operation of SEM images. The purpose of the image process-
ing is first explained, and a data (image) processing method
and a data acquisition method that are suitable for that pur-
pose are then developed together. Consequently, there is a
high possibility that the goal of active image processing

described in Step 1 can be achieved because it is anticipated
that SEM images that contain sufficient information for data
processing will always be available.

Step 1. The purpose of the active image processing is
clarified.

Fine-focusing operations under a high-noise condition
are nearly perfectly enabled by improving the quality of the
SEM signal to be used for focusing.
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Figure 5: Performance confirmation of the SEM image acquisition method when priority is placed on the SNR. To determine a suitable
magnification condition for this method and for our SEM instrument, three magnifications ((a) 300,000x, (b) 60,000x, and (c) 12,000x)
were selected for the experiments. The images were processed using the procedure described in Figure 4, and the changes in their SNRs
with repetition of the averaging operations for 2 × 2 pixels are plotted in (d). (a′)–(c′) show the processed results for the SEM images
acquired at each magnification. Next, an evaluation index of the scattering of the signal for focusing operations from Equation (1) was
obtained as shown in (e), and the maximum value (as identified by a small circle) of all the calculated values was selected for our
purpose. See the main text for details. The bars represent 0.14μm (a and a′), 0.7 μm (b and b′), and 3.5 μm (c and c′).
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Step 2. The data processing method and data acquisition
method are considered together for the above purpose.

2.2.1. Data Processing Method. The SNR value is usually
selected as the signal for focusing, i.e., the focus evaluation
index value, because freely adjusting the contrast and bright-
ness of the SEM image does not change the measured SNR.
Here, the performance of the covariance method, which is
the most important part of the process of obtaining SNR
values (i.e., the degree of scattering of the measurements of
the covariance evaluated in the previous section), should
be evaluated in advance. Meanwhile, it may be better to
use the covariance itself when manufacturing an automatic
focus adjustment device using the results of this research,
from the viewpoint of reducing the computational cost.

2.2.2. Data Acquisition Method. The quality and quantity of
data required for the proposed data processing method must
be estimated in advance. We will develop a more effective
data acquisition method if it is found that the data are insuf-
ficient. In this study, the field of view with the highest SNR,
corresponding to the strongest desired signal within the
weak SEM signal, is found to be located near the observation
region, primarily by shifting the electron beam. A rough
focus is required in advance to use this function effectively
(see Figures 3 and 6).

Step 3. It must be confirmed whether the acquired data are
sufficient (i.e., whether the scatter of the measured covari-
ance values evaluated in the previous section is within a
suitable range in the specimen to be observed). In the case
that further improvement is required, expansion of the
search area is considered to result in the acquisition of a
stronger SEM signal. The scanning speed, number of pixels,
frame integration numbers of the images, and incident
current have already been examined as technical elements
of the SEM.

Step 4. Operations are performed for fine focusing and
astigmatism correction.

Using the proposed data acquisition method, sufficient
data should be obtained. It is thus highly likely that the
focusing operations will be successful. In particular, the
active image processing concept is useful in SEM when using
image signals of unknown quality from the unknown fine
structures of a specimen in a focusing operation.

In contrast to the active image processing case, when
general passive image processing is conducted, an SEM
image is first acquired in a conventional manner (i.e.,
without considering the sample characteristics and/or the
instrument parameters), and then, the need for noise sup-
pression arises, and after the investigation of the properties
of the acquired image, we consider using various applicable
smoothing techniques. However, most of these techniques
often require fairly complex parameters that differ from
image to image and that are dependent on the varying visual
perceptions of the operators for appropriate use. In other
words, SEM images that are acquired using different SEM
parameter values (e.g., values of the magnification, the

acquisition time, and the incident current) are disturbed to
greater or lesser degrees by use of these techniques because
of unsuccessful setting of the processing parameter values.
It is difficult to predict these adverse effects. In addition, it
is almost impossible to increase the amount of information
included in a simply and passively acquired image through
image processing alone. For these reasons, the simple appli-
cation of passive techniques (e.g., low-pass filtering and
unsharp masking) to certain low-quality SEM images will
not be successful.

2.3. Confirmation of the Quality of Just-Focused Images and
Graphs for Focusing Evaluation in the Case without Noise
Reduction Technologies. Some important experimental
results that are relevant to the previous discussion are
described in this section. First, we confirmed the quality of
the just-focused TV-scan images and the graphs of the
changes in SNR used for focus evaluation when the noise
reduction technologies in question were not used. An exper-
iment was conducted at an operating voltage of 15 kV, with a
working distance of 4.1mm, dimensions of 640 × 480 pixels,
and magnification of 60,000x.

A thick Au film was sputtered on a glass substrate, and
this specimen was observed under various incident currents,
where a small but deep hole was used as a substitute for a
Faraday cup (Figure 2(a)). Figures 2(b) and 2(c) show SEM
images of the thick film (black small structures) and the
specimen stub itself, respectively, acquired at an electron
beam current of 26 pA (the fine structures on this thick film
do not produce very strong image contrast, but they are suit-
able for use in this study for discussion of noise problems).
These images are noisy because they are TV-scan-type
images (with an acquisition time of 0.04 s). In addition, a
fairly small current was used to obtain high image resolu-
tion. Figure 2(b′) shows the corresponding graph when the
focus knob is adjusted manually. The vertical and horizontal
axes of the graph are the SNR and the continuation time of
the experiment, respectively. The SEM is determined to be in
focus when the SNR reaches one of its highest values. The
small variations in the graph shown in Figure 2(b′) that
are spread throughout the signal used for the focusing oper-
ation may be largely caused by the SEM noise included in
the electron beam. Figure 2(b) was acquired under the
just-focused condition identified by the small circle at the
right end of the graph in Figure 2(b′). However, the system’s
ability to locate the change from an increasing gradient to a
decreasing gradient on the graph (i.e., the focusing point)
was affected somewhat by the noise. This indicates the fun-
damental performance limitation of the focusing evaluation
system developed previously by our group using the covari-
ance and the SNR in the cases where the noise suppression
techniques were not used [18]. In contrast, these small
variations were suppressed more strongly in Figures 2(c)
and 2(c′) because the SEM signal acquired from the sample
was strengthened by the more intense unevenness, even
though the incident current remained the same. Here, the
SNR improved by almost a factor of three. It was noted that
the SNR was affected strongly by the differences in the fine
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structures within the observation field of view, even for
samples with the same coating thickness. This will be very
important for the experimental results that are described
later in the paper.

Figures 2(d) and 2(e) show SEM images of the thick film
acquired at the currents of 8 and 2pA (lower incident
currents), respectively. It may be possible to locate the best
focal position in Figure 2(d′) by luck, but this is not possible
for Figure 2(e′) because of the extremely noisy image
(Figure 2(e)) acquired with the poor SNR. This SNR would
be too low to enable correct measurement [23].

2.4. Performance Confirmation of the Method SEM Image
Acquisition with Priority Placed on the SNR. Now that the
necessity of this study has been demonstrated experimen-
tally, we will attempt to stabilize the focusing operation by
using an SEM image that was acquired with priority given
to the SNR, as described earlier. To determine the most suit-
able magnification condition for this method and for our
SEM instrument, three magnifications (300,000x, 60,000x,
and 12,000x) were selected for the experiment. It should be
noted that 300,000x is an excessively high magnification
for our SEM, and it would not be sensible to use this level
of magnification under normal circumstances. The respec-
tive SEM images are shown in Figures 5(a)–5(c) (during
acquisition of these images, the position of the specimen
remains almost the same). Because the SEM operating con-
ditions and the specimen are the same as those used for
the measurements in Figure 2(b) (26 pA), there are likely
to be no serious adverse effects from noise in the important
data in Figure 5. These images are processed according to
the procedure illustrated in Figure 4, and the changes in
their SNRs with repetition of the averaging operation for
2 × 2 pixels are plotted in Figure 5(d). Here, the vertical
and horizontal axes are the SNR after the averaging oper-
ation and the number of averaging process repetitions,
respectively. In the 300,000x magnification case, the SNR
increases more rapidly than in the other cases because
the desired signal Sσ is hardly reduced by the averaging
process (see the relationship between the desired signal
Sσ and the noise Nσ after averaging in the rectangular
frame in Figure 5(d)).

Next, the right side of Equation (1) (i.e., the evaluation
index for the scattering of the signal for the focusing opera-
tion) is obtained as shown in Figure 5(e). The maximum
value (identified by a small circle) of all the calculated values
on the right side was obtained via four repetitions (averaging
operations) with the 300,000x image (Figure 5(a)) (the
proper combination of improving SNR and reducing the
number of pixels gives the maximum evaluation index value,
as suggested in Equation (1) and Figure 4). Here, the
number of pixels M is reduced to 40 × 30 (Figure 5(a′)).
Similarly, size reductions to 80 × 40 for the 60,000x magnifi-
cation and 20 × 15 for the 12,000x magnification are shown
in Figures 5(b′) and 5(c′), respectively. Because the size
reduction used for Figure 5(c) (12,000x) has no meaning
(i.e., the very small black structures may not have been cap-
tured originally or may have already been removed), further

discussion may not be necessary. Based on the results,
Figure 5(a′) was selected as the appropriate image signal
for the focusing operation. In this case (i.e., the use of
300,000x magnification and four repetitions), the right side
of Equation (1) is improved by a factor of approximately
four when compared with the unprocessed image with
60,000x magnification (Figure 5(b)), which may be suitable
for fine focusing operations, if considered normally. When
compared with Figure 2(b′), as mentioned previously, a very
smooth graph for focusing operations should be obtained
(not shown here).

Although the instrumental magnification was changed
over a wide range from 12,000x to 300,000x in this experi-
ment, the variation in the right side of Equation (1) observed
in each graph is gradual. Similar improvements will thus be
obtained over a specified wide range of magnifications.

2.5. Improvement of the Signal for Focusing Operations by
Moving the Electron Beam. In the discussion leading up to
the previous section, the acquired TV-scan SEM image was
converted into a suitable signal for the focusing operation.
Next, to improve the desired signal contained within the
weak SEM signal fundamentally, the field of view with the
maximum variation evaluation value is found actively near
the observation region, as described in Reinforcement of
the Signal for Focusing Based on the Active Image Process-
ing Concept, by moving the electron beam. This experiment
used the same SEM operating conditions and the same spec-
imen that were used for Figure 5 and used the 300,000x
magnification, as determined earlier. The search candidates
are shown in Figures 3(a)–3(e) in order of their variation
evaluation value, from large to small. We used the results
in Figure 3(a) to achieve the purpose of the data processing
step (there are smaller variations in a graph that was used for
the focusing operation (not shown here)). Points a, b, c, d,
and e in Figure 3(f) indicate the changes in the variation
evaluation values that correspond to Figures 3(a)–3(e).
Furthermore, for an overall view, all results obtained during
the process of creation of Figure 3(c) using the SEM image
in which priority is given to the SNR are shown (the num-
bers (0)–(5) in Figure 3 represent the numbers of repeti-
tions of the averaging process). A graph is also presented
in Figure 3(f) (incidentally, when compared with the
graph obtained for the magnification of 300,000x shown
in Figure 5(e), somewhat larger evaluation values were
obtained in Figure 3(f) because of the differences in the
fields of view). Based on the experimental results shown
in Figures 5 and 3, we expect an improvement by several
times in the stability of the signal used for the focusing
operation.

2.6. Test of System Robustness against Noise during Fine
Focusing for Extremely Noisy SEM Images. In this section,
we demonstrate how powerful the improvements that have
been discussed thus far are in terms of the stability of the
signal used for focusing operations. These improvements
are illustrated using the experimental results acquired under
the near-minimum incident current condition in this study.
Figure 6(a) (300,000x magnification) shows an unprocessed
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TV-scan image acquired at 3 pA, which is similar to that
acquired at 2 pA and shown in Figure 2(e) (60,000x). No fine
details can be observed in this case because of the extremely
severe noise. The signal used for focusing operations (graph
in Figure 6(a′)) does not work at all under these conditions
(Figures 6(a)–6(f) were acquired under the conditions at
the right ends of graphs in Figures 6(a′)–6(f′), respectively,
as indicated by the small circles). Unsurprisingly, when we
use the SEM image acquired with priority given to the
SNR (i.e., four repetitions of the averaging process, as
described earlier), the signal for the focusing operations
(Figure 6(b′)) works well, as expected. A focused (sharp)
image corresponding to Figure 6(b′) and a defocused
(blurred) image corresponding to Figure 6(c′) are shown in
Figures 6(b) and 6(c), respectively. These images have
identical views, and the graphs in Figures 6(b′) and 6(c′)
are continuous (the graph in Figure 6(c′) shows results up
to a point slightly further ahead in time). The bidirectional
arrow in Figure 6(c′) indicates the difference between the
two focal points as a difference in the SNR. We can see that
the level of noise robustness of our system is sufficiently
high, even under the incident current condition of approxi-
mately 3 pA, because this difference is much greater than the
small variations spread throughout the signal.

To provide further stabilization, the moving average (i.e.,
the time average) of a graph for the focusing operation and
the frame integration of the TV-scan images are also used
in Figures 6(d)–6(f), although it is possible to perform focus-
ing operations successfully using only the combination of
methods proposed thus far. The principles of these general
methods are not discussed here, but the former method
produces averaged values that are calculated using only past
data from the graph, while the latter requires old frames to
acquire a noise-reduced image. Therefore, both methods
introduce a time delay into the graph. To keep this delay
to within a short time period, we experimentally select an
average for four points on the graph and then integrate over
four frames. When using these settings, the sensory time
delay may then be within a suitable range for practical use,
although the optimal combination has not been found to
date. Almost perfectly stable results were obtained in the
SEM operations of fine focusing (Figures 6(d) and 6(d′))
and astigmatism correction (Figures 6(e) and 6(e′)). The
SEM operator only moved a Y-stigmator knob to correct
the astigmatism. Both fine focusing and adjustment of the
X-stigmator had already been completed (for fixed values).
Here, the amplitude of the noise in Figures 6(d) and 6(e) is
somewhat smaller than that observed in Figure 6(b) because
of frame integration.

The improvement in the signal for focusing operations
produced by moving the electron beam has not actually been
used up to this point. To perform a practical operation sim-
ilar to that for Figure 3, it is necessary to determine the best
visual field under the condition that the fine focusing opera-
tion has not yet been achieved, as depicted in Figures 6(c)
and 6(c′) (image blur, low SNR). Figure 6(f′) shows a graph
of the experimental results used to find a stronger signal

(with higher SNR). In this experiment, we moved the elec-
tron beam rather than change the focus (the focus remains
blurred). Despite the blurred image, we can easily distin-
guish between a visual field with a strong signal and a field
with a weak signal in Figure 6(f′). Figure 6(f) is blurred yet
has higher contrast (i.e., a stronger signal) than the preced-
ing images which were observed a few tens of seconds ago
(not shown here). We expect better results when this visual
field is used for fine focusing operations, although it may
not be necessary for the current SEM conditions and
specimen. This improvement in the signal may be required
more for astigmatism correction than for fine focusing oper-
ations. In other words, the stigmator knob can be rotated
relatively quickly under certain adverse conditions, because
the change in the SNR may be relatively small. The focusing
operation is then almost complete. If necessary, only the
focal point will be finely readjusted within the field of view
that the user actually wants to observe and acquire. To con-
firm the results of use of our method, Figure 6(g) shows a
slow scan (80 s) SEM image that was acquired successfully
at 60,000x magnification after adjustment at 300,000x.
Under these very severe conditions (see Figures 2(e) and
6(a)), it is usually difficult for both experts and beginners
to operate the SEM instrument well. In addition, using
our method, Figure 6(h) (Au-coated silica particles) was
acquired under conditions of slow scan (320 s), 100,000x
magnification, 1 pA, and 15 kV. The resolution of the
SEM used in this study is demonstrated fully.

Incidentally, the performance of our proposed method
may be too high for use under normal SEM operating condi-
tions, as shown in Figures 2(b) and 2(c). Under such operat-
ing conditions, we can expect the potential for use of shorter
signal acquisition times for focusing operations, although we
have not studied this specifically to date.

3. Conclusions

This study has demonstrated that the proposed techniques
applied to improve the quality of a signal for use in fine
focusing and astigmatism correction operations are effective
for use in SEM. Our method for fundamental improvement
of the signal for focusing operations works effectively, even
under extremely noisy conditions. One notable advantage
is that the focusing operation will have a very high probabil-
ity of success, because the signal quality required for focus-
ing is estimated in advance and the signal quality is then
ensured using SEM and image processing techniques. This
performance also demonstrates the potential of using a
shorter signal acquisition time for focusing operations. This
is an attractive prospect because it is usually difficult to
reduce the number of data used without causing perfor-
mance degradation. The parameters used in this study
(e.g., 300,000x magnification) and the number of repetitions
required (e.g., four averaging processes) were intended for
a general-purpose SEM instrument and for use with a par-
ticular specimen. Depending on the differences among
instruments in terms of their performance and required
operating conditions, suitable parameters can be deter-
mined experimentally by finding the maximum value of
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the evaluation index (on the right side of Equation (1)). In
future work, we may be able to use the results from this
study to produce an automatic focusing device.
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