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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the
International Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.

International Standards are drafted in accordance with the rules given in the ISO/IEC Directives, Part 2.

The main task of technical committees is to prepare International Standards. Draft International Standards
adopted by the technical committees are circulated to the member bodies for voting. Publication as an
International Standard requires approval by at least 75 % of the member bodies casting a vote.

In other circumstances, particularly when there is an urgent market requirement for such documents, a
technical committee may decide to publish other types of document:

— an ISO Publicly Available Specification (ISO/PAS) represents an agreement between technical experts in
an I1SO working group and is accepted for publication if it is approved by more than 50 % of the members
of the parent committee casting a vote;

— an ISO Technical Specification (ISO/TS) represents an agreement between the members of a technical
committee and is accepted for publication if it is approved by 2/3 of the members of the committee casting
a vote.

An ISO/PAS or ISO/TS is reviewed after three years in order to decide whether it will be confirmed for a
further three years, revised to become an International Standard, or withdrawn. If the ISO/PAS or ISO/TS is
confirmed, it is reviewed again after a further three years, at which time it must either be transformed into an
International Standard or be withdrawn.

ISO/TS 24597 was prepared by Technical Committee ISO/TC 202, Microbeam analysis, Subcommittee SC 4,
Scanning electron microscopy (SEM).
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Introduction

The International Organization for Standardization (ISO) draws attention to the fact it is claimed that
compliance with this document may involve the use of patents concerning the evaluation method using the
contrast-to-gradient (CG) method given in 6.4.

ISO takes no position concerning the evidence, validity and scope of this patent right.
The holder of this patent right has assured ISO that he/she is willing to negotiate licences under reasonable
and non-discriminatory terms and conditions with applicants throughout the world. In this respect, the
statement of the holder of this patent right is registered with ISO. Information may be obtained from:

Patent holder:  Hitachi, Ltd.

Address: Marunouchi Center Bldg., 6-1, Marunouchi 1-chome, Chiyoda-ku, Tokyo, 100-8220, Japan.

Attention is drawn to the possibility that some of the elements of this document may be the subject of
patent rights other than those identified above. ISO shall not be held responsible for identifying any or all
such patent rights.
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TECHNICAL SPECIFICATION ISO/TS 24597:2011(E)

Microbeam analysis — Scanning electron microscopy —
Methods of evaluating image sharpness

1 Scope

This Technical Specification specifies methods of evaluating the sharpness of digitized images generated by a
scanning electron microscope (SEM) by means of a Fourier transform (FT) method, a contrast-to-gradient
(CG) method and a derivative (DR) method.

2 Normative references

The following referenced documents are indispensable for the application of this document. For dated
references, only the edition cited applies. For undated references, the latest edition of the referenced
document (including any amendments) applies.

ISO 16700:2004, Microbeam analysis — Scanning electron microscopy — Guidelines for calibrating image
magnification

ISO/IEC 17025:2005, General requirements for the competence of testing and calibration laboratories

ISO 22493, Microbeam analysis — Scanning electron microscopy — Vocabulary

3 Terms and definitions

For the purposes of this document, the terms and definitions given in ISO 16700 and ISO 22493 and the
following apply.

31
pixel
smallest non-divisible image-forming unit on a digitized SEM image

3.2
pixel size
specimen length, in nanometres, per pixel in an SEM image

NOTE The horizontal and vertical pixel sizes should be same.

3.3
binary SEM image
converted SEM image in which there are only two brightness levels

3.4
convoluted image
image obtained by convolution of a binary SEM image with a two-dimensional Gaussian profile

3.5
sharpness factor
twofold standard deviation (20) of the Gaussian profile used to make a convoluted image

A IO AnAa A
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3.6

image sharpness

sharpness factor divided by the square root of 2 (i.e. 20/\2), the sharpness factor of an SEM image being
considered the same as that of a convoluted image produced with a Gaussian profile of standard deviation o

3.7

contrast-to-noise ratio

CNR

ratio of /5 — Ig to o,,, where I, and I are the image intensities for the object and the background and o, is the
standard deviation of the image noise

3.8

Fourier transform method

FT method

method of evaluating image sharpness by comparing Fourier transform profiles of an SEM image with those of
convoluted images

3.9

contrast-to-gradient method

CG method

method of evaluating image sharpness using weighted harmonic mean gradients of the two-dimensional
brightness distribution map of an SEM image

3.10

derivative method

DR method

method of evaluating image sharpness by fitting error function profiles to gradient directional-edge profiles of
particles in an SEM image

3.1
field of view
area of a specimen that corresponds to the whole SEM image

4 Steps for acquisition of an SEM image

4.1 General

For SEM image acquisition, it is important to first adjust the microscope conditions (for example, see Annex B
in ISO 16700:2004). Image sharpness is dependent upon (i) the specimen itself, (ii) the structural smoothness
of the foreground and the background of the image, (iii) the brightness and contrast and (iv) the contrast-to-
noise ratio (CNR). Therefore, follow the procedures described in 4.2 to 4.10 corresponding to the above
factors for evaluation of image sharpness by all the three methods described herein. Particular attention must
be paid to the adjustment of the electron probe current and the focussing conditions in order to obtain the
optimum requirements for brightness and contrast (see 4.6) and contrast-to-noise ratio (see 4.7).

4.2 Specimen

At the date of publication of this document, there was no designated certified reference material (CRM).
Acceptable results can, however, be obtained using a specimen prepared by the method described in Annex G.
Select a specimen with a smooth and flat surface. For evaluations of the image sharpness, choose a part of
the specimen which contains circular particles deposited on the substrate. Obtain the desired images at the
chosen magnification in accordance with 4.4.

NOTE Material which is sensitive to the electron dose is not suitable for use as a specimen for the evaluation of
image sharpness.

n .
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4.3 Specimen tilt
Set the specimen tilt angle at 0° (non-tilting condition).

NOTE Errors within £3° in the tilt angle of the specimen will not affect the evaluation of the image sharpness.

4.4 Selection of the field of view

Select the field of view so that it contains a flat and smooth surface because image sharpness varies with the
evenness (or rather unevenness) of the surface. Figures 1 a) and b) show acceptable and unacceptable fields
of view, respectively. Choose particles extending over several tens of pixels [see Figure 1 a)].

a) Acceptable image b) Unacceptable image

Figure 1 — SEM images with a) acceptable and b) unacceptable structured foreground images

4.5 Selection of the pixel size

4.51 General

Before evaluating the image sharpness, it is necessary to calibrate the image magnification and/or the scale
marker in accordance with ISO 16700.

4.5.2 Determination of the pixel size from a field of view

The pixel size Ly (in nm) is determined from the following equation:

L
Lp _ Lrov
N P
where

Leoy  is the horizontal width of the field of view on an SEM image, in nm;

N, is the number of pixels covering the horizontal width of the field of view.
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4.5.3 Determination of the pixel size from a scale marker
The pixel size Ly, (in nm) is calculated by using a scale marker as follows:

L

L. = scale

Nscale
where
Lecae s the “indicator” value (e.g. the nominal value, in nm) of the scale marker;

Ngcale i the number of pixels covering the length of the scale marker.

4.5.4 Conversion of the pixel size

The image sharpness as derived by the methods described herein (Rpy) is in pixels. Converted to nanometres,
the image sharpness R, is then given by the expression:

RL = Lp X RPX
where Ly is the pixel size.

Set the pixel size to about 40 % of the expected value of the image sharpness. For example, set the pixel size
to 0,8 nm when the image sharpness is expected to be 2 nm.

4.6 Brightness and contrast of the image

The signal intensity of the image should be widely distributed. Figures 2 a), b), c) and d) show examples of
images with acceptable and unacceptable brightness and contrast. Line profiles corresponding to the dotted
lines at the same vertical position in each image are shown for visual guidance.

a) Acceptable image b) Unacceptable (over-saturated) image

Figure 2 (continued)

A .
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c¢) Unacceptable (under-saturated) image d) Unacceptable (over-saturated) image
Figure 2 — SEM images with acceptable and unacceptable brightness and contrast

4.7 Contrast-to-noise ratio of the image

The contrast-to-noise ratio (CNR) of the image shall be 10 or larger. Here, the CNR is defined as the ratio of
the image contrast Cj,,4 to the standard deviation o, of the image noise (see Figure 3).

CNR =C; /o

image! On
A procedure for the determination of the CNR ratio is given in Annex A.

Figure 4 shows the simulated appearance of images with CNRs of 5, 10 and 50.
Figure 5 shows examples of SEM images with different CNRs of about 4 and 30.

NOTE In order to obtain SEM images with a good CNR, it is necessary to adjust the probe current and/or the image
acquisition time. One should be aware of the fact that variations in the above parameters will affect the results of the
image sharpness evaluation.

A IO AnAa A
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Key
A region A
B region B

Figure 3 — Intensity profile of an image

a) CNR=5 b) CNR=10 c) CNR=50

Figure 4 — Simulated images with different contrast-to-noise ratios

[3 .
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a) Low contrast-to-noise ratio (CNR = 4) b) High contrast-to-noise ratio (CNR = 30)

Figure 5 — SEM images with different contrast-to-noise ratios

4.8 Focus and astigmatism of the image

Focus the electron beam as well as possible. Use an image that is as free of astigmatism as possible.

4.9 Interference from external factors

External factors such as mechanical vibration, distortion by magnetic fields and those listed in Annex B of
ISO 16700:2004 affect the image sharpness. Ensure, as far as possible, that the images used are not affected
by these factors.

4.10 Erroneous contrast

Make sure that the images do not contain erroneous contrast (e.g. contrast due to charging of the specimen).

4.11 SEM image data file
The image data, which is directly saved from an SEM, shall be in digital format, with the grey scale at least
8 bits deep. The data file of the image shall be in an uncompressed graphics-file format, e.g. uncompressed
bitmap or uncompressed TIF.

Do not use the data obtained from a printed SEM image.

5 Acquisition of an SEM image and selection of an area within the image
The procedure described in this clause is common to all those used in this Technical Specification (see Clause 6).

a) Use a specimen prepared by the procedure described in 4.2. Acquire an image, paying attention to the
instructions given in 4.3 to 4.10.

b) Select a square area in the SEM image (hereafter referred to as the image) comprising at least
256 x 256 pixels. The area shall not have any superimposed extraneous data (e.g. magnification display,
scale marker, characters, arrows, etc.).

Choose an area containing images of preferably non-overlapping particles.

c) Store the selected SEM image in a data file in an uncompressed graphics-file format specified in 4.11.

A NOA NNAA AL
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6

6.1

Evaluation methods

General

The evaluation methods described in 6.3 to 6.5 are based on the assumption that the electron beam has a
Gaussian profile. Hence the results obtained by these methods do not represent the actual beam size (see
Clause E.4). Figure 6 shows a general flow chart for the evaluation of an SEM image, including the common
procedure for evaluation of the CNR given in Clause 5.

Basic procedures for obtaining the image sharpness are as follows:

a) Select an SEM image by following Clause 5.

b) Determine the CNR for the selected SEM image (see 6.2) and ensure that it is larger than or equal to 10
before proceeding further.

c) Calculate the sharpness factor 2¢ for the selected SEM image in the frequency space or the real space
(depending on method used). Here, the sharpness of an SEM image is determined from an equivalent
image produced by convolution of a binary SEM image with a two-dimensional Gaussian profile with a
sharpness factor 20 (i.e. a twofold standard deviation).

NOTE The calculation procedure depends on the method used.
d) The image sharpness is defined as k x 20, where k =1//2.
< Load an SEM image>
Evaluate the CNR value
Execute

the FT method, or

the CG method or
the DR method

End
Figure 6 — General flow chart for the evaluation of an SEM image
Copyright In?ernational Organization for Standardization © ISO 2011 - A” r|ght3 reserved

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TS 24597:2011(E)

6.2 Contrast-to-noise ratio

The basic concept of the contrast-to-noise ratio (see 4.7) was developed in the medical imaging field. The
CNR for the selected SEM image of interest shall be evaluated. Only images with CNR = 10 or larger can be
passed on to the next step for evaluating image sharpness. Figure 7 shows a brief flow chart for the CNR
evaluation following routines a) and b). Details of the routines are described in Annex A.

If the value of CNR is < 10, discard the SEM image. Acquire a new SEM image with lower noise and carry out
the evaluation again.

Start

a) Calculation of the CNR value

Figure 7 — Flow chart for the evaluation of the CNR

6.3 Fourier transform (FT) method

For evaluating image sharpness, the Fourier transform (FT) method is used with the spatial frequency
components given by the FT of an SEM image. The spatial frequency components of the SEM image are
compared with those of the images obtained by the convolution of the binarized SEM image with Gaussian
profiles with various sharpness factors 2o (see Figures 8 and 9). Details of procedures for the FT method are
given in Annex B.

NOTE The signal intensity of an image I, is expressed as I,(i,j), and the coordinates i and j are chosen as
0,1, ..., L -1 for an image with x- and y-size L (= 256, 512, ...). However, the coordinates i and ;j are treated as integers
ranging from —L/2 to (L/2) — 1 for the FT pattern.

A IO AnAa A
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Figure 8 — (a) a selected SEM image /(i, /) with image size L = 256, (b) the binarized image (i, /), (c)
and (d) the convoluted images /(i, j; 20) with 20= 4 pixels and I(i, j; 20) with 20 = 6 pixels, respectively

YA
4
B FOH(fj)
B Py
B 7,
n 7
7
B - em mm e - - Fan(f) + Cy
~ -~
3 He= == = - - = - -— e FNH(fjH)
i N
i 7 N
N
I~ AN FCH(fj,20'= 4)
7 \\
7 \\
Feu(fi20;
P, CH(/ oH)
Py Fen(f;20 = 6)
N N N N N AN N NN [N N S (NN (NN SN NN NN A M
-15 -10 -5 0

Key

X horizontal coordinate f; (pixels)
Y  FTintensity F.y(f;)

* stands for C, N or O.

Figure 9 — Averaged and smoothed FT curves plotted as common logarithms: F,(/f;) for the selected
SEM image /o (i, j), and Foy(f;; 20) and Fo(f; 20oy) for the convoluted images /¢ (i, /; 20) and
Ic(i, J; 20pR), respectively

1N .
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a) Generation of a convoluted image

1)

2)

7)

Generate a filtered image I5g(i, ), processed by the 3 x 3 median filter, of a selected SEM image
1o(i, j)-

Produce a histogram H(S) of Iog(i,j) and then obtain a smoothed histogram Hg(S) by using the
moving averages of 9 points. Then calculate /4(S) = log4o[Hg(S) + 1].

Determine S| and Sy that correspond to the intensities of the substrate and the particles, respectively,
and determine a threshold level (S| + Sy)/2 by using 2(S).

Produce a binarized image /(i j) by using (S, + Sp)/2.

Add the white noise to the selected image /5(i, j) by setting SNR (signal-to-noise ratio for particles)
to 30 for the signal intensity S = 192.

Generate convoluted images I-(i, j; 20) by convolution of the binarized image Ig(i, ;) with two-
dimensional Gaussian profiles with various sharpness factors 2o = 20(N) beginning with 20(1) = 1,
where each o corresponds to the standard deviation of the Gaussian distribution and N (=1, 2, ...) is
the step number.

Adjust the intensity of the various convoluted images I.(i, j; 20) so that the maximum and the
minimum intensities are Sy and S|, respectively.

b) Generation of curves of FT patterns

1)

3)

4)

Carry out the FT for the selected SEM image I5(i, /) and the various convoluted images (i, j; 20).
Go(fl,f) and GC(fl,f 20) represent the FT patterns corresponding to Iq(i,j) and I(i, j; 20),
respectlvely

Obtain the horizontally averaged-and-smoothed value of IRe[Go(f,,f 1l and the vertically averaged-
and-smoothed value of |Re[Go(f,,f 1l and calculate the curves FOHA(f) and Fgya(f;) by taking the
common logarithm of them.

NOTE Re[...] denotes the real part and | ...| denotes the absolute value.

Obtain the averaged curves of FOH(f) and Fqy/(f;) by applying the moving averages of 5 points along
the horizontal /; and the vertical f; diréctions for the curves Fona(f;) and Foya(f;), respectively.

Obtain the averaged curves Foyg(f;; 20) and Feyp(f;; 20) for Ge(f;, f;; 20) in a similar manner.

c) Calculation of temporary image sharpness Rpyq

1)

2)

Determine the noise areas for both of the curves F(f;) and F\(f;) and then obtain the respective
noise functions Fy(f;) and Fyy(f;) in the noise areas by finear approximation.

Calculate the corrected curves Fey(f;; 20) and Fi/(f;; 20) from the averaged curves Fcpg(f;; 20) and
Foygl(f;; 20) by using the signal and n0|se intensities at the origin of (fl,f)

Obtain the value f; fC by using FOH(f) FNH(f) and a specified constant Cy and then calculate the
horizontal coordinate fH frome by Imear mterpolatlon

From the functions obtained, determine the coordinates of three points, Py [on the curve Fo(f))],
Poy [on the line Fyy(f;)] and Py [on the curve Foy(f; 200p)], lying on a vertical line with horizontal
coordinate f; as shown in Figure 9.

Determine the coordinates of the three points P,y [on the curve Fq\(f))], P,y [on the line F(f;)] and
Py [on the curve Fey(f;; 20gy)] in a similar manner.

AIOA AnRA4 Al
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6) Obtain the sharpness factors 205 and 20g,, by linear interpolation of 20(N) by increasing the step
number N.

7) Calculate the sharpness factor 2o from 205 = (204 + 20py)/2.
8) Calculate the temporary image sharpness Rpyg from Rpyg =200 IN2 .

d) Calculation of the image sharpness Rpy

1) Calculate the coefficient Cr from the sharpness factor 20, used for calibration.
2) Obtain the calibrated sharpness factor 20, by using the coefficient Cg.

3) Evaluate the image sharpness Rpy from Rpy =20 IN2.

< Start >
/' Loadan SEM
N image /
Generation of
convoluted image

v

Generation of curves for
FT pattern

v

Calculation of temporary
image sharpness Rpyo

v

Calculation of image
sharpness Rpx

v

e

Figure 10 — Brief flow chart of processes in the FT method

6.4 Contrast-to-gradient (CG) method

The contrast-to-gradient (CG) method is based on the extraction of the intensity gradient at each pixel in the
image by fitting a quadratic surface to the 3 x 3 area centred at each pixel point [see Figure 11 b)]. The CG
image sharpness Rqg is inversely proportional to the weighted harmonic mean of the gradients. Finally, the
CG image sharpness R is converted to the image sharpness Rgg using standard images with various
sharpness factors 20.

19 :
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a) Original SEM image b) Depth image corresponding to the original
image, showing a typical quadratic surface fitted to
the 3 x 3 area centred at a pixel point

Key
1 quadratic surface

Figure 11 — Original SEM image and the fitting of a quadratic surface to the 3 x 3 area centred at each
pixel point of the corresponding depth image

The image sharpness has little noise-dependency and is evaluated with the CNR as a given parameter.
Figure 12 shows a brief flow chart of the CG method composed of the following routines a) to d). Details of the
routines are given in Annex C.

a) Calculation of the CG image sharpness R for the original image

A number of reduced images are generated using reduction factors » equal to 1, 2, 3, 4, 5, 6, 8, 10, 12, 155
and 20. Each reduced image is labelled as a (1/r)-size image (1/2-size, 1/4-size, etc.). With the above
convention, the (1/r)-size image for » = 1 is the original image. The image reduction works to reduce the
image noise at the cost of image-sampling frequency. In routine b) given below, the following four kinds of
sharpness are calculated: local sharpness, directional sharpness, directionally averaged sharpness and
CG image sharpness. The first three kinds of sharpness are calculated for each reduced image. The last
kind of sharpness, which characterizes the image, is determined from curves of R and AR/R vs r, where
AR is the fluctuation in R.
1) Local sharpness

In each image, the local sharpness at any pixel (i, j) is calculated as follows:

where

AC is the threshold contrast;

g(i, j; 8) is the local gradient with directional information 6.

The local gradient is found by fitting a quadratic surface over a 3 x 3 pixel area centred at each pixel
(i, j)- The fitting error Ag provides the fluctuation in Ry, i.e. ARy,

AN ANn44 A
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2) Directional sharpness

The directional sharpness R;, defined as the weighted harmonic mean of the local sharpness in the
kth sector of azimuth angle @ in the image, is calculated. The values of AR,/R, are also calculated
using ARp/Rp.

3) Directionally averaged sharpness

The directionally averaged sharpness R, defined as the root mean square of R,, is calculated. The
values of AR/R are also calculated using AR/R,.

4) CG image sharpness

The CG image sharpness R is defined as follows. Graphs of R and AR/R vs r are drawn, where R
and AR/R are the values of R, and AR, /R, when r =1, for all the reduced images. The reduction value
Fmin @t which AR/R is a minimum is then found. The CG image sharpness R is defined as R at
r=rmin- The CG image sharpness is considered to be a reliable sharpness because AR/R is at a
minimum. It is inherently influenced by the amount of noise.

b) Generation of standard images and calculation of their CG image sharpness Rq¢g

Standard images are blurred images formed by convoluting a binary SEM image with Gaussian profiles
having different known sharpness factors 2o and adding the Gaussian random noise so that the contrast-
to-noise ratio of the standard image is equal to that of the original SEM image.

c) Calibration of the conversion constants 4 and B
The conversion constants 4 and B vary with both the structure and size of the SEM image and the image
noise. So the constants are calibrated for each SEM image evaluated, using the standard images with

different known sharpness factors 2¢.

d) Conversion of the R value to the image sharpness Rgg using the calibrated constants 4 and B

RES:kX 20'
where
k=1/2;

20 is the sharpness factor, given by
20=AXRcg+B

Here, the image sharpness Rgg shows little noise-dependency and is evaluated with the CNR value as a
given parameter.

1A :
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Figure 12 — Brief flow chart of the CG method
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6.5 Derivative (DR) method

The derivative method is based on the extraction of edge profiles and the fitting of error functions to them. The
method is built on the fact that the sharpness of edges relates to a parameter defined by the Rayleigh-Abbe
criterion. Thus the method can determine the edge sharpness. To do this, edge profiles are modelled as error
functions. If the point-spread function is assumed to be a Gaussian profile, the profile of an edge in an SEM
image can be approximated by an error function. This error function is fitted to all the extracted profiles in the
image (see Figure 13). From their average, the sharpness factor, which is, by definition, related to the image
sharpness, is derived.

Key
1 error function fitting

Figure 13 — Basic concept of the derivative (DR) method

Figure 14 shows a brief flow chart of the DR method composed of the following routines a) to d). Details of the
routines are given in Annex D.

a) Generation of a binary mask image M(x, y)

1) The gradient magnitude Gy(x, ) is computed by convoluting the original image with first-order
derivative Gaussian profiles of standard deviation o equal to 2 pixels.

2) Abinary image B(x, y) is computed from Gy(x, y), based on a two-mean threshold.

3) A binary mask image M(x, y) is computed by cleaning up B(x, y) by a one-iteration binary-closing
operation. Then all object pixels that are close to the image borders are set to zero and all objects
that contain little pixels are discarded.

b) Generation of an edge position map E(x, y)

1) An edge location image P (x, y) is computed by convoluting the original image with first- and second-
order derivative Gaussian profiles of standard deviation o.

2) A binary mask M,(x, y) is computed from the maximum value of [P (x, y) - |P|_(x, y)!], based on a
two-mean threshold within M(x, y).

3) An initial binary edge map image £(x, y) is computed by skeletonization from the result of the one-
iteration binary-closing operation carried out on M, (x, y).

4) An edge position map E(x, y) is computed from E4(x, y) by considering only positions along a contour
that are separated from each other by a distance of at least 10 pixels.

e ‘ .
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c) Extraction of the edge profiles Pj(x, y) and fitting of an error function

1)

2)

3)

4)

The normalized gradient Gy(x, y) is computed for all positions of E(x, y), based on the normalization
of Gy (x, ).

The sub-pixel profile positions Pg;(x, ) are calculated from the initial edge positions given by E(x, y)
along both directions of Gy(x, y) for a total of 41 positions with a pitch of 0,5 pixels.

The sub-pixel intensity values Pj(x, y) at Pg,(x, y) are retrieved from the original image at the profile
positions by cubic interpolation.

An error function is fitted to each Pj(x, y) and the edge sharpness 5; is calculated and stored.

d) Calculation of image sharpness Rpg

1)

2)

The overall edge sharpness s is calculated as the average of the edge sharpnesses of all the edge
slopes determined.

The image sharpness RpR is calculated as Rpg = V2s .

(Stj)

< Load an SEM
image
Generation of a binary
mask image M(x, y)

v

Generation of an edge
position map E(x, y)

v

Extraction of the edge
profiles P(x, y) and
fitting of error function

v

Calculation of image
sharpness Rpg

e

Figure 14 — Brief flow chart of the DR method
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7 Testreport

7.1 General

The test report prepared by the laboratory shall be accurate, clear and unambiguous, and in accordance with
the specific instructions in the evaluation methods described in this Technical Specification.

In addition to the results of the evaluation, the information prescribed in 5.10.2 of ISO/IEC 17025:2005 shall
be supplied. The results may be reported in a simplified way, subject to the written agreement of an external

client or by mutual understanding with internal clients. Information prescribed in 5.10.2 of ISO/IEC 17025:2005
which is not reported to the client shall be readily available in the laboratory which carried out the tests.

7.2 Contents of test report

The test report shall include the items given below and any other relevant information which could affect any
of the results reported therein (an example of a test report is given in Annex H):

a) atitle for the test report;

b) the name and address of the laboratory;

¢) an identification number for the test report;

d) name and address of the client where relevant;

e) identification of the method used (i.e. ISO/TS 24597, FT method, CG method or DR method);

f)  the name of the manufacturer, the name of the model and the serial number of the instrument used;

g) the name(s) of the reference material(s) used;

h) the specific operating values of the accelerating voltage (in kV), the working distance (in mm) and the
magnification set, as well as any additional information, if considered necessary (imaging mode, scan

speed, etc.);

i) the original SEM image(s), corresponding image size(s) and data files with file name(s), selected image
file name(s), binary SEM image files with file name(s) and their image sizes (number of pixels);

j)  the name of the person conducting the evaluation;

k) the date and time of the evaluation;

I) the name(s), function(s) and signature(s) of the person(s) authorizing the evaluation certificate;
m) where relevant, a statement to the effect that the results relate only to the items tested.

The data files of the original SEM images and the selected SEM images used in obtaining the reported results
shall be kept for a specified mandatory period.

Laboratories issuing a test report shall specify that the report shall only be reproduced in full and with the
written permission of the laboratory.

10 .
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Annex A
(normative)

Details of contrast-to-noise ratio (CNR)

This annex provides details of the evaluation of contrast-to-noise ratio (CNR). A flow chart of the CNR
evaluation is given in Figure A.1.

NOTE The explanation applies to an image with L = 512 or 256 and 8 bits in the grey scale for ease of understanding.

o
¢

Produce a three-time median-
filtered image for the SEM image

5

Evalutate the standard deviation
o, for the noise of the SEM image

.

Determine the image contrast

Cimage

.

Evaluate the CNR value:
CNR = Cipagelon

y
D

Figure A.1 — Flow chart of the CNR evaluation

a) Produce a median-filtered image by carrying out (unweighted 3 x 3) median filtering three times
sequentially for the SEM image. The filter matrix is a 3 x 3 matrix. Hereafter, the resultant image will be
called a three-time median-filtered image.

NOTE 1 The principle of 3 x 3 median filtering is shown in Figure A.2. The median filtering is calculated by first
sorting the intensities of the pixels in the 3 x 3 square into ascending (or descending) order and then replacing the
pixel intensity (i, j) at pixel (i, j) with the middle (or fifth) pixel intensity.

NOTE 2  Any pixel position of the image is expressed as (i, j), where i (and j) =0, 1, 2, ..., and iax (@Nd jmax)-

19
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NOTE 3  Both ipa and jmax =511 (or 255) (depending on the pixel size of the original SEM image, namely
512 x 512 or 256 x 256).

NOTE 4  Edge pixels are processed in a special way for median filtering (see the end of this annex).

i-1,j-1) M0j-1)

IG+1,j-1)
N TT 17
o |o | e
. i+1,))
/(I-1,j)\
o | o o
]
i) //o o | o (i+1,j+1)

[i-1,j+1) i+ 1)

Figure A.2 — The principle of 3 x 3 median filtering: the figure shows the pixel (i, j)) concerned and its
neighbouring pixels in the 3 x 3 square

b) Evaluate the standard deviation o, of the image noise:

Jmax Imax 9
D Umed i )= 16, )]
=0 =0
o, = - - (A.1)
" (’max + 1)><(] max+1)

where I,.4(i, /) and I(i, j) are the pixel intensities at pixel position (i, ;) of the three-time median-filtered
and SEM images, respectively.

NOTE The denominator (imax + 1) X (jmax + 1) corresponds to the total number of pixels in the median-filtered
region (see Figure A.3).

(Of)<1,0> ()

I |
7 T

0.1)E

——

S L

- |
(0, jmax) (imax1 jmax)

Figure A.3 — Intensities of a three-time median-filtered image
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c) Determine the image contrast C;

1)

2)

Key
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image-

Divide the three-time median-filtered SEM image into nine (or 3 x 3) segment-images as shown in
Figure A 4.

NOTE The i (or j) region is divided into three ranges from 1 to 170, 171 to 340 and 341 to 510 for iy, (Or
Jmax) =511 and from 1 to 84, 85 to 169 and 170 to 254 for the image of i ax (OF jmax) = 255.

For each segment s, make a sequence of increasing or decreasing intensity as shown in Figure A.5.

For each segment s, compute z,,, 5, ; by arithmetically averaging the first to gth elements of the
descending intensity sequence and compute z.,, 5, by arithmetically averaging the first to gth
elements of the ascending intensity sequence. Here, ¢ is an integer that corresponds to 0,2 % of the
number of elements in the sequence. The minimum value of ¢ is 1.

1 segment-image

A IO AnAa A
Copyright International Organization for Standardization ghtS reserved
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Figure A.4 — Nine segment-images
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YA

' >
0 Zmin, av, s Zmax, av, s 255 X

Key

X intensity level

Y number of elements

1 0,2 % of the number of elements in the sequence

Figure A.5 — Intensity sequence for segment-image s

4) Determine the threshold intensity z, esholg s-av @S follows:

Zthreshold,s-av = [Maximum (Zmax,av,O' Zmax,av,1s ** Zmax,av,S)
+ Minimum (zmin av.00 Zmin,av, 1> -+ Zmin,av,8))/2 (A.2)
5) Determine the averages Avz,, o, @nd Avzy,, 5,  from the following equations:
AVZiax av,s
= Average (only for zy, .y av.s > Zthreshold,s-av) ©f (Gmax,av,0: Zmax,av,1: -+ Zmaxav,8) (A.3)
AVZmin,av,s
= Average (only for Zmin,av,s < Zthreshold,s-av) of (Zmin,av,O' Zmin,av, 1>« Zmin,av,8) (A.4)
6) Calculate the temporary contrast Ctemp of the image from the following equation:
Ctemp = AVZmax,av,s - AVZmin,av,s (A.5)

7) Determine the image contrast Cjy,54¢ by correcting Cigm, Using a correction term ke X o, where
keorr = 1,38 (empirical value), as follows:

Cimage = Ctemp — keorr X O (A.6)

d) Evaluate the CNR value of the SEM image as follows:
CNR = Cimage/ o1 (A7)
The values of Avzp. ., and Avzg,,, . shall be in the ranges 245> Avzp,, ,, > 170 and

80 > Avzyin 4y, = 10 (for 8 bits in the grey scale), respectively. If the values are not in their corresponding
ranges, discard the SEM image.
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3 x 3 median filtering:

Fout(i, /) = MgplFiNG = 1,7 = 1), EiNG = 1,0), FiNG = 1,7+ 1), FiNGL = 1), FiNGL ), FiNGL T+ 1),
F|N(i+ 1,7-1), F|N(i+ 1,/), F|N(i+ 1,7+ 1)]

where
FiNG,j)  is the input image data for 511 > i, j = O (for an SEM image with 512 x 512 pixels);
Foutl(i,j) is the 3 x 3 median-filtered data.

The median-filtering function Mgp(ay, as, ..., ay) sorts the values a, (n=1, 2, ..., N) into ascending order and
finds the median value for odd values of N or the mean value of the (N/2)th and [(MV/2) + 1]th values in the
series for even values of N.

NOTE Ifi-1<0,i+1>511,j—-1<0or;+1>511, discard the corresponding Fj\(..., ...) and carry out Mgp|...... 1.
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Annex B
(normative)

Details of the Fourier transform (FT) method

B.1 General
This annex provides details of the procedure used for the Fourier transform (FT) method.

Figure B.1 shows an example of an SEM image.

Figure B.1 — Example of an SEM image

B.2 Generation of convoluted images

a) Prepare a filtered image /5g(i, j), processed three times sequentially by the unweighted 3 x 3 median filter,
of a selected SEM image I(i, j) by using the procedure described in B.6.1.

b) Produce a histogram H(S) (where =0, 1, 2, 3, ..., 255) of the filtered image /qg(i, /).

c) Obtain a smoothed histogram H(S) from H(S) by applying the procedure in B.6.2, using the window of
nine points. Then calculate /4(S) = log4o[H(S) + 11.

d) Obtain two signal intensities S| and Sy from the smoothed histogram. Then determine a threshold value
St by the following procedure:

1) Find the maximum values of hg(S), g (S1) and hy(S,), in the intervals [0, 127] and [128, 255],
respectively, which satisfy the following conditions:

hg(Sy — 16) < hg(Sq) and hy(Sy + 16) < hy(Sy);
hg(Sy — 16) < hg(S,) and hy(S, + 16) < hy(Sy);
96 < Sy — Sy, hg[(Sy + So)/2] < hy(Sy) — 0,02 and hg[(Sy + S,)/2] < hg(S,) — 0,02.

© 1S0O 2011 — All rights reserved
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Then set S, to S| and set S, to S and go to step 3). Otherwise, go to step 2).
If S4 — 16 <0 or 255 < S, + 16, use h4(0) or hy(255) instead of /4(S4 — 16) or Ag(Sy + 16), respectively.

2) Obtain the maximum value S, and the minimum value Sg of the signal intensity S so that the sum of
the histogram intensity for Hy(S) in each of the intervals [0, Sy — 1] and [Sg + 1, 255], respectively, is
closest to 0,2 % (but less than 0,2 %) of L2. Then, calculate two signal intensities S_and Sy as
follows:

S =Sp+CrySa and Sy =Sg-CrySg
where Cr =(Sg —Sa)/128
3) Calculate the threshold value St (see Figure B.2) as follows:
St = (S +Sy)/2

e) Obtain a binarized image Ig(i, j) by applying the threshold value St (see Figure B.3).

Y A

4
N S

3 -

2 - Sk
i (S, + SH)i2

1 +

0 1 1 1 Y 1 1 1 Y 1 1 1 A 4 1 1 1 >
0 64 128 192 256 X

Key
X signal intensity S (from 0 to 255)
Y  hg(S) (logarithmic values)

Figure B.2 — Example of a smoothed histogram
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Figure B.3 — Example of a binarized image /(i, /)

f)  Add the white noise to the selected image I(i, /) so that the effect of weak correlated noise is neglected,
as follows:
1) Set SNR, (signal-to-noise ratio for particles) to 30 for the signal intensity S =192 and calculate the
noise intensity s (7, ) for the selected image intensity /5(i, j) as follows:
snli, J)=Uo i j)-SI"2 ISNRy, =16, j)-1921"2/30
2) Obtain the intensity /oN(i, /) of the noisy image as follows:
[ON(i’ j):IO(i’ j)+Sn(i, j)'rG
where rg is a random value which obeys the normal distribution with a mean value of 0 and a
standard deviation of 1.
NOTE This is done by setting Ion(i, j; 20) to O if Ion(i,/; 20) <0 and setting Ion(i, j; 20) to 255 if
255 < IoN(i, J; 20).
3) Setigy(i,j) to In(i, j)-
g) Generate convoluted images I(i, j; 20) by using the convolution of the binarized image Ig(i, ) with two-
dimensional Gaussian profiles I5(i, j; 20) having various sharpness factors 2¢, given by
. 1 2 .2
1g(i, j; 20) = exp| ——(i" + )
20
where ois the standard deviation of the Gaussian distribution.
1) Set the sharpness factor 2o(N=1) to 1 as the initial step. During the evaluation process, 20(N) is
increased in the following way:
if 1< N <8,then 20(N)=N;
if 9< N, then 20(N)=29*"+29"1. (N -40).
Copyright In‘[’eﬁational Organization for Standardization ©1S0 2011 - All rlghtS reserved
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where Q is the integer part of N/4 (N = 4Q +remainder).

NOTE N is the step number. The maximum values of N and 20(N) are 24 +4[(log,L) — 8] and L/2,
respectively.

Compute the Fourier transform pattern GB(f,-,j;) of the binarized image Ig(i, /).

Compute the Fourier transform pattern GG(fl.,J;.; 20) of the Gaussian profile Ig(i,j; 20) with a
sharpness factor 2o equal to 20(N) for the Nth step in a similar manner.

Calculate the product of Gg(f;, /;) and Gg(f;, /; 20):
Gpg(/fis fj:20)=Gg(/i, /) - Gg(f;, f}; 20)
Obtain the image Igg(i, j; 20) from GBG(fl.,J;-; 20) by applying the inverse Fourier transform.

Obtain the convoluted images /(i, j; 20) (see Figure B.4) as follows:

SH-SL
Ic(, j; 20) = — | Igg (i, j; 20) | +SL
max([| Igg (i, j; 20)|]
where the mathematical symbol | ... | means “the absolute value of’ and max[...] means “the
maximum value of”.

a) 20=2pixels b) 20=4 pixels c) 20=06 pixels

Figure B.4 — Examples of convoluted images /-(;, j; 20) with image size L = 256
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B.3 Generation of curves of FT patterns

The following procedures a), c), d) and e) are performed once for the selected SEM image /5(i, j) when the
step number N =1.

a) Compute the Fourier transform pattern Go(f;, ;) of the image I5(i, /).
b) Compute the Fourier transform pattern GC(fl, f» 20) of the convoluted image (i, j; 20).

c) Take the real part Re[Go(fl,f)] of Gp(f;, f) and then take the absolute value |Re[GO(fl,f 1| of the real part
Re[Go(/;, /)l

d) Obtain the vertically averaged value and the horizontally averaged value of |Re[GO(fl,f)| Then
calculate their common logarithms as follows:

| (L12)
Fora(/;) =logio1e+— 2 IRelGo(p. /;)|

p=—LI[2

| (LL2)-1
Fova(fi) =logro (e +— 2 IRelGo(/;: q)l|

g=—L12
where
e  istaken as 10-20 to avoid log4,0 occurring;
L is the image size.

e) - Calculate a smoothed horizontal curve Foy(f;) from Foa(f;) by applying the procedures in B.6.2, using a
i window of five points in the interval [-L/2, L/é -1] off

Obtain a smoothed vertical curve Fq(f;) from Foya(f;) in a similar manner.

f) Take the real part Re[GC(fl,f 20)] of GC(fl,f 20) and then take the absolute value |Re[GC(fl, : 20)]| of
the real part Re[G(f;, /i 20)]

g) Obtain the vertically averaged value and the horizontally averaged value of |Re[GC(fl,J3, 20)]l. Then
calculate their common logarithms as follows:

(L/2)-1
FCHA(f/i20)=|091o{€+z > |R9[GC(P,f,~i20)]|}
p=—L12

(L12)-1
Foya(fi 20) =logqg {s +— 2 IRelGe(/; 4:20)] |}
q=—L12

h) Calculate a smoothed horizontal curve Fyg(f; 20) from FCHA(f 20) by applying the procedures in B.6.2,
using a window of five points in the interval [—i/2 (LI12) — 1] off

Calculate a smoothed vertical curve Fy\g(f;; 20) from Foya(f; 20) in a similar manner.

© 1S0O 2011 — All rights reserved
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B.4 Calculation of temporary image sharpness Rpxo

The following procedures a) to f) are performed once for the selected SEM image Ip(i, /) when the step
number N = 1.

a) Calculate the slope my and the intercept b by the least-squares method described in B.6.3 to obtain a
linear function which approximates to the smoothed curve FOH(};) in the interval [-L/2, —(L/4) — 1] of_];-.

Calculate the slope my, and the intercept b, of the smoothed curve F\/(f;) in the interval [-L/2, —(L/4) — 1]
of f; in a similar manner.

b) Determine the noise functions as follows:
FNu(F;) =my - f; + by
Fnv(fi)=my - fi + by

c) Calculate the corrected curves Fcy(f; 20) and Fey(f;; 20), using the signal and noise intensities at the
origin of (f;, f;), as follows:

Fon(/f 3 20) = Foug(/ j; 20) — [Foup (0; 20) — logy (10 0H©) —107)]
Foy(/i320) = Foyp(/;: 20) = [Foye(0: 20) ~ logyo 1070V (%) —10V)]
To verify the computation, it is recommended that graphs of Fg(f;) and FCH(/;; 20) be drawn for the

horizontal direction and graphs of F\(f;) and Fn\/(f; 20) be drawn for the vertical direction, as shown in
Figure B.5. :

Y14 Y2 A

N
T T T T T T T T T

N
T T T T T T T 1

Key

X1 horizontal coordinate f; (pixels)
Y1 FTintensity Fuy(f))

X2 vertical coordinate f; (pixels)
Y2 FT intensity F.(f;)

* stands for C, N or O.

Figure B.5 — Examples of averaged and smoothed curves for the FT patterns in the horizontal and the
vertical directions
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d) Obtain the horizontal coordinate]; =/ as follows:
1) Set the parameters 4 and B as
A= FOH(f/) and B :FNH(f/)+CN

where Cy is the contribution factor determined from the convoluted image in the Fourier space and is
given by

Cn =10g4g(1+ay + Aay)
where

ay=0,5;

Aay =— 0,05 (empirical value).

2) Set f;=-L/2 as the initial value, then increase f; until the condition 4 < B changes to 4 > B. Set
fi=fc for this change.

3) Calculate the horizontal coordinate f;; as follows:

FNH(S e )+ On = [Fon(fjc = 1) + my]

T = Fonu(fjc)—[Fonu(fic —=1)+myl

+(f;c -1 fora-B>107*

fn=fcford-B <107

4) Determine at f; fH the coordinates of the point P1H on the curve FOH(f) for the original image, the
point Py, on tf]1e linear function Fy(f;) for the noise and the point Py, on the curve Fen(f; 200p) for
the convoluted image as follows:

Pi: (fjn Fnn(fjn) + )
Pyt (fjns Fnr(fjm) +10g40aN)

e) Obtain the vertical coordinate f; = f;\, using f; = f;c in a similar manner.

Then determine at f; = f,, the coordinates of the point P4, on the curve Fq/(f;) for the original image, the
point P, on the linear function Fy(f;) for the noise and the point P, on the curve Fn\(f; 20qy) for the
convoluted image (see Figure B.6) as follows:

P (fivs Pnv (fiv) +CN)
Poy: (fiv, Fnv (fiv)

P3y: (fiv, Fav (fiv ) +10g40 an)

2n :
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Y14 Y2 A
4 4
[ Forll) [ Foulf)
[ Py I Py
i g : _
[ ===z Pl Gy [ === 25> Fulf) + Cy
3pm—_— --<’ == Fu(fy) 3Ire= === == Fu(fy)
- P r *
L 7 \\ L —_ L
r S Folfi 20=4) / N Foulfi 20=4)
[ - N V - P \
2 Pay A Fen(fi 20 on) L7 Y Y Foulf; 200v)
L L [ P oo
B Psy Feu(f; 20 = 6) - » Feulf; 20=6)
<_2||||||||I||||I||||I|||| <_2_||||I||||I||||I||||I||||
X1 25 20 15 -10 -5 0 X225 20 15  -10 -5 0

Key

X1 horizontal coordinate f; (pixels)
Y1 FT intensity F.q(f)

X2 vertical coordinate f; (pixels)
Y2 FT intensity F..(f;)

* stands for C, N or O.

Figure B.6 — Graphs showing the points P, Py, P3p, P1ys Poy and Pyy

f)  Calculate the values of Fey(fiy; 20) and Fey(fy: 20) at fi=f and f; =/, respectively, using linear
interpolation, as follows:

Feu(f s 20) =[Feu(fjci 20)—Fou(f;c =1 20011/ j —(fjc =D+ Feu(fjic —1 20)

Feoy(fiv; 20) =[Fey(fic; 20) = Fev(fic =t 20)1-[fiv —(fic =D+ Fev(fic =1 20)

g) Find the step numbers N=Ngy and N=Ng, for the sharpness factors 20(Ngn) =20y,
ZO(NOH — 1) = ZO-HU’ ZO(Nov) = ZO-VL and ZO(NOV — 1) = ZGVU as follows:

1) Stop the evaluation if either of the following inequalities is satisfied for the initial convoluted image
with 20(N = 1) = 1. Otherwise, go to step 2).

Fou(f 1 1) < Fnu(fjn) +logqpan or Foy (fivi 1) < Fnv (fiv) +1ogqpan

It is recommended that a message be generated at termination. This termination is caused when the
sharpness factor 20 or 20y, of the selected image Iy(i, ) is less than 1 pixel or the image is
irregular.

2) Find the step numbers N = Ny and N = Ny, Which satisfy the following conditions by increasing the
step number N and then repeat the procedures from Clause B.2 f) 1) to the present step.

Fen(f 1 20uL) < Fnp(f 1) +loggan < Fen(f j1;201y)

Fov(fivi20y) < Fny(fiv) +10g1pan < Foy(fivi20wy)

. va A o
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h) Calculate 2o by linear interpolation as follows:

_ k() +10g 10 an]— Fen (/13 201y)

200H (204 —20Hy) + 201y
FCH(fjH;ZO_HL)_FCH(fjH;ZO'Hu)
[Fnv (fiv) +10g10 an] - Fov (fivi20vy)
200y = NVAJ iV : 10 9N cVv .zV VU (20, —20y) + 20wy
Fov(fivi20y )= Fey(fivi20oyy)
NOTE The values of 20, and 20,y are similar in magnitude to each other for an image with a low level of
astigmatism.

i)  Obtain the sharpness factor 20, as follows:
205 = (2ogy + 200y)/2

j)  Obtain the temporary image sharpness Rpy before calibration as follows:
Rpxo =k~ 200

where £ is 1/\/5.

B.5 Calculation of image sharpness Rpy
a) Calculate the coefficient Cr by using the following formulae:
1) If200<3o0r11 <20, then Cg=1.
2) If3<205<4,1,then
Cg = by + b4/205
where by = 0,401 42 and by = 1,795 74.
3) If4,1<20n< 11, then
Cr =¢3(200)° +¢2(20)? +¢4(200) + g
where c;3 = 1,489 79 x 1074, ¢, = 6,646 10 x 1073, ¢, = 9,638 83 x 102 and ¢ = 5,456 65 x 10~".
b) Obtain the calibrated sharpness factor 2o as follows:
20c=Cg-20p

NOTE The coefficient Cg ranges from 0,8394 to 1. Examples of the sharpness factor before and after
calibration are shown in Figure B.7 and Figure B.8, respectively, for simulated images such as those in Figure 4
using a Gaussian profile with 2c0=4 and 10 pixels.

c) Obtain the calibrated image sharpness Rpy as follows:
RPX =k- 20'C

where £ is 1/\/5.

© 1S0O 2011 — All rights reserved
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12

26 =10 atg_o

10

20 =4 ©BEgm

Key

10 100

X signal-to-noise ratio for particles SNR,
Y measured sharpness factor 20, (pixels)

[N >
1000 X

Figure B.7 — Example of measured sharpness factor 2o, before calibration

Y A

12

10

- 20 =10 &g oy

52(7:4 B8 g

1 1

Key

X signal-to-noise ratio for particles SNR,
Y calibrated sharpness factor 20¢

0 100

Lo >
1000 X

Figure B.8 — Example of calibrated sharpness factor 2o, (calibrated using the coefficient Cf)
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B.6 Calculation sub-procedures

B.6.1 3 x 3 median filter

Define the function Mgp(a4, ay, ...,

ay) which sorts the values a, (n=1, 2, ...,

N) into ascending order and find

the median value for odd N as well as the mean value of the (N/2)th and [(V/2) + 1]th values for even N. Let

Fin(i, /) be the input image data for 0 <
filter can then be derived as follows:

Foutli,j) = MgplFinG =1,/ -
FNG+1,7=1), FinG+1,)), FinG+ 1,5+ 1)]

NOTE
Mepl.....].

B.6.2 Moving average with window of width 2x + 1

Let F\(r) be the input original function of integer » (r=s,s+1,5+2, ...,

1), FiNG=1,)), FiNG = 1,7+ 1), FiNGL J -

i,j < L—-1. The output data Fg7(i, j) processed by the 3 x 3 median

1)' FIN(i’j)v FlN(i’j+ 1)a

If i-1<0, i+1>L-1, j—1<0 or j+1>L-1, discard the corresponding F)\(...,...) and carry out

s+ m) in the interval [s, s + m]. The

output function Fq 7(r) processed by the moving average with a window of width 2n+1 (n=1,2,3,...) is

obtained as follows:

1) Hfs<r<s+n,sett=r-s(=1,2,3, ...,

1 n
F, r)=
out(r) )

2) Ifs+n<r<s+m—n,calculate Fo(r) as follows:

1 n
Foyr(r)= il D FiN(r+k)
k=—n

3) fs+m—-n<r<s+m,setet=(s+m)-r(=0,1,2,3, ...,

z F|N(I"+k

Fout(r)= +1+t

n — 1) and calculate Fqj7(7) as follows:

n — 1) and calculate Fj1(r) as follows:

B.6.3 Linear approximation by the least-squares method

Let Fy(r) be the input original function of integer » (r=s,s+1,s+2, ...,

s+ m) in the interval [s, s + m]. The

output result is the slope mgt and the intercept boyr at the vertical axis. The calculation method is as

follows:
a) Calculate the mean of » from:

1 s+m

]7:
m+1
r=s

b) Calculate the mean of F\(r) from:

S+m

F=—2FIN(F
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c) Calculate the variance of » from:

0, =—— -7
! m+1rZ=;(r r)

d) Calculate the covariance of » and Fy(r) from:

1 s+m

2 r=F) Fintr)-F ]

0. =
1

e) Obtain the slope mq 7t and the intercept b7 at the vertical axis from the following equations:

OvF
mout = 2

o,

bour =F —moyr -7

NOTE The approximately linear equation F = F(r) processed by the least-squares method is given by:

F—F=mqgyr-(r-7r)

A IO AnAa A B
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B.7 Flow charts for the procedures described in Clauses B.2 to B.5

Start
(B.2)
a) Prepare the median-filtered
image Iog(/, )

v

b) Produce intensity histogram
H(S) of loe (i, J)

v

c¢) Obtain the smoothed
histogram h,(S)

d) Has hy(S) two peak
positions S, and S,;? No

A

Yes d) Obtain the intensities S,
. and Sg and calculate relative
e) Obtain the binarized image contrast Cr = (S — Sx)/128
Is(i, j) using threshold level v
(S + Sy)2
I d) Set S, = S, + CxSy*
and S, = Sg — CrS”
f) Calculate the noise

intensity by the formula: ‘
Sa(is ) = [lo(i, j) * SI“ISNR;

v

f) Add the Gaussian noise rg
by lon(i, ) = Io(i, j) + $a(is J)ra

v

) Set Iox(i, j) to lo(i, j)

v

g) Set 20(1) to 1 as an initial
step N=1

: |

g) Generate convoluted
images /I:(i, j; 20 (N)) with
signal range (S,, Sy)

v

A
End (from Figure B.11
< (B.2) >

Figure B.9 — Flow chart for the procedure described in Clause B.2
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Start
(B.3)

i
R

Yes

a) Carry out Fourier transform
for the selected image Iy(/, j):
Gol(fi 1))

A

b) Carry out Fourier transform
for the convoluted image
Ic(i, J; 20): G¢(f, £; 20)

v

N=1?

ISO/TS 24597:2011(E)

lYes

c) Take absolute value of the
real part of Gy(f, f):
IRe[Go(f, )]

v

d) Obtain averaged values for
each direction and calculate
common logarithm of them:
Fona(fy) and Foya(f)

v

e) Apply the moving average:
Fou(f) and Foy(f)

No

A

f) Take absolute value of the
real part of G¢(f, f; 20):
IRe[G(f;, f; 20)]]

T

g) Obtain averaged values for
each direction and calculate
common logarithm of them:
Fena(f; 20) and Feya(f; 20)

v

h) Apply the moving average:
Fens(f; 20) and Feyg(f; 20)

A
End
(B.3)

Figure B.10 — Flow chart for the procedure described in Clause B.3
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Start
(B.4)

No

N=1?

Yes

a) Calculate slopes m,, and
m, and intercepts b, and b, from
Fou(f) and F,(f), respectively

v

b) Determine noise function:
Fu(f) = my x £+ by,
Fuf) =my x £+ by,

v

c) Calculate the calibrated curves
Feu(f; 20) and F(f; 20)
for the convoluted images

v

A

f) Obtain the coordinates
FCH();H; 20) and F(fy; 20)
for various 2o

No

STOP

g) Is the sharpness
factor larger than 1?2

d) Calculate f,, which satisfies ) Find the st b
E (f)=F.(f) +C g) Find the step numbers
OH( /) NH( j) N NOH and NOV
¢ for the sharpness factors
d) Determine the coordinates 204,204,200y and 2 oy,

of the points P,,,, P,, and P,

|

e) Calculate f,, which satisfies
Foulf) = Fu(f) + Cy

v

e) Determine the coordinates
of the points P,,, P,, and P,,

g) Are Ny, and N,
found?

A
(to Figure B.9)

h) Calculate 25, and2 o, by
using linear interpolation

v

i) Obtain the sharpness factor
from 26, = (20 o4 + 20 o)/2

v

j) Obtain the temporary image
sharpness from
Rexo = kx 20, (k= 27)

v

End
(B.4)

Figure B.11 — Flow chart for the procedure described in Clause B.4

20 .
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C =)
l

a) Calculate the coefficient Cr
from the sharpness
factor 20

v

b) Obtain the calibrated
sharpness factor from
26(‘; = CF2 Oo

c) Evaluate image sharpness
from Rex = k X 20
(k=27)

\ 4
End
(B.5)

Figure B.12 — Flow chart for the procedure described in Clause B.5
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Annex C
(normative)

Details of the contrast-to-gradient (CG) method

C.1 General

This annex provides details of the procedure used for the contrast-to-gradient (CG) method described in 6.4
and Figure 12.

NOTE The explanation applies to an image with L = 512 or 256 and 8 bits in the grey scale for ease of understanding.

C.2 Calculation of the CG image sharpness

C.2.1 Flow charts

A flow chart of the routine is given in Figure C.1. In this routine, there are three subroutines: a) generation of
reduced-size images referred to as (1/r)-size images, b) calculation of the directionally averaged sharpness R,
and c) calculation of the CG image sharpness Rg. Flow charts of the second and the third subroutines are
given in Figure C.2 and Figure C.3, respectively.

a) Generation of a series of (1/r)-size
images:r=1,2,3,4,5,6,8, 10, 12,
15 and 20

b) Calculation of the directionally
averaged sharpness R, for each
(1/r)-size image

v

c¢) Calculation of the CG image
sharpness Rqg

End

Figure C.1 — Flow chart for calculation of the CG image sharpness

© 1S0O 2011 — All rights reserved

Copyright International Organization for Standardization
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TS 24597:2011(E)

v

a) Determine the coefficients (a, b,
¢, d, e and f) of the quadratic
equation z(x, y) for each pixel

h) Determine the weighted function
w; ; and its fluctuation Aw; ;
at each pixel

y

;

b) Determine the local intensity
gradients g(/, j; 0) at each pixel

i) Calculate the contrast C of the
image only for the pixels with w; ;> 0

;

-

c) Determine the fluctuations
Ag(x; y;) at each pixel

j) Calculate the correction factor
for the threshold contrast

5

.

d) Calculate the temporary contrast
Ciemp Of the image

k) Correct the values of R, and AR,
using the correction factor

2

e) Take the temporary threshold
contrast ACyen, @s 10 % of Cierp

:

v

f) Calculate the local sharpness R,
and the ratio of its fluctuation AR,
to R, at each pixel

I) Determine the directional
sharpness R, and the ratio of its

fluctuation AR, to R,

v

;

m) Compute the directionally
averaged sharpness R, and its

fluctuation AR,

g) Determine the minimum principal
radius R, win(i, j) of the curvature

at each pixel

End

Figure C.2 — Flow chart for subroutine b)
(calculation of the directionally averaged sharpness) in Figure C.1
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a) Compute the corresponding values
of Rand AR/R at r =1 for R, and

ARIR, for all the (1/r)-size images

y

b) Make a graph of Rand AR/R as a
function of r

c) Find the reduction value r,,, at which
the ratio AR/R has the minimum value

.

d) Determine CG image sharpness
R corresponding to r = r,,, from

the curve of Rvs r

End

Figure C.3 — Flow chart for subroutine c)
(calculation of the CG image sharpness) in Figure C.1

C.2.2 Generation of the (1/7)-size images

This subroutine generates a series of (1/r)-size images from the original SEM image, where »=2, 3, 4, 5, 6, 8,
10, 12, 15 and 20. Hereafter, the (1/r)-size image when » = 1 means the original image in order to make the
description simple (see Figure C.4).

Generate the (1/r)-size images, obtaining the pixel intensity 7.(i, /) by averaging the pixel intensities I(p, ¢) in
the original image as follows:

irtr jrtr

1,(i, j)=Round [Z > [(p,q)]/rxr) fori(and )= 0,1, ..., imax (@Nd jiay) (C.1)

p=irq=jr

NOTE 1 Any pixel of the image is expressed as (x;, y;), where i (and j) =0, 1, 2, ..., imax (aNd jmay)-
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NOTE 2  Both ijnax @and jmax = Int(512/r) — 1 [or Int(256/r) — 1] (depending on the pixel size of the original SEM image,
i.e. 512 x 512 or 256 x 256). Here, Int(x) is an integer function of x, e.g. Int(100,8) = 100.

NOTE 3  Round(x) is a function yielding the rounded value of x, e.g. Round(12,4) = 12 and Round(12,5) = 13.

(d o

a) Original image (1/1) b) 1/2-size image c) 1/4-size image

Figure C.4 — Original image, 1/2-size image and 1/4-size image

C.2.3 Calculation of the directionally averaged sharpness
This subroutine calculates the directionally averaged sharpness R, for each (1/r)-size image as follows.

a) For each pixel (i, j), determine the coefficients (q, b, ¢, d, e and f) of the quadratic equation z(x, y) so that
the fitting error S, (i, ) in the 3 x 3 pixel area is minimized:

z(x, y) = a(i, j) x? + b(i, j) y? + (i, j) xy + d(i, j) x + e(i, j) y + fli, j)
fori(andj)=1,2, ..., ina— 1 (@ndjax—1) (C.2)

Serror (1)) = +Z1 +Z1 [Ir (i+pj+a)-z(p. q)Jz}/?’XB) (C.3)

p=—1 g=-1

The 3 x 3 operators to determine the coefficients a, b, ¢, d, e and fare given by:

1 -2 1 11 1 -10 1
a: (1/6)[1 -2 1| b: (1/6)|-2 -2 -2| ¢: (1/4)]0 0 0
1 -2 1 11 1 1 0 -1
1.0 1 1T 1 1 (-1 2 1]
d: (1/8)-=1 0 1| e: (1/6){0 0 0| f: (192 5 2 (C.4)
10 1 -1 -1 -1 12 -1
Copyright International Org:\ni;:;ig;f(’)‘rgl':i;dardiz’\a;ilor?:ghts reserved 43

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TS 24597:2011(E)

b)

For each pixel, determine the local intensity gradients g(i, j; ) by calculating the first partial-differential
coefficients dk/ck and &/ dy.

g(i,j; ) =[2,2(i, /) + &,2(i, N2 fori(andj)=1,2, ..., imax =1 (@Nd jmax = 1) (C.5)

The angular information on the gradients is given by

o=tan V(g Jg,), g, j)=(AlK),g=d(i,)) andg(i,))= ()= eli)) (C.6)

NOTE Images of local intensity gradients corresponding to the (1/r)-size images at »=1, 2 and 4, for example,
are shown in Figure C.5.

a) Original image (1/1) b) 1/2-size image c) 1/4-size image

Figure C.5 — Distributions of the local intensity gradient

c) Determine the fluctuations Ag(i, j) in g(i, j; 6) at each pixel as follows:
Ag(i, j) = [Serror(is /Y6112 fori(andj)=1,2, ..., imax — 1 (@Nd jmax — 1) (C.7)
d) Determine the temporary contrast Ci,, of the calculated-z image, in which the pixel intensities are
rounded integers in z(0, 0), i.e. f{i, j). The calculation procedures for Ci,,, are the same as those for the
image temporary contrast given in steps 1) to 6) in Annex A, item c), except that the calculated-z image is
used instead of the three-time median-filtered SEM image.
e) Take the temporary threshold contrast ACigy,, as
ACtemp = 0,1 X Ctemp (CB)
f)  Calculate the local sharpness Rp(i,j; 6) and the ratio of its fluctuation ARp(i,j; o) to Rp(i,j; 0) at each pixel
(i, j) from the following equations:
Rp(i:j; 6) = ZACtemp/g(ivj; 6) (Cg)
AR (i, j; 6) = Ry(i, j; 6) [Ag(i, j)lg(i, j; )] fori(andj)=1,2, ..., inax—1(@Nd jyay — 1) (C.10)
g) Determine the minimum principal radius Rp‘min(i,j) of the curvature at each pixel (i, j) as follows:
Romin(i, /) = 1Ky fori(andj)=1,2, ..., ing—1(andjmay = 1) (C.11)
Copyright Infelﬂational Organization for Standardization © ISO 2011 - A” r|ghtS reserved
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Here, K4 is the reciprocal of the maximum principal curvature. It is obtained from the quadratic equation
below and is, in fact, the root with the larger absolute value of the equation.

K?-2xCyxK+Cy=0 (C.12)
where

(142, 0)g,, +(1+8,)8 0 —22.8,8

2)3/2 (C.13)

1
21+g,°+g,

_ 2
Co= Sx8p "8y (C.14)

(1+g,° +gy2)2
g, = (ckldk) _g=d(i,j) and 8y = (0z19y),—q = e(i, ) (C.15)
Qe = (P2l K?),_o=2a(i, ]), g,,=(Peld?),_g=2b(i,j) and g, =(Pzldxdy),_o=cli,)) (C.16)
h) Determine the weighted function W and its fluctuation Aw; ; at each pixel (i,j) from the following
equations:
Wi =g(i,j; 6) and AWiJ = Ag(i,j) for Rp(i,j; o) < 2Rp’min(i,j) (C.17a)
W= 0 and Aw; ;= 0 for Rp(i,j; o) > 2Rp‘min(i,j) (C.17Db)
i) Calculate the contrast C of the image using step d), but count only the pixels with w; ;> 0. The ¢ value is
similarly taken as 0,2 % of the total number of pixels, but only those with w; ;> 0, for segment-image s.
j)  Calculate the correction factor for the threshold contrast as follows:
Jeorr = ClCtemp (C.18)
k) Correct the values of Rp(i,j; 6) and ARp(i,j; 0) at each pixel (i, j) by multiplying them by the correction
factor f.q, giving
Jeorr X Rp(i,j; 6) and fooy X ARp(i,j; 6) fori(andj)=1,2, ..., ipax— 1 (@Ndjnax— 1) (C.19)
I) Determine the directional sharpness R, and the ratio of its fluctuation AR, to R, at azimuth angle 6, by the
following equations:
imax_1 jmax_1
=1 =1
Ry =- : (C.20)
imax—"1/max—1
=1 =1
and
AR 1 imax_']jmax_1 2R 2 2
= — > 2|1 (awy) (c.21)
Ry max "' Jmax _ = Rp (l, 7 Hk)
i=1 j=1
where (2k — 1)(/kyay) < 6, < (2k+ 1) (hkpgy) @and k=0, 1, ..., kpax — 1 (kpax = 16).
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m) Compute the directionally averaged sharpness R, and the ratio of its fluctuation AR, to R, for the (1/r)-size
image as the root mean square of R;:

R =[R2+ Ry2 + ... + Ry52)/16]"/2 (C.22)

12 kmax—1 4 2
e e A N Y c23)
Rr kmax =1 Rr Rk

C.2.4 Calculation of the CG image sharpness

This subroutine calculates the CG image sharpness R as follows.

a) Compute the corresponding values of R and AR/R at r=1 for R, and AR /R, for all the (1/r)-size images
from the following equations:

R=rxR, (C.24)
ARIR = AR IR, (C.25)
b) Plot a graph of R and AR/R as a function of r, as shown in Figure C.6.
c) Find the reduction value r,,;, at which the ratio AR/R has the minimum value by interpolation.
When there is no minimum, take a point of inflection.

d) Determine the CG image sharpness Rqg corresponding to r =7, from the curve of R versus r (see

Figure C.6).
Y A
10 f ]
]
RCG
| ¢
1
(x100)
_-9
o \\‘\(g/.rl/
- R
—&- ARIR
0,01 >
0 2 r, 4 6 8 10 X
Key
X  reduction factor r
Y RandAR/IR

Figure C.6 — Graph of R and AR/R as a function of r
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C.3 Generation of the standard images and calculation of their CG image sharpness
Rcg

A flow chart of this subroutine is given in Figure C.7. The subroutine generates the standard images and
calculates their CG image sharpness as follows:

a) Make the binary image with the levels L, and Lygy, for the median-filtered image using the threshold
intensity zreshold s-av: Where

Loy, = Maximum([50, Int(3,56;, max)] (C.26)

Lpjgh = Minimum[200, 255 — Int(3,50}, )] (c.27)

On.max = 255/(2 x 3,5 + CNR) (C.28)
and

“irsshottsav = AV ) + AV, V2 (c29)

The values of AV(zy,, 4y ) @nd AV(zp, 5, ) Used here are determined in the same way as in the CNR
evaluation process (see Annex A).

NOTE The factor of 3,5 lowers the frequencies of over- and under-saturation to about 0,2 % in the random-noise
added pixel-intensity in the standard images.

b) Initialize the ith calculation loop described in steps c) to h) below, i.e. i =1, and set the sharpness factor
20—1 ati=1as 20'1 = Int(20'), where 20'0 = AdefaultRCG + Bdefault’ Adefault = 3,099 5 and Bdefault =- 0,775 0.
The R value used here is obtained in the same way as in Clause C.2.

c) Make the ith standard image with a sharpness factor 2¢; and including the CNR, as follows:

1) Make a convoluted image of the binary image with a Gaussian profile with standard deviation o..

2) Add Gaussian random noise with standard deviation o, to the convoluted image, where
Op = (thgh - LlOW)/CNR

d) Calculate the Ry value for the ith standard image. The calculation process is identical to that given in
Clause C.2.

e) Ifi> 2, goto the next step, f). Otherwise, go to step g).

f) Compare the R value with the values of Rgg ;1 and Rgg ;- End the routine if either of the following
inequalities is satisfied. Otherwise, proceed to step g).

Rcg,i1<Reg < Rggi O Regi-1> Reg = Reg,i (C.30)
g) Setthe increment Ao as follows:

Ac=0,5when o; <4 (C.31a)

Ac=1 wheng; >4 (C.31b)
h) Proceed to the ith step, i.e. i =i + 1, and increase or decrease the ¢; value by Ao as follows:

0;=0;,_1+Ac when Rpg ;<R (C.32a)

0;=0;,_1— Ao when Rgg; = Reg (C.32b)

Then go back to step c).
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a) Make the binarized image
b) Initialize the ith calculation loop,
i.e.i=1and 20y = Int(20)

v

c) Make the ith standard image with
sharpness factor 25; and including the CNR

.

d) Calculate the R ; value for the ith
standard image

:

g) Ac=0,5wheng;<4
Ac=1wheno; =24

.
h) i=i+1

o;=0_1+A owhen Reg ; < Ree

o;=0_1—A owhen Rgs 2 Reg

Figure C.7 — Flow chart for the generation of the standard images
and calculation of their CG sharpness Rqg
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C.4 Calibration of the conversion constants 4 and B

This subroutine calibrates the conversion constants of 4 and B by solving the following simultaneous linear
equations (which are shown in graphical form in Figure C.8), as follows:

20; = Agaiip X Reg i + Beaiib (C.33)
20;_1 = Acalib X Rcg,i-1 * Bealib (C.34)
We then obtain the calibrated conversion constants:
Agalip = 2A01(Rcg ; — Reg,i-1) (C.35)
Bealip = 20; = Acaiip X Reg,i (C-36)
YA
14 5
1j‘
13 &
12 e —r
g —2
|
[
11 >
|
- ——— - = |
20 :.: | I
K 1
10 lm= =i o !
20,4 § ITI | '
N 1 |
s | 1
g | |
s | I |
. 1
s 1IRe v
9 L A >
Ree j—1 Reg, i 6 X
3 4 5
Key
X Rcg (pixels)
Y sharpness factor 2o (pixels)
1 defaultline 20= 3,099 5Rcg — 0,7750
2 calibrated line 20= Acalib X RCG + Bcalib
Figure C.8 — Sharpness factor 2o plotted as a function of R for the calibration
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C.5 Conversion of the R value to the image sharpness Rgg

This subroutine converts the R value to the image sharpness Rgg as follows:

where
k= 142

20 is the sharpness factor, given by
20=Agyiip X Reg + Bealib (C.38)

Acgiib @nd Bgy)p, are the calibrated conversion constants. The evaluated Rgg values show small fluctuations
due to random image-noise used in the generation of the standard images [see step c) 2) in Clause C.3]. Here,
the image sharpness Rgg shows little noise-dependency and is evaluated with the CNR value as a given
parameter.
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Annex D
(normative)

Details of the derivative (DR) method

D.1 General
This annex provides details of the procedures of the derivative (DR) method.
There are four routines — Clause D.2, generation of a binary mask image M(x, y); Clause D.3, generation of

an edge position map E(x, y); Clause D.4, extraction of the edge profiles P(x y) and model fitting; and
Clause D.5, calculation of the image sharpness R.

D.2 Generation of a binary mask image M(x, y)

a) Compute the gradients G (x, y) and G (x y) of a selected SEM image I)(x, y), using Gaussian derivatives
of scale parameter s (s = 2 pixels), as foIIows

m—1n—1 R Y N2

Gx(x,y)zzt“)Z;‘)IN p,q)x xexp( (x p)2:2(y 9) ] (D.1a)
q=VY p=
m—1n-1

Gyxy)= Y > Iyl p,q)xq yxexp( (x=p)° +2(y 9) ] (D.1b)
g=0 p=0 21s 2s

NOTE 1 n and m are the x-size and y-size, respectively, of the image and these are typically 512. For the coordinates
(x, y) of theimage, x=0,1,..,n—1andy=0,1, ..., m—1.

NOTE 2 An SEM image can have any type of real data, but the data values are usually 8-bit integers.

It is recommended that the fast Fourier transform and the inverse fast Fourier transform be used for the
convolution calculation.

b) Compute the gradient magnitude Gy(x, y) from:

Gpm(x,y) = JGX(x,y)2 +Gy(x,y)2 (D.2)
c) Compute a two-mean threshold image (binary image) B(x, y) from Gy,(x, y) by the following steps 1) to 5).

1) Generate a histogram A(g) of Gy,(x, »).

2) Determine the minimum value g,;, and the maximum value g, of g in the histogram A(g) that have
non-zero values (see Figure D.1).

3) Set the initial value of T; to 128 for the iteration.
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4) Then, repeat the following iteration until the value of 7 is stable.

T,+T,
Tl' — l ¥
2
where
T; & max
D gxh(g) D gxh(g)
_ 8=8min _ &=T;
T, = B FE— and T, = P
> h(g) D h(g)
g=&min g=T;

Select the value for judging the convergence of the iteration as 0,1 for practical purposes.

Y

gmin gmax X

Key
X grey value
Y occurrence

1 background
2 object

Figure D.1 — Example of a two-mean threshold
5) Generate a two-mean threshold image (binary image) B(x, y) by applying the threshold value 7, to
Gumlx, »).
NOTE Binary images contain only the logical values 0 and 1.

Examples of input SEM images of the kinds generated in the procedures above are shown in
Figure D.2.
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AR Ta
a) Iy(x,y) b) Gy(x, »)

Figure D.2 — Examples of an input SEM image /,(x, y), a gradient magnitude image G,(x, )
and a two-mean threshold image (binary image) B(x, y)
(all images are displayed linearly stretched over their dynamic range for better visualization)

d) Compute a binary mask image M(x, y) from B(x, y), using one-iteration binary closing [with structuring
element 3 x 3 (city-block metric)], by the following steps:

1) binary dilation (see Clause D.8 for pseudo-codes);
2) binary erosion (see Clause D.8 for pseudo-codes).

e) Set all pixels in M(x, y) that are closer than 30 pixels to the image border to zero. As regards the removal
of boundary pixels, see Clause D.8 for the pseudo-codes.

f)  Remove all objects in M(x, y) that are smaller than 50 pixels by the following steps:
1) Label the objects (see Clause D.8 for pseudo-codes).
2) Count the number of pixels per object (see Clause D.8 for pseudo-codes).
3) Remove objects of less than 50 pixels (see Clause D.8 for pseudo-codes).

An example of an M(x, y) image generated by the operations described in this clause is shown in Figure D.3.

N AU\

Co

Figure D.3 — Example of an M(x, y) image as the outcome of the operations in Clause D.2
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D.3 Generation of an edge position map E(x, y)

a) Compute an edge location image P|(x, y) as the sum of the image L(x, y) and the second derivative in
gradient direction SDGD(x, y) of the image, as follows:
1) Compute G, (x, ») and ny(x, y) from the equations
m—1n—1 N2 2 32 PRY
Gulx )= 2, > In(p, q)xwxexp{— WPy tma) ] (D.3a)
i 275 © 252
q=0 p=0
m—1n—1 2 2 2
-s x— +(y—
G )= 3 Iy(p4) %xexp{—‘ 2l tl-g) ] (D.3b)
¢=0 p=0 2ns 2s
It is recommended that the fast Fourier transform and the inverse fast Fourier transform be used for the
convolution calculation.
2) Compute L(x, y) as follows:
L(5, 7)= |G (5 )2 + Gy (3, 7)2 (D4)
3) Compute ny(x, y) as follows:
m—1n—1 2 2
(x=p)y—q) (x=p)"+(ry—9q)
G5 3) =2 3 Iy (P )x = G xexp| ———=— 5 (D.5)
q=0 p=0 T[S N
It is recommended that the fast Fourier transform and the inverse fast Fourier transform be used for the
convolution calculation.
4) Compute SDGD(x, y) as follows:
G G2 +2G GG, +G,,G,>
SDGD(x, y)=——~ xy al g (D.6)
Gx +G,
NOTE For simplicity, the coordinates (x, y) have been omitted from the right-hand side of Equation (D.6).
5) Compute P|(x, y) as follows:
P (x, ) =L(x, y) + SDGD(x, y)
b) Compute a two-mean threshold image (binary image) M,(x, y) from T,(x, y) as follows:
1) Compute
Ty(x, y)=To(x, y)x M(x, y) (D.7)
where
To(x, y)=max[P_(x, )] - |7 (x, y)
NOTE The multiplication Ty(x, y) x M(x, y) is performed pixel by pixel.
2) Compute a two-mean threshold image (binary image) M,(x, y) as in Clause D.2, item c), for T4(x, y).
ioht I izat izat ©1S0 2011 — All righ
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c) Compute an initial edge map E4(x, y) by the following steps:

1) Compute M,(x, y) as the one-iteration binary closing of M(x, ) as in Clause D.2, item d).

2) Compute the binary skeleton of M,(x, y) and store it as E4(x, y). See Clause D.8 for the pseudo-
codes for the binary skeleton.

d) Remove sufficient points from £, (x, y) such that the mutual distances between the remaining points are at
least 10 pixels and store the result as E(x, y). See Clause D.8 for the pseudo-codes for the points
removed.

Figures D.4 and D.5 show examples.

‘\_//( N\

D) S
(B

- \v;
(7
i
a) P(x,y) b) Ty(x,») c) M(x,y)

Figure D.4 — Examples of P (x, y), Ty(x, y) and M,(x, y) images
(all images are displayed linearly stretched over their dynamic range for better visualization)

a) Eq(x,») b) E(x,y) c) Directional line image

Figure D.5 — Examples of £,(x, y), £(x, y) and a directional line image
(the directional line image is shown for reference purposes)
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D.4 Extraction of the edge profiles P;(x, y) and model fitting

a) Compute the normalized gradients Gy, (x, y) and Gy, (x, y) as follows:

G = G ()G (5,)2 4G ()2 (D.8a)

Gy = G (0 )1G, (1.)? 4G, (x.7)? (D.8b)
b) Calculate all the edge profiles Pj(/l) by repeating the following steps for all j (=1, 2, ..., N) values.
N is given by
n=1m—1
N=) D> Exy)

x=0 y=0
1) The coordinates of the sub-pixel position (pjx(/l),pjy(/l)) are given by
Pi(A)=x;+AXGN(x ;0 ;)
Piy(A) =y, +Ax Gy (x 7)) (D.9)
where 1=-10,-9,5,-9,...,0,0,5, ..., 9,5, 10.

The number of sub-pixel positions is 41 for each edge profile.

NOTE The symbol (x;,y;) denotes the coordinates of the edge map E(x,y) having the jth value
(i=1,2,...,N). '

2) Retrieve the edge profiles P; () from Iy(x, y) at 41 sub-pixel positions (p ;.(4),p ;,(4)), using the
cubic interpolation method, as follows: ‘ ‘

3 3
PiA)=1n(p (AP (AN =D D a,,x"y" (D.10)
n=0 m=0
NOTE The cubic-interpolated values at sub-pixel position (pjx(i),pjy(/l)) are given by the pixel values at

integer positions of /,(x, y) (see Clause D.7 for the coefficient values).
3) Compute
my = median[Pj(/1= O)overallj=1,...,N
m, = median[Pj(/1 =-10)]overallj=1, ..., N
m; = median[Pj(/1= +10)] overallj=1,..., N
d,= (m,. + m)I2
my = mg — dy/4

my =mq +d, /4

[~ :
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Remove all edge profiles for which any of the following is true:
Pj(/l) >my for A=-10,-9,5, ..., -7

Pj(/1)<m,, for A=7,7,5,...,10

Determine the four coefficients b, 4, m and o such that the following fitting error F; is minimized:

2
20
Fi= > [fj(x/2)—Pj(x/2)]
x=-20
where
f:(x)=b+hx 1+lerf X
J 2 2 o 2
J
NOTE The function erf(z) denotes the error function and is defined as follows:

1
(1+AZ+BZZ+C23+DZ4+E25 +Fz6)16

erf(z) =%jozexp(—t2)dt ~1-

where A4=0,070 523 078 4, B=0,042282012 3, C=0,009 270 527 2,
E =0,000 276 567 2 and F = 0,000 043 063 8.

If z>10, erf(z) =1, and if z = 0, erf(z) = 0, for practical purposes.
The recommended initial values for the fit are as follows:
b =min[ly(x, y)]
h = max[I(x, y)]
m=0

=2

(D.11)

D =0,000 152 014 3,

See the latter half of Clause D.7 for fitted values of o; by minimizing the fitting error given by

Equation (D.11).

c) Store all fitted values of o (i=1,2,...,N).

Figure D.6 shows an example.
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YA
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Key
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2 error function fit

Figure D.6 — Example of fitting the error function to the cubic-interpolated intensities of an
SEM image

D.5 Calculation of image sharpness R

a) Calculate the average edge sharpness o from all the fitted edge sharpness parameters as follows:
1
o= _Z o (D.12)

NOTE See Clause D.9 for a reliability check of the value of o obtained.

b) Obtain the image sharpness as R = V2o .
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D.6 Flow charts

Flow charts for the above procedures are given in Figures D.7 to D.11.
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v
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c) Extract the edge
profiles P(x, y) and
carry out model fitting

v

d) Calculate sharpness
factors and relate to
image sharpness R

v

S

Figure D.7 — Flow chart for the DR method
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S

v

a) Compute the gradient
magnitude Gy(x, y)

v

b) Compute the interme-
diate mask image
B(x, y) by applying a
two-mean threshold
tO GM(X’ y)

v

c) Generate M(x, y) by
cleaning up B(x, y) by
binary closing and
edge object removal

v

S

Figure D.8 — Flow chart for the subroutine in Clause D.2 for the generation of a
binary mask image M(x, y)

S

v

a) Compute the edge
location image P,_(x, y)

v

b) Compute the mask
M.(x, y) by applying
a two-mean
threshold to
max[P.(x, y)] = |P.(x, y)|

v

c) Generate the initial
edge map E,(x, y) as
a skeleton of M,(x, y)

v

d) Generate the edge
map E(x, y) from
E,(x, y) after skipping
close points

v

S

Figure D.9 — Flow chart for the subroutine in Clause D.3 for the generation of an
edge position map E(x, y)
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v

a) Compute the
normalized gradient

Gu(x, ¥)
v

b) Extract intensity profiles
P{x, y) of I(x, y) for

positions given by Gy(x, )
and the edge map E(x, )

v

c) Fit error functions to
the extracted profiles
P(x, y) and store the
sharpness factors

v

S

ISO/TS 24597:2011(E)

Figure D.10 — Flow chart for the subroutine in Clause D.4 for the extraction of the edge profiles Pj(x, y)

and model fitting

S

v

a) Average all the
sharpness factors to
give an average
sharpness factor

v

b) From the average

sharpness factor, calculate

the image sharpness in
accordance with 3.6

v

S

Figure D.11 — Flow chart for the subroutine in Clause D.5 for the calculation of image sharpness
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D.7 Supplement 1

Cubic interpolation is given by

3 3

I (AP (A) =D D apx"y™

n=0 m=0

For the above equation, the coefficients «,,, are given by setting xz equal to pjx(/i) and yt equal to pjy(/l), as
follows:

400 = Poo

ag1 = Py0o

ag2 = —3pgg + 3Po1 — 21,00 — Pyo1

a3 = 2poo — 2Pg1 + Py00 * P01

10 = Px00

411 = Pry00

a12 = =3p,00 + 3Px01 ~ 2P1,00 ~ Pxy01

a13 = 2P,00 ~ 2Px01 * P00 T P01

azo = =3poo + 3P10 ~ 2Px00 ~ Px10

a1 ==2DP4,00 ~ Pxy10 ~ 3Py00 + 3Py10

a2 = 9poo — g1 — 910 + 911 + BPx00 — 61101 + 3Px10 — 3Px11 + 4Py00 T 2Pxy01 + 2Px10 F Pyt
+6p,00 + 32,01 — BPy10 — 3P)11

g3 =—6pgg + 6pgq + 6p19 — Bp11 — 4Py00 + 4Px01 — 2Px10 + 2Px11 ~ 2Pxy00 ~ 2Pxy01 ~ Pxy10 ~ Py
—3p,00 = 32,01 + 3Py10 + 3P)11

a3 = 2P0 — 2P10 + Px00 + Px10

a31 = Pyy00 + Pxy10 + 2Py00 ~ 2Py10

agy =—6pgg + 6pgq + 6p19 — 611 — 3P40 + 3Px01 — 3Px10 + 3Px11 ~ 2Pxy00 ~ Pry01 ~ 2Pxy10 ~ Py
—4p,00 = 21,01 + 4Py10 + 2P)11

azz = 4pog — 4Pg1 — 410 + 4P11 + 2Px00 — 201 T 2Px10 ~ 2Px11 + Pxy00 T P01 T P10 + Pyt

+2p,00 + 27,01 — 2Py10 — 2P)11

on .
Copyright International Organization for Standardization ©1S0 2011 - All r|ght3 reserved

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



where
Poo = Iy(floor(xt),floor(y1))
Por = Iy(floor(xt),ceil (7))
P10 = In(ceil(xr), floor(yr))
1y = Iy(ceil(xt),ceil(yr))
P00 = G (floor(xz),floor(yt))
Pxo1 = Gy{floor(xz),ceil(yz))
P10 = G (ceil(xz),floor(yt))
Px11 = G(ceil(xt),ceil(v))
Py00 = G, (floor(xi) floor(y1))
pyo1 = G(floor(xz),ceil(yr))
Py10 = G(ceil(xt),floor(yr))
Py11 = G,(ceil(x),ceil(ye))
P00 = Gy(floor(xz),floor(yz))
Paot = Gy (floor(xe) ceil(yr))
P10 = Gy lceil(xt) floor(yr))

P11 = ny(ceil(xt),ceil(yt))

ISO/TS 24597:2011(E)

NOTE ceil(...) means the least integer greater than a particular fractional value (i.e. rounding up) and floor(...) means
the greatest integer less than a particular fractional value (i.e. discarding the fraction after the decimal point).

/I Computing sigma[p] (p = 1, 2, ..., N) by minimizing the fitting error given by Equation (D.11)

FORp=1,2,..,N
/I'N = number of data sets obtained
/I sgrt_2 = square root of 2
/I sqrt_pi = square root of 3,14159265358979323846
/I initial values
b = params[0] = min(IN(x,y))
h = params[1] = max(IN(x,y))
m = params[2] =0
sigma[p] = params[3] = 2
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alpha = 1/(params[3]*sqrt_2)
/I Computing the initial chisq
Set chisq=0
FORi=0,1,...,40
/I x[0] = =20, x[1] =19, ...., x[40] = 20
erf_app = erf(alpha*(x[i}/2 - m))
model = b + h*(0,5 + 0,5*erf_app)
deviation = P(x[i}/2) — model
chisq += deviation*deviation
END FOR
FORiter=0, 1, ..., 99
Setgrad[ij=0fori=0,1,..,3
Set Hessian[i][j]=0fori,j=0,1, ..., 3
FORi=0,1,2,..,40
/I x[0] = =20, x[1] =19, ...., x[40] = 20
erf_app = erf(alpha*(x[i}/2 — m))
model = b + h*(0,5 + 0,5*erf_app)
deviation = P(x[i]/2) — model
Gauss = exp(-(x[i[/2 — m)*(x[i}/2 — m)*alpha*alpha)
d[o] =1
d[1]= 0,5 + 0,5%erf_app
d[2] = —(h/sqrt_pi)*alpha*Gauss
d[3] = (h/sqrt_pi)*(x[i}/2 — m)*Gauss
grad[0] += —2*d[0]*deviation
grad[1] += —2*d[1]*deviation
grad[2] += —2*d[2]*deviation
grad[3] += —2*d[3]*deviation
FORj,k=0,1,...,3
Hessian[j][k] += d[j]*d[k]

END FOR

oA .
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END FOR
Set lamda = 0,001
Set diff_chisq = —chisq
FORiter_line=0, 1, ..., 49
FORk=0,1,...,3
Hessian[k][k] *= (1 + lamda)
END FOR
//Cholesky decomposition of the Hessian
Set cholesky[j][k] =0 forj,k=0,1, ..., 3
FORk=0,1,...,3
Setsum =0
FORNn=0,1, ..., k-1
sum += cholesky[n][k]*cholesky[n][k]
END FOR
/I sqrt_d = square root of d
d = Hessian[k][K] — sum
cholesky[k][k] = sqrt_d
FORI=k+1, k+2, ..., 3
Setsum2 =0
FORNn=0,1, .., k-2
sum2 += cholesky[n][I]*cholesky[n][K]
END FOR
cholesky[K][l] = (Hessian[k][l] — sum2)/(cholesky[k][k] + 1,0e-7)
END FOR
END FOR
/I Solving for the update vector
/l Forward substitution - intermediary solution
Set sol1[0] =0
sol1[1]1=0

sol1[2] =0

65
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sol1[3] =0
FORk=0,1,...,3
Setsum =0
FORNn=0,1, .., k-2
sum += cholesky[n][k]*sol1[n]
END FOR
sol1[k] = (-0,5*grad[k] — sum)/(cholesky[Kk][k] + 1,0e-7)
END FOR
/I Backward substitution - the actual update vector
Set update[0] =0
update[1] =0
update[2] =0
update[3] =0
FORk=3,2,...,0
Setsum =0
FORn =k+1,k+2, ..., 3
sum += cholesky[k][n]*update[n]
END FOR
update[k] = (sol1[k] — sum)/(cholesky[K][K] + 1,0e-7)
END FOR
b_n = b + update[0]
h_n = h + update[1]
m_n =m + update[2]
alpha_n = alpha + update[3];
Set chisg n=0
FORi=0,1,...,40
erf_app = erf(alpha_n*(x[i]/2 — m_n));
model =b_n + h_n*(0,5 + 0,5%erf_app)
chisq_n += (P(x[i}/2) — mode)*(P(x[i}/2) — model)

END FOR
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IF chisgq_n < chisq

b=b n
h=h_n
m=m_n

alpha = alpha_n
lamda = lamda*0,1
diff_chisq = chisq — chisq_n
chisq = chisq_n
break
ELSE
lamda = lamda*10,0
END IF
END FOR// end of loop for iter_line
/I Stopping criterion
IF (diff_chisq > 0) and (diff_chisq < 0,01)
break
END IF
END FOR// end of loop for iter
sigma[p] = 1/(alpha*sqrt_2)

END FOR// end ofloop (p=1, 2, ..., N)

D.8 Supplement 2

// binary dilation
Set MO[x][y]=0forx=0,1,...,n-1andy=0,1, ..., m-1.
FOR over pixel locations of x=1,2, ..., n—2andy =1, 2, ..., m-2
IF B[x][y] == true OR B[x—1][y] == true OR B[x+1][y] == true OR B[x][y—1] == true OR B[x][y+1] == true
MO[x][y] = true
END IF
END FOR
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/[ binary erosion
Set M[x][y] = MO[X][y] forx=0,1, ...,n-1andy=0, 1, ..., m—1.
FOR over pixel locations of x=1,2, ..., n—2andy =1, 2, ..., m-2

IF MO[x—1][y] == false OR MO[x+1][y] == false OR MO[x][y—1] == false OR MO[x][y+1] == false

M[x][y] = false
END IF
END FOR

/I removing boundary pixels

FOR over pixel locations of x=0,1, ..., n-1andy =0, 1, ..., m—1
| IF x <30 OR x>n-30 ORy <30 ORy > m-30
Mix][y] = 0
END IF
END FOR

/ labelling of objects

Setarray C[i] =i (i=0, 1, ..., nm), LA(x,y) = M(x,y), and NewLabel = 0, as initial values.

FOR over pixel locations of x =1, 2, ..., n—2andy =1, 2, ..., m-2.
IF LA(X,y) == true
Ip = LA(x-1,y)
lg = LA(x,y—1)

IF Ip == false AND Iq == false, increment NewLabel by 1, and then set Ix = NewLabel.

ELSE IF Ip #false, AND Iq # false,
IF Clip] = Cllq],
FOR ALL k=0, 1,... NewLabel
IF C[k] == C[lp], set C[k] = C[lq].
END FOR
END IF
Set Ix = Iq.
ELSE IF Ip = false AND Iq #false, set Ix = Iq.
ELSE IF Ip #false AND Iq = false, set Ix = Ip.

END IF
Set LA[x,y] = Ix.
END IF
END FOR
FOR over pixel locations of x=0, 1, ...,n-1andy =0, 1, ..., m-1.
IF LA(x,y) # false, set LA(x,y) = C[LA(X,y)].
END FOR

Set NO = NewLabel.
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/I counting the number of pixels per object

Set array OS[0] = OS[1] = ........ = OS[NO+1] =0.

FOR over pixel locations of x=0,1, ...,n-1andy=0, 1, ..., m—1
increment OS[LA[X][y]] by 1.

END FOR

/I removing objects with less than 50 pixels
FOR over pixel positions of x=0,1, ..., n-1andy=0, 1, ..., m—1
IF OS[LA[X][y]] < 50
LA[X][y] =0
END IF
END FOR

[/l binary skeleton
Perform the following routine until no more skeleton pixels.
E1[x][y] = M2[x][y] forx=0,1, ...,n-1Tandy=0,1, ..., m-1.
FOR over pixel locations of x=1,2, ..., n—2andy =1, 2, ..., m-2
IF M2[x—1][y] == false OR M2[x+1][y] == false
OR M2[x][y—1] == false OR M2[x][y+1] == false

ISO/TS 24597:2011(E)

/I condition 1) do not remove single pixels and condition 3) do not break the connectivity

IF three or four of the above conditions are true
CONTINUE

END IF

// condition 2) do not break the connectivity

IF two of the above conditions are true
IF M2[x—1][y] == false AND M2[x+1][y] == false

CONTINUE
END IF
IF M2[x][y—1] == false AND M2[x][y+1] == false
CONTINUE
END IF
END IF
E1[x][y] = false
END IF
END FOR

A IO AnAa A
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/l removing points
Seti=0.
FOR over pixel locations of forx =0,1, ..., n~1andy =0, 1, ..., m—1
IF E1[x][y] is true
px[i] = x
pylil =y
increment i by 1
END IF
END FOR
Check the distance between any two points being 10 or larger, during the following loop.
FORj=0toi-1
IF mod (j, 10) is true
Elpx[lllpyll] = true
ELSE IF
Elpx[illlpy(]] = false
END IF
END FOR

D.9 Supplement 3

The average edge sharpness o, as given by Equation (D.12), is as follows:

1
i=1
First, check the distribution shape of o (i=1,2,...,N).
NOTE If the distribution shape is far from Gaussian, the average edge sharpness o obtained is less reliable (see
Figure D.12).

Figure D.12 — Examples of the distribution of o
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Then, check the reliability of the average edge sharpness o as follows:

a) Compute the variance from

N
Z(O'_O'i)z
2 - =t

N

b) Compute the factor F for the confidence limit from

Loy X v?2
FRr=—F—
N -1

using a value for ¢, interpolated from those given in Table D.1.

ISO/TS 24597:2011(E)

Table D.1
(90 % reliability)
N ly
10 1,812
20 1,725
30 1,697
40 1,684
60 1,671
120 1,658
Infinity 1,645
‘NOTE The mean value of the edge sharpness lies within the interval (o— Fr, o+ FR) with 90 % reliability. Here, the

average edge sharpness o (the standard deviation of the Gaussian profile) is the sample mean. For example, if o= 3 and

Fr =1, the “true ¢’ lies in the interval given by 2 < “true ¢’ < 4 with a reliability of 90 %.

c) IfFy>1,the ovalue obtained is not considered to be reliable enough.

D.10 Supplement 4

The Fourier transform (FT) of the Gaussian distribution function is given by

FTlexp(—ax?)] =

2
exp(—wx] fora>0
4aq

1
V24
and the FT of the differentiated function is given by

FT{M} = (_\/—_1)}1 X" xF(®,)
dx”
where
Flo,)=FT[f(x)];
o, is the angular frequency (2r x frequency) corresponding to x.
These equations can be used for the convolution calculation.
Copyright Intemational Organization for Standardization 9Nts reserved

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale

7



ISO/TS 24597:2011(E)

Annex E
(informative)

Background to evaluation of image sharpness

E.1 General

This annex provides the background to the evaluation of image sharpness and the theoretical background to
the definition of image sharpness used in this Technical Specification.

E.2 Conventional method of evaluating image sharpness

The sharpness of an SEM image is defined as the minimum distance between two neighbouring particles that
can just be resolved. Therefore the sharpness depends on the contrast and the noise of the image, i.e. the
contrast-to-noise ratio. A typical method of evaluating image sharpness in SEM is a gap measurement method.
In this method, the image sharpness is evaluated by measuring the gap between two neighbouring particles in
the SEM image as shown in Figure E.1 a). Figure E.1 b) shows the digitally magnified image at the gap
indicated by the arrow in Figure E.1 a).

?) SEM image for evaluating image sharpness b) Digitally magnified image at the gap
Figure E.1 — SEM image and a magnified image of the gap area

As shown in Figure E.1 b), it is difficult to determine clearly the gap boundaries due to image noise. Therefore
the result of the evaluation of the image sharpness by the conventional gap method can vary due to human
error since the width of the gap between neighbouring particles in an SEM image is measured by the human
eye based on the sharpness at the local edges of these particles. In order to avoid errors, it is preferable to
use appropriate image-processing techniques to evaluate image sharpness so that everybody obtains the
same result.
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E.3 Concept of image sharpness as defined in this Technical Specification

So far, several computer algorithms, such as the Fourier transform (FT) method, contrast-to-gradient (CG)
method and derivative (DR) method, have been developed for evaluating image sharpness in SEM (see
Annexes B to D). The Fourier transform (FT) method has been developed based on a classical FT method by
adding a new algorithm to separate the noise component from the image component in an SEM image. On
the other hand, the contrast-to-gradient (CG) method and derivative (DR) method have been developed in
order to evaluate the image sharpness using a concept similar to that of the conventional method utilizing
information on the sharpness at local edges. However, none of the algorithms has been authorized as the
standard one for international use. This Technical Specification will standardize the computer algorithms for
evaluating the image sharpness based on the newly improved conventional method (FT method) and the
newly developed CG and DR methods, so that one can determine the image sharpness from an SEM image
without human intervention. The measurement does vary with the method used because each method uses a
different procedure for taking the image noise into account. However, the differences in the results obtained
for the image sharpness can be kept at an acceptable level by using images with a contrast-to-noise ratio of
10 or better (see Annex F). It must be noted that, although the actual beam profiles in SEM have a variety of
shapes, the images used for evaluation in this Technical Specification are those produced by the convolution
of a binary image with a Gaussian profile of sharpness factor 20, where o is the standard deviation of the
Gaussian distribution. The concept utilized throughout this document is first to determine the sharpness factor
(20) from the convoluted image and then to calculate the image sharpness from the formula 207V2. In order to
evaluate the image sharpness by using this Technical Specification, it is necessary to use a suitable specimen
to obtain the SEM image.

E.4 Comparison of the definition of image sharpness in this Technical Specification
with conventionally used definitions

Rayleigh's criterion is usually applied to the definition of image sharpness for point objects. According to
. Rayleigh's criterion, the sharpness is defined as the distance (Ry) between two point objects when the concave
. trough in the overlapped profile is 74 % of the maximum, as shown in Figure E.2. The distance R is given by
Ry=0,61Vc
© where

A is the wavelength;

o is a numerical aperture (NA).

74 %

Figure E.2 — Two overlapping profiles (Airy patterns) meeting Rayleigh's criterion
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On the other hand, it is impossible to evaluate the sharpness of SEM images of point objects since all objects
in SEM images have finite sizes. Figure E.3 shows a) a binary image of two circular objects each having a
diameter of 20 pixels and with a separation of 14 pixels and b) its convoluted image with a sharpness factor
(20) of 20 pixels. The separation of 14 pixels in Figure E.3 a) corresponds to 20/V2 (the sharpness criterion
used in this Technical Specification) when the sharpness factor (20) is 20 pixels. Figure E.4 shows a line
profile of the convoluted image b) in Figure E.3. The depth of the trough between the two particles is 60 % of
the maximum, corresponding to an equivalent or better contrast when compared to the conventional criterion
proposed by Rayleigh (see Figure E.2). Thus, defining the image sharpness as 20/V2 is practical compared to
the conventional criterion.

NOTE The image sharpness defined in this Technical Specification is half of the value used by Rayleigh's criterion (4 ai\2).

s

a) Binary pattern b) Blurred image
Figure E.3 — Binary pattern, a), and blurred image, b), produced by a Gaussian profile with a

sharpness factor (20) of 20 pixels (the binary pattern is made up of two neighbouring circles of
diameter 20 pixels separated by a distance of 14 pixels)
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Figure E.4 — Line profile of blurred image
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E.5 Difficulty of determining the probe size from SEM images

The profile of a primary beam in SEM is usually regarded as a Gaussian distribution, and the beam size is
often defined as the FWHM (full width at half maximum). However, in actuality, the beam profile in SEM has a
variety of shapes, depending on the extent of electron diffraction and lens aberrations. Figure E.5 shows the
beam profiles calculated under different beam conditions when a) electron diffraction is dominant in the optical
system and b) lens aberrations are dominant in the optical system. Beam profile a) in Figure E.5 can be
roughly approximated as a Gaussian distribution. However, profile b) in Figure E.5 differs significantly from a
Gaussian distribution due to the wide spread produced by the lens aberrations. Because beam profiles a)
and b) shown in Figure E.5 have the same FWHM values, the beam sizes, when simply defined as the FWHM,
are the same for both profiles. Figure E.6 shows the SEM images obtained under the conditions represented
by profiles a) and b) in Figure E.5. As shown in Figure E.6, the quality of SEM image a) is very different from
that of image b), even though the FWHM values of the beams are same. Usually no-one knows the actual
beam profiles when evaluating the image sharpness. The contrast of SEM images is affected by the
interaction between a specimen and primary electrons. It is impossible to determine the beam profile (or beam
size) simply from the SEM image. This is the reason why this Technical Specification does not apply to the
measurement of beam (probe) size in SEM.

Y
1
0,1
0,01
b
a) )
<—0,001 L L >
-20 -10 0 10 20
X

Key
X beam profile position (nm)
Y relative intensity (arbitrary units)

Figure E.5 — Beam profiles calculated under different beam conditions: a) mainly electron diffraction
and b) mainly lens aberrations
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a) Image influenced mainly by diffraction b) Image influenced mainly by lens aberrations

Figure E.6 — SEM images obtained under different beam conditions

e :
Copyright International Organization for Standardization © ISO 201 1 - A" rlghts reserved
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TS 24597:2011(E)

Annex F
(informative)

Characteristics and suitability of the various evaluation methods

F.1 Dependency of image sharpness on image noise

The image sharpness usually depends on the contrast-to-noise ratio (CNR) of the SEM image. Figure F.1
shows the dependency of the evaluated value of the sharpness on the CNR value for the FT, CG and DR
methods. The CNR value should be 10 or larger for evaluations.

Y A
5
4
| Gesessie——— o —~
3
2
—=—1
—A—2
1 ——3
------- 4
0 — >
0 10 20 30 40 50 60 70 80 X
Key
X CNR

Y evaluated image sharpness R

FT method
CG method
DR method
theoretical

AW N -

Figure F.1 — Example of the dependency of the image sharpness on the CNR value for a simulated
image with a sharpness (\/50) of 3,472 pixels
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F.2 Parameters influencing images for use in the FT, CG and DR methods

The image sharpness is influenced by noise, edge effects, vibration, astigmatism, poor focus and the density
of the particles. Table F.1 shows the maximum limits of these parameters for the evaluation methods.
Figure F.2 shows examples of SEM images significantly influenced by each of the parameters.

Table F.1 — Maximum limits

Size of effect
Very small Small Medium Large Very large

* ™

b) Edge effects

Noise

Edge effects

Vibration

Astigmatism

Out of focus

Density of particles

d) Astigmatism e) Poor focus f) Density of particles
NOTE 1  The particle edges in these images (except the out-of-focus image) have been sharpened for easier viewing.

NOTE 2  The images should be made up of particles. Images made up of line-and-space patterns are unacceptable.

Figure F.2 — Examples of SEM images for use in the FT, CG and DR methods
[only parts (210 x 210 pixels) of the images are shown]
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F.3 Suitability of the FT, CG, DR and CNR methods

Table F.2 shows the suitability of the FT, CG, DR and CNR methods as judged by the effect of the various
parameters which influence the SEM image. Figure F.3 shows examples of images with a very high noise
level, very large edge effects, a very high level of vibration, very large astigmatism, very poor focus or very low
contrast, corresponding to the items in Table F.1.

Table F.2 — Suitability of the FT, CG, DR and CNR methods

Evaluation Very high Very large Very high Very large | Very out of Very h igh Very low
- level of - h particle
method noise level | edge effects - . astigmatism focus - contrast
vibration density
FT G NGNB B B NGNB NGNB G
CG B NGNB NGNB G G G G
DR G G B B NGNB NGNB B
CNR G G B G G G G
G: good;
B: bad;
NGNB: neither good nor bad.

S i s

e) Very out of focus

d) Very large astigmatism f) Very low contrast

Figure F.3 — Examples of images with a very high noise level, very large edge effects, a very high
level of vibration, very large astigmatism, very poor focus or very low contrast
[only parts (200 x 200 pixels) of the images are shown]
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F.4 Minimum value of image sharpness

The image sharpness R should be greater than or equal to 2,0 pixels. If R < 2,0 pixels, re-acquire an SEM
image with a smaller pixel size (or at a higher image magnification) and carry out the evaluation again.
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Annex G
(informative)

Method of preparing test specimens for evaluating image sharpness

G.1 General

This annex provides basic techniques on how to prepare test specimens prior to imaging and evaluation of the
image sharpness.

G.2 Au particles deposited on a carbon substrate using vacuum deposition

Au particles on a carbon substrate are used to evaluate the SEM image sharpness. The combination of Au
particles and a carbon substrate is essential to maximize the visibility of the grain edges for evaluation of the
image sharpness. Au particles of various sizes are widely used. Vacuum deposition is one of the most popular
techniques for preparing thin metallic films on solid substrates.

A polished carbon substrate or an HOPG (highly oriented pyrolytic graphite) substrate is often treated by ion
beam bombardment or plasma etching to ensure the homogeneous distribution of the Au particles deposited
by evaporation. Figure G.1 is an SEM image of Au particles deposited on an HOPG substrate using vacuum
evaporation. The substrate was treated by plasma etching for 5 min before Au deposition.

G.3 Nanometer-scale Au particles deposited on an HOPG substrate using a sputter
coater

Another sample preparation technique which is proposed for evaluating image sharpness in the high-
magnification range is the use of nanometer-scale Au particles deposited on an HOPG substrate using a
conventional sputter coater to give an average thickness of about 1 nm. The grain sizes of the Au particles
can be easily controlled by varying the sputtering time. Before SEM observation, mild baking of the sample at
about 180 °C in a dry vacuum is effective in reducing the deposition of beam-induced contamination. The
granularity and homogeneous distribution of the Au particles on HOPG have been demonstrated at a
magnification of x800k. The average grain size is 3,2 nm and the standard deviation is 1,3 nm when Au
particles are coated on HOPG to an average thickness about 0,7 nm. An example of an SEM image of
nanometer-scale Au particles on an HOPG substrate is shown in Figure G.2.

A IO AnAa A
Copyright International Organization for Standardization ghtS reserved 81
Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TS 24597:2011(E)

Figure G.1 — SEM image of Au particles deposited on an HOPG substrate using vacuum deposition
(the substrate was treated by plasma etching before deposition)

Figure G.2 — SEM image of nanometer-scale Au particles on an HOPG substrate
(the Au particles were deposited by sputter coater)
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Annex H
(informative)

Example of test report

H.1 Test report for evaluation of image sharpness
An example of a test report is shown on the following page.

The test report shown consists of two tables. Table 1 is for information on the original image file. Table 2 is for
information on the evaluation method and the results for the image evaluated.

The evaluation image selected from an original image should be kept.
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Institution identifier
Name of laboratory: ..........cccccceeevieeeninen.
Address of laboratory: ..........cccccceeiiiinns

Number of test report: ...

Authority and operator identifier

Name and signature of authorizing person:

Name of operator: ..........ccccceeeiiiiiiiienennnn.

Table 1: Information on original image

Test report on image sharpness

Client identifier
Name of client: .........ccccceeeeiiiiiiieec s

Address of laboratory: ..........ccccoiiiiieeenn.

Instrument model identifier
Name of manufacturer: ...............cccceeee

Serial nUMbEr: .....c.cocciiiiiieeeeeeeee e

Reference material: ...........ccccovvvvvvviiennnn.

ISO reference: ISO/TS 24597

Original image | Image size | Acceln. | Working Image Limage Np Lscale | Nscale Ly Remarks
file name (pixels) voltage | distance | magnification | (mm) (pixels) (nm) (pixels) (nm)
(kV) (mm)
Image size: 640x480, 1280x960, 2560x1920, etc. Limage: Horizontal width of original image
Np: Number of pixels covering horizontal
width of original image
Lgcale:  Length of scale marker on original image
Ngcale:  Number of pixels in scale marker
Ly Pixel size
(see 4.5.2 and 4.5.3)
Table 2: Evaluation results
No. Evaluated image Binarized file Selected image Evaluation method Rpx R Remarks
file name name size (pixels) | (pixels)
(pixels)
512x512| Other FT CG DR
Evaluated image file name: Image selected from the original image
Binarized file name: Binarized image of selected image (if necessary)
Image size (pixels): 512x512 or other (specify the number of pixels)
Evaluation method: FT, CGor DR
Rpx: Image sharpness (pixels) Rpy = 20./\/5
R: Image sharpness (nm) RL=Lpx Rpx
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Original image file name:
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Attached images

Photo
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Evaluated image file name:

Photo

85



ISO/TS 24597:2011(E)

Bibliography

FT method

(1]
(2]
(3]

(4]

(3]

(6]

(7]

(8]

(9]

(10]

(1]

[12]

[13]

(14]

[19]

[16]

BRIGHAM, E.O., The first Fourier Transform, Prentice-Hall, Englewood Cliffs, NJ, 1974
BURRUS, C.S. and PARKS, T.W., DFT/FFT and Convolution Algorithms, Wiley, 1984

COOLEY, J.W. and TUKEY, J.W., An algorithm for the machine calculation of complex Fourier series,
Math. Comput., 19, pp. 297-301, 1965

DobsoN, D.A. and Jov, D.C., Fast Fourier transform techniques for measuring SEM resolution. Proc.
12th Int. Congr. Electron Microscopy, pp. 406-407, 1990

ERASUMUS, S.J., HOLBURN, D.M. and SMITH, K.C.A., On-line computation of diffractograms for the
analysis of SEM images. Inst. Phys. Conf. Ser., 52, pp. 73-76, 1980

FRANK, J., Determination of source size and energy spread from electron micrographs using the
method of Young's fringes, Optik, 44, pp. 379-391, 1976

FRANK, J., “The role of correlation techniques in computer image processing” in Computer Processing
of Electron Microscope Images, pp. 187-222, Springer-Verlag, 1980

Jovy, D.C., Ko, Y-U. and Hwu, J.J., Metrics of resolution and performance for CD-SEMs, Proc. SPIE
Metrology Inspection and Process Control for Microlithography X1V, 3998, pp. 108-115, 2000

Joy, D.C., SMART — a program to measure SEM resolution and image performance, J. Microsc., 208,
pp. 24-34, 2002

LoRrRusso, G.F and Jov, D.C., Experimental resolution measurement in critical dimension scanning
electron microscope metrology, Scanning, 25, pp. 175-180, 2003

MARTINE, H., PERRET, P., DESPLAT, C. and REISSE, P., New approach in scanning electron microscope
resolution evaluation, Proc. SPIE Integrated Circuit Metrology, Inspection, and Process Control IX,
2439, pp. 310-318, 1995

MATSUYA, M. and SAITO, M., Noise effect on the measurement of SEM resolution, Proc. 3rd
Symposium on Charged Particle Optics, September 18-19, pp. 13-16, 2003

MATSUYA, M. and SAITO, M., Effective parameters of estimating SEM resolution by a Fourier transform
(FT) method, Proc. 8th Asia-Pacific Conference on Electron Microscopy (8APEM), Kanazawa, Japan,
June 7-11, pp. 50-51, 2004

MATSUYA, M., YOSHIDA, K. and SAITO, M., A New Algorithm to Estimate SEM Image Resolution Using
the Fourier Transform, Proc. 16th International Microscopy Congress (IMC16), Sapporo, Japan,
September 3-8, Vol. 2, p. 580, 2006

OHo, E., HOSHINO, Y. and OGASHIWA, T., New generation scanning electron microscopy technology
based on the concept of active image processing, Scanning, 19, pp. 483-488, 1997

OHo, E. and TOYOMURA, K., Strategies for optimum use of superposition diffractogram in scanning
electron microscopy. Scanning, 23, pp. 351-356, 2000

on .
Copyright International Organization for Standardization ©1S0 2011 - All r|ght3 reserved

Provided by IHS under license with ISO
No reproduction or networking permitted without license from IHS Not for Resale



ISO/TS 24597:2011(E)

CG method

[17]

[18]

ISHITANI, T. and SATO, M., Influence of a combination of random noise and pattern-edge width (in
pixels) on contrast-to-gradient image sharpness in scanning electron microscopy, J. Electron
Microscopy, 55, pp. 253-2607, 2006

ISHITANI, T. KAMIYA, C and SATO, M., Influence of random noise on the contrast-to-gradient image-
sharpness in scanning electron microscopy, J. Electron Microscopy, 54, pp. 85-97, 2005

Derivative method

[19]

[20]

[21]

[22]

LoRusso, G.F. and Jov, D.C., Experimental Sharpness Measurement in Critical Dimension Scanning
Electron Microscope Metrology, Scanning, 25(4), pp. 175-180, 2003

DK, J. et al., A new sharpness measure based on Gaussian lines and edges, N. Petkov and
M.A. Westenberg (editors), 10th International Conference on Computer Analysis of Images and
Patterns (Groningen, The Netherlands), Volume 2756 of LNCS, pp. 149-156, 2003

PARK, S. REICHENBACH, S. and NARAYANSWAMY, R., Characterizing digital image acquisition devices,
Opt. Eng., 30(2), pp. 170-177, 1991

PHAM, T.Q., Spatiotonal Adaptivity in Super-Sharpness of Under-Sampled Image Sequences, PhD.
thesis, Delft University of Technology, Delft, The Netherlands (Chapter 5.3 and Appendix B.2), 2006

Image processing algorithm references (in the derivative method)

[23]

[24]

[25]

[26]
[27]

[28]

[29]

[30]

VERBEEK, P.W. and VAN VLIET, L.J., On the location error of curved edges in low-pass filtered 2-D and
3-D images, IEEE Transactions on Pattern Analysis and Machine Intelligence, 16(7), pp. 726-733,
1994

KOENDERINK, J.J., The Structure of Images, Biological Cybernetics, 50, pp. 363-370, 1984

MARR, D. and HILDRETH, E., Theory of edge detection, Proceedings of the Royal Society of London B,
207, pp. 187-217, 1980

SERRA, J., Image Analysis and Mathematical Morphology, Academic Press, 1982
SOILLE, P., Morphological Image Analysis — Principles and Applications, Springer-Verlag, 1999

JONKER, P.P., Skeletons in N Dimensions using Shape Primitives, Pattern Recognition Letters, 23(6),
pp. 677-686, 2002

RIEGER, B., TIMMERMANS, F.J., VAN VLIET, L.J. and VERBEEK, P.W., On curvature estimation of iso-
surfaces in 3D grey-value images and the computation of shape descriptors, IEEE Transactions on
Pattern Recognition and Machine Intelligence, 26(8), pp. 1088-1094, 2004

LINDEBERG, T., Scale-Space for Discrete Signals, IEEE Transactions on Pattern Analysis and Machine
Intelligence, 12(3), pp. 234-254, 1990

Specimen preparation

[31]

OKAYAMA, S., HARAICHI, S. and MATSUHATA, H., Reference sample for the evaluation of SEM image
sharpness at high magnification — Nanometer-scale Au particles on an HOPG substrate, J. Electron
Microsc., 54, pp. 345-350, 2005

AIOA AnRA4 Al
Copyright International Organization for Standardization ghtS reserved 87

Provided by IHS under license with ISO

No reproduction or networking permitted without license from IHS Not for Resale



ISO/TS 24597:2011(E)

ICS 37.020

Price based on 87 pages

AN ANA4 Woaldn oo
Copyright International Organization for Slandardization-ved
Provided by IHS under license with ISO

No reproduction or networking permitted without license from IHS

Not for Resale



	Scope
	Normative references
	Terms and definitions
	Steps for acquisition of an SEM image
	General
	Specimen
	Specimen tilt
	Selection of the field of view
	Selection of the pixel size
	General
	Determination of the pixel size from a field of view
	Determination of the pixel size from a scale marker
	Conversion of the pixel size

	Brightness and contrast of the image
	Contrast-to-noise ratio of the image
	Focus and astigmatism of the image
	Interference from external factors
	Erroneous contrast
	SEM image data file

	Acquisition of an SEM image and selection of an area within 
	Evaluation methods
	General
	Contrast-to-noise ratio
	Fourier transform (FT) method
	Contrast-to-gradient (CG) method
	Derivative (DR) method

	Test report
	General
	Contents of test report


