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Foreword

[SO (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.

The procedures used to develop this document and those intended for its further maintenance are described
in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for the different types
of ISO document should be noted. This document was drafted in accordance with the editorial rules of the
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Introduction

Multi-layered materials are widely used in the production of semiconductor devices, various kinds of sensors,
coating films for optical element, new functional materials, etc. One of the factors used to determine the
characteristics of multi-layered materials is the layer thickness, for evaluation of products and verification
of the production process. In practice, measuring the total thickness and/or the thickness of each layer
and checking the uniformity of thickness and/or flatness of the interface are often done using recorded
images of the materials. Evaluations can be made from the cross-sectional TEM/STEM images by accurately
determining the averaged interface position between two different layered materials.

In relation to the determination of the interface position in the HR atomic imaging, analysis by the multi-
slice simulation (MSS) method can be applied for the target measurement, if the atomic structural models

can be con

the int

the int

fol

fol

This docun
of the accy
the multi-1
few microj
layer inter

Structed. However, In real materials, there are a lot of cases when they cannot, such as
erface between amorphous layers, or layers of amorphous substance and crystal;
erface recorded in low-resolution image in which the atomic columns cannat-bé identi
" very thick single-layered material;

" thick multi-layered material.

hent gives the method to determine the averaged interface position using a differential
mulated intensity profile obtained from the ROI set in theleross-sectional TEM/STE
hyered material. The thickness of the layer that can be applied ranges from a few nano
heters. Thus, this document is not intended for the detérmination of the simulated pos
face analysed by the MSS method.

Fied:

processing
M image of
meters to a
ition of the
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Microbeam analysis — Analytical electron microscopy —
Method for the determination of interface position in the
cross-sectional image of the layered materials

1 Scope

This docunent specifies a procedure for the determination of the averaged interface positio

two differq
document
through th

This docul
transmissi
sectional e
energy loss
sensor bui
image is ok

2 Norm

There are po normative references in this document.

3 Term

3.1 Tern
For the pui
ISO and IE
ISO On

IEC El¢

3.1.1
cross-sect
TEM/STEN

3.1.2

e multi-slice simulation (MSS) method.

bnt layered materials recorded in the cross-sectional image of the multi-layered, ma
does not apply for determining the simulated interface of the multi-layered materiall

ment is applicable to the cross-sectional images of multi-layered materials record
pn electron microscope (TEM) or a scanning transmission electron mierdscope (STEM)
lemental mapping images using an energy dispersive X-ray spectrometer (EDS) or ¢
spectrometer (EELS). This document is also applicable to digitized images recorded o
t into a digital camera, a digital memory set in the PC or an,imaging plate, where the
tained by converting an analogue image recorded on photographic film using an imag

ative references

s, definitions and abbreviated terms

hs and definitions
poses of this document, the following terms and definitions apply.
[ maintain terminology databases for use in standardization at the following addresse

line browsing platform: available at https://www.iso.org/obp

ctropedia: available at https://www.electropedia.org/

ional image
[ image.of the multi-layered materials along a plane perpendicular to the stacking dire

n between
terial. This
s expected

ed using a
and cross-
In electron
n an image
digitalized
e scanner.

2]

ction

differenti

I processing

calculation of the difference between the values of adjacent pixel data in the intensity profile

3.1.3

digital camera
device that detects the image using a chip-arrayed image sensor (3.1.12), such as a charge-coupled device (CCD)
or complementary metal-oxide semiconductor (CMOS), which converts a visual image to an electric signal

[SOURCE: I

3.1.4
dot pitch

S0 29301:2023, 3.7]

distance between adjacent pixels in pixel-based devices

© IS0 2024 - All rights reserved
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3.1.5
elemental
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mapping image

image produced by the selected signal which is attributed to a particular element, from the EDS/EELS

spectrum

3.1.6
FIB thinni

ng

site-specific thinning technique by using focused ion beam to thin a particular region of the specimen

3.1.7

filtering mask

mask to de

fine the cut-off frequency in the reciprocal space

3.1.8

fast Fourig¢
FFT
efficient al

[SOURCE: ]

3.1.9
inverse fa
IFFT
efficient al

[SOURCE: ]

3.1.10
image file
format for

3.1.11
image sca
device that

EXAMPLE
[SOURCE: 1

3.1.12

image sen
device, sud
sensor, wh
imaging de

3.1.13

intensity profile

signal inte

sor

br transformation

borithm to compute the discrete Fourier transform

SO 15932:2013, 5.4.1.1]

5t Fourier transformation

borithm to compute the inverse of the discrete Fourier transform

SO 15932:2013, 5.4.1.2]

format
Kaving an image as a computer file according to apredetermined rule

hner
converts an analogue image into a digitized image with the desired resolution

There are mainly two different types of scanners: flatbed type and drum type.

SO 29301:2023, 3.17, modified — example has been added.]

h as a charge-coupled device (CCD) array or complementary metal-oxide semiconduc
ch converts visdal image information to an electric signal, built-in digital camera (3.1
vices

nsity distribution along a line specified in the image

for (CMOS)
3) or other

3.1.14
interface

boundary surface at the junction of two different layers of materials recorded in the cross-sectional image
(3.1.1) of the multi-layered materials

3.1.15

ion-milling
thinning technique of sputtering the specimen with an inert gas

[SOURCE: I

SO 15932:2013, 4.1]

© IS0 2024 - All rights reserved
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imaging plate

IP

electron image detector consisting of a film with a thin active layer embedded with specifically designed

phosphors
[SOURCE: I
3.1.17

S0 29301:2023, 3.16]

low pass filter
filter to pass signals of frequencies lower than the cut-off frequency

3.1.18

moving average

calculation
side of a ce

3.1.19
multi-slicé
MSS
computer §

for averaging the selected dataset which is picked out from equal number of datasé
ntral data

p simulation

imulation method of high-resolution TEM images, which treats electrons as incoming

treats the interactions with matter as occurring on multiple successive single’slices of the specin

[SOURCE: I
simulation

3.1.20
multi-laye
laminated
substrate

3.1.21
photograg
sheetor a1

[SOURCE: ]

3.1.22
pixel

SO 15932:2013, 6.4.1, modified — “algorithm for the simulation” has been replaced by
method”.]

red material
material which is fabricated by alternating layefs of at least two kinds of mater

hic film
oll of thin plastic coated by photographic emulsion for recording an image

SO 29301:2023, 3.23]

smallest unit element that makes up’the digital image

3.1.23

region of interest

ROI
sub-datasd

3.1.24
ultra-micy

t picked outfrom the entire dataset for a specific purpose

otome

t on either

waves and
en

“computer

als on the

thin sectigning instrument to prepare the specimen thin enough for TEM observation by usi

hg glass or

diamond knives

3.1.25
zone axis

crystallographic direction, designated [u v w], defined by the intersection of a number of crystal planes

(hl'kl'll

[SOURCE: I

h,k; 1) such that all of the planes satisfy the so-called Weiss zone law; hu + kv + Iw =0

S0 29301:2023, 3.36]

© IS0 2024 - All rights reserved
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3.2 Abbreviated terms

AEM
CCD
CMOS
CRT
EDS/EDX

EELS
FFT
FIB
HREM
[FFT
MSS
ROI
STEM
TEM

Analytical electron microscope/microscopy
Charge coupled device

Complementary metal oxide semiconductor
Cathode ray tube

Energy dispersive X-ray spectrometer/spectroscopy
Although "EDX" and "EDS" are interchangeable, this document uses "EDS".

Electron energy loss spectrometer/spectroscopy

Fast Fourier transformation

Focused ion beam

High-resolution transmission electron microscope/microscopy
Inverse fast Fourier transformation

Multi-slice simulation

Region of interest

Scanning transmission electron microscope/microscopy

Transmission electron microscope/microscopy

4 Specimen preparation for cross-sectienal imaging

4.1 Gen

To determ
observed b

bral

ine the interface potion of the multi-layered materials stacked on a substrate, thg

of the multi-layered thin film, usinig)the techniques of ultra-microtome, ion-milling, FIB thinnin

etching an

 so on. In order to keep the thickness information of the layered materials with an 4

1 %, the cyt out angle a [showarin Figure 1, a)] shall be 90° + 6°.

specimen

y TEM/STEM shall be cut/into a cross-sectional thin slice perpendicular to the stackinlg direction

b, chemical
iccuracy of

© IS0 2024 - All rights reserved
4


https://standardsiso.com/api/?name=e7c9dcf3842afa9ac6ac0ea7047cda6c

ISO 20263:2024(en)

a) Multi-layered specimen b) TEM/STEM observating‘

5 Q 6

c) Cross-secti})nal imaging

Key \l‘\o
1  substrdte C}\O

2 multi-lpyered materials .

3 directign of electron beam @ )

4  thin slife of the specimen O

5  cross-spctional TEM/STEM in@~

6

arrows|indicate interface % ons

I@Te 1 — Specimen preparation for cross-sectional imaging

4.2 Req uibé{wénts for the cross-sectional specimen

Ensure thatthespecimmerm

— provides a good and sharp contrast and clear and straight interface for the multi-layered materials in the
TEM/STEM/elemental mapping image,

— can be cleaned to remove contamination without causing mechanical/electrical damage or distortion,

— has a smooth surface on both sides and identical thickness, at least within the area used for the
determination process of interface position,

— is aligned to a low-index zone axis along the electron optical axis, if the specimen region is a single
crystal.

© IS0 2024 - All rights reserved
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5 Determination of an interface position

5.1 General

It is important to determine the position of an interface in a layered material from its cross-sectional
TEM/STEM/elemental mapping image, objectively and uniquely. In Clause 6, the main scheme for the
determination of the interface position, as prescribed by this document, is explained.

5.2 Preliminary considerations

5.2.1 Ideal model of an interface

Ideally, thejinterface between two kinds of materials, M; and M,, show straight edge [see Figure.4 a)]. In this
case, it is epsy to find the interface positions (S; and S,) uniquely from the intensity profilegap Higure 2 b)]
along a ling¢ (L) perpendicular to the interface.
My
.\@
a) Ideal interface (S; and S,) modebb‘étween two kinds of layers, M; and M,
300 —
&
250 T~
200 (-#&
150
Cx
Q~Q 50
Qv Sl SZ
0
&?§ 0 20 40 60 80 100 120 140 160 180
b) In e%itv profile along an arrow line, L, in a), perpendicular to the interfaces (S, and S,)

Figure 2 — Ideal interface model

5.2.2 More realistic model of an interface

In general, the interface will not be in a straight line. It typically appears as a region with a gradated intensity
distribution between layers M; and M, [see Figure 3 a)]. In this case, it is not easy to find the accurate
interface position from its intensity profile which is normally s-shaped [see Figure 3 b)]. This document
defines the interface position at the steepest tilt angle in the slope. Differential processing of the intensity
profile is the most suitable method to determine the interface position as defined above. Figure 3 c) shows
the differential curve of the intensity profile on in Figure 3 b). Pixel positions on the x-axis corresponding to

© IS0 2024 - All rights reserved
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the minimal value and maximal value in the curve show the interface positions (S; and S,) on both sides of
the layer M,.

™
Y
>

a) Realistic interface (S; and S,) model between two Kinds of layers, {w(bnd M,

300
P>

250
A
\./
200 << f#
150 Q
N

100 4
q
1 P,
50 \g\\\
|
0 ‘s@
N
0 20 40 60 éﬁ 100 120 140 160 180
b\

LA
S

b) Intensity profile along an arrow l{{q\ﬁi, in a), perpendicular to the interfaces (S; and S,)

10 ’(,
5 -'3® /‘\

oy !
0 A

% 0 20 40 &0 Qn 100
o = oo oY Too

T

H

20 140 10 190
Zo—T4U—1TOU—1ov

c) Differential curve of intensity profile

NOTE Positions of minimal and maximal value correspond to the interfaces (S; and S,) defined in this document.

Figure 3 — Realistic interface model

5.2.3 Dealing with intensity fluctuations in the image

Unlike models described in 5.2.1 and 5.2.2, the actual cross-sectional TEM/STEM /elemental mapping image
has a domain-like intensity fluctuation, background noise and sometimes (in the high-resolution images)

© IS0 2024 - All rights reserved
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periodic modulation of the intensity due to atomic column structures. Because of this non-uniformity in
the intensity in the image, follow the steps a) to g) sequentially for obtaining the desired smooth intensity
profile with a plateau and well-defined slope.

NOTE 1
a)
b)
9

d)
perpe

Details of the procedure are described in Clause 6.
Prepare the cross-sectional TEM/STEM/elemental mapping digital image.
Set the direction of the interface parallel to the y-axis of the monitor screen.

Set the ROI area in the image.

dicular to the interface (parallel to the x-axis of the monitor screen) over the entir

Obtain the averaged intensity profile by adding up and averaging the line profiles in the direction

e interface

directi

Apply
This W

f)
g)

Apply

Deterrn
maxin

6

6.1 Gen

As describ|
processing

In the diffée|
the correct
the averag

Also, in an
component
Thisisand
such anim
of FFT/low

Figure 4 sH
details of ¢

Detailed procedure for determining the position of the interface

on (parallel to the y-axis of the monitor screen) in the ROI.

‘moving-average” processing to the averaged intensity profile produced by thepreévio
ill remove small noise from the boundary region contributing to the slope of the'interf

Hifferential processing to the moving-averaged intensity profile obtained iive).

hine the interface position as the pixel coordinate on the x-axis which either corresp
lal or minimal value in the differential curve.

bral

ed in the previous clause, the interface position can be determined through the
of the intensity profile in the ROI.

rential processing, a noise component existing in the intensity profile becomes an obst]
interface position. Therefore, it is necéssary to remove the noise components in advarn
e processing and the moving-averagedprocessing.

atomic resolution image with ah-atomic column arrangement along the interface, th¢
depends on the atomic coluritn Which cannot be eliminated even in the averaged inten
bstacle to the extraction ¢f the correct interface position by differential processing. Th

hge, pre-processing for abscuring the atomic column structure is essential through the
pass filtering /IFFT,

ows a flow charf-of'the interface position determination procedure described in 5.2.3.

us step, d).
ace.

bnds to the

Hifferential

acle to find
ce through

b oscillated
ity profile.
erefore, for
processing

In Clause 6

ach procedure'will be described.

© IS0 2024 - All rights reserved
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Cross-sectional TEM/STEM image preparation: Display the image to arrange the interface parallel to the
Y-direction of the monitor screen as much as possible.

Low-resolution image High-resolution image High-resolution image
(Type 1), refer to Fig. 6a. (Type 2), refer to Fig. 6b. (Type 3), refer to Fig. 6c¢.
\
Low Pass Filtering Processing,
refer to 6.3.3.3.1.

(1) Select the region 2" (pix) x 2" (pix)
(2) FFT Processing

(3) Set Low Pass Filtering Mask

(4) IFFT Processing

SE'I.'['th'I.‘h‘E‘ROF, Teferto 6:3:
N
X-direction:Set a region including an area to be position determination.
oV
Y-direction Y Y
. Set the length as\leng as
Set the length as long as Set the length of 5 times or . :
possible along the interface, more of the repetition period E}‘Zs:llzlfhil(;xrlgfta}li ;x;tei(r)i?ce,
refer to 6.3.3.1 along the interface, p g .
O refer to 6.3.3.2. generated by the IFFT processing,
refer to 6.3.3.3.
(V2
Y

Acquisition of the averaged intensity profilei{@}ér to 6.4.

Acquires the averaged intensity profile in the ROI by integrating a intensity profile, which can be measured along
the line in the direction perpendicular to the interface, in the direction along the interface.

7

Y
Moving-averaged processing Rﬂae averaged intensity profile, refer to 6.5.

In order to reduce the noise on the slope which corresponds to the interface region of the averaged intensity profile,
do the moving-averaged progessing to the averaged intensity profile.

A

Differential p@'q‘gsing to the moving-averaged intensity profile, refer to 6.6.

Apply the differential processing to the moving-averaged intensity profile.

/

@Ermination of the interface position, refer to 6.7.

The interface position is defined as the position in the horizontal axis of the differential curve corresponding
to the minimal peak (or the maximal peak) on the curve.

Figure 4 — Flow chart of interface position determination procedure

© IS0 2024 - All rights reserved
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6.2 Preparing cross-sectional TEM/STEM image

6.2.1 Preparing digitized Image

[tis necessary to prepare a digitized cross-sectional image to determine the interface position. The bit depth
of digitization of the image shall be 8 bits or more. There are four ways of digitizing the image corresponding
to each image detection system shown in Table 1.

Table 1 — Comparison table for image detection

Image detection

Apparatus for digitization Pixel size

system
Photograplficfiim Flatbed ITmage scanner Determined by dot pitcir appifed To {Mage Scanmne
Imaging pldte Dedicated scanner Determined by LASER beam diameter for readont
Imgge Senspr Built in the digital camera Same size as that of the image sensor
(Digital cathera)
Digital merhory Builtin the PC connected to Determined by scanning condition‘ofi€lectron beam

the scanning device

a) Photog

digitiz

NOTE 1
(Refer

b) Imagir

conne(

Image
systen

NOTE 2
the im4

d) Digital

shall b
Before and|

The cd
with p

Keep t
Do notj

When

sensor: The digitized image, captured by a digital camera, shall be saved on the memo
1 as an image file with a reversible format.

Use a flatbed image scanner because it is easy to set the transparent scale in it for pixel sizg
01S0 29301).

g plate (IP): The recorded image shall be read outwith a dedicated image digitizer
ted to a PC.

Ensure that the procedure for normalization of gain is performed to have a uniform ba
ge.

memory: STEM and elemental ‘mapping image, captured by the digital memory buil
e saved as an image file with«a reversible format.

during the execution ofthe’digitization procedure, ensure the following.

rrect sensitivity setting is used for the photographic film used, to generate the neg3
foper density and eontrast.

he exposuredime to minimize the drift and reduce blurring in the recorded image.
use “birtning” in the readout process of the magnified digital image from the digital cg

usirig\an image montage function, ensure that the seams of the image do not overlap {

raphic film: Analogue image recorded on the photographic negative film shall be conyerted to a
ed image using an image scanner with dot pitch less than 20 pym¢

calibration

(IP reader)

y in the PC

rkground of

[ into a PC,

tive image

mera.

vith any of

the int

etface of the specimen.

or reversible (lossless) compressed image file format (GIF or PING) shall be used.

For saving the digitized images, an uncompressed image file format (ESP, PICT, TIFF or Windows bitmap),

Ethical digital imaging requires that the original uncompressed image file be stored on archival media,

e.g. CD-R, without any image manipulation or processing operation. All parameters of the production
and acquisition of this file and any subsequent processing steps shall be documented and reported to
ensure reproducibility.

Generally, acceptable imaging operations include gamma correction, histogram stretching and brightness
and contrast adjustments need not be reported. All other operations (such as Unsharp-Masking, Gaussian
Blur, etc.) shall be directly identified by the author as part of the experimental methodology. However, for

© IS0 2024 - All rights reserved
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diffraction data or any other image data that is used for subsequent quantification, all imaging operations
shall be reported.

6.2.2 Displaying the digitized image

The digitized image used for further processing shall be orientated so that the interface is, as far as possible,
parallel to the y-axis of the monitor screen. If the interface is tilted with an angle, «, to the y-axis of the
monitor screen, it is necessary to measure and to record the tilting angle, « (see Figure 5).

2

1

Key
1
2 y-axis of]

interface

6.3 Sett

6.3.1 Ge

This depen

6.3.2 Clz

Firstly, it i
intensity p
integrate t

monitor screen

Figure 5 — Examp@ of a tilted target image

O
Ing the ROI )

.

>
ds on the type of thg@lége classified in 6.3.2.
N\

ssification a;@-%age

S neces o obtain an intensity profile in a direction across the interface. Ensu
rofile is:as smooth as possible. To do this, set the ROI in the target image in adv4

neral

he

re that the
nce. Then,
b along the

interface.
the atomic

shows

}g&‘proﬁle measured across the interface, pixel by pixel, to the appropriate rang
ctice, the setting procedure depends on the image type classified by image res

an example.

Figure 6 b)].
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Type 2: High resolution images in which atomic column arranged at an angle 6 to the interface [see

Type 3: High resolution images in which atomic column is parallel to the interface [see Figure 6 c]].
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Key
1 interfacq
2 atomic ¢

6.3.3 Pr

6.3.3.1 K
The ROI sh

Figure 7 s

1 :
; T
f f ¥ ¥ )
1 1 1 1 12
a) Type 1 image b) Type 2 image &
(1/
N
)
position Q\
blumn arrangement direction \O

10OWS €

image dist

)rtio?
from the ROI-$etting. Figure 7
el te,the y-axis of the monitor screen. In these cases, each side of the ROI area is par

in parall

O
N
Figure 6 — Eg:'ﬂnples of classified target image

pcedure of setting the 6&

01 for type 1 in%@

pll cover th(@@est possible area in the image, including the interface.

les of ROI settings for the type 1 image model. In a very low magnifica
ometimes observed at the edges. In such case, exclude the area containing
a) and b) show examples of setting the ROl when the interface i

ion image,
distortions
b displayed

hllel to the

x-axis or y-axis. Figure 7 c) shows an example of setting the ROI when the interface is inclined to the y-axis
of the monitor screen. In this case, the ROI shall be set; one side of the ROI is parallel to the direction of the

interface.
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A

1 Y 1 b‘

to the y-axis to the y-aXI(g")

q/
Q
A %Oq,
\\

o)

<K

Y !
xO
c) ROI contains bqt@ﬁ'nterfaces inclined to the y-axis

o

-

Finterest (ROI) .
>

monitor screen C)
Flgur®— Examples of ROI setting for type 1 image model

01 for ty & image

cm dﬁ*of the type 2 image is shown in Figure 8. Repetition period, R, of the ator
nt4 g the interface can be calculated by using Formula (1):

a) ROI contains one interface parallel b) ROI contains both 1nterfac&pa1 allel

hic column

R=s/si

where

6 (%)

ya o/ - O
TU =142 C053U)/5UTU

is the atomic column spacing in layer B;

M

is the projected length of the atomic column spacing, s, in layer B onto the x-axis of the mon-

itor screen;

is the off-angle between the interface and the atomic column arrangement in layer B.

For the type 2 image, ROI length shall be at least (5 x R) where R is the periodic length along the y-axis.
However, for an image with a wider field of view, it is better to set the ROI as wide as possible. If the interface
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is inclined to the y-axis, set one side of the ROI parallel to the direction of the interface (the same setting as
that for the type 1 image).

Y

|
(
S am

xO
Key N~
O

[broken ling] interface position
[thick solid line] atomic column arrangemest’direction

[thin solid line] auxiliary line for repetiti eriod, R
1 layer A Q

2 layer B O

3 atomic colu \%aayer A

4

atomic %{@n in layer B

Figur@— Examples of atomic column arrangement in the type 2 image model

6.3.3.3 K (%}'nr type 3 image

A schematic model of the type 3 image is shown in Figure 9 a), keys 1 and 2. In this case, it is impossible to
eliminate the oscillation of the intensity in the integrated intensity profile because the atomic column is
aligned in the direction perpendicular to the interface. Therefore, for such an oscillatory intensity profile, it
is impossible to determine the interface position because one cannot apply the last step of this procedure. In
such cases, therefore, a low-pass filter shall be applied as a pre-treatment for the ROI setting.
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6.3.3.3.1 Low pass filter treatment
Apply the low pass filter treatment by following the procedure below.

a) Select 27 (pix) x 2" (pix) area (with edges parallel to the x-axis and y-axis) in the target image for FFT
processing [region F indicated in Figure 9 a), key 3].

In order to get a clear FFT pattern, it is desirable to set n 2 8 to include the largest possible area.
b) Apply FFT processing to the region F [key 5 in Figure 9 b) shows the result of FFT processing].

c) Set low pass filtering mask [Figure 9 c), key 6] onto the pattern generated by FFT processing to the
region F. The mask has a circular opening having diameter d,, = (0,9~0,95)*d; (where, d;is the distance

between primary spots) centred on the central spot, to set the circumference as close as possible to the
inside jof the primary spots of the FFT pattern.
NOTE Image resolution after IFFT processing is determined by diameter, d,,,, of the low-pass filtering mask.
Applicdtion of smaller radius makes image resolution lower than that with bigger radius.
d) Apply an IFFT processing to the FFT pattern with low pass filtering mask. [Figare’9 d), key 7 shows the
result pf [FFT processing.]
Y 1 2
' S BB\
|< >
2 4/ 2
fobooooooeccccodeded
oo s\\ @000 i
00¢ 000
004 \pddoeoee
00 R 0000
00 QN 0000
00 4 0000
00 0 0000 |,
0 O ¢( a8 0000
00 > 0000
2SPCCL T
3 — 1 2914 CS , 0000
3t 3t
4 — 1 oodu (XXX
000000000000 QC0OCOGOGOOO
B X
a) Type 3 image model
5 d, 6 d,
b) FFT pattern model c) Low pass filtering mask superimposed

with FFT pattern
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Y 4 8
(oXoNojoJoyoXooXol X X 7 X X ) (4
O O (gl @
(o) o) e
o0 (]
(o)¢) (]
(oX¢) [ ]
(o)) (]
o0 (]
oo [ ]
v oo (J
00 e 9
(o) ¢) [ ]
00 @
OO
o O RS e Pasd. . v
0000000000000 0® ® Q"l,
X qg;b
d) IFFT image model ('19
Key O
| | ©
1 layer Alin the type 3 image model 6\
2 layer Blin the type 3 image model {(
3 selectefl square area F for FFT processing QQ
4 interfage position \§\
5  FFT pagtern from area 3 @s\
6  low-paps filtering mask superimposed with FFT pattern fron(Qrea 3
7 IFFT injage ®$
8  artefacf region R\
9  ROI frame \O
The side lenjgth (1) should be 27 pixels. \c\)j\‘
Fjgure 9 — Examples of ty ] image model in which atomic columns are aligned in
dir n perpendicular to the interface
6.3.3.3.2 | Setting the ROI \Q;O
Set ROI [Figure 9 d), ke @into the IFFT image [Figure 9 d), key 7], except the artefact region [KFigure 9 d),
key 8] obs¢rved at the-edge of the IFFT image [Figure 9 d), key 7]. If the interface is inclined to th¢ y-axis, set
the ROI so that on of it is parallel to the direction of the interface (the same setting as that fpr the type
1 image). ?‘é

6.4 Acqu.@ion_of_thf_axetagﬂd_i.m;ensjl;m.toﬁle—

After setting the ROI into the target image, apply the same processing for all types of images. Herein, as an
example, the process is applied to the type 1 (low resolution) image [Figure 10 a)].
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a) Type 1 image model having an inclined interface %(b ’
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c) Averaged intensity profile

position (pix)

intensity

type 1 jmage model

ROI frgme

intensifty profile Ii along line L; in key 2

averagpd intensity profile, Ia, calculated by averaging Ii from L to'L, in key 2
interfafe

line for intensity profile measurement

y-axis pf the monitor screen

Figure 10 — Examples of type 1 image model having an inclined interface to the y-axis
monitor screen

Measufre and record the angle.a between the interface and the y-axis of the monitor screer
Figure|10 a).

Draw the straight line }£; in Figure 10 a)] in the direction perpendicular to the interface, in t
intensjty profile, I, aleng the line L; contains many noise components in it [Figure 10 b), key 3

NOTE The lével of the intensity profile is equivalent to the grey level of the image acquired. Th
is dependent onthe image detection system, in most cases, with 8-bit, 12-bit or 16-bit grey scale. |
to obtaljin the\initensity profile by reading the grey level of each pixel of the measurement line by usin

of the

, shown in

he ROI; the
]

e grey level
[ is possible
g the image

processging,software.

Acquire the averaged intensity profile, I,, [Figure 10 c), key 4] using Formula (2) through integrating
procedure of the intensity profile, from I, to I, which is measured parallel to the line L, from L, to L, in

the ROL.

n
>
_i=0

a7 n+1
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is ith intensity profile along the straight line, L, in the ROJ;

is total number of pixels contained from straight line L, to L,;

is the intensity profile averaged the profile from I, to I, corresponding to the line L,~L, in the

whole region of the ROI.

ing-averaged processing

After the application ofthe procedure in 6.4, re51dual n01se still remains in the slope ofthe averaged intensity

profile [Fig

cessing by

Formula (3).
pjrn
‘_1
')_4 I}'
I, =" 3
P 2n+1 (3)
where
I, is|the calculated moving-averaged intensity of pth pixel in the Herizontal axis of the averpged inten-
sity profile;
I s the intensity around the pth pixel in the horizontal axis'0f the averaged intensity profile} to be used
to|calculate the moving-averaged intensity;
n  isja numerical value, a positive integer, to define the range of the /; to be used in the calcylation.
NOTE Lenerally, the range 2 < n < 7 is suitable.
Key 2 in Figure 11 b) shows the moving-averaged intensity profile of the averaged profile shown|in key 4 in
Figure 10 d), with n = 4 in Formula (3).
Y Y
190 190
2
180 180 /
170 170
160 160
156 150
140 140
130 130
120 120
120 170 220 X 120 170 220 X

a) Slope before moving-averaged processing
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position (pix)

intensity

slope having residual noise in the averaged intensity profile

smooth slope after moving-averaged processing applied n = 4 to Formula (3)

Figure 11 — Noise reduction effect by moving-averaged processing

6.6 Differential processing

App]y diffgrentiat processingto the TTOVITg=aver dgcd trterrsity pr oftte [acc }\c_y tHrFiguret2 a‘], by using
Formula (4) and Formula (5).
Al =lgeq — I, (4)
here,
1<k<p,-1 (5)
where
Al |is the rate of intensity change of kth pixel position in theorizontal axis of the moving-averaged
intensity profile;
Iy is the intensity of the kth pixel position inxthe horizontal axis of the moving-averaged
intensity profile;
I,,; [is the intensity of the (k+1)th pixel positionin the horizontal axis of the moving-averaggd intensity
profile;
n, is the total number of pixels contained’in the horizontal axis of the moving-averaged intenfity profile.
By differential processing, the maximum gradient positions of the intensity change at the interface appear
as distinct|peaks [see key 2 in Fig. 12-b)}:
Y1
220
200
180 1
160 /
140 \ J
120
100
80

0 200 400 600 X

a) Intensity profile after moving-averaged processing
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differemtial processing result applied to key 1

Figure 12

6.7 Dete

As defined

correspondling to the steepest slope of the moving-averaged intensity profile. This means f{

resulting g
can be ind
in key 2 in
Figure 10
Ifitis diffid
around the
smoother {

Examples

h (pix)

rhange of intensity (41)

— Detection of interface position based on différential processing on moving-averg

b) Location of interface position

y

-averaged result applied n = 4 to Formula (3) for key 4 in Figure)10

rmination of interface position

in 5.2.2, the interface position d$indicated by the pixel position on the horij

ged result

ontal axis
hat in the

raph of the differential processing of the moving-averaged intensity profile, the interface position

cated by the position corresponding to the maximum or minimum intensity peak. Fc
Figure 12 b), S; and S, are both interface positions of the layered materials showing i

).

ult to decide the interface position from the differential curve because of many sub-pea
interface position), it is necessary to try again by changing the n-condition for Formul
lope of the njoving-averaged intensity profile.

pf processing this interface position determination procedure to the real TEM/S

correspon
using this

¥

ing taeach of three types as defined in 6.3.2 are described in Annex A. Two main a
rocedure are described in Annex B.

r example,
nh the key 1

ks appears

h (3), to get

'EM image
pplications

7 Uncertainty

7.1 Uncertainty accumulating from each step of the procedure

There are the following three factors that cause uncertainty accumulated from each step of the procedure
described in this document.
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oror  Uncertainty associated with the ROI setting; ROI size and its location [refer to Figure 7 and key 9 in
Figure 9 d)].

opr  Uncertainty associated with the low-pass filter setting; mask size [refer to key 6 in Figure 9 c]].
oma  Uncertainty associated with the moving-averaging setting; pixel value for moving [refer to Formula (3)].

These three factors are independent. Therefore, it is necessary to measure the data under plural conditions
setting for each factor. For example, repeat the measurement [ times at different ROI settings, m times
at different LPF settings and n times for MA settings, totally R = I x m x n data set can be obtained. The
uncertainty of each factor is expressed as follows in Formulae (6) to (8):

[ 1 .
ORol z\/TL(Di_Dlavg) ’ (6)
i=1
where
D; is the i-th data in the different ROI settings;

Djqyg [is the averaged value of the /-data set.

2
1 m
OLpPF = _Z(Dj_Dmavg) (7)
mi3
where
D; is the j-th data in the different LPF settings;
Dravg is the averaged value of the m-data set.
1< 2
Oma = ZZ(Dk _Dnavg) (8)
k=1
where
D, is the k-th data in the different LPF settings;
Dpqyg | is the averaged véalue of the n-data set.

The accumlated uncertdinty (o,cc) of these three factors is represented as follows in Formula (9):
2 |2 2 2
Oacc 9ORro1 HOLPF TOMA 9)

Generally, gpp; > > 01 pp, Oy a, then the oy = 0gg;, in many cases.

7.2 Uncertainty of measurement result on image analysis

There are two kinds of factors that influence the measurement result for the interface position analysis.

Uncertainty of the tilt angle a between the interface of the layer and y-axis of the monitor screen (Refer
to Figure 5).

O

0p  Uncertainty of the off-angle 6 between the interface of the layer and the atomic column arrangement
in the type 2 image (Refer to Figure 8).

According to ISO/IEC Guide 98-3 (GUM)I3], these factors are classified into the category of type A
uncertainty (Uy).
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The uncertainty o, and o, shall be calculated from the results by N; and N, replicate measurements. To do
this, the angle a and 6 measurement described in 6.2.2 and 6.3.3.2 shall be repeated N, and N, times (three
times or more), respectively.

The combined standard uncertainty, u 4, of the interface position for N; and N, independent measurement
can be calculated by Formula (10).
Oq O¢

Furthermore, it is necessary to consider the uncertainty, o,, of the pixel size, u, when the distance between
two interfaces will be measured (refer to ISO 29301:2023, 6.8.2 for pixel size measurement). When a

(10)

photograp
to the met
(three timg

is classifiedl into the category of type B uncertainty (Ug).

Tic fil or imaging plate 1S used as a recording medium, pixel SIZ€, U, canl be measure
hod described in Annex C. To get the o, the pixel size, u, shall be repeatedly measurfg
s or more). Also, it is necessary to consider the uncertainty of the reference glass.scalg

d referring
d N; times
, O, which

In case of the distance measurement, the combined standard uncertainty ug-c¢an be calpulated by
Formula (1]1).
Y ’ c ’ o ’
o 0 u 2
Uy :\/ + + +0y (11)
VN ] JN, JN3
The expanded uncertainty U, of the interface position or_distance measurement for g series of
measuremgents can be defined by Formula (12) and Formula (13);respectively.
U(l) =k><ucl (12)
U(z) Zlelcz (13)
where k is the coverage factor.
NOTE For a confidence limit of approximately 95 %, k is set to 2 and for a confidence limit of approximately 99 %,
kis setto 3.
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Annex A
(informative)

Examples of processing the real TEM/STEM images for three image types

A.1 General

The following examples are given for the convenience of users to understand correctly the processing

procedurelindicated in this document. W
N4
A.2 Progessing example to type 1 image Q;bq/
A.2.1 Imjage used in a series of the processes (19(1/
The low-refsolution image shown in Figure A.1, in which atomic column arra ents cannot be jecognized,

is used in g series of interface determination processes. Information on this\hnage is as follows.

— Specimen: GaAs (10 nm)/AlGaAs (10 nm) multi-layered thin film <(

— Obseryation apparatus: TEM equipped with a CCD camera (Q\QZk pixels)
F = L B 1

Key %)

1  ROIframe
2 Interface position (S; to Sg)

3 line for intensity profile measurement

The solid white line should be perpendicular to the interface.

Figure A.1 — Example of type 1 image
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A.2.2 Acquisition of the averaged intensity profile

Figure A.2 shows the intensity profile along line, Li, indicated in Figure A.1. Figure A.3 shows the averaged
intensity profile for 450 lines in the ROI frame shown as key 1 in Figure A.1.

Y
200
150
100
50
0
0 100 200 300 400 X
Key
X  position (pix)
Y intensity
Figure A.2 — Intensity profile fotline, Li
Y
200
150
100
50 N
0
0 100 200 300 400 X
Key
X  position (pix)
Y averagegd intensity
Figure A.3 — Averaged intensity profile for 450 lines in ROI

A.2.3 Acquisition of the moving-averaged processing

Figure A.4 shows the moving-averaged intensity profile of the averaged intensity profile as shown in
Figure A.3. To get this profile, a numerical value of 4 was applied as the moving range, n, used in Formula (3).
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200
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100

50

0 100 200 300 400 X
Key
X  position (pix)

Y moving|averaged intensity

Figure A.4 — Moving averaged intensity profile, n = 4 applied(to Formula (3)

A.2.4 Differential processing

Figure A.5[shows the result of the differential processing on the moving-averaged intensity profile as shown
in Figure A.4.

Y = S,=165 S.=289 S,=350
8 | | | |
1 | | |
6 y
4
2
0
N7
50 A\ 300 400 X
. \
6 i ! i

5=26 S=118 S=212 S=304

1

Key

X  position (pix)
Y rate of intensjtychange (41)

Fignrp A.5 — Differential curve

A.2.5 Determination of interface position

Interface positions (S; to Sg) are determined as the pixel positions on the x-axis corresponding to the
maximal or minimal peaks of the differential curve as shown in Figure A.5. The interface positions obtained
are shown below.
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Si= 26pix Sc= 212 pix
S, = 73 pix Se= 259 pix
S3= 118 pix S, = 304 pix
S,= 165 pix Sg= 350 pix

A.3 Processing example to type 2 image

A.3.1 Image used in a series of the processes

The high-resolution image shown in Figure A.6 in which the atomic column arranged at an angle, 6, to the
interface i used in a series of interface determination processes. Information on this image.is|as follows.

— Specimen: GaAs (10 nm)/AlGaAs (10 nm) multi-layered thin film
— Obseryation apparatus: STEM with digital scan

— Distanfce for 10 lines of atomic column: S = 2,83 nm

— Atomig¢ column spacing: a = 2,83 nm/10 lines = 0,283 nm

— Off-angle: 6 = 4,35°

— Repetition period: R = a/sin 8 = 4,18 nm

— ROI setting: 25 nm x 25 nm
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1 ROI frgme O)

2 interfafe position

3  atomidcolumn %ement direction
4 line fof int profile measurement
This line sh %e

perpendicular to the interface.

Figure A.6 — Example of Type 2 image

A.3.2 Acquisition of the averaged intensity profile

Figure A.7 shows the intensity profile along line, Li, indicated in Figure A.6. Figure A.8 shows the averaged
intensity profile for 570 lines in the ROI frame shown as Key 1 in Figure A.6.
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Key
X  position (pix)
Y intensity

Figure A.7 — Intensity profile for line, Li, indicated in'Figure A.6
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Key
X  position (pix)
Y averagegd intensity

Figure A.8 — Averaged intensity profile for 570 lines in ROI

A.3.3 Acfjuisition of the moving-averaged processing

Figure A.9 shows the moving-averaged intensity profile of the averaged intensity profile as shown in
Figure A.8. To get this profile, a numerical value of 4 was applied as the moving range, n, in Formula (3).
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Key
X  position (pix)

Y moving|averaged intensity

A.3.4 Differential processing

Figure A.1D shows the result of the differential processing onsthe moving-averaged intensity

400 600 X

Figure A.9 — Moving-averaged intensity profile, n = 4 appli€éd;to Formula (3)

shown in Higure A.9.
\% S,= 297
3
2
1
0
-1
-2
<3
Key
X  position (pix)
Y rateof ;Ftensity change (41)

Figure A.10 — Differential curve

A.3.5 Determination of interface position

profile as

Interface positions (S; to S3) are determined as the pixel positions on the x-axis corresponding to the
maximal or minimal peaks of the differential curve as shown in Figure A.10. The interface positions obtained

are shown below.
S, =35 pix
Sz = 297 plX
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A.4 Processing example to type 3 image

A.4.1 Image used in a series of the processes

The high-resolution image shown in Figure A.11, in which an atomic column arranged parallel to the
interface, is used in a series of interface determination processes. Information on this image is as follows.

— Specimen: Unknown A/B/C/D/E multi-layered thin film
— Observation apparatus: TEM equipped with a CCD camera (2k x 2k pixels)

— Off-angle: 6 = 0° (parallel to the interface)

— FFT arjea setting: 2 048 pix x 2 048 pix (whole area of the image)
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Figure A.11 — Example of type 3 image

Figure A.12, in which intensity oscillation due to the atomic column appeared, shows the intensity profile
along line, Li, indicated in Figure A.11. This intensity oscillation cannot be eliminated, even if the averaging
processing over several hundred lines is done. Therefore, low-pass filtering processing is required so that
there is no influence by the atomic column.
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Figure A.12 — Intensity profile for line, Lixindicated in Figure A.11

uisition of the low pass filtering image

B shows the FFT pattern from the whole area of the image shown in Figure A.11. K

igure A.14

pass filtering mask, superimposed to the FFT pattern, to cover clear spots in the F}
' processing, to get the low pass filtering image shown in Figure A.15, only informati
e window at the centre of the low pass filtering mask is used, a high-frequency compon|
ation of the atomic column arrangement is interrupted.
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Figure A.13 — FFT pattern processed from Figure A.11
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Figure A.14 — Low-pass filtering mask superimposed to the FFT pattern
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Figure A.15 — IFF 'lg;%\ge processed with low pass filtering to the FFT pattern
N

A.4.3 Acquisition of veraged intensity profile

Figure A.1p shows&‘averaged intensity profile for 1 940 lines in the ROI frame shown as key 1 in
Figure A.15. %
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Figure A.16 — Averaged intensity profile for 1 940 lines in ROI

quisition of the moving-averaged processing

/ shows the moving-averaged intensity,profile of the averaged intensity profile af
Figure A.1¢. To get this profile, a numerical value of 6 was applied as the moving range, n, in Forn

shown in

iula (3).

© IS0 2024 - All rights reserved
35


https://standardsiso.com/api/?name=e7c9dcf3842afa9ac6ac0ea7047cda6c

100

ISO 20263:2024(en)

90

80

70

Key

60

50

40
0 200 400

X  position (pix)

Y moving

A.4.5 Dif

Figure A.1
shown in H

averaged intensity

ferential processing

igure A.17.

600 800 1000 1200 1400 1600 €800 2000 X

Figure A.17 — Moving-averaged intensity profile,.n = 6, applied to Formula (3)

B shows the result of the differential processing on the moving-averaged intensity
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Figure A.18 — Differentialcurve
A.4.6 Determination of interface position

Interface {
maximal o
are shown

' minimal peaks of the differential cunve'as shown in Figure A.18. The interface positior
below.
53 pix S4= 820 pix
39 pix Sg= 985 pix
130 pix Se= 1779 pix

ositions (S; to S¢) are determined ascthe pixel positions on the x-axis correspong

ling to the
Is obtained
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