INTERNATIONAL ISO
STANDARD 23420

First edition
2021-04

Microbeam analysis — Analytical
electron microscopy —Method for the
determination of energy resolution
for electron energy:loss spectru
analysis

Analyse par microfaiscedix — Microscopie électronique dnalytique
— Méthode de détermination de la résolution énergétique pour
l'analyse spectraledé’la perte d'énergie des électrons

Reference number
1SO 23420:2021(E)

©1S0 2021


https://standardsiso.com/api/?name=65ab29701d34aeea6b01ad7a7c26b254

IS0 23420:2021(E)

COPYRIGHT PROTECTED DOCUMENT

© IS0 2021

All rights reserved. Unless otherwise specified, or required in the context of its implementation, no part of this publication may
be reproduced or utilized otherwise in any form or by any means, electronic or mechanical, including photocopying, or posting
on the internet or an intranet, without prior written permission. Permission can be requested from either ISO at the address
below or ISO’s member body in the country of the requester.

ISO copyright office

CP 401 ¢ Ch. de Blandonnet 8

CH-1214 Vernier, Geneva

Phone: +41 22 749 01 11

Email: copyright@iso.org

Website: www.iso.org

Published in Switzerland

ii © IS0 2021 - All rights reserved


https://standardsiso.com/api/?name=65ab29701d34aeea6b01ad7a7c26b254

IS0 23420:2021(E)

Contents Page
FOT@WOTIT ... iv
DB O@UICEION ... v
1 S0P ... 1
2 NOTTNATIVE FEECI@INICES .........oocco e 1
3 Terms and AeFIMITIOIIS ... 1
4 Symbols and abbreviated terms .3
5 Definition of the energy reSOIUTION. ... @, 5
6 Reference materials and energy determination ... O 07
6.1 LT3 1<) - SO G A
6.2 Materials selection for energy scale calibration.......
6.3 Binding energy measurement of graphite in the XPS
7 Measurement procedure and energy resolution determination...)............c e 6
7.1 LT3 1<) - O SO
7.2 Predetermination of binding €Nergy ... e
7.2.1  Obtain graphite and the other reference satnple.
7.2.2  Measure C1s of graphite by using the XPS./......iiiiiiicii
7.3 Setup of the S/TEM and the EELS, and samplexsetting ...
7.4 First energy step, 6E;, calibration ...........40%
7.4.1  EELS acquisition Set-up ...
7.4.2  Determining the EELS first energy step, 6E;
7.4.3  Acquisition of carbon K-edge EEL spectrum
7.4.4  Calculate calibrated energy-Step GE | ....mimirieicsscissiesomesoses oo 9
7.5  Measurement of peak close to the zero-loss peak, E;; p, for the other referencp
sample USing eNergy STEP GE | . ..ttt o 12
7.5.1  EEL spectrum acquisition of the second reference sample using energy
R 5] 0 ) O RN IS 12
7.5.2  Obtain theyalue for CH, between the zero-loss peak and the peak Ecj;p....cccoocce..
7.5.3  Calculatethe peak Eqyip @NOIZY. ..o
7.6 Second energystep, 6E,, calibration............ii
7.6.1  Determining the EELS second energy step, 6E,
7.6.2  Acquire Eqz;p EEL SPECTIUIM oo
7.6.3 CObtain the value for CH; between the zero-loss peak and peak Eqy;p ..} 15
7.6,4. ) Calculate calibrated energy step 6Ej ... e 15
7.7  Determining the calibrated EEL spectrometer energy resolution, 4AE............c....}oonn 15
77.1  Acquisition of a ZLP EEL SPECLIUM......ccccuuiiiiiiiiiiiscisecssieesnessessseness i 15
7.7.2  Obtain the value for CH, for the zero-loss peak..........ccicic i 15
7.7.3  Calculate EEL spectrometer energy resolution, AE ..........cfiicinne, 15
7.8 RECOTA TEOIILS .ot e 16
8 Uncertainty for the measurement result of energy resolution..............ccn 17
Annex A (informative) Example of measurement procedure for energy resolution
QEEEITIMIIIATIONN . ... 18
Annex B (informative) Correspondence between energy values of XPS C1s and EELS carbon
KC@AGE ...ttt 26
BIDIIOGIAPIIY ... 28

© 1S0 2021 - All rights reserved iii


https://standardsiso.com/api/?name=65ab29701d34aeea6b01ad7a7c26b254

ISO 23420

:2021(E)

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.
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Introduction

0:2021(E)

In order to understand the chemical composition, the atomic bonding and the electronic structure,

electron energy loss analysis is often performed with the scanning transmission electron

microscope

or the transmission electron microscope (S/TEM) equipped with the electron energy loss (EEL)

spectrometer.

In the analysis using EEL spectrometer system, the energy loss of incident electrons by the inelastic
interaction via phonon and plasmon excitations, intra- and inter-band transitions and the inner shell
ionization can be measured. The inner shell ionization is particularly useful and important as it gives

th 1 pfarra-atiain-ar-charical-carnan dian of o o oer o] Laortlhao oo aaxaluciclkha d o 1
€ Iprormatiofoi cntimicar COTPOSTCIOTT OT TIratCTrarsT T oT cnoCpretrstarrary ST5-oasStU Ot tIrg

energy loss

peakl decomposition and its energy shifts, it is vitally important to understand the energly resolution

of the EEL spectrometer system. However, the determination method of the energy reso
stanglardized yet.

ution is not

Thisdocument provides the procedures for energy step calibration and energy-resolution determination

useful for the electron energy loss spectrum analysis in the S/TEM equippedwith the EEL sy

ectrometer.
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Microbeam analysis — Analytical electron microscopy —
Method for the determination of energy resolution for
electron energy loss spectrum analysis

1 Scope

This
elect]
(EEL

This
spec

document specifies a determination procedure of energy resolution in the scanning.t
ron microscope or the transmission electron microscope equipped with the electron|
spectrometer.

document is applicable to both in-column type EEL spectrometer andipest-colum
frometer. These EEL signal detecting systems are applicable to a paraleDdetecting s

seridl detecting system.

2 Normative references

Ther]

For t

ISO 4

— 1

3.1
bearn
full v

3.2
Boer
ener

3.3
chan
rang

e are no normative references in this document.

Terms and definitions

he purposes of this document, the following tetms and definitions apply.
nd IEC maintain terminological databasesfor use in standardization at the following 2

EC Electropedia: available at http://wwwi.electropedia.org/

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

n diameter
vidth at half maximum (FWHM) of the electron beam intensity profile for the STEM oh

sch effect
by spread of€lectron beam due to Coulomb interaction (3.5) between electrons in the i

nel
b of‘one pixel of the detector in the parallel detection (3.17) EELS

ransmission
energy loss

n type EEL
ystem and a

ddresses:

servation

eam

3.4

collection angle
EELS entrance aperture diameter divided by a camera length and a geometric factor (3.13) for the
STEM or the TEM diffraction mode, or EELS entrance aperture diameter divided by the distance from
crossover of the lens in front of the EEL spectrometer to the EELS entrance aperture for imaging mode
of the energy-filtering TEM

3.5
Coul

omb interaction

repulsion of electrons by electric charge

3.6

detection plane
plane where energy dispersed electron focus

© ISO
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3.7
electron energy loss
energy shift of the electron kinetic energy due to the inelastic scattering in solids

3.8
energy dispersion
degree of change in position of the dispersed electrons at the detection plane (3.6) per unit energy change

3.9
energy resolution
FWHM of the zero-loss (3.21) peak

3.10

energy ste
energy selecting window (3.11) per channel (3.3) in the parallel detection (3.17) EELS, or enhergy range
limited by the width of energy selecting slit in the serial detection (3.20) EELS

3.11
energy seldcting window
energy range for selection of a specific energy loss value

3.12
entrance aperture
aperture fo1 limiting the collection angle (3.4) of the EEL spectrometér

3.13
geometric factor
ratio of distance from a projector lens to an EELS entrance aperture to distance from the projector lens
to an image|detection device

3.14
in-column type EELS
EELS systenp with the EEL spectrometer located in the imaging system of the TEM

3.15
irradiation|diameter
diameter of the electron beam irradiation region for the TEM observation

3.16
Kedge
energy loss felated to K shell€lectron transition to the lowest empty state

3.17
parallel detection
simultaneoys EELS'Signal detection for all energy-dispersed electrons focused on the detection plane|(3.6)

3.18
plasmon-loss
energy loss of electron due to excitation of the quantized plasma oscillations of electrons

3.19
post-column type EELS
EELS system with the EEL spectrometer located behind the imaging/detecting system of the TEM

3.20

serial detection

EEL spectrum detection by scanning the dispersed electrons across the energy selecting slit in front of
the detector

2 © IS0 2021 - All rights reserved
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unscattered and elastically scattered electrons (with only minimal loss of energy due to phonon
excitation), giving rise to an intensity peak or the position of which defines zero in the electron energy

loss spectrum

[SOURCE: 1S015932: 2013, 2.2.1.1]

4 Symbols and abbreviated terms

B
CCD
CFE

CH,

CH,

CH,

CH,

Chy (G, C-K)

Chy (G, P)

Spatial width of energy Selecting window in the Serial detection of the LE
charge coupled device
cold field emission

sum of Ch, (G, P) and the Ch,(G, C-K). In the parallel detectiofisystem, CH; is
of channels between the zero-loss peak and carbon K edge of graphite. In the
tion system, CH, is distance between the zero-loss pedkiand carbon K edge

number of channels between the zero-loss peak [Figure 5, key 1] and th{
[Figure 5, key 2] on the calibrated energy step0E; in the parallel detect
the serial detection EELS, CH, is distance bétween the zero-loss peak [Fig|
and the peak E;; p [Figure 5, key 2] on the\calibrated energy step 6E;.

number of channels between the zerpdoss peak and the peak E;; p on the
OE, in the parallel detection EELS, In‘'the serial detection EELS, CH; is dista
the zero-loss peak and the peakE¢,; p on the energy step 6E,.

the number
serial detec-
of graphite.

> peak Ecypp
ion EELS. In
ure 5, key 1]

energy step
nce between

number of channels corresponding to FWHM of the zero-loss peak on the calibrated

energy step 6E,. in the parallel detection EELS. In the serial detection EEL|
tance between the zero:10ss peak and the peak E-;; p on the calibrated ener

number of channels of the range from the graphite plasmon-loss (m + o) pe
key 1] to carben'K edge E. y [Figure 3, key 2] on the energy step 6E; in
detection systém. In the serial detection system, Ch,(G, C-K) is distance |
graphiteplasmon-loss (1 + o) peak [Figure 3, key 1] and carbon K edge E
key 2]¢nthe energy step 6E;.

ntimber of channels of the range from the zero-loss peak [Figure 2, key 1] to
plasmon-loss (m + o) peak E;; p [Figure 2, key 2] on the energy step 6E; in
detection system. In the serial detection system, Ch;(G, P) is distance bety
ro-loss peak [Figure 2, key 1] and the graphite plasmon-loss (m + 6) peak E-;
key 2] on the energy step 6E;.

S, CH, is dis-
by step O0E, .

hk [Figure 3,
the parallel

between the
k [Figure 3,

the graphite
the parallel
veen the ze-

Lp [Figure 2,

CMO
CRM

Cls

EBN—P

COMpIEMENtary metal OXide Seniconductor

certified reference material

carbon K shell binding energy of graphite measured by the XPS
energy dispersion on the recording device of the EEL spectrometer
sample thickness of the electron beam irradiated area

value of electron energy loss such as plasmon-loss and ionization-loss

measured plasmon-loss (m - m*) peak energy of boron-nitride under the
calibrated energy step 6E;

© IS0 2021 - All rights reserved
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ECZLP
EC—K
EEL
EELS
FWHM

GUM

RM
STEM
S/TEM

TEM

XPS
ZLP
AE

AE,

AEg,
SF,

OEc

SE,

SE;

T[*

position of noticed low-loss peak close to the zero-loss peak
carbon K edge energy in the EELS

electron energy loss

electron energy loss spectroscope/spectroscopy

full width at half maximum

guide to the expression of uncertainty in measurement

total number of available channels in the parallel detection of the EELS
iteration number in acquisition of electron energy loss spectrum
reference material

scanning transmission electron microscope/microscopy

scanning transmission electron microscope/microscopy or, transmission electrop mi-
croscope/microscopy

detector spatial resolution for the parallel detection:\For the serial detection, s {s slit
width of energy selecting window

transmission electron microscope/microscopy

acquisition time in acquisition of electron\energy loss spectrum
X-ray photoelectron spectroscope/spectroscopy

zero-loss peak

energy resolution

theoretical energy resolution

energy broadening

selected energy step in the first energy calibration. In the parallel detection systeny, 6E;
is selected from the preset value. In the serial detection system, 8E; is derived frogn the
energywidth and its spatial width in the energy selection window

calibrated value of energy step 6E;

selected energy step in the second energy calibration. In the parallel detection system,

SE _dccolocted framthe nrecsetvalue Inthe corial detection sucstem SE ic derived From
e et Vet e o e e te et ooy o te 56 oS rv-et-l

e 5 e
the energy width and its spatial width in the energy selection window.

calibrated energy step of energy step 6E, by the second energy calibration step
energy width of the energy-selecting window in the serial detection system of the EELS
mean free path of electron inelastic scattering

m-bonding state

m-antibonding state

© ISO 2021 - All rights reserved
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o o-bonding state
(T - *) resonant oscillation of the m-bonding state and the m-antibonding state
(m+0) resonant oscillation of the m-bonding state and the o-bonding state

5 Definition of the energy resolution

The theoretical energy resolution 4E, is given from a convolution of an electron beam en

ergy spread

and a spectrometer resolution. The theoretical energy resolution is shown as Formula (1)[2].

(ME)? = (AEy)? + (AEgp)? + (s / D)?

wherte

is theoretical energy resolution
4E, isenergy spread of the primary electron beam
NOTE AE,, is affected by energy width of electron source and the Boersch effect.

is broadening of energy

B
Iy

%)

o

NOTE AEg is affected both the spectrometer.fecusing and the angular width
scattering.

S is a detector spatial resolution for the parallel detection. For the serial detecti
width of energy selecting window.

D is an energy dispersion of the spectrometer
In addition, acquisition time t and acquisition iteration number n influence the energy reso

Meagurement of energy resolution AE, is not easy because of the complicated formation
systgm. It is well known that-the full width at half maximum of the zero-loss peak is j
to the energy resolution AE{ Actually, FWHM of the zero-loss peak is very often used aj
resolution[3]. The energy resolution AE is also defined as FWHM of the zero-loss peak in thi

6 Reference materials and energy determination

6.1 | General

In onder‘td determine the energy resolution of the EELS equipped in the S/TEM, it is indis

e8]

of inelastic

bn, s is a slit

ution AE.

of the EELS
roportional
the energy
5 document.

pensable to
e calibration

calibrate the energy scale in advance. In this section, material selection for the energy scal

and the procedure for determining the energy scale are described.

6.2 Materials selection for energy scale calibration

For the energy resolution determination, calibration of the energy scale is necessary.

As an EEL

spectrometer cannot calibrate energy scale by itself, the reference material is necessary for the

calibration. Since the energy calibrated certified reference materials (CRMs) and/or referen

ce materials

(RMs) are not available, itis necessary to select appropriate materials aiming to energy scale calibration,
as (internal) reference materials. The following characteristics are required for the material.

— Easy to obtain

— Easy to handle,

© IS0 2021 - All rights reserved
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— Homogeneous,

— Stable,

— Having loss peaks at a low-loss energy region,

NOTE 1

For measuring the energy resolution, energy scale calibration is needed to perform within loss

energy region such as zero to several hundred electronvolt.

— Non-chargeable.

NOTE 2

In the first step of energy scale calibration on the EELS, loss energy known sample is needed. The

loss ene
measurg

R o voe R o N i T c
g_y vdliuc IS ODLAITICU Uy LIIC AT O dlldl_yblb Ol U S4IIPIC. INOII=CIldI gUdUlC ITIdicr Idl 15 TIeCUcU 10 XPS
ments.

In this docyment, graphite is recommended and used as a reference sample for the coatse energy
scale calibrgtion. The other reference sample for the following fine energy scale calibration should be

selected from the materials, which has low-loss EELS peak, such as boron-nitride.

6.3 Bindji

ng energy measurement of graphite in the XPS

XPS Cl1s (cqrbon K shell binding energy) peak and EELS carbon K edge\E. are equivalent] The
correspond¢nce of the energy values between XPS C1s and EELS carbon&-edge is described in Annex B.

XPS measul

spectrometegr.

The XPS sh4

7 Measu

7.1 Gene

In this sub(
resolution a

A flowchart

ement of Cls peak shall be done about graphite standard sample with calibrated XPS
11 be calibrated by I1SO 15472:2010[41.

rement procedure and energy resolution determination

ral

lause, the energy scale calibratioh of EELS and the procedure for determining energy
re described. Annex A shows an éxample of actual measurement using this procedure.

of measurement proceduré)is shown in Figure 1.
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Sample Mea-
sure-
ment
step

. . N B I
7.2 Predetermination of binding energy | Obtain graphite and the other reference sample | OE:
| Measure C1s of graphite by using the XPS |
|
1
7.3 Setup the S/TEM and the EELS, and | Set conditions of the S/TEM and the EELS |
sample setting I
7.4 First energy step, E1, calibration | Set graphite samlple to the S/TEM | Graphite
| Set acquisition time and integration number |
| Set first energy step 6E1 in the EELS |
| Irradiate electron beam to graphite |
| Acquire EEL spectra including ZLP and Et.x |
| Obtain CH: between ZLP and(Eg-k |
| Calculate calibrated energy step 6E1c |
I
7.5 Measurement of peak close to the | Ihfer"i‘er
zero-loss peak, Eczu, for the other | Set the other reference)sample to the S/TEM | Szn’;pelece
reference sample using energy step 6E1. |
| Irradiate electrondbeam to the other reference sample
| Acquire EEEspectrum including ZLP and peak Eczip |
| Obtain CHz between ZLP and peak Eczp |
| Calculate the peak Eczip energy |
I
7.6 Second energy step, SE2, calibration | Set second energy step 6 in the EELS | ;)
| Acquire EEL spectrum including ZLP and peak Eczip |
| Obtain CH3 between ZLP and peak Eczip |
| Calculate calibrated energy step 6Ezc |
[
: . L No
7.7 Deterniiing the calibrated EEL | Irradiate electron beam to the area without sample | sample
specfrometer energy resolution, AE |
| Acquire EEL spectrum of ZLP |
| Obtain CH, for ZLP_|
[
| calculate FWHM 4E of ZLP |
I

End

NOTE Numbers given in Figure 1 indicate corresponding clauses in this document.

Figure 1 — Flow chart of measurement procedure
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7.2 Predetermination of binding energy

7.2.1 Obtain graphite and the other reference sample

Obtain a graphite and a second reference sample. The graphite reference sample has a Carbon K-edge
and an EEL peak E; p in an EEL spectrum. The second reference sample should have an EEL peak
Eq71p appearing close to the zero-loss peak, but the peak spread should not overlap with the zero-loss
peak. For example, the boron nitride plasmon-loss (m - m*) peak is suitable for the E.;; p as good as the

graphite pla

7.2.2 Megsu

smon-loss (m + o) peak.

hite h

reClc oforan
Te-oTo-orgrap

Measure thg
energy E. ¢

7.3 Setuy

Samples arg
ease the me
EELS should
S/TEM and

The quality

Additionally
7.4 First

7.4.1 EEL

Set the EEIL

signal-to-no
subsequent
diameter an|
and integra
acquisition {

7.4.2 Det
Set the ener

In the paral
as Formula

ise ratio without any peak sattration for all measurements, including measuremer

rIree—1

vusinag the XPS
Y-USHIEeHeA

carbon K-shell binding energy of the graphite using XPS. The C1s is used as carbenK
pf graphite of the EELS. The XPS shall be calibrated by ISO 15472:2010.

) of the S/TEM and the EELS, and sample setting

recommended to be drop-cast onto a TEM grid, e.g. a holey carbon film support gr
hsurement. The electron microscope should be adjusted for S/TEM®©bservation in adv
also be adjusted in advance so that EEL spectra can be easily gbtained. Parameters (
he EELS are recorded as described in 7.8.

L a clean environment in the column is also needed tosminimise the contamination.
energy step, 6E;, calibration

S acquisition set-up
spectrometer acquisition time.and integration numbers so as to secure a suffi

sections. Since the measurement conditions such as irradiation current, entrance ape
d capturing device characterization like CCD / CMOS camera are different, acquisition
fion number cannot be uniformized. Therefore, users of this procedure should opti
ime and integration srumber for their own systems and should record these values.

ermining the EELS first energy step, 6E;
by step Eito-cover all range from the zero-loss peak to the carbon K edge E_ of grap

el deteetion system, energy step OE; is selected from the preset value under the cond

2).

SE; > E,|

of an EEL spectrum is easily affected by electron beam induced carbon contamination|
use of an anti-contamination device is strongly recommended, for suppression of the contaming

edge

d, to
hnce.
f the

The
tion.

cient
ts in
rture
time
mise

hite.

ition

where
E-xisc

m

1 nn
K7 1t

arbon K edge energy in the EELS

is total number of available channels in the parallel detection system of the EELS

(2)
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E_x of graphite. Energy step 6E] is obtained as Formula (3).

where

OE; is energy width of the energy-selecting window in the serial detection system of the EELS

B

is spatial width of energy selecting window in the serial detection system of the EELS

7.4.3
Irrad

perfq

Since
cons

If it is necessary to acquire separate EEL spectra, an EEL spectrum_should be acquired td
loss peak and the plasmon-loss (1t + o) peak, this region willgive the value for Ch,(G, P
Acquire a 2" spectra which includes the plasmon-loss (T + o) )peak and carbon K edge E g
will give the value for Ch,(G, C-K), (Figure 3).

Zero

Furt

Certain EELS systems are able to acquire Ch,(G, P}and Ch,(G, C-K) simultaneously if the I

has 4

7.4.4

iate a thin region of graphite with the electron beam and acquire an EEL_spectruy|
the 4LP and the carbon K-shell edge. A d/A (sample thickness / mean free path)yratio che
rmed to ensure the thickness of the area irradiated is suitable for the precedure.

the intensities of the zero-loss peak, the plasmon-loss (m + o) peakand carbon K e
derably different, spectra including all these peaks may need to hé-acquired separatelly.

nermore, the sum of Ch;(G, P) and the Ch,(G, C-K) gives the value for CH, (see 7.4.4).

Acquisition of carbon K-edge EEL spectrum

m including
'k should be

ge E y are

include the

, (Figure 2).
, this region

ELS system

wherte

function capable of obtaining two regions dfthe EEL spectrum.
Calculate calibrated energy step, 6E; .
Obtajin calibrated energy step 6E;. as Formula (4). 8E; is the calibrated value of energy step SE].

§Eic = Ecx / CHy = Ec.x / (Chy(G; P) + Chy (G, C-K)) (4)

¢h,(G,P) is thenumber of channels of the range from the zero-loss peak [Figure 2, key 1] to the
grdphite plasmon-loss (m + o) peak E¢4; p [Figure 2, key 2] on the energy stgp 6E; in the
parallel detection system. In the serial detection system, Ch,(G, P) is distafjice between
the zero-loss peak [Figure 2, key 1] and the graphite plasmon-loss (r + o) peak Eqp
[Figure 2, key 2] on the energy step SEj.

Ch{{G, C-K) isthe number of channels of the range from the graphite plasmon-loss (m + ¢) peak [Fig-

ure 3, key 1] to carbon K edge E y [Figure 3, key 2] on the energy step 6E; in the parallel
detection system. In the serial detection system, Ch,(G, C-K) is distance between the
graphite plasmon-loss (m + o) peak [Figure 3, key 1] and carbon K edge E y [Figure 3,

key 2] on the energy step 6E;.

In this document, the EELS carbon K edge position corresponding to the XPS C1s peak i
height [Figure 4, key 2] between peak [Figure 4, key 1] and dip [Figure 4, key 3] of a background-
subtracted spectrum for EELS carbon K edge as example of Figure 4.

© IS0 2021 - All rights reserved
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' ﬂ
1‘ Chy(G, P)
X
Key
X  channel humber or distance
Y counts
1 zero-losg peak
2 plasmontloss (7 + o) peak
Figure 1 — EEL spectrum of the zero-loss peak and plasmon-loss (m + ¢) peak for graphite
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Y
i 1 Chy (G, C-K) -
l
X
Key
X g¢hannel number or distance
Y dounts
1 plasmon-loss (7 + o) peak
2 darbon K edge
NOTH This peak of thekey 1 is the same as the key 2 of the Figure 2.
Figure 3 — EEL spectrum of carbon K edge for graphite
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CH, (G, C-K)

\l\]N"A"'v‘ A - v/\/\ MLA /-/\HAUN 3
VU‘N |4 \/’T N/ |

Key
X channel humber or distance
Y counts
1 peakof darbon K edge

half height of carbon K edge

w N

dip of carbon K edge

NOTE This edge is the same-as the key 2 of Figure 3.

Figure 4 —Background-subtracted EEL spectrum of carbon K edge for graphite

7.5 Measurement of peak close to the zero-loss peak, E.; p, for the other reference
sample using energy step 6E;

7.5.1 EEL spectrum acquisition of the second reference sample using energy step 6E;

Exchange the sample for the second reference sample and position the sample so that it is within the
field of view of the S/TEM.

Irradiate the electron beam to a thin region of the sample that does not overlap with other materials. A
d/A (sample thickness / mean free path) ratio check should be performed to ensure the thickness of the
area irradiated is suitable for the procedure.

Maintaining the same 6E;, acquire an EEL spectrum including the zero-loss peak and the peak E; p, see
Figure 5.
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7.5.2 Obtain the value for CH, between the zero-loss peak and the peak E¢;; »

Obtain the value for CH, between the zero-loss peak and peak E;; p. In the parallel detection system,
CH, is the number of channels between the zero-loss peak [Figure 5, key 1] and the peak E;; p [Figure 5,
key 2] on the energy step 6E;. In the serial detection system, CH, is distance between the zero-loss peak
[Figure 5, key 1] and the peak E;; p [Figure 5, key 2] on the energy step 6E;.

7.5.3 Calculate the peak E¢;; p energy

Obtain the peak Ey; p energy as Formula (5).

whet

[

This

czLp — OLyc " UI1p
e

FozLp 1S the position of noticed low-loss peak close to the zero-loss peak

'H, is the number of channels between the zero-loss peak [Figure™§, key 1] and thq
[Figure 5, key 2] on the energy step 6E in the parallel detection EELS. In the ser
EELS, CH, is distance between the zero-loss peak [Figure 5,%key 1] and the peak E -
key 2] on the energy step 6E;

value is used for the calibration of the fine energy step, atthe next process.

(5)

e peak Ecyp
al detection

Lp [Figure 5,

© ISO

2021 - All rights reserved
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CH,

channel humber or distance

X

Y counts
1 zero-losy peak
2

peak Ecyyp

Figure 5 - EEL spectrunief the zero-loss peak and peak E; p for the other reference sample

7.6 Second energy step, SE,, calibration

7.6.1 Determining the EELS second energy step, 6E,

Set the energy step 6E, to cover all range from the zero-loss peak to peak E¢z; p.

In the parallel detection system, selectable energy step and simultaneous detection channel number m
are predetermined. Thus, energy step 6E, is selected under the condition as Formula (6).

8Ey 2 Ecyip/ M (6)

In the serial detection system, set a full measurement range as the zero-loss peak to peak Ey; p. Energy
step 6E, is obtained as Formula (7).

8E,=G0Es/ B (7)
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Acquire E.z; p EEL spectrum

Acquire an EEL spectrum including the zero-loss peak and peak E.; p by energy step 6E,, as per
Figure 5.

7.6.3

Obtain the value for CH; between the zero-loss peak and peak E.;; p

Obtain the value for CH; between the zero-loss peak and peak E.;; p. In the parallel detection system,
CH, is the number of channels between the zero-loss peak and peak E;; p. In the serial detection EELS,

CHy i

s distance between the zero-loss peak and peak Ey; p.

7.6.4
Calib
I

7.7

7.7.%

Irrad

7.7.2

Calculate calibrated energy step 6E,
rated (actual) energy step 6E, is obtained by using observed peak E;; p as Formula (
Eoc = Eczip / CHs

Determining the calibrated EEL spectrometer energy resolution, AE

Acquisition of a ZLP EEL spectrum

iate electron beam to an area without the sample and acguifre an EEL spectrum of the

Obtain the value for CH, for the zero-loss peak

Obtajin the value for CH, for the zero-loss peak.

whet
ener
Zero

7.7.3

Use ]
as pe

/

whet

e CH, is the number of channels corresporniding to FWHM [Figure 6] of the zero-loss
by step 6E, in the parallel detection EELS; In the serial detection EELS, CH, is distance
loss peak and the peak E;; p on the energy step 6E,.

Calculate EEL spectrometer-energy resolution, AE

he FWHM of the zero-losgpedk and 6E, to determine the EEL spectrometer energy re
r Formula (9).

e AE is energy-résolution

B).

(8)
ZLP.
peak on the

between the

solution, AE,

9)

© ISO
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CH,

Key
X
Y

7.8

These items|as follows\are recorded.

For the electron nii€eroscope,

16

channel humber or distance
counts

Figure 6 —Zero-loss peak with no sample and its FWHM

Record items

S/TEM manufacturer and model name

Emission type of the electron gun such as cold field emission (CFE), Schottky, lanthanum hexaboride
(LaBg) cathode, tungsten (W) filament and any other emission systems

Acceleration voltage
With or without a monochromator for the electron beam
Imaging / diffraction mode such as TEM, diffraction and STEM

Information for beam diameter or irradiation diameter such as preset value, nominal number of
beam diameter, etc.

Irradiation beam current

© ISO 2021 - All rights reserved
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For the EELS,

— EEL spectrometer manufacturer and model name

— Diameter of the entrance aperture

— Preset and calibrated energy step in each measurement step

— In the parallel detection system, the number of channels between interest points in each step such
as zero-loss and carbon K edge

— 1

n the serial detection system, distance between interest points in each step

— 4

]
1

8 1

This
of th
facto
(GUN

q

The
and |
resp

A combined standard-incertainty U is expressed using Formula (10):

o~

\cquisition condition such as acquisition time and integration number in each step

atio and no peak saturation for each energy measurement

Jncertainty for the measurement result of energy resolution

1).15]

[SO 15472, classified as type B

b (OE, ) uncertainty of the corrected energy step 6E, classified as type A
pE -7 p uncertainty of the peak energy Fgy, p, classified as type A

(6, ) uncertainty of the corrected(energy step 6E,, classified as type A

5(AE) uncertainty of the FWHM AE of the zero-loss peak, classified as type A

incertainty o(0E;c), 0EgAp 0(6E,c) and o(4E) shall be calculated from the results %y

pctively. The frequency of repetitions (namely N;, N,, N3, and N,) shall be three times

= |(ok )2+ o (0L ¢) 2+ OEcyp 2+ o (0, ) 2+ o (AE) i

An expanded standard uncertainty U is expressed using Formula (11):
U=kxU;
where

Kk isthe coverage factor.

© ISO

NOTE Set the acquisition time and integration numbers so as to secure the sufficient signal-to-noise

section describes the combined uncertainty followed by the uncertainties that occurjat each step
e measurement procedure. There are five uncertainty factors if'the procedure. These[uncertainty
rs are classified types as A or B in the guide to the expression of uncertainty in measurement

pE-.x  uncertainty of the carbon K shell binding enexgy C1s measured by the XPS caljbrated with

Ny, Ny, N,

V, replicate measurements. To do this, the measurements shall be repeated Ny, N;, N3, and N, times,
I more.

(10)

(11)

NOTE For confidence limit of approximately 95,45 %, k is set to 2; and for a confidence limit of

approximately 99,73 %, k is set to 3.

2021 - All rights reserved
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Annex A
(informative)

Example of measurement procedure for energy resolution
determination

A.1 Gendral

In this annex, an example of measurement procedure for energy resolution determination is describgdlel.

A.2 Samples

A.2.1 Graphite as first reference sample
Natural graphite from Madagascar has been used. This graphite has high purities and crystallinitips.

Carbon K shell binding energy Cls of the graphite was measured as*284,5 eV by the JEOL JPS-p200
photoelectrpn spectrometer. The XPS has been calibrated by [SO15472:2001.

Carbon K edge E_ of EELS was defined from the XPS result as¢284,5 eV.

A.2.2 Borpn-nitride as the other reference sample

Boron-nitride powder from a Japanese manufacturer has been used as the other reference sample.
Plasmon-loss (m - m*) peak of boron-nitride was used as energy peak Eqy; p.

A.2.3 Sample for the S/TEM

The S/TEM|sample of the graphite and\the boron-nitride supported on the micro-grid (amorphous
carbon) tog¢ther have been used. TEM.image of the sample is shown as Figure A.1.

18 © IS0 2021 - All rights reserved
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QX
% Figure A.1 — Sample TEM image

A.3 Results of example

A.3.1 Setup conditions of S/TEM

Setup conditions of the TEM are as follows.

— Model of the electron microscope: JEOL JEM-ARM200F
— Type of the electron gun: Cold field emission (CFE)

— Acceleration voltage: 200 kV

— Without a monochromator

— Imaging mode: STEM

© IS0 2021 - All rights reserved
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iameter in the STEM mode: 0,2 nm

Setup conditions of the EELS are as follows.

Model o

f the EELS: Gatan GIF Quantum ER Model 965 (parallel detection)

Diameter of the entrance aperture: 2,5 mm

A.3.2 First energy step, E,, calibration

A.3.2.1 Determining the EELS first energy step, 6E;

Select energ
graphite. E

SE, > 28

6E1 should

A3.2.2 Ag

[rradiate elg
K edge E.
expressed a

A.3.2.3 Ok

Under the ¢
plasmon-log

o) peak [Fig
K edge E.
background|

A.3.2.4 Calculate calibrated ehérgy step 8E;

Calibrated
Formula (A.

8E;c=E

Accuracy of

y step 6E; to set a full measurement range as the zero-loss peak to the carbon K edge
k 1s 284,5 eV. Channel number m of Gatan GIF Quantum ER is 2048. See Formula (AA1):

4,5 /2048 = 0,1389 eV

quisition of carbon K-edge EEL spectrum

pctron beam to graphite. Acquire EEL spectrum including+the zero-loss peak and c4q
of graphite as Figure A.2 and Figure A.3. In this anneéx, position of the zero-loss pe
5 the zeroth channel number.

tain the value for CH,; between the zero-loss peak and carbon K edge of graphite

nergy step 6E;, channel number Ch;(G, PJ\from the zero-loss peak [Figure A.2, key
s (m + o) peak [Figure A.2, key 2] and.channel number Ch,(G, C-K) from plasmon-loss
ure A.3, key 2] to the carbon K edge B  [Figure A.3, key 3] are obtained. The EELS cq
position corresponding to the XPS\€1s peak is set to half height between peak and d
-subtracted spectrum. See Formula (A.2):

(A.2)

P) + Chy(G, C-K) = 106 + 99%= 1100

coarse energy step is as given in Formula (A.4):

actual) energy step OE; is obtained under condition of energy step 6E; (= 0,25 eV).
B):
-k / CH&284,5 /1100 = 0,2586 eV

ek Of

(A1)

be greater than or equal to 0,1389 eV. The energy step is selected from preset valules of
Quantum ER. Selected energy step 6E is 0,25 eV.

rbon
ak is

1] to
(r+
rbon
ip of

See

(A.3)

(6E, - 6E1c) / OE;c = (0,25 - 0,2586) / 0,2586 = -0,033 (-3,3 %)

20

(A4)
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400 : : :

300 — —

200 —

100|— —

1 Chy(G, P) 2

-20 0 20 40 60 80 100 120 140 X

¢hannel number
dounts (x109)

gero-loss peak

N << X

plasmon-loss (7 + o) peak

NOTH Position of th® zero-loss peak is expressed as the zeroth channel number.

Figure A.2~EEL spectrum of the zero-loss peak and plasmon-loss (nt + ¢) peak for]graphite
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Il(G,P) V —

Chy(G,C-K)

ss------~-=-= (A

I | I | I | I | I | | I | I
0 200 400 600 800 1000 1200 1400 1600 |X

Key
X channel humber

counts (¥10%)
1 zero-losg peak

NOTE This peak is the same as the key L of Figure A.2.
2 plasmontloss (7 + o) peak

NOTE This peak is the same as the key 2 of Figure A.2.
3 carbon K edge

Figure|A.3 — EEL:spectrum of plasmon-loss (m + 6) peak and carbon K edge for graphite

A.3.3 Measurement of peak close to the zero-loss peak, E; p, for the other reference
sample usingenergy step 6E;

A.3.3.1 EEL spectrum acquisition of the second reference sample using energy step 6E;
The plasmon-loss (m - m*) peak of boron-nitride is used as peak E;; p of the other reference.

Irradiate electron beam to boron-nitride. EEL spectrum including the zero-loss peak and the peak E¢7; p
has been acquired as Figure A.4.

A.3.3.2 Obtain the value for CH, between the zero-loss peak and the peak E.;; p

Channel number CH, from the zero-loss peak [Figure A.4, key 1] to peak E.;; p [Figure A.4, key 2] has
been obtained. Obtained CH, is as given in Formula (A.5):

CH, =33 (A.5)
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