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9)

IEC TS 626Q7-5-4 has been prepared by IEC technical committee 113: Nanotechnolog
electrotechnical products and systems. It is a Technical Specification.

The

INTERNATIONAL ELECTROTECHNICAL COMMISSION

NANOMANUFACTURING - KEY CONTROL CHARACTERISTICS -

Part 5-4: Energy band gap measurement of nanomaterials
by electron energy loss spectroscopy (EELS)

FOREWORD

THe International Electrotechnical Commission (IEC) is a worldwide organization for standardizatien.comp

rising

all national electrotechnical committees (IEC National Committees). The object of IEC is to promotelinterndtional

cd-operation on all questions concerning standardization in the electrical and electronic fields.\Fo this en|
infaddition to other activities, IEC publishes International Standards, Technical Specifications{/Technical Re
Pyblicly Available Specifications (PAS) and Guides (hereafter referred to as “IEC “Rublication(s)”).
preparation is entrusted to technical committees; any IEC National Committee interested,ih the subject dea
may participate in this preparatory work. International, governmental and non-governmental organizations li
with the IEC also participate in this preparation. IEC collaborates closely with the(lntefnational Organizati
Standardization (ISO) in accordance with conditions determined by agreement petween the two organizati

THe formal decisions or agreements of IEC on technical matters express, as‘nearly as possible, an interng
cgnsensus of opinion on the relevant subjects since each technical cogmmittee has representation frd
inferested IEC National Committees.

IEIC Publications have the form of recommendations for international use and are accepted by IEC N¢g
Committees in that sense. While all reasonable efforts are made to ensure that the technical content d
Pdblications is accurate, IEC cannot be held responsible for<the way in which they are used or fg
misinterpretation by any end user.

In] order to promote international uniformity, IEC Natiofal ‘Committees undertake to apply IEC Public
trgnsparently to the maximum extent possible in their national and regional publications. Any divergence be
arly IEC Publication and the corresponding national or, regional publication shall be clearly indicated in the

IEC itself does not provide any attestation of cehformity. Independent certification bodies provide conf
agsessment services and, in some areas, access to IEC marks of conformity. IEC is not responsible fd
sgrvices carried out by independent certification bodies.

All users should ensure that they have the-latest edition of this publication.

members of its technical committees-and IEC National Committees for any personal injury, property dam
other damage of any nature whatsoever, whether direct or indirect, or for costs (including legal fee
eXpenses arising out of the (puplication, use of, or reliance upon, this IEC Publication or any othe]
Pyblications.

N¢ liability shall attach to IEC or its directors, employees, servants or agents including individual experjs and

Attention is drawn to theuNormative references cited in this publication. Use of the referenced publicati
inflispensable for the.correct application of this publication.

Attention is drawngto the possibility that some of the elements of this IEC Publication may be the subject of
rights. IEC shall*netf'be held responsible for identifying any or all such patent rights.
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Draft Report on voting

113/513/DTS 113/594/RVDTS

Full information on the voting for its approval can be found in the report on voting indicated in
the above table.

The language used for the development of this Technical Specification is English.
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This document was drafted in accordance with ISO/IEC Directives, Part 2, and developed in
accordance with ISO/IEC Directives, Part 1 and ISO/IEC Directives, IEC Supplement, available
at www.iec.ch/members_experts/refdocs. The main document types developed by IEC are
described in greater detail at www.iec.ch/publications.

A list of all parts in the IEC TS 62607 series, published under the general title
Nanomanufacturing — Key control characteristics, can be found on the IEC website.

The committee has decided that the contents of this document will remain unchanged until the
stability date indicated on the IEC website under webstore.iec.ch in the data related to the
specijfic document. At this date, the document will be

—

pconfirmed,
e Withdrawn,

—

bplaced by a revised edition, or

e amended.

IMBRORTANT - The 'colour inside' logo on the cover page of this publication indicdtes
that it contains colours which are considered to be usefulfor'the correct understanding
of its contents. Users should therefore print this document using a colour printer.
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INTRODUCTION

Electronic and electrical devices developed up to now have been fabricated by stacking a series
of active and/or passive layers on a specific substrate. The current trend in developing such
devices is the miniaturization of product size, whereas the basic structure of multilayers on a
substrate has not changed. Accordingly geometrical scales in the inner structure of a device
have been decreasing and some of the scales such as thickness of the layers have finally
reached a few nanometres. One of the key control characteristics (KCCs) is the band gap of an
active layer which enables the electron or hole transportation, excitation and emission of
electrons, etc. to be controlled.

The pand gap is referred to as an energy gap, which means a difference between anfen

level
the

which represents its size-dependency. Therefore, the band gap of nanoscale materials n

to bsg

For the band gap measurement application to nanomaterials, a specificregion of a nanom

scalg

(TEM), which has atomic-scale image resolution, and electron energy-loss spectroscopy (E
which can measure energy loss of electrons, have in general been used.

In thiis document, a method of measuring the band gap energy at a specific location

nang

in which electrons exist and an energy level in which electrons do not exist. Evenith
and gap of a material is intrinsic, the band gap of a nanomaterial is an extrinsic pro

measured locally, in situ or in vitro.

device or a single layer of the multi-layered structure, a transmissjon electron micros

material by using TEM and EELS is proposed.

ergy
bugh
Derty
ceds

etre-
cope
ELS),

or a
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1

This

nandmaterial using electron energy loss data of transmission electron microscope.

The

The

observation and specimen thickness. The applicable measurement range of band gap en

is m

There are no normative references in this document.
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NANOMANUFACTURING — KEY CONTROL CHARACTERISTICS -

Part 5-4: Energy band gap measurement of nanomaterials
by electron energy loss spectroscopy (EELS)

Scope

part of IEC TS 62607 specifies the measuring method of the band gap energy

¢re than 2 eV.

Normative references

of a

method specified in this document is applicable to semiconducting, and insulating
nandmaterials to estimate the band gap.

measurement to get reliable data is performed under the consistent conditions of [TEM

ergy

3 Terms and definitions

For the purposes of this document, the following terms and definitions apply.

ISO pnd IEC maintain terminologicalidatabases for use in standardization at the following
addrgsses:

o |[EC Electropedia: available\at http://www.electropedia.org/

e |$0O Online browsing platform: available at http://www.iso.org/obp

3.1

band gap energy

difference between the highest occupied energy level in which electrons exist and the lowest

unogcupied energy level in which electrons do not exist

Note

betwegen{two neighbouring allowed bands separated by a forbidden band.

Note

to entry: Gap energy is defined in IEC 60050-113:2011, 113-06-16 as the smallest energy diff¢g

2 to entry: Refer to Figure 1.

rence
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3.2
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Figure 1 — Definition of band gap energy

tran
TEM
meth
bean

[SOU
refer
by "g

3.3
scar

mission electron microscopy

od that produces magnified images-~or diffraction patterns of the sample by an ele
N which passes through the sample-and interacts with it

to the method rather thanthe instrument. In the definition, "specimen" has been repl
ample".]

elec
with

ning transmission electron microscopy

STE
met?;Fd that preduces magnified images or diffraction patterns of the sample by a finely foc

ron beam, scanned over the surface and which passes through the sample and inte
t

DA oA ITO Ar\—rr\—rn

Ctron

RCE: ISO 29301:2017, 3.34; modified — The term and definition have been modifig¢d to

aced

lsed
Facts

[SOURCESOTS 10797

26
r

to refer to the method ra the than the instrument.]

3.4

electron energy loss spectroscopy
method in which an electron spectrometer measures the energy spectrum of electrons from a
nominally monoenergetic source emitted after inelastic interactions with the sample, often
exhibiting peaks due to specific inelastic loss processes

[SOURCE: ISO/TS 80004-6:2013, 4.14]

P\ e T 4 e 1 } s
U, THOUneu — 11T ST dairta UeTirimtiorT TTave DECTI IIIULlfled
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3.5

electron energy loss spectrum

energy spectrum of electrons from a nominally mono-energetic source emitted after inelastic
interactions with the sample, often exhibiting peaks due to specific inelastic loss processes

[SOURCE: ISO/TS 10797:2012, 3.5]

3.6
elastically scattered peak

peak of electrons from the electron beam that are elastically scattered by the specimen and
have no energy loss

E |
']
c T T T T T T T T
=3 - T T T N
3 Elastically L Core loss .
c
s | scattered edge E
g peak \
w

L Plasmon 600 640 680~ 1

peak
0 100 200 300 400 50Q 600 700 o

Electron energy loss (eV)

3.7
plasmon peak
peak of electrons from the electron beam-that have been inelastically scattered by the spec|men
resulting in energy transfer to plasmon modes in the specimen

E |
']
c T T T T T T T T
=3 - T T T N
3 Elastically L Core loss .
c
s | scattered edge E
g peak \
w

L Plasmon 600 640 680 | 1

peak
0 100 200 300 400 500 600 700 o

Electron energy loss (eV)

3.8
spectrum imaging
imaging by the pixels which contains their spectra

3.9
determination coefficient
measure of the degree to which the estimated linear model is appropriate for the given data

Note 1 to entry: It refers to the percentage of the variable that can be explained by the applied model among the
variation of the response variable.
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Note 2 to entry: A typical symbol of the coefficient of determination is R2.

4 Abbreviated terms

CCD

charge-coupled device

EELS electron energy loss spectroscopy

FIB
PET

focused-ion beam
polyethylene terephthalate

STEM scanning transmission electron microscopy

TEM

5

For

elecfrons such that enough intensity falls on the screen, CCD, or photographic plate to giy
interpretable image in a reasonable time. Typically for 100-keV electrons, specimern

alu

hundred nanometres. However, it is an axiom in TEM that, almost invariably, thinner is b

in c
100

To in
low
on th
the T

The
a) T
b) R
6

6.1

The
In c4
in or

6.2

Test sample

transmission electron microscopy
nvironmental conditions

specimen to be transparent to electrons, it needs to be thin enough totransmit suffi

inium alloys up to ~1 um would be thin, while steel would be thin up to about se

llecting better interpretable image and specimen thickness: should be approxim
m or less. The target nanomaterials should be stable to_electron beam.

crease the mean free path of the electron gas interaction, a standard TEM is evacuat
ressures, typically on the order of 1074 Pa. High-veltage TEMs require ultra-high vacy

e range of 1077 Pa to 1079 Pa to prevent the genération of an electric arc, particula
EM cathode.

storage temperature and humidity conditions of the sample are as follows.

emperature: Target temperature £ 2:°C, recommended temperature 23 °C + 2 °C.

General

se of an insulating sample, the sample surface shall be coated with conducting mats
Her to avaid a'charging effect.

Size of test sample

elative humidity: Target humidityrange + 10 %, recommended humidity 40 % + 10 %]

cient
e an
s of
veral
etter
ately

ed to
ums
ly at

est sample consists of semiconducting (or insulating) nanomaterials on a flexible subsjtrate.

rials

The

fotal size of specimens made using various specimen fabrication methods should be

less

than 3 mm in diameter. Care should be taken not to damage the specimen during specimen
production, and the observation area should be made thin enough to transmit the electron beam
and specimen thickness should be approximately 100 nm or less.

7 Testing method and test apparatus

7.1

General

The transmission electron microscope used in the measurement shall be capable of obtaining
an image by scanning a small electron beam of a nanometre size and an electron energy loss

spec

trometer (EELS) capable of measuring electron energy.
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In TEM, a material is exposed to a beam of electrons with a known, narrow range of kinetic
energies. Some of the electrons will undergo inelastic scattering, which means that they lose
energy (Figure 2). The higher accelerating voltage would be preferred for this measurement.
However, there is an opposite aspect such as Cerenkov effect, which also originates from an
inelastic scattering. The lower voltage is preferable in order to avoid the effect. In this

experiment the accelerating voltage ranges from 120 keV to 200 keV.

i Electron source
=

i

‘ EELS spettrum

nerg&/ loss (eV)

V2N

Counts

7.2 Detector

TEM sample
=TT TEM sample
== Round lens
==
// 1\ \ Inelastic scattering
/. \\ — Viewing chamber (EELS)

Figure 2 — Schematic showing TEM and EELS system

Elastic scattering
(Diffraction)

IEC

There are two types of detector used in EELS to measure kinetic energy of the energy
elecfrons. The first type,"known as magnetic sector prism, is capable of providing en
measurements and nicroscopic images simultaneously. However, this type of detector is
accurate in detecting’ energy. The second type of detector, known as electrostatic sector, is
mainfly used for_detecting more precise energy differences up to 10 meV. However, this ty
detegtor is nof«Capable of revealing topographic images simultaneously. Since this docu
aims| at detecting the band gap at the target area, the use of magnetic sector prism is preferred
(Figyre 3)..The EELS spectrum includes some information of band gap energy, plasmon en

and inner shell ionizations.

tloss

ergy
less

be of
ment

ergy
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Transmitted electron
beam image

—]

Sector
magnet

120

AE (eV)

Ey~AE

EO ro

7.3

7.3.1

b) I

c) Align the electron beam according to the equipment manual.

d) Hlace the electron beam at the desired site.

e) Hocus the measurement position and obtaincthe image.

7.3.2 Scanning transmission electron.microscope alignment

a) CQomplete the transmission electron microscope mode alignment according to the equip
manual.

b) Jwitch to scanning transmission electron microscope mode from transmission ele

c) H
d) L

7.4
The

a) U

a) }crease the acceleration voltage to a desired value.

npicroscope mode.

magnification, and-adjust the focus.

-

e counts (a.u.)
IEC

Figure 3 — Apparatus for the measurement of band gap
energy by using electron energy loss spectroscopy

Test procedure

Transmission electron microscope alignment

sert the specimen into the holder and insert the holdef/into the transmission ele
icroscope.

ind the amorphous regionand align the electron beam.
ower the magnification to find the desired sample position, select the de

Measurement
est procedure is listed as follows:

ocate ythe electron beam to a blank area in which there is no sample layer U

nricroscopic mode.

ctron

ment

ctron

Sired

nder

b) Switch to the electron energy loss mode and align the electron energy loss spectrometer to
the detected area.

c) Place the elastically scattered peak at zero energy loss.

d) Adjust the half-width of the elastically scattered peak to 0,8 eV or less.

e) Adjust the energy range to include the zero-loss peak and the plasmon peak. (The range of

4

0 eV to 50 eV is recommended.)

f) Position the electron beam at the target area. A thinner layer is preferred for the target area
in order to reduce multiple scattering effects.

g) Obtain a microscopic image of the target area and set the spectrum image area.
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h)

i)

b)

c)

d)

f)
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Set the 2D array and pixel time of the spectral image.

In general, the scan size is greater than 10 x 10 and pixel time is determined to the extent
that the specimens are not damaged. To ensure statistical accuracy, maximize the amount

of data (Figure 4).
Set the spatial drift correction and obtain the spectral image.

2D Amay

Spatial drift

32 5 134454 4300

2 B 134 43.00

XPixels Stepfhm) Rangefnm)

Y Pixels Stepfhm) Range{nm)

Spectrum image! ‘ .
| Pixel Time ()10 1 = (8m 33s)

Figure 4 — Setting for spectrum imaging

Data analysis

Band gap determination

aximum value to zero energy loss.

OTE 1 This condition is shown in Figure 5.

hen normalized based on the elastically scattered peak, the intensity value of the

IEC

Align the position where the elastically scattered peak of spectral image data showy

5 the

band

gap measurement area should.be 10-3 or less. (The value of A shall be smaller thap the

nd gap.)

OTE 2 This condition is shown'in Figure 5.

ase line 1 is determined based on the point of the lowest intensity.

OTE 3 This condition‘/is shown in Figure 6.

etermine the\straight line 2 so that the linear coefficient of the nearest to the lowest
the specirum and the coefficient of determination of the straight line 2 are 0,95 or m

OTE 4+«-Fhis condition is shown in Figure 6.

ind,the band gap by reading the contact points of the base line 1 and the line 2.

boint
ore.

NOTE 5 This condition is shown in Figure 6.

Plasmon energy is read at the position where the intensity of the plasmon peak is maximum.

NOTE 6 This condition is shown in Figure 6.

NOTE 7 If the conditions outlined in the procedure are not satisfied by the measured spectra, band gap

determination cannot be made.
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Figure 5 — Normalized spectrum of log scale

z A
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Energy.loss (eV) EC

Figure 6 — Band gap measurement method using linear fitting

Examples of band gap’ measurement on WO5; on PEF and SiN, multilayers are exhibit¢d in
Anngx A and Annex-B, respectively.

8.2 | Reportof the results

The feport’shall include the following items.

Band gap energy measurements are expressed in electron-volts (eV) and rounded to the first
decimal place.
a) Information on test equipment:
1) model name of test apparatus and spectroscope;
2) acceleration voltage of the test apparatus;
3) extraction voltage of the test apparatus.
b) Information on prepared specimen:
1) composition of specimen;
2) preparation method and form of specimen;
3) specimen identification (including film thickness, sample size).
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c) Experimental parameters:
1) energy resolution of the spectroscope (full width at half maximum);
2) magnification of the used STEM,;
3) scan size;
4) pixel time.
d) Recording the measurement result in unit [eV]:
1) band gap energy;
2) plasmon energy.
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Annex A
(informative)

Band gap measurement of WO, thin film on PET

It is essential to confirm the thickness of a sample in order to avoid the error sources originated
from inelastic scattering during the measurement. The inelastic scattering length is dependent
on an accelerating voltage of the electron beam. The typical value is more than 100 nm at the
accelerating voltage more than 120 keV. Hence this document is valid on the thin layer less
than 100 nm. In case of a sample with more than 100 nm thickness, additional data treatment
procgsses need to be carried out. The thickness of the sample was coniirmed by FIB.

The pand gap of the insulating layer WO5 on a PET substrate, which can be used as'a flekible

substrate in nanoelectronics, is measured with a transmission electron microscope ‘to obtgain a
similpr value of 3,7 eV. Refer to Figure A.1.

- o
[

Spectrum image,
[T

> A Pixel time: 0,1 s
'g Spatial sampling: 10 x 10
£ 107
’;‘;ounuwl =y |
108 “
105_
- 104 - - . =
0 10 20 30 40
Energy loss (eV)
IEC

Figure A.1 — Measurement of band gap of WO; by STEM-EELS

Table A.1 presents the example of a report for the above sample.
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