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For Better Understanding of This Lecture
for Beginners

Scope of this lecture

What are the differences between TEM and STEM?
—> Noticing the differences in the mechanisms of image formation.

What are the signals for EDS, EELS, and EFTEM (EFI)?
—> Noticing the mechanisms of excitations.

What are the differences between image, diffraction, and spectrum?

- Noticing the information of them correspond to real space, reciprocal
space and energy space, respectively.
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1. Overview of Transmission Electron Microscopes (TEM)

1-1) Resolution of TEMs

Why do we need TEMs?

TEMSs allow us not only to observe but also to analyze
objects at a much higher resolution than optical microscopes.

Resolution of lens

Electron microscopes, like optical microscopes, use waves

and lenses to magnify objects. However, their resolutions

are very limited.

Resolution: The minimum distance (&) at which two adjacent

objects can be distinguished. The smaller the 0, the higher purple, blue, green, yellow, orange, red

the resolution. The resolution of a lens is given by: 380 A(nm): 780
0= 0.61A (A\: wavelength)

Resolution of optical microscopes _ *

For green light (A = 550 nm), the best resolution of an optical _ _
microscope is approximately Wavelength of optical light
0 =300 nm

Resolution of electron microscopes
Electrons accelerated at high voltage behave as waves with

|

Wave propagation —

Wavelength of electron beam

a very short wavelength: Acceleration V (kV) Wavelength (nm)
A =0.00251 nm (for electrons accelerated at 200 kV) 100 0.00370
State-of-the-art TEMs can achieve resolutions of ~0.05 nm. 200 (common) 0.00251

However, the electron source, specimen, and recording

. . . 1000 0.000872
media must be placed under vacuum in the microscopes.

Copyright © Hydrogen Boride Research Center



.

1-2) Basic Functions of TEM

The basic functions of TEM, observation and
analysis, can be correlated each other in high space
and energy resolution at a sub-nanometer size area.

Super magnifying glass
Magnifies specimens by more than one million

times. With a resolution of ~0.1 nm, individual atoms Lattice image of a Si spiecimen
or atomic columns can be distinguished. Captured by HB center’'s HF5000
Electron diffraction observation | | Incident electrons
Used to observ_e crystal structures (in reciprocal Backscattered
space) of specimens. electrons
Specimen analysis Auger electrons

) . ) Secondary Cathodolum
By using secondary signals excited from the / inescence

. " . electrons

specimen, the composition and chemical states can

Absorbed electrons Electron—hole pairs

be analyzed at the nano- or sub-nanometer scale. < >

Signals typically used for the analysis in TEM: | >~ Bremsstrahlun
Transmitted electrons E'asft'ca'g’ g X-rays
elastically scattered electrons Zf:ctfgﬁs Inelastically
inelastically scattered electrons Trealgstr:lol:zd Zf:é:fgig

characteristic X-rays _ o
Interactions between incident electrons

Copyright © Hydrogen Boride Research Center and specimens 5
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ZOOM UP: Interactions between incident electrons and specimens

Incident electrons

Backscattered electrons

Auger electrons

Secondary electrons q\\ /
\/

Absorbed electrons ¢ == Electron-hole pairs

I~

Elastically scattered electrons

Cathodoluminescence

Bremsstrahlung X-rays

Inelastically scattered electrons

v

Transmitted electrons

The signals in red, orange, green, blue are usually used in a commercial TEM for
imaging and analysis. 6



2. Basic Structure of a TEM

2-1) Specification of a Typical TEM, HF5000

Model : HF5000
Electron Source : Cold field-emission gun
Accel. Voltage : 60, 80, or 200 kV
Spherical Aberration Correction: i |
llumination system Cs corrector fi~fag
Resolution :0.102 nm (TEM) "
0.078 nm (STEM)
Imaging Modes: Transmission (TEM),
Scanning transmission (STEM)
Scanning electron imaging
Image Recording : CCD camera
Analysis Functions: EDS, EELS, EFTEM
Specimen holders : Single-tilt holder

double-tilt holder °hambefg{ g
heating holder i

TEM, HITACHI HF5000

Copyright © Hydrogen Boride Research Center



2. Basic Structure of a TEM

2-2) Comparison of TEMs with Optical Microscopes
The basic structure of them is similar.

Optical microscope TEM
Light source Electron source

~& \e
[ Condenser lens [1 -

e specimen et
D Objective lens [ -
§ Projection lens —

(transmission type) Image

Copyright © Hydrogen Boride Research Center



2. Basic Structure of a TEM

2-3) Main Components of a TEM
Electron gun & acceleration tube

Generate an electron beam at the Electron gun

acceleration voltage.

Condenser lens

Forms a parallel or convergent electron ~ Acceleration tube
beam.

Objective lens

Forms a magnified image or a diffraction Condenser Iens{
pattern (DP) of the specimen.

Condenser
%lens aperture

Intermediate & projection lenses Specimen holder »
Further magnify the image or DP. Objective Iens{
Condenser lens aperture

Cor_1tro|_s the beam intensity and beam size. Intermediate Iens{
Objective lens aperture

Selects the direct beam or diffracted Projection Iens{

—a Objective
lens aperture

— Selective area
aperture

beams to form bright-field (BF) or dark-
field (DF) images, etc.
Selected-area aperture

TR
N KK

Selects a specific area to form a DP. Observation & Recording

Specimen holder

media room

Holds and positions the specimen in the
TEM (i.e. sample holder)

Copyright © Hydrogen Boride Research Center

lllustration of the structure and main
components of a TEM



3. TEM Specimens and Specimen Holders

Basic requirements for a TEM specimen
Sufficiently thin (typically 1 nm ~100 nm, depending on material and observation
purpose), electrically conductive, thermally conductive (i.e. withstand electron irradiation).

Observable specimens

In principle, any materials (sufficiently thin and relatively stable under electron
irradiation) can be observed.

Any shapes (nanoparticles, nanowires, and nanosheets etc) can be observed.

Bulk materials must be sliced by mechanical polishing, chemical polishing, or ion milling.

TEM specimen holders and size

Typical specimen holders can accommodate specimens within a diameter of 3 mm and
a thickness of about 0.2 mm

Standard holders (single-tilt, double-tilt) and special holders (heating, cooling, electrical
biasing, environmental, etc.)

An example of TEM specimen holder

A specimen

Copyright © Hydrogen Boride Research Center



3. TEM Specimens and Specimen Holders

TEM Specimen Preparation Methods
 Methods
Dispersion, FIB, Ar ion milling, electro-polishing, etc.

 Dispersion method
For nanoscale specimens (~100 nm or smaller, or sub-micrometer, depending on
material), specimens are dispersed in a solvent and drop-casted onto a TEM grid.
Grids with holey support films are suitable for nanofibers or nanosheets.
Grids with non-holey support films are suitable for nanoparticles or powders of tens-
of-nanometer, or smaller sizes.
The dispersion process are same for any specimen’s shape or compositions but must
not release gas inside the TEM and have ferromagnetic and scattered characters.

 FIB method
A thin lamella is fabricated from bulk material using accelerated Ga ions.
Low-energy Ar ion milling is effective for removing Ga contamination and surface
damage.

« Ar ion milling and electro-polishing method
under preparation

Copyright © Hydrogen Boride Research Center



4. Observation Modes on TEM

4-1) Scattering of Electrons
Electrons interact with the Coulomb fields of atomic nuclei and the surrounding electrons, resulting in deflection of
their trajectories or energy loss. This scattering produces image contrast and the signals for material analysis.
Scattering cross section:
If the electrons incident to a nuclei within the area of o = TTB2, they are scattered by the nuclei and outside the
area, they are not scattered, then o is called as scattering cross section of a nuclei to incident electrons.
The electrons coming into the band between radius b and b+db are scattered out between angle 6 and 6+d6. The
measured electrons in dQ equals to Ido (I, the incident electron density) and is proportional to dQ (with a factor).
Namely,

Ido = 1| (8)] 2dQ

f(8) is called as atomic scattering factor of electron, which depends on the target atom species, energy of electron,
and scattering angle (6). Lower accelerating voltages and larger atomic numbers (Z) result in larger values of f(9).

lllustration of scattering cross section of
electrons scattered by a nuclei (based on
Rutherford scattering model)

o = 1iB2 ,
oot dbb lA?UCIG'
Electrons

grons PN N8 2

Copyright © Hydrogen Boride Research Center

Relation of atomic scattering factor of
electron to atom species and scattering

angle.
14

. — C(Z=6)
— Si(14)

10 — Cu (29)

. Au — Au (79)

0 0.5 1 15 2 2.5 3

Scattering angle (8) 12



4. Observation Modes on TEM

4-2) Image and Diffraction Pattern Observation

Observation modes

« TEM: imaging (BF, DF) and
diffraction

« STEM: HAADF, LAADF, BF, etc.

Image and diffraction

observations in TEM

« Switching between imaging
and diffraction modes is
achieved by changing the
current of the intermediate lens.

Movable apertures

» Objective lens (OL) aperture
controls image contrast and
enables bright-field (BF) and
dark-field (DF) imaging.

» Selected-area aperture
Selects a specific region of the
specimen for selected-area
electron diffraction (SAED).

Copyright © Hydrogen Boride Research Center
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Image observation mode Diffraction observation mode

v

Objective
Back focal J -
/ plane of OL \ / lens (OL)
OL aperture " OL aperture
‘/Object plane of IL
IL aeerture
IL aperture
L] Intermediate
Selected-area lens (IL)
aperture

(IL aperture)




4. Observation Modes on TEM

4-3) Bright-Field (BF) and Dark-Field (DF) Images
BF images are formed using unscattered or weakly scattered transmitted electrons.
Regions that are thinner or composed of lighter elements appear brighter.

DF images are formed using scattered electrons. Image contrast is generally opposite
to that of the BF image.

(a) BF mode  Electron beam (b) DF mode EIeTTI beam

H

<low and high density

<low and high density

Select a diffraction

Select the direct
spot with OL aperture

ED spot with OL
aperture

I <high and low brightness T <low and high brightness
0 0

Image brightness
Image brightness

Copyright © Hydrogen Boride Research Center



Examples of BF and DF Images

4-3) Bright-Field (BF) and Dark-Field (DF) Images
By using the diffraction spot (c) from Si crystal, Si crystal part on the DF image (b) shows

brighter contrast than other parts (SiO,, etc.) and reversal contrast compared to the Si
part in the BF image (a).

C/PY/SiO,/Si

C

The area for
the SAED

SAED

The spot used
for recording
the DF (b)

Figure. BF (a), DF (b) images, and SAED pattern (c) of a specimen with a C/Pt/SiO,/Si multilayer
structure

15
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(SAED) pattern.

4. Observation Modes on TEM

4-4) Selected-Area Electron Diffraction (SAED)
Using a selected-area (SA) aperture (a) located at the image plane of OL lens, the
electron beam passing through the intermediate lens is restricted to a selected area of
the specimen. As a result, the diffraction pattern (b) magnified by the intermediate lens
originates only from this selected area, yielding a selected-area electron diffraction

(a) Selecting an area by the selected-area

aperture
Elelctioln lbeam
, The selected area
— \:I on specimen
Back focal :
plane of OL The selected area
on image
— SA aperture
¥ N

Object plane of IL

Copyright © Hydrogen Boride Research Center

(b) Diffraction observation by changing
object plane of IL to back focal plane of OBL

Electron beam

W

Back focal

plane of OL \

Vi

e

Object plane of IL

OL aperture

IL aperture

{1




Examples of Diffraction Patterns

The observed area of a single crystal specimen is in the same orientation, therefore, the
DP shows separate but regularly arranged spots.

For a polycrystalline specimen, due to random orientations of the grains, the diffraction
spots form diffraction rings.

Single crystal f Si Polycrystalline Pt sample

10 1/nm

10 1/nm

Copyright © Hydrogen Boride Research Center 17



4. Observation Modes on TEM

4-5) High-Resolution TEM Image (HRTEM)

An HRTEM image, which reflects the lattice or atomic
arrangement of a crystalline specimen, is a phase-
contrast image formed by the interference of
multiple electron waves from different directions.
Bragg-diffracted electron beams form a diffraction
pattern at the back focal plane of the objective lens
(OL). An OL aperture is inserted to allow several
diffracted beams to pass.

The diffraction spots can be regarded as point
electron sources. These waves propagate and
interfere at the image plane of the OL, forming an
HRTEM image. The image is further magnified by
subsequent lenses and observed on a screen or CCD
camera. The amplitude and phase of electron waves
depend on specimen thickness and lens aberrations
such as astigmatism and defocus. Therefore, bright
(or dark) features in an HRTEM image do not always
correspond directly to atomic column positions.
In principle, correct interpretation of HRTEM images
requires image simulation.

Copyright © Hydrogen Boride Research Center

Formation of an HRTEM image

Electron beam

OL

Back focal
plane of OL

\\\\\\\

Image plane of OL

Amplitude of electron wave



Examples of HRTEM Images

Atom rows or lattice of a crystalline specimen can be observed directly. Local structures,
such as surface, interfaces, and second phases can be identified.
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4. Observation Modes on TEM

4-6) Scanning Transmission Electron Microscopy (STEM)
A finely focused electron beam scans across the specimen, and the transmitted or
scattered electrons are collected to form images.
STEM Bright-Field (BF)
Image formed using electrons that are
A scanning unscattered or only weakly scattered.

focused beam STEM Dark-Field (DF)
Image formed using scattered electrons.

STEM LAADF (Low-Angle Annular

Dark-Field)
: A Contrast largely depends on diffraction
specimen _;_: effects.
STEM HAADF (High-Angle Annular
Dark-Field)

BF detector

DF detector Contrast mainly depends on the atomic

number (approximately proportional to

o Z?) and/or the specimen thickness.
Detectors movaple 4 £3 | Because lens defocus does not cause
to change camera L :
length (the Leem T T T contrast reversal, STEM images are
4 PR it P R . . g
collection angles){ ~ £__<zIZ= ) ) Image generally easier to interpret the position
Sy e f’
________________ of atoms or atom rows than

Copyright © Hydrogen Boride Research Center conventional TEM images. 20



Examples of STEM-DF and -BF Images

A scanning
focused bea

Pt nano-particles

specimer/--

BF detector
DF detector ¥
b
Detectors movable t
tochange YV _______
collection angles ,»77 __—=====_ - TS,
4 £ eIII> )
(Or \\ \~~-~-———"l ,/
camera length) NN -

Copyright © Hydrogen Boride Research Center

@ STEM DF:
i Image with
A scattered
# " clectrons

STEM BF:

Image with

not being

= | electrons almost

= scattered. The
i contrast is

. ' basically reverse
i to that of the DF.
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5. Analytical Capabilities of TEM

5-1) Signals for Material Analysis

Interaction of incident electrons with a

specimen

Incident electron beam

Back scattered
electrons

Auger electrons
Second

Absorbed electrons

| [~

Characteristic
X-ray

Cathodolu-
minescence

Electron-hole pairs

< >
Elastic \\“ Bremsstrahlung
scattered .
electrons Inelastic scattered
Direct beam  €lectrons

Copyright © Hydrogen Boride Research Center

Among the various signals, characteristic X-
rays and inelastically scattered electrons
are most commonly used for specimen
analysis.

EDS

Energy-Dispersive X-ray Spectroscopy
Characteristic X-rays emitted from the
specimen are measured for elemental
analysis.

EELS

Electron Energy-Loss Spectroscopy

The energy losses of inelastically scattered
electrons are measured to analyze the
composition and chemical states of elements
of a specimen.

22




5-1) Signals for Analysis

The Signals for EDS and EELS

A case of inelastic electron scattering EDS
An inner-shell electron When an electron in a higher energy level
is excited out fills a hole in a lower energy level, a
_ o characteristic X-ray is released.
Incident A

These X-rays are analyzed using EDS.
electron

S N\ EELS

: Emit An incident electron loses part of its
energy through inelastic scattering.
The energy-loss electrons are analyzed
using EELS.

characteristic
X-ray

Character comparison
EDS: The energies of characteristic X-rays are specific to each element

- elemental analysis. (suitable for heavy elements)

EELS: The energy losses are characteristic of both the element and its chemical state
- elemental and chemical-state analysis. (suitable for light elements)
Target elements: from Li to Fe or Ni

Copyright © Hydrogen Boride Research Center



5_2) EDS 5. Analytical Capabilities

 Measurement Modes for EDS

TEM image mode

The electron beam was focused onto a point or an area, and an EDS spectrum was
acquired. It is a quick way to measure the composition of a specimen.

An example EDS spectrum measured on TEM mode.
(a) The area to be measured was selected by the electron beam. (b) The measured
spectrum. (Specimen: Pt nanoparticles on microgrid supported by a Cu mesh)

1300
1200 4

|
1100 4 |

1000 4
900 -
800 1
700 A

2

=)

o

Y 600
500

400 -
300 4

200 -

100 4

i | = (]

i

0 r ——— T

00 05 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90 95 100 105 110 115
ke
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5-2) EDS

 Measurement Modes for EDS

STEM mode

As the electron beam is scanned over an area, an EDS spectrum is acquired at each
pixel. A typical data format is a spectrum image (Sl), a three-dimensional (3-D) dataset
(X, Y, AE).

3-D information of an Sl

A scanning
STEM mode electronbeam | @ X  Aspectrumis
Y |X collected from each
The electron EDS detector - el
beam scanning Y pixe
on an area )\} //// """" - = g
D’ 4 / ;/ i (I
ol === » X cC //
- -ray § y
S i
9
Q_ £
>
< VA
Specimen X v
. @) / ¥
For a specimen transparent to electron  >v )
beam, X-ray signals are from the 3 ) e
electron path in the specimen. L )/

Copyright © Hydrogen Boride Research Center 25



Example of an EDS-SI

Spectra and composition analysis:
Spectra extracted from the whole area and sub-areas of the Sl. The compositions at

different areas can be identified.

C/PUSIO,/Si

The area of the SI

5-2) EDS

Spectrum from the whole area

|
|
°°°°° T Spectrum from SiO, area
I.II:I- T
ooooo Spectrum from Si area
So::u; [eoleed], I =

Copyright © Hydrogen Boride Research Center



Example of an EDS-SI 5-2) EDS

Elemental map
STEM-HAADF and elemental distribution maps of a specimen with C/Pt/SiO,/Si

multilayer structure. The elemental distributions of the specimen are visualized.

C Elemental map Comiﬁned elemental map

L

/ITt/SiOZ/Si

Silicon

27
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5. Analytical Capabilities

5-3) EELS and Energy Filtered TEM (EFTEM, or EFl (Energy Filtered Imaging)
 EELS spectrometer

e-beam A Gatan spectrometer
\ mounted to a TEM

Detector

Electron energy loss

: . B~ >
T H NN NN N EEE NSNS EEEEEEEEEEEAEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEEssEEEsssEEEsssEmmns’ §iiijiiiiiiigiaidesiqeae o =

Spgctrometer An EELS spectrum is obtained with the det
Incident electrons are bended

about 90 degrees and dispersed
with energy.

ector.

EELS shows the energy and their intensity of energy loss electrons.
Energy filtered image: to form an image using the electrons lost definite energies.

Copyright © Hydrogen Boride Research Center 28



Energy Losses of Incident

Incident electrons
Specimen

e _

@

—_— e o gy, s " M s " oy == o .
- T O s - o -y,

v ¥
@ @ @ éD C?)
Y
Inelastic scattered electrons

(DElastic scattered electron
@Transmit electron

@ Plasmon loss electron
@Core loss electron
(B®Bremsstrahlung loss electron

Copyright © Hydrogen Boride Research Center

5-3) EELS and EFTEM
Electrons and Their Mechanisms

Inelastic scattering events (referred to as excitations in
EELS) and their typical energy losses:

* Phonon excitation (lattice vibrations): ~0.1 eV or less
* Free-electron excitation (secondary electron
emission): ~50 eV or less

* Bremsstrahlung emission: up to the incident electron
energy

* Valence-electron excitation (interband transitions)*:
~10 eV or less

* Plasmon excitation (plasmon loss)*: ~30 eV

- Core-electron excitation (core loss)*: ~13 eV & above
* Signals typically analyzed by EELS

Single and multiple scattering

= Single scattering:

Only one excitation event occurs for an incident electron.
The energy loss equals the energy for that excitation.

* Multiple scattering™*:

Two or more excitation events occur for a single electron.
The total energy loss is the sum of individual losses. Forms
a cumulative background that degrades the signal-to-noise
ratio and complicates EELS interpretation.

**As specimen thickness increases, the probability of
multiple scattering increases. Therefore, specimens thinner
than approximately one electron mean free path are
desirable.



. 5-3) EELS and EFTEM
Convergence and Collection Angles ~> ="

The values of the two angles are necessary for quantitative analysis of EELS results.
Usually, half value of two different angles is used in analysis and in literatures.

Electron beam

«— Crossover point for
spectrometer

Incident electrons

Y

a/- Convergence angle

Aperture

Collection angle

Aperture

EELS spectrometer

Specimen

Convergence angle Collection angle

Reference: the a and B may be documented in the measured results dependent on the
TEM and GMS (Gatan microscopy suite, DigitalMicrograph), if not, measurement of on
your sample is necessary.
Copyright © Hydrogen Boride Research Center
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2 Electron Mean Free Path (A) >-3) EELS and EFTEM

The electron mean free path (Ai) is the average distance of an electron travels before
undergoing scattering. Ai depends on the type of scattering, accelerating voltage,
material, and scattering angle in the specimen. Plasmon scattering and core-loss
scattering are two major inelastic scattering processes and are readily identifiable in
EELS.

A of several elemental materials are graphed. Most of the elemental materials have A, of
~100 nm. For achieving a mainly single-scattering condition, a rough value of the
thickness of a specimen is less than about 100 nm.

Ai of some elemental materials

C Si Fe Mo Au

*: Ep=200kV, a = 20 mrad, B = 20 mrad.

*. Ni reflects the plasmon and signal
(Reference: Egerton R.F. Electron Energy-Loss Spectroscopy in the Electron Microscope (2011))

Copyright © Hydrogen Boride Research Center
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Inner-Shell Excitation and EELS Signals5

Example: Silicon (Si)

AE: The energy
difference between
two electronic states
involved in the
excitation.

This energy difference
corresponds to the
energy loss of the
incident electron.

-3) EELS and EFTEM

EF y EF A
Ls L —O0-0- 00O
L L, —O—O—
L2 Electron L
1 1 —O—0Q—
"\ Electron
K O O— « shell K '®) '®)
8 20
7 17.5
6 15
5
12.5
4
3 10
2 7.5
]

1500 1700 1900 2100 2300 2500
Energy loss (eV)

Excitation of K-shell electrons of

Si and the corresponding EELS
signal.

Copyright © Hydrogen Boride Research Center

5
75 100 125 150 175 200

Energy loss (eV)

Excitation of L-shell electrons of
Si and the corresponding EELS
signal.
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Energy loss edges in a general case.

For heavier elements (e.g. Z = 35
(Br), the edges of shallower shells
(M or higher) are usually used for
EELS measurement, because the
signals of L-, or K-edges are too
weak to be effectively detected.

Copyright © Hydrogen Boride Research Center

N-edge L-edge

5-3) EELS and EFTEM

The Excitation of Inner Shell Electrons and the Signal of EELS

«—— Electron excited by

O-shell

N-shell

M-shell ﬁ
L-shell @
a

K-shell

incident electron
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5-3) EELS and EFTEM
Specimen Preparation for EELS Measurements

For reliable EELS results, several aspects of specimen preparation should be considered.
Specimen thickness

The specimen should be sufficiently thin, preferably less than Ai.

Only a single plasmon peak should be visible in the low-loss region.

Electrical and thermal conductivity

Poor electrical conductivity can cause charge-up, specimen drift, and contaminations.
Poor thermal conductivity may increase beam damage.

A thin carbon coating (~2 nm) on both sides of the specimen can effectively improve both
conductivity.

Contamination control of specimen

Contaminations reduce signal-to-noise ratio and may make measurements impossible.
Baking and vacuum storage of the specimen prior to observation are effective for reducing
contamination.

Electron-beam showering or plasmon cleaning can suppress contamination, if applicable.

Reduction of beam damage
Adjusting the accelerating voltage and other measurement conditions are necessary.

Reduction of specimen drift
Use a stable supporting film/mesh and firmly attach the specimen to the specimen holder.

Sensitivity to elements of EELS
EELS working at a lower accelerating voltage (e.g. 80 kV compared with 200 kV) principally has
higher sensitivities to elements for an appropriate specimen.
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TEM image mode

5-3) EELS and EFTEM

Different Measurement Modes of EELS
(STEM EELS is mainly introduced in this section)

Electron beam

oL e

Back focal
plane of OL

Object plane

of IL

T L

a: ~0 mrad

B: Decided by the size of OL

aperture

Spectrometer

TEM diffraction mode

Electron beam

{1 OL
lefractlon

\ pattern

Object
plane of IL

IL

Spectrometer

a: ~0 mrad
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B: Decided by camera length

STEM mode

A scanning
focused beam

/{:}Ammen

BF detector
DF detector

Spectrometer

a: Decided by the size of CL
aperture
B: Decided by camera length
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5-3) EELS and EFTEM

Spectrum Image (Sl)

A spectrum image (Sl) is also a typical data format in STEM-EELS mode. The electron
beam scans across a selected area of the specimen, and an EELS spectrum is acquired
at each pixel. As a result, a three-dimensional (3-D) dataset (X, Y, AE) is obtained.

3-D information of an Sl

X A scanning A spectrum is
Y |AE electron beam measured at each pixel

[

VA AR A A4 »
JfS S S S S S n

Sy T T O

A S S S S 4 = ?

[ 7 113 &
% S
1IN ie .
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%d 116 %
L] v-t' -
11N @ &
Area of Sl 1T & .
A | N °
AN

A |V

. . // // §'
multilayer specimen i

Copyright © Hydrogen Boride Research Center. Samples provided by Prof. Suemasu and his students 36



Information from EELS Spectra (1)

The energy (eV) and intensity of plasmon-loss and core-loss edges of a specimen

I 35.0
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An example of EELS spectrum: Energy loss ranges on a spectrum
I

1800

1600

1400

1200

1000

|
W

800

600

400

200
0
300 320 340 360 380 400 420 440 460 480 540 560 580 600 620
eV

| Lo | [~

-50 /] 50 100 35I0 2(;0 ZSII} 30IG 35I(] 40I(] 45I0 SOICI 55I(] GOI(] GSICI
ev
Energy loss

/

Zero- \_\Y_' Y ;
loss Plasmon Core-loss
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5-3) EELS and EFTEM

Information from EELS Spectra (2)

|dentify elements and their chemical states with core-loss edges

Examples of EELS spectra: Core-loss edge of a SiO,/Mn,N/SrTiO; multilayer specimen.
Oxygen has different chemical shifts in SiO, and STO

B sso s 0

50

O-K edge of SiO,

45

40

35

30
|

25

20

480 500 520 540 560 580 600 620
ev

O-Kedge of S

A SiO,/Mn,N/SrTiO,
multilayer specimen
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5-3) EELS and EFTEM

Information from EELS Spectra (3)
» Distribution and composition of elements

An example of measurement: distribution of elements and their composition

Nitrogen Silicon

Combined-
elemental map of
Si, Mn, and Ti

Survey image

Spectrum Image

2

|

A

Mn,N SiO

Titanium Manganese Strontium

3
\f

SrTio

An SiO,/Mn,N/SrTiO,
multilayer specimen
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5-3) EELS and EFTEM

Information from EELS Spectra (4)

* Measuring Specimen Thickness

Using an EELS spectrum that includes energy

losses from 0 to approximately 150 eV or higher, e

the thickness of a specimen can be measured. b .

Procedure Barct b

1. Acquire an EELS spectrum and calibrate the
energy scale.

2. Select “menu”: EELS - Compute Thickness.

EELS | EFTEM SI  Volume Help

Sharpen

Zero-Loss

Preferences...

Remove Plural Scattering

3. Input the experimental parameters and click OK. Kramers-Kronig Analysis..
- 1 EELS Atlas__
oA = [ Compute Cross-section...

65.0 =
2.0 -

5.0

Decided by condenser
Lens aperture

45.5 =

5.0 =

| Decided by camera L.
& entrance aperture

20,0 =

15.0 =

103 =

5.0 5

02 ¥ T T T T T - —r T — T T T T T T T T
-0 (] 0 L) L] B0 100 120 140 UL 180 200 TI0 T TEQ 25 f ol 20

40
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5-3) EELS and EFTEM
Energy Filtered TEM (EFTEM, or Energy-Filtered Image (EFI))

An energy-filtered image (EFI) is obtained using a Gatan Image Filter (GIF)

with the TEM set to image mode. By inserting an energy-selecting aperture (slit),
electrons within a specific energy-loss range are selected. These electrons propagate
through the lens system and form an image, which is referred to as an energy-filtered

image. e-beam

‘1' A slit selecting
samole E-lost electrons
eeees lp .............................. ‘L ....... (\ ..... ]
Gatan Image Filter (GIF)9§ Q 4’
>
nergy-filtered image
-y, Pre-edge [Pre-edge |[Postedge EELS spectrum
1 window | 2 window | | window of Si-L edge Example

A Si elemental map is obtained with the 3-
window method. Three images are
obtained with signals in the separate
windows, then the elemental map is treated
with the images.
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Examples of Elemental Maps with EFTEM °-3) EELS and EFTEM

Carbon

Si/SiO,/Pt/C multilayer

¢

Pt

8 Silicon Combined map of C, O, Si

Si Sio,

TEM and energy-filtered images (EFI) of a Si/SiO,/Pt/C multilayer specimen.
The distribution and co-existence areas of elements are visualized.
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5. Analytical Capabilities

9-4) Summery of Analytical Capabilities of TEM

The feature of elemental analysis methods in TEM
The appropriate analysis method depends on what information you want for your
specimen.

Space Sensitivity Chemical Quantitati | Simplicity
resolution | to light state of
element operation
EDS A A X O O
EELS O O O O A
EFTEM A O A A A

43
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6. Summery and References

A Quick guide for possible measurement with different techniques of TEM/STEM

Aim Recommended technique

Phase or structure SAED. HRTEM. STEM

identification
Elemental analysis EDS, EELS, EFTEM
Atomic contrast image STEM-HAADF

Observing light elements BF, STEM-ABF, EFTEM

Chemical analysis EELS

Measuring thickness EELS

Copyright © Hydrogen Boride Research Center

Reason

The information of crystal
structure and lattice image
are obtainable

Signals relate to element

Contrast highly relates to Z

HAADF is weak for light
elements

Chemical shift can be
measured

Good quantitative



References 6. Summery and References

A free access multi-simulation program:

Recipro https://yseto.net/soft/recipro

Diffraction pattern, HRTEM image, etc. can be simulated.
There may be other useful information also on the internet.
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Books to Reference

< ‘ Electron Energy-Loss
.? Spectroscopy in the
‘f" Electron Microscope

Williams & Carter: R. F. Egerton:

On all aspects of TEM/ STEM One of the most comprehensive

books on EELS
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Redistribution policy and permission
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This center permits the redistribution of teaching materials to minimize the
effort required when teaching electron microscopy to beginners. To avoid
future copyright issues, all images have been newly taken using the center's
electron microscope equipment. Please contact the center if you wish to
redistribute the materials. (Google Translate)
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The end
Thank you very much!
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