


• https://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=element%20(elemental)%20mapping-2-

STEM-EDX/EELS Elemental Mapping - JEOL Grand ARM

SrTiO3 STEM-EDX elemental mapping
(80KeV)

SrTiO3 STEM-EELS elemental mapping
(80KeV)

https://www.jeol.co.jp/en/words/emterms/search_result.html?keyword=element%20(elemental)%20mapping


-3- • http://www.fei.com/uploadedFiles/Documents/Content/07102654_FEI_BROCH_ATOMIC_EDX_4A.pdf

STEM-EDX/EELS Elemental Mapping - ThermoFisher/FEI Titan 

SrTiO3 STEM-EDX/EELS elemental mapping

http://www.fei.com/uploadedFiles/Documents/Content/07102654_FEI_BROCH_ATOMIC_EDX_4A.pdf


1. How localized is the signal  ?  atomic resolution

2. How to avoid beam radiation damage ?  change in 

chemical composition

3. How quantitative are the results ?
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How To Achieve Atomic Resolution Chemical Mapping ?



1. Spatial Resolution

2. Energy resolution

3. Time resolution

…
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Important Aspects of Spectroscopy

the smallest lateral dimension within 
a thin specimen from which spatial 
information can be obtained
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Interaction of High Energy Electrons With Materials

Bremsstrahlung 
X-rays

“Adsorbed” 
electrons

Electron-hole 
pairs

Auger electrons

Backscattered 
electrons (BSE)

Secondary 
electrons (SE)

Visible 
light

Inelastically

scattered

electrons

Characteristic

X-rays

Incident high-kV beam

Direct beam

Elastically Scattered

electrons



Inelastic processes can be separated into three components:

1. Processes that generate X-rays.

2. Processes that generate other (secondary) electrons.

3. Processes that result from collective interactions with many atoms or electrons.
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Inelastic Scattering
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Analytical Electron Spectroscopy (AES)
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EDS

EELS

Analytical Electron Spectroscopy – EELS Vs. EDS

W&C page 55

(Primary event)

(Secondary event)
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Interaction of High Energy Electrons With Materials

Bremsstrahlung 
X-rays

“Adsorbed” 
electrons

Electron-hole 
pairs

Auger electrons

Backscattered 
electrons (BSE)

Secondary 
electrons (SE)

Visible 
light

Inelastically

scattered

electrons

Characteristic

X-rays

Incident high-kV beam

Direct beam

Elastically Scattered

electrons



-12- Gatan - EELS Imaging & Analysis School 

Types of Energy Loss Spectrometers
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electron beam

specimen

entrance
aperture

energy
selecting

slit

CCD camera

lens array

The Post column Filter(GIF = Gatan Image Filter)
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The EELS Spectrum
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Specimen thickness

EELS energy resolutionZero loss peak (ZLP)

Monochromator 
helps

valence/conduction 
electron density

Plasmon peaks

polarization response (complex dielectric 
function)

LL distribution 

Monochromator 
needed

hints about band structure (interband
transitions)

Near ZL features (VEELS)

elemental compositionCore loss edges

Monochromator 
helps

hints about band structure (density of 
unoccupied states)

ELNES (Electron Loss Near 
Edge Structure)

Monochromator 
helps

atom-specific radial distribution of near 
neighbors (RDF), bond length

EXELFS (Extended Electron 
Loss Fine Structure)

Specimen Information Provided by Each EELS Signal





-17-

Interaction of High Energy Electrons With Materials
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• Two main components of the X-ray spectrum:

1. Characteristic X-rays
• elemental identification
• quantitative analysis

2. Continuum X-rays
• background radiation
• must be subtracted for quantitative analysis

The EDS Spectrum

➢ Important uses:

▪ Qualitative use x-ray 
energy to identify elements

▪ Quantitative use 
integrated peak intensity to 
determine amounts of 
elements



-19- https://www.fei.com/products/tem/themis-z-for-materials-science/

Super-X Dual-X
Effective Solid Angle (srad) 0.7 1.76

Detector efficiency on Si3N4

kcps/nA
22 50

Energy Resolution C-K (eV) < 65 (@ 10kcps) < 50 (@ 10kcps)

Energy Resolution Mn-K (eV)
130.5 (10kcps)
131 (100kcps)

126 (10kcps)
130 (100kcps)

Spurious Peaks
Fe-K/ Ni-K (%)

0.23 1.4

The Latest Technology in EDX Detectors

https://www.fei.com/products/tem/themis-z-for-materials-science/


x

y

DE
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• The spectrum image data cube is filled one spectrum column at a time

▪ In STEM it is possible to collect x-ray, EELS, BF, and ADF simultaneously

Gatan - EELS Imaging & Analysis School 

STEM Spectrum Image (SI) Acquisition
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• STEM SI

▪ Parallel spectrum acquisition with 
scanned probe at position (x,y)

▪ Serial image - pixel acquisition by 
changing (x,y)

• EFTEM SI

▪ Parallel image acquisition with filter 
at energy-loss ΔE

▪ Serial spectral acquisition by 
changing ΔE

DE

DE

Dx

Dx

Dy

Dy

Spectrum Imaging (SI)- 2 Principale Acquisition Modes



1. Electron-optical considerations

2. Probe size / Interaction volume

3. Sample drift

4. Beam radiation damage

5. Elastic and Inelastic delocalization
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How To Achieve High Spatial Resolution Chemical Mapping



1. Electron-optical considerations

2. Probe size / Interaction volume

3. Sample drift

4. Beam radiation damage

5. Elastic and Inelastic delocalization
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How To Achieve High Spatial Resolution Chemical Mapping



Fortunately, the TEM uses a relatively
low beam current (usually <1nA), giving
conditions that correspond to the

“pencil-beam regime” where the
statistical Coulomb broadening depends
on the third power of the beam current.

So for accelerated electrons, the

statistical broadening appears to be
negligible, even for aberration-
corrected lenses forming a high-
intensity probe.

R.F. Egerton, Ultramicroscopy 107 (2007) 575–586
Handbook of Charged Particle Optics, CRC Press, Boca Raton, 1997, pp. 275–318 (Chapter 7)

Electron-optical Considerations - Coulomb Broadening  

-25-
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How To Achieve High Spatial Resolution Chemical Mapping

1. Electron-optical considerations

2. Probe size / Interaction volume

3. Sample drift

4. Beam radiation damage

5. Elastic and Inelastic delocalization
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How To Achieve High Spatial Resolution Chemical Mapping

EELS

EDS
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EPMA 
or SEM

AEM
Or TEM

0.1 mm 10 nm 1 nm

Excited volume
~ 1 mm3

Excited volume
~ 10-5 mm3

Excited volume
~ 10-8 mm3

Thermionic 
source

FEG
source

100nm
10nm

W&C page 672

The Interaction/Excited Volume
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Goldstein single scattering equation:

= atomic number
= incident beam energy [eV]

= density [gr/cm3]
= atomic mass [gr]
= sample thickness [cm]

Beam Broadening Inside a Thin Specimen



-30- Ryan J. Wu et al. ,Microsc. Microanal. 23, 794–808, 2017

Electron Probe Channeling - Simplified

2D beam intensity depth profiles of a simulated STEM probe propagation

vacuum Diamond [001] Silicon [001] Iron [001]



-31- Ryan J. Wu et al. ,Microsc. Microanal. 23, 794–808, 2017

Simple schematic diagram showing the paths of the beam intensity
from the STEM probe as it propagates in low-, intermediate- and high-Z crystals.

Electron Probe Channeling - Simplified



-32- Z. Chen et al. / Ultramicroscopy 168 (2016) 7–16

Electron Probe Density as it Channels Within SrTiO3

Distribution of the electron probe density as it channels 
within SrTiO3 for two convergence angles

13.7 mrad 19.5 mrad



1. Electron-optical considerations

2. Probe size / Interaction volume

3. Sample drift

4. Beam radiation damage

5. Elastic and Inelastic delocalization
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How To Achieve High Spatial Resolution Chemical Mapping



-34- Gatan - EELS Imaging & Analysis School 

SI Artifacts and Instabilities



1. Electron-optical considerations

2. Probe size

3. Sample drift

4. Beam radiation damage

5. Elastic and Inelastic delocalization
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How To Achieve High Spatial Resolution Chemical Mapping
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STEM-EDX/EELS Elemental Mapping – Beam Damage

Sequence of HAADF-STEM micrographs during 
acquisition of a STEM-EDX spectrum Image (SI)

of a SrTiO3 Specimen

200 KeV

500 pm

3.5nm

HT: 300KeV
Beam current: 233pA
Scan size: 156x169 pixels
Frame time: 733 msec
Total Acquisition time: ~7 minutes



The inelastic collisions that give us all the useful signals bring 
with them an unfortunate side effect, electron-beam damage.

Some people got their PhD thanks to this “undesirable” effect !!!

Main Types of Beam Damage:

1. Radiolysis: Inelastic scattering (mainly electron-electron interactions such as 
ionization) breaks the chemical bonds of certain materials such as polymers .

2. Knock-on damage or sputtering: displacement of atoms from the crystal lattice 
and creates point defects. If atoms are ejected from the specimen surface we call it 
sputtering. These processes are ubiquitous if the beam energy (E0) is high enough.

3. Heating: Phonons heat your specimen and heat is a major source of damage to 
polymers and biological tissue.

-37-

Beam Damage / Radiation Damage
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• “The inverse of mass loss is mass gain, and such an effect occurs when 

hydrocarbon molecules on the surface of a TEM or SEM specimen are 

polymerized by the incoming (or outgoing) electrons” [1]. This effect is usually 

referred to as beam-induced contamination. 

• This problem can be significantly reduced by improving the vacuum of 

microscopes, but may still be a significant problem when the specimen itself 

acts as a local source of hydrocarbons. This problem may be even more 

pronounced when using a very intense focused beam such as in scanning 

TEM (STEM).

R. F. Egerton, P. Li, and M. Malac, Radiation damage in the TEM and SEM, Micron 35[6]: 399-409, 2004.

Beam-induced Contamination
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• Microscopists use various techniques to overcome this problem: 
➢ Heating the specimen with an electric lamp or an ultraviolet lamp in 

air;

➢ Heating the specimen to about 300C in the TEM to desorb 
hydrocarbons from the sample surface;

➢ Plasma clean the specimen to sputter away the surface layer using 
energetic ions.

➢ Beam shower - expose the sample to a broad e- beam for a long time.

However, these techniques are not always applicable, especially when the 
samples are very delicate and sensitive to heating and/or oxidation.

Beam-induced Contamination



1. Electron-optical considerations

2. Probe size / Interaction volume

3. Sample drift

4. Beam radiation damage

5. Elastic and Inelastic delocalization
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How To Achieve High Spatial Resolution Chemical Mapping



Inelastic Delocalization Distance

Measurements and calculations of the localization 
distance for inelastic scattering, plotted as a function 

of energy loss.

R.F. Egerton, Ultramicroscopy 107 (2007) 575–586
M. Stöger-Pollach et al., Ultramicroscopy 173 (2017) 24–30-41-

Bohr's impact parameter:

𝐛 =
𝟐𝛑ℏ𝛎

𝚫𝐄



 DE  b

Atomic resolution EELS 
is possible for edges 

above 100eV





Elastic Delocalization

Intensity distribution of the electron beam inside a sample
containing an interface between NdGaO3 (left) and LaMnO3 (right)
for different convergence semi-angles

Stefan Löffler, European Microscopy Congress 2016: Proceedings

beam on
the interface

inside NGO 
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A S/TEM SIMULATION SUITE
https://github.com/HamishGBrown/MuSTEM



-44- L.J. Allen et al., Ultramicroscopy 151 (2015) 11–22

μSTEM - Modelling the inelastic scattering of fast electrons

(a) Exit surface intensity due to elastically scattered electrons and
(b) exit surface intensity due to thermally scattered electrons for 

plane wave illumination.
(c) (a) ) after imaging by an aberration free lens with an aperture 

of 25 mrad
(d) (b) after imaging by an aberration free lens with an aperture 

of 25 mrad.
(e) A position averaged convergent beam electron diffraction 

pattern calculated using an aberration-free, coherent probe 
formed using an aperture of 9.6 mrad with the average taken 
over the unit cell. 

(f) The annular bright-field image
(g) a high-angle annular dark-field image, using a probe formed 

using a 25 mrad aperture.
(h) An elemental map based on the EDS signal for the Si K edge
(i) An elemental map based on the EDS signal for the N K edge

Images calculated using μSTEM using 
100 keV electrons on a 300 Å thick 

specimen of [0001] Si3N4
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Ca-K Y-K

O-K Mn-K

HAADF-STEM

Atomic Resolution EDX Mapping of Y doped Ca2MnO4 [100]

HT: 200KeV
Beam current: 108pA
Scan size: 119x100 pixels
Frame time: 360ms
Total Acquisition time: 56 minutes



HAADF-STEM
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Atomic Resolution EDX Mapping of Y doped Ca2MnO4 [100]

Ca-K Y-K

O-K Mn-K

HT: 200KeV
Beam current: 108pA
Scan size: 119x100 pixels
Frame time: 360ms
Total Acquisition time: 56 minutes



HAADF-STEM
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CrPS4 (Chromium Thiophosphate)- exfoliated layered material

Cr-K
P-K S-K

HAADF-STEM

Model

HT: 60KeV
Beam current: 29pA
Scan size: 110x100 pixels
Frame time: 1sec
Total Acquisition time: 20 minutes


