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Numerical Aperture (NA)

https://www.microscopyu.com/tutorials

Numerical Aperture and Image Resolution
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Ernst Abbe 
(1840-1905)



Why using electrons?

Focussed by 
magnetic or 

electrostatic fields

Ernst Abbe (1840-1905) Louis de Broglie (1892-1987)
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de Broglie (1924):
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2.5 pm @ 200 kV

Abbé (1870): 
resolution limit

Microscopes – what‘s the difference

SEM

TEM

OM



Comparison of OM, TEM, SEM

Schematic setup of a TEM
Vacuum system
W: 10-3 Pa
LaB6: 10-5 Pa
FEG: 10-7 Pa

Electron source

Objective lens, sample

Condensor

Magnification system

Camera / CCD

Detectors, e.g.:
STEM
EDX
EELS 
GIF
CL



Main components of a SEM

Electron sources

200 µm

LaB6 tip

100µm

W-Filament

Field emission tip



Parallel illumination

Parallel illumination is 
required for high contrast!

Contrast ratio / Luminance
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Parallel illumination

parallel illumination is only possible 
with a point-like illumination source



Magnetic lens

Hans Busch
(1884-1973)

Walter Glaser
(1906-1960)

• Spherical abberation

• Chromatic abberation

• Astigmatism

Lens errors



Cs / Cc Corrector

Spatial resolution - limits



SEM - Imaging

J.Bernardi, TU Wien

Imaging in the SEM



Imaging in the SEM

Imaging in the SEM

Small electron probe is required for high magnifications
 Only possible with small electron source (FEG)



Electron-Matter Interaction

Claudionico~commonswiki

SE

BSE

Penetration volume

Penetration Volume



Penetration Depth - Estimation
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• Convention:    ESE < 50 eV              EBSE > 50 eV

Energy of Emitted Electrons



Electron Detectors
Secondary electron detector:
(Everhart-Thornley)

Backscattered electron 
detector:
(Solid-State Detector)

Types of SE

Each beam electron can produce several SE 



Secondary Electrons (SE)

SE 1

• Generated at point of primary beam

• RESOLUTION

SE 2

• Generated by backscattered electrons close to surface

• BRIGHTNESS (reduced resolution when EPE > 5 kV)

SE 3

• Generated when BSE hit interior of SEM chamber 

• NOISE

SE 4

• Generated when beam interacts with apertures in column

• NOISE

Contrast from Secondary Electrons

 Atomic number (Z)
 More SE 2 at heavier elements 

(especially at low EPE)

 SE yield depends strongly
on surface structure
• More SE at edges
• More SE at surfaces facing 

towards SE detector



BSE Detector - Contrast

Most BSE are BSE 2 type

BSE vs SE

Images: Greg Meeker, USGS

BSE: Z-Contrast

SE: Information from 
sample surface



BSE vs SE Imaging  (Nb3Sn wire)

BSE SE

Images: Madalena Pieler, TU Wien

BSE vs SE Imaging  (Tl-1223 film)

Images: Sigrid Holleis, TU Wien

BSE SE

Ag

(Tl,Bi)1(Ba,Sr)2Ca2Cu3O9

Tl,Bi rich



Depth of Field

Optical microscopy

SEM

Depth of Field (D)

Short working distance


Long working distance
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Non Conductive Materials



TEM – imaging & 
structural

characterisation

J.Bernardi, TU Wien

Image formation

What`s a „nice“ image?



Sample

Objective lens

Back focal plane

1st magn. image

g

b

f 1/g+1/b=1/f

Imaging by magnetic lenses
Sample

Objective lens

Back focal plane

1st magn. image

g

b

f 1/g+1/b=1/f

Bragg‘s law (1912)
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Electron diffraction
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objective lens

Sample

Image and structure information in 
the TEM

Electron source

Sample

Diffraction pattern

1st image (by OL)

Condensor (CL)

Diffraction Lens (DL)

Objective lens (OL)

Screen, CCD

Image mode Diffraction mode

2nd image (by DL)

Intermed. Lenses
Projective Lens



Kikuchi pattern

1) Inelastic scattered electrons with higher intensity in forward direction.
2) Bragg diffraction on crystal planes
3) Formation of two cones with different intensity

Seishi Kikuchi
(1902-1974)

Kikuchi pattern / map

fcc crystal



Electron diffraction in the SEM
Electron Back Scatter Diffraction EBSD

EBSD configuration Camera

Sample

Obj. lens

TKD Transmission Kikuchi Diffraction

TKD configuration Camera

Sample

Obj. lens

Images: Stephan Pfeiffer, TU Wien

Nb3Sn filament, TEM sample



Chemical analysis

J.Bernardi, TU Wien

Electron-Matter Interactions

Claudionico~commonswiki



Resolution

http://biomedicalcomputationreview.org/content/res
olution-limits-optical-microscopy-and-mind

https://www.slideshare.net/reachquadri/what-is-spatial-resolution

Energy Dispersive X-ray Analysis 
(EDX)

(Tl,Bi)1(Ba,Sr)2Ca2Cu3O9



Electron Energy Loss Spectrometry
(EELS)

http://www.eels.info/

Sample

Elements

Background

Artefacts

Problems

EDX
Thicker samples for TEM

Low X-ray yield for light 
elements

Bremsstrahlung

Sum-/ESC peaks, spurious
elements

Excitation Volume !

Fluorescence, Absorbtion

EELS
Thin (!!)   (only TEM)

Good for light elements (low
losses)

Exponential decay

none

Delocalization



Examples

Tl-1223

1223

Tl-rich

Ca-O+Sr

Ca Ba Cu Tl Sr

SEM, SEEDX phase map



SEM EDX map of Tl-1223

1223

Ca-O

Ca Ba Cu Tl

Ca-O+Sr

(Tl,Bi)1(Ba,Sr)2Ca2Cu3O9

SEM, SEEDX phase map

FIB Preparation



TEM Tl-1223

Ag

1223

TEM EDX Analysis Tl-1223

Elem Wt% At% Error

Tl L 0.15 0.03 33.37

Bi L 0.24 0.05 39.16

Ba L 65.14 22.1 0.47

Sr K 8.55 4.54 3.28

Ca K 0.03 0.03 67.62

Cu K 0.8 0.59 12.04

O  K 24.92 72.57 0.38

Ag K 0.18 0.08 59.9

Elem Wt% At% Error

Tl L 0.46 2.94 1.78

Bi L 7.35 2.04 4.17

Ba L 1.22 0.52 19.81

Sr K 20.71 13.73 0.85

Ca K 10.99 15.92 0.43

Cu K 29.92 27.35 0.35

O  K 9.53 34.59 0.49

Ag K 0.35 0.19 54.61

Elem Wt% At% Error

Tl L 17.62 3.56 3.21

Bi L 1.22 0.24 21.15

Ba L 0.02 0.01 56.47

Sr K 1.59 0.75 18.31

Ca K 58.75 60.44 0.25

Cu K 1.44 0.94 6.57

O  K 12.15 31.32 0.64

Ag K 7.2 2.75 9.94

Elem Wt% At% Error

Tl L 1.65 0.35 41.1

Bi L 0.72 0.15 43.43

Ba L 8.45 2.68 10.55

Sr K 56.47 28.09 1.54

Ca K 9.82 10.68 1.97

Cu K 1.06 0.73 19.35

O  K 20.9 56.93 0.88

Ag K 0.92 0.37 62.2

1223

Ba-O

Ca-Sr-O
Ca-O

1223
500 nm



Imaging  (TEM & STEM)

Crystalline contrast in 
TEM image

? Chemical composition at 
surface layer

STEM image (Z-contrast) 
indicates inhomogeneities

HAADF STEM

TEM
Substrate

Surface

Protective layer (FIB)

Device for sensor application

EDX maps and quantification

Al K Ti K O K OverlayNb K Si K

Element At %

O  K 68.7

Al K 1.9

Nb L 3.1

Ti K 26.3



EDX vs EELS

Element At %

O  K 68.7

Al K 1.9

Nb L 3.1

Ti K 26.3

Nb Magenta 
Al Green 
Ti Red
O Blue

Al K–map Ti K–mapO K–map Nb K–map Color mix image

 Shows that here is much less O than EDX would suggest

EELS maps

Element Atom. ratio(/Ti) At%

O 0.42 ± 0.059 28.6

Al 0.00 ± 0.003 0.0

Nb 0.06 ± 0.009 4.2

Ti 1.00 ± 0.000 68.6


