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[By J Brew, uploaded on the English-speaking Wikipedia by 
en:User:Hat&#039;nCoat. - originally posted to Flickr as Electron 
Microscope DeutschesMuseum, CC BY-SA 3.0, 
https:// commons.wikimedia.org/w/index.php?curid=5309032]

The first electron microscopewasconstructed by 
German physicist Ernst Ruska  in 1933. 

He has obtained aNobel Prize in 1986 for his work 
in electron optics including the microscope 
construction.
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Why electrons?

ÅFirst motivation ςhigher resolution power

The smallest resolved distance d:
ÅNaked eyes ͯ 0.1ς0.2 mm
ÅOptical microscopy uses the visible light with 

wavelength lͯ 380 - 750 nm 
Åɻ ͯ200 nmfor the green light

ÅElectrons: (E is energy of electrons)

lͯ
Ȣ

for 100 kV  l= 4 pm = 0.004 nm

Åɻ ͯ2 pm

Å1960ΩǎĄ 1 MV, 3 MV ςHVEM
ÅIƻǿŜǾŜǊΣ ŜƭŜŎǘǊƻƳŀƎƴŜǘƛŎ ƭŜƴǎ ŀǊŜ ƭƻǿ ǉǳŀƭƛǘȅ ƭŜƴǎŜǎ ǿƛǘƘ ƘƛƎƘ ŀōŜǊǊŀǘƛƻƴǎ ΧΦ 

Rayleigh criterion for light 
microscopy

d
Ȣ l
m b

~ ˂

l- wavelength
m- refractive index
b - semiangle of collection of
the magnifying lens
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Why electrons - resolution

[PennycoockMRS Bull. 31 (2006) 36]

A grain boundary of SrTiO3 without and with the chromatic 
aberration CScorrection

Aberration-corrected TEM - the correction is done using an
advanced set of magnetic lenses to achieve subatomic
resolution. Oneof the advantagesbeyondthe resolution is the
ability to operate at lower accelerationvoltageswith a limited
impacton the resolution.
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RuO2 thin films on Si 
substrate 

Selected Area 
Electron 
Diffraction
ED, SAD, SAED 

Bright Field  
(BF) TEM image

Diffraction                             TEM image

[2]

Why electrons ςtheyscatter to relatively high angles Ą electron diffraction
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MgO in MgB2 Energy-dispersive spectrometry (EDS)MgOwith [1-10] oriented parallel to the electron beam

Why electrons - Electrons are ionizing radiation Ą AnalyticalTEM(ATEM)
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Limitations of TEM

ÅDestructive method

ÅThin specimen preparation quality!!!!!

ÅVery local observation

Å2D projection of 3D (in exception of 
stereography) [2]

Grain boundary in Al reinforced by nano-Al2O3
[2]

Dislocations in GaAs 7



Limitations of TEM

ÅElectron beam damage

ÅDefects, in-situ annealing, phase 
transformations, amorphization

ocooling ςcryo-TEM (C-TEM)

o Lower doses and more 
sensitive detectors (CCD 
camera)

[2]
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Instrument

Electron gun ςsource of electron 
beam

Condensorςsystem of 
electromagnetic lenses + 
condensor aperture ςshaping 
and/or scanning of incident 
electron beam

Objective lens + aperture ςthe 
most important for image creation 
and resolution 

System of lenses + selected area 
aperture ςfor outcoming signal 
treating 
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Instrument ςelectron gun 
Thermoionic guns 

Richardson law

T - temperature
ʊ - work function
K - Boltzman const
A - material const

W filament

LaB6 tip
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Instrument ςelectron gun 
Field emission guns 

ÅAnode 1 provides the 
extraction voltage to pull 
electrons out of the tip.

ÅAnode 2 accelerates the 
electrons to 100 kV or more. 

Electric field near a sharp 
spherical electrode tip 
under voltage V

W FEG tip
11

Cold FEG ςW needle tip ςit worksat ambient 
temperature but only in the ultra-high vacuum  < 10-9 Pa 
and with necessity to clean regularly the tip surface  

SchottkyFEG ςsurface treated by ZrO2 + heated ςit 
works in the high vacuum < 10-6 Pa without cleaning 
breaks



Instrument ςelectron gun 
ÅThermo-emission gun

W wire tipςthe simplest, low vacuum, low intensity, large probe diameter, higher electron 
energy spread, used in conventional TEM 

LaB6ςa bit higher intensity, more attentive utilization, 

ÅFEG ςhigh vacuum, high intensity, monochromatic el. beam, nm probe size Ą STEM, corrected TEM
Cold FEG ςvery stable but more attentive utilization, contamination problem
Schottky FEG ςthe most frequent, heating helps to remove contamination and decreases 
the tunelling barrier 
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ÅElectromagnetic lenses ςmoving 
electron in magnetic field 

ÅLorentz force    

F= - e (v x B) 

F= e v B sin , 

For Ғ90ϲ

F= e v B = 

The cyclotron radius        ὶ

Instrument ςelectromagnetic lenses 
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Apertures = holes in diaphragms  -

Åto limit the collection angle of lens b

ÅTo extract a part of electron beam to
×limit el. beam intensity - condenser aperture

×exclude some beams from image creation ς
different TEM techniques ςobjective aperture

×select an area of interest ςselection aperture

Instrument ςapertures
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Resolution limiting abberations

Spherical abberation

Chromatic abberationAstigmatism

b - maximum collection angle of lens
Df ςmaximum defocus 15



Correction of spherical aberration

[Pennycook 2003] 16



TEM techniques
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Reciprocal lattice

a*. b = a*. c = b*. c = b*. a = c*. a = c*. b = 0 

a*. a = 1; b*. b = 1; c*. c = 1 

ghkl = ha* + kb* + lc* reciprocal lattice vector of plane (hkl)

Orientation - perpendicular to (hkl) plane 

Absolute value  - Ὣ
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Electron diffraction

k ςwave vector

K . a = h
K . b = k   Laue diffraction conditions
K . c = l 

KI incident 

K
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Electron diffraction

gi

Ewald 
sphere 

[1]

Radius = l

Laue zones

as ˂ is small Ewald sphere has big radius ς
reciprocal lattice cut
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SAD ςdiffraction spots 

Fe- 2.9 at.% Mo alloy 

{ƘŀǇŜ ƻŦ άǊŜŎƛǇǊƻŎŀƭ ǎǇƻǘǎέ
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TEM techniques

DIFFRACTION IMAGINIG SPECTROSCOPY

Amplitude 
contrast

Phase 
contrast

Selected 
area 

diffraction

Micro-
nano-

diffraction

Convergent 
beam 

diffraction

Energy 
dispersive 

X-ray 
spectroscopy

EDS

Electron 
energy loss 

spectroscopy
EELS

X-ray 
mapping

Energy-
filtered 

TEM
EFTEM

In-situ techniques 
-heating, deformation    
electrical current for 

ǘǊŜŀǘƳŜƴǘ ƻǊ ƳŜŀǎǳǊŜƳŜƴǘΧ
22



DIFFRACTION

Selected 
area 

diffraction

Micro-
nano-

diffraction

Convergent 
beam 

diffraction

The most frequently used, use parallel electron beam ςcut of reciprocal 
lattice revealing also its fine structure ςall examples used here

Small dimension electron beam used ςthe diffraction spots are larger, but 
possibility to analyze small grains, domains (in STEM)

Special technique, needs possibility to use 
highly convergent electron beam provided 
by all modern TEM microscopes but not by 
older ones (not in our institute) ςrich in 
information concerning the  lattice ςlattice 
ǇŀǊŀƳŜǘŜǊǎΣ ǎȅƳƳŜǘǊȅΣ ǎǘǊŀƛƴΧΦ
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SAD ςCrystallinity

La0.67Sr0.33MnO3 (LSMO) 
thin films grown on 
Bi4Ti3O12(BTO)/CeO2/YSZ 
buffered Si 

Monocrystalline                              polycrystalline amorphous  

MgB2 Mixture of B-rich phases in 
MgB2 wire core
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SAD ςtexture

Ag/Ni multilayers with different levels of texture Deformed Al wire ςtexture in grain 
orientation and in their shape, too  25



SAD ςCrystallinity

Monocrystalline

La0.67Sr0.33MnO3 (LSMO) thin films grown on 
Bi4Ti3O12(BTO)/CeO2/YSZ buffered Si 
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Fine structure of SAD
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SAD ςSuperlattices

[2]
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O5

O5

(110)

(110)YBa2Cu3O7-dsingle crystal

Fine structure of SAD
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SAD ςDouble diffraction

The blue spots were created by DD

020CeO2

200CeO2

2110Al2O3

Epitaxial CeO2 thin film grown on Al2O3

CeO2

Al2O3
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Phase analysis from SAD

l╛ ὙὨ

R

Bragg eq.

Camera constant
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WΦ[Φ [łōŀǊ ςfree 
software 
ProcessDiffraction
http://www.energia.
mta.hu/~labar/Proc
Dif 
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TEM techniques
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TEM imaging ςimage contrasts 

ÅMass-thickness contrast ςincoherent Rutheford scattering ς
strongly depends on atomic number Z ςthe principal contrast for 
amorphous materials, but present everywhere

ÅDiffraction contrast ςcoherent electron scattering ςin crystalline 
materials ςelectrons are scattered by Bragg diffraction  

Contrast = difference in intensity between two adjacent areas

Electron beam - changes its amplitude and phase 

Phase 
contrast

Amplitude 
contrast

Every diffracted  and transmitted wave pass a different way and has its own 
phase  - if they ineract after sorting from specimen, 2D interferrence pattern 
is created on image plane 
Too many factors contrinute to the phase shift ςthickness, orientation, 
scattering factor, focus, astigmatism ςbe carefull when interpreting them!!!
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Amplitude contrast  ςMass - thickness contrast

BF image of stained two-phase polymer exhibiting mass
contrast due to the segregation of the heavy metal atoms 
to the unsaturated bonds in the darker phase. [2]
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Selected Area Electron 
Diffraction
ED, SAD, SAED 

RuO2 thin films on Si 
substrate 

Bright Field TEM image  Dark Field TEM image

Objective aperture

SAD aperture

Amplitude c. ςDiffraction contrast

Diffraction                             TEM image

[2]

BF DF
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Diffraction contrast - Dark Field TEM
{101} TiO2

d = 0.2487 nm

{101} RuO2

d = 0.2558 nm

TiO2

RuO2

RuO2

RuO2/TiO2/RuO2/Si
Local epitaxial growth in polyrcystalline layers

Si

DF

BF

SAD
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Diffraction contrast 
ςvizualization of extremely thin layers intercalated into MgB2
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Dislocations in Si single crystal  [1]

Diffraction contrast ςcharacterization of defects

Invisibility criterion 
g . b = 0
b - Burgers vector of dislocation

Two beam 
condition
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Diffraction contrast ςcharacterization of defects

Stacking fault in Cu + 7% Al alloy [1]

BF DF
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Phase contrast ςaƻƛǊŞ ŦǊƛƴƎŜǎ

Al2O3

CeO2 na Al2O3

CeO2/Al2O3   misfit 13,7 %

200CeO2

Al2O3

x ςdouble diffraction

[2]

Phase 
contrast
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Phase contrast ςaƻƛǊŞ ŦǊƛƴƎŜǎ

ÅDislocation visualization

CeO2/Al2O3

[1]
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Phase contrast ςαIw9aά

(100) a (010) oriented YBa2Cu3O7-dthin film 

(001) lattice fringes d=1.17 nm 
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Phase contrast - HREM

(012) Al2O3
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Nearly parallel 
e- beam

Focused scanned 
e- beam

corrected small probe with 
higher current ςhigher 
signal for all detectors (EDS,  
EELS, imaging) 
less noise for BF 

The ability to tune the
spherical aberration 
also provides both
optimum phase-
contrast imaging at 
small negative values 
of the spherical 
aberration and pure 
amplitude-contrast 
imaging at zero value, 
a mode which is not 
accessible in an 
uncorrected 
instrument 
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Scanning TEM - STEM
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Z-contrast 

(A) High-resolution phase-
contrast image of epitaxial 
Ge on Si with an 
amorphous SiO2 surface. 
The bright array of dots 
common to the crystalline 
region represents atomic 
rows and the Ge and Si 
regions are 
indistinguishable. 

(B) The high-resolution Z-
contrast STEM image shows 
the atom rows but with 
strong contrast at the SiςGe 
interface and low intensity 
in the low-Z oxide. 
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STEM DF contrast

ADF > 45 mrads HAADF > 75 mrads
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Energy dispersive spectrometryin STEMςXEDS

As in SEM ςmapping, line-scans, 
ǉǳŀƴǘƛǘŀǘƛǾŜΧΣ 
but from a thin foil ςhigher lateral 
resolution
+ STEM + aberration corrected TEM 
ςup to single atom resolution 

InAlN/GAN/sapphire, IEE 51



Electron energy loss spectroscopy ςEELS
ÅBased on a spectroscopy of inelastically scattered electrons
ÅDetects all elements !!!  (EDS  does not detect lightest elements up to Li )
ÅSpatial resolution up to single atoms
ÅEnergy resolution 1keV (EDS >100 keV)
ÅHowever, experimentally much more challenging ! 

Å All inelastic interactions 
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Energy filtering

(A) BF image of 
precipitates in a 
stainless-steel foil. The
other images were 
obtained from specific 
energy-loss electrons 
by energy filtering and 
correspond to 
distribution of Fe (B), 
Cr (C) Cr from filterin 
eectrons near the 
absoption edges of 
the spectrum and  
quantitative Cr map 
(D)

[2]



TEM specimen preparation

ÅGood quality TEM specimen = major limitation in TEM 
analysis !!!

ÅThin TEM specimen:   thin = electron transparent

ÅPowders on carbon coated metalic grids
ÅReplicas 
ÅChemical jet etching
ÅElectrolytical etching and jet etching
ÅGrinding, polishing and final ion milling
ÅUltramicrotomy
ÅCleaving 
ÅFIB
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Replica

Ҍ ŎŀǊōƻƴ αǎƘŀŘƻǿƛƴƎά
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Chemical jet thinning
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Electrolytic thinning
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Conventional TEM specimen preparation 
ςthin films on substrates

Thin film

substrate glue
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Dimpling

59

Cylindrictool with 
polishing powder



Ultramicrotomy
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