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High Resolution TEM

Pb

Ti O

Pb

Ti

• K. Ishizuka (1980) “Contrast Transfer of Crystal Images in TEM”, Ultramicroscopy 5,pages 
55-65.

• L. Reimer (1993) “Transmission Electron Microscopy”, Springer Verlag, Berlin.
• J.C.H. Spence (1988), “Experimental High Resolution Electron Microscopy”, Oxford 

University Press, New York.
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High resolution….?!

electron at 300keV:

• v = 2.33 10-8 m/s 
(0.78 c)

•  = 0.00197nm

• diff = 10-3 rad

Precipitate in a ceramic: PbTiO3Atomic resolution…?

Pb

Ti
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the TEM in “high-resolution” mode

A high-resolution 
image is an 
interference image of 
the transmitted and 
the diffracted beams!

Diffracted electrons: 
coherent elastic 
scattering
(the electrons have 
seen the crystal 
lattice )

The quality of the 
image depends on the 
optical system that 
makes the beams 
interfere

Bright Field         High-Resolution
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Bright Field Imaging
Diffraction Contrast, Au (nano-) particles on C film
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High-resolution image and its FFT
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FFT filtering
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Scherzer-defocus: “black-atom” contrast
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“White-atom” contrast
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High-resolution

• The image should resemble the 
atomic structure !

• Atoms…?
Thin samples: atom columns: 
orientation of the sample (incident 
beam // atom columns)

• The observed contrast varies with 
thickness and defocalisation…!

• Need to compare with simulations !
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The objective lens
• Field with rotational symmetry

• Lorenz Force : F = -e v ^ B
e on optical axis: F = 0
e not on optical axis : deviated
optical axis: symmetry axis

• Scherzer 1936:
• Magnetic lens with rotational 

symmetry:
Aberration coefficients:
Cs: spherical
Cc: chromatical
– Always positive !!

4/14/366.0 sres CD 
Example: 

= 0.00197nm, Cs = 1 mm
Dres = 1.8 10-10 = 1.8ÅResolution limit:
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• Illumination

• Sample 

• objective lens

• Image, contrast

Image formation
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sample = phase objet
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Wave vector in vacuum:

Wave vector in a potential:

Phase shift  due to the cristal potential Vp:

Exit wave function: 

Plane wave

Cristal potential

Exit wave 
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Cristal potential = phase object
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WPOA
• Weak phase object approximation:
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Multi-slice calculation:
Calculation of the exit wave function for complex 
structures:

No absorbtion,effect of the object on the outgoing wave: only phase shift 

0

1

Vp1
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2

Vp2

’2
3

Vp3

The sample is cut into thin slices

The exit wave function contains the information about the structure of the sample
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Transfer Function
• The optical system (lenses) can be described by a convolution with a 

transfer function T(x):
Point spread function (PSF): describes how a point on the object side is
transformed into the image. 

T(x)

• Transfer Function:
desscribe how an “objet” wave-function is transformed 
into an “image” wave-function

• The image INTENSITY observed on a 
screen (or a camera / negative plate etc.)
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Coherent Transfer Function (CTF) of magnetic lens
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Spherical aberration defocus
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The « magic » of image contrast

Fourier Space
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but….

For a direct and simple interpretation of the image contrast:
the imaginary part (sin) of the transfer function exp[2pi(h)] should be ~1

The only free parameter in the microscope is: the defocus z
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CTF
• CTF: contrast transfer function

(« useful » = Vp)
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Scherzer defocus

sCz 3
4

4/14/366.0 sscherzer CD 

With  zscherzer

The CTF has a wide 
pass band

The first zero crossing of the CTF defines the « point-to-point » resolution of
an electron microscope
The atom columns appear as dark areas on a bright background

-
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CTF & spatial and temporal coherence « envelopes »
  )()()(2exp)()( hhhhh
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CM300UT FEG
Field emission
Cs: 0.7mm
z= 44nm

Résolution (point to point): 1.7Å
Information limite : ~1.2Å

Information 
limit

Resolution 
(Scherzer)
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A good microscope

CM300UT FEG
Emmission à éffet de champs
Cs: 0.7mm
z= 44nm

Résolution (point à point): 1.7Å
Limite d’information: ~1.2Å

CM30ST LaB6
Emmission thermionique
Cs: 2mm
z= 76nm

Résolution (point à point): 2.1Å
Limite d’information: ~1.9Å
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Super microscopes…..
Cs=0.2mm

Cs=0.01mm

Dilemma: Cs=0mm: no more contrast….
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Pass bands
z=44nm

z=67nm

z=84nm

z=98nm

di
re

ct
e
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Defocus

proj. pot.

Wave funct.

Au [100], thickness 20nm

scherzer

defocus

1. p.b. 2. p.b.

3. p.b.
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HRTEM image formation

Source
FEG

Illumination
coherent

specimen

exit wave

objective lens
Spherical aberration

Cs

image

projected
potential

Transfer
Function

image of “projected potential”

Problems:
defocusing for contrast: delocalization of information, information limit not used

specimen project. pot. atom pos. phase of exit wave

defocus
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“delocalisation”
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HRTEM image formation

Source
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Illumination
coherent

specimen

exit wave

objective lens
Spherical aberration
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Function

image of “projected potential”

Problems:
defocusing for contrast: delocalization of information, information limit not used

specimen project. pot. atom pos. phase of exit wave
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Phase retrieval

Cs=0 ?
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Iterative Wave Form Reconstruction: IWFR
FEI: TrueImage

<110> zone axis. Phase of EPW reconstructed from series of 20 
images with different defocus values.
The inset is a simulation for a specimen thickness of 2.8 nm. Circles 
denote oxygen columns located in the boundary plane. {111} Ti planes 
are labeled with “T” and {111} Ba-O planes with “B”.

reconstructed phase of {111} twin 
boundary in perovskite BaTiO3 

C. L. Jia and A. Thust
PHYSICAL REVIEW LETTERS 82, 25

A. Thust, M.H.F. Overwijk, W.M.J. Coene, M. Lentzen
Ultramicroscopy 64 (1996) 249-264

L.J. Allen, W. McBride, N.L. O’Leary, M.P. Oxley
Ultramicroscopy 100 (2004) 91–104

Exit wave function reconstruction
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correctors
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Aberration Correction
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Maximilian Haider, Stephan Uhlemann,
Eugen Schwan, Harald Rose, Bernd Kabius, Knut Urban
NATURE, VOL 392, 1998

f=68 nm f=96 nm

hexapoletransfer doublet

JEOL: JEM-2010F

the aberration-corrected transmission electron microscope
(Rose, 1990; Haider et al., 1998)

• Cs-corrector
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Super microscopes…..
Cs=0.2mm

Cs=0.01mm

Dilemma: Cs=0mm: no more contrast for 
low space frequencies….
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Cs correctors 2008: FEI Titan
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Sharp interfaces

No delocalisation at interfaces anymore

Cs corrector off Cs corrector on
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Gold crystal
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5. SCANNING Transmission Electron 
Microscopy

STEM
High-Resolution STEM

HAADF
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b) CTEM/SEM principles

Conventional Transmission
Electron Microscope

Scanning
Electron Microscope

Slide Projector TV

What you 
see is what 
the 
detector 
sees !!!
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TEM-SEM
interaction of electrons with the sample

Specimen
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m

Auger electrons

Backscattered electrons
BSE

secondary electrons
SE Characteristic

X-rays

visible light

“absorbed” electrons electron-hole pairs

Coherent elastic scattering direct beam
inelastically
scattered electrons

Bremsstrahlung
X-rays

1-100nm

Incoherent
elastic scattering
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Reciprocity
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Cowley (1969): for the same lenses, apertures and system dimension 
the image contrast must be the same for CTEM and STEM

2STEM = 2CTEM

2STEM = 2 CTEM

STEM

Lens

22

22

Cowley, 1989
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Microscope is operated in diffraction mode
Diffraction pattern = stationary pattern

BF/DF detectors
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Au particles on a C film

STEM BF:

Detection of transmitted 
electrons:

contrast similar to

CTEM BF image (objective 
aperture selects only 

transmitted electrons)

STEM ADF:

Detection of diffracted 
electrons on the annular DF 

detector:

(integration of multiple 
CTEM DF images)

Diffraction pattern

Microscope is in diffraction 
mode
Detectors placed relative to 
diffraction pattern
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Bright field/ AnnularDark field detector
influence of camera length and convergence angle

The selected camera-length (magnification of the diffraction pattern) 
determines what the detectors “sees”

Big camera length small camera length

ADF

BF
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Bright field TEM <->STEM
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ADF STEM

• The ADF image provides a signal which depends strongly on the 
bragg scattering (Al2O3). DIFFRACTION CONTRAST

• Single atoms scatter electrons incoherently to higher angles
~ “z-contrast”

Single atoms (or 
small groups of 
atoms) of Pt on 

crystalline Al2O3
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c) High Angle Annular Dark Field
z-contrast

(atomic resolution)

• Ultramicroscopy 30 (1989) 58-69
• North-Holland, Amsterdam
• Z-CONTRAST STEM FOR MATERIALS SCIENCE
• S.J. PENNYCOOK

• Ultramicroscopy 37 (1991) 14-38;
• North-Holland
• High-resolution Z-contrast imaging of crystals
• S.J. Pennycook and D.E. Jesson
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High Angle Annular Dark field detector

Big camera length small camera length

ADF

BF

HAADF
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High angle incoherent scattering

• The annular DF detector is 
placed beyond the bragg-
scattered electrons…

• Small camera length and 
large diameter of the 
detectors inner diameter

The image is formed by 
high angle incoherently 

scattered electrons
-> Rutherford scattering at 

the nucleus of the atoms

z2

Z-Contrast Si nano-crystals in SiO2 formed by implantation
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HAADF <-> HRTEM

• Pt catalyst on Al2O3

• Pt particles become visible in the HAADF image

HAADF BF
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HRTEM STEM-HAADF

HRTEM <-> STEM HAADF
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No contrast reversal as in CTEM HRTEM images !!!!
no repeated contrast patterns at different defocus settings
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HAADF-STEM study of β′-type precipitates in
an over-aged Al–Mg–Si–Ag alloy
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October 2014: Titan THEMIS @CIME
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Chemical analysis on atom columns
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EPFL Titan THEMIS  7.11.2014
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