
Note the locations
of the various
Apertures. 

Optimum aperture
sizes are needed 
for various
imaging functions. 

Most TEM/STEM
have 7-8 Lenses

2 Condensers
1 Objective
1-2 Intermediate
2 Projectors

Most instruments
have only 
Electromagnetic
Round Lenses

Gun Lens

Helps form probe

Condenser Lens

Mainly controls:
Spot Size
hence total beam
current

Objective Lens

Mainly controls focus

Diffraction/Intermediate
Lens

Controls Mode

Projector Lens

Magnification

Roles of the LensesRoles of the Lenses



Transmission Electron MicroscopyTransmission Electron Microscopy

Conventional Conventional 
ImagingImaging

HighHigh
ResolutionResolution

ImagingImaging

DiffractionDiffraction









Elastic Scattered Intensity 







Amplitude Contrast - in  the unscattered beam



Positive Staining





Phase Contrast results from interference with a scattered wave



Contrast Enhanced
With Phase Contrast

Mainly Amplitude Contrast



Phase Contrast is Increased by defocusing
But the “image resolution” degrades due to Fresnel Diffraction



3 nm pore

9 nm pore



T4  Bacteriophage
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Electromigration Voids in”Real Devices”











TEM/HREM ImageTEM/HREM Image
Interpretation/CalculationInterpretation/Calculation

(well beyond a 90 minute lecture)(well beyond a 90 minute lecture)

     V (r)

Ψ (r) = Σ φ i

Ψ o
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Bright Field/Dark Field Imaging





Kinematical Theory of Image Contrast

1.) Amplitude Contrast
2.) Diffraction into a Beam is small 
3.) Multiple Diffraction Events do not occur
4.) Each point of the specimen can be considered independent 

of its neigbors (column approximation)
5.) Each slab in the column can be assumed to act as a Fresnel Zone

φ0 φg

φ0 ~ 1 - φg
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Contrast Variation with Thickness
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Contrast Variation with Orientation



Bend Contours





Dislocation Images





R = displacement of the unit cell in the
area of the defect due to its strain field.



Contrast of Dislocations due to local changes
in orientation of planes - recall Bend Contours



Dynamical Theory of Image Contrast





Maximize Contrast with s > 0.
Dark Field Images are Symmetric









0,  1,  -1[110], [101], [011][1-10]

1,  1,  1[100], [010], [001][111]

2,  1,  1[110], [101], [011][110]

1,  1,  0[100], [010], [001][110]

1 , 0 , 0[100],  [010], [001][100]

g.bb[hkl]g[hkl]

0 = Out of Contrast    1 = In-Contrast  2 = Double Contrast













g.R = 0, 1, 2 …   No Contrast
g.R < + 2π/3  Oscillitory Contrast 

Symmetric BF, Asymmetric DF

Planar Defects 









Radiation Damage in MaterialsRadiation Damage in Materials

Damage Creation Event/ProcessDamage Creation Event/Process

MobileMobile
Vacancy & InterstitialsVacancy & Interstitials

CreatedCreated



HREM - PhaseHREM - Phase
Contrast ImagingContrast Imaging





““Routine HREMRoutine HREM””



Simplest HREMSimplest HREM  ImagingImaging
2 Beam Lattice2 Beam Lattice

000 g111





• In the high-resolution TEM, the incident electron beam interacts strongly with the
crystal, forming multiple diffracted beams that are brought together by the objective
lens so they can interfere to create an image.

• TEM images are able to depict the projected atom columns because they are
interference patterns of the directly transmitted beam with beams diffracted from
the specimen.

• Structural information from the specimen is encoded in the phase of the scattered
electron waves [5].  Although the electron phase is not an observable (it is not gauge
invariant [6]), phase differences can be measured by interference experiments such
as imaging.

• At the “optimum” or “extended Scherzer” defocus [7], objective lens  phase shifts
allow interference of the scattered electron waves exiting     the specimen to turn the
relative phases of the waves into image peaks mapping the atom positions (at the
resolution of the microscope).

 [5] J.M. Cowley, Diffraction Physics (1975) North Holland / American Elsevier.
 [6] H. Rose, Lectures on Charged Particle Optics, LBNL (2004)
 [7] O. Scherzer, J. Appl. Phys. 20 (1949) 20-29.

Image Formation in the High-Resolution TEM



z1

z2

z3

Phase  of the exit wave depends upon the
thickness &  interference of the diffracted and
transmitted beams in the specimen.
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incident electron wave
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Image Phase Shifts due to:
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Phase Transfer in the High-Resolution TEMPhase Transfer in the High-Resolution TEM

Scherzer Resolution

Same-sign transfer defines microscope resolution

Phase Contrast Transfer Function shows strength of transfer into image

Information Limit

End of transfer is the microscope’s “information limit”





Comparison of simulated and
experimental ESWs shows that Li
atom columns are visible at 0.9Å
resolution in the OÅM.

The reconstructed exit-surface
wave shows that the specimen is
tilted away from exact [110] zone
axis orientation and also reveals
buckling and possible electron
beam damage.

Co is “fuzzy” 
O is strong 

Li is weak 

Experiment

Simulation 

“Sub-Ångstrom Atomic-Resolution Imaging from Heavy
Atoms to Light Atoms”, Michael A. O’Keefe & Yang Shao-
Horn, Microscopy & Microanalysis 10 (2004) 86-95.

OÅM Image of LiCoO2 OÅM Image of LiCoO2 
shows lithium atomsshows lithium atoms



Information DelocalizationInformation Delocalization

Pt-Co CatalystsPt-Co Catalysts

Delocalization : R = | CDelocalization : R = | C55  λλ5 5 gg55 + C + C33  λλ33 g g3 3 + + λλ  ΔΔf f g | g | maxmax  



What are the limitations in HREM ? What are the limitations in HREM ? 

Light Microscope

Electron
Microscope
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The source and solutionThe source and solution
to to ““resolution limitationsresolution limitations”” has has
been known for nearly 50 yearsbeen known for nearly 50 years
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Challenge #1 : Challenge #1 :  High Resolution Imaging High Resolution Imaging
Requirements:  Requirements:  ~~  0.1 nm, 0.1 0.1 nm, 0.1 na na , 0.1 , 0.1 eVeV

First Generation Corrected InstrumentsFirst Generation Corrected Instruments



Challenge #5 : Challenge #5 : In-situ Liquid/GaseousIn-situ Liquid/Gaseous
Requirements:  Requirements:  ~~0.1 nm, + ???0.1 nm, + ???

5 nm5 nm

Pt

Co

Si 



• To get information beyond Scherzer resolution requires a “correction” of
the phase changes introduced by spherical aberration.

• Correction may be by hardware, or by software such as focal-series
reconstruction of the exit-surface wave.

• Early focal-series reconstruction methods used simple linear combinations
of image intensities at different spatial frequencies to correct for spherical
aberration and extend microscope resolution.

• Aberration correction from a five-member focal series improved the
resolution  of a JEOL ARM-1000 from 1.6Å resolution to 1.38Å and
allowed the oxygen atoms in staurolite to become visible [8].

CCSS Correction is Phase Correction Correction is Phase Correction

[8] “Resolution of oxygen atoms in staurolite by three-dimensional transmission electron microscopy", Kenneth H. Downing,
Hu Meisheng, Hans-Rudolf Wenk, Michael A. O'Keefe, Nature 348 (1990) 525.





What Limits the ability to form a small probe?What Limits the ability to form a small probe?

Lens Aberrations
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Incident beam

Specimen

TEM

To TEM imaging system (BF)

TEM

To TEM imaging system (DF)
Objective
diaphragm

STEM BF
detector

Incident beam

Specimen

STEM

To STEM imaging
system (BF)

STEM

To STEM imaging
system (ADF)

STEM ADF
detector



a

Incident convergent beam

Specimen

HAADF detector
ADF detector

BF detector
ADF detector

HAADF detector

θ1 > 50 mrads off axis
θ2 > 10->50 mrads
θ3 < 10 mrads

θ1

θ2

θ3
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Alternative Fabrication: Nano Arrays with 1.4 nm NanoGold

1.  covalent attachment of nanogold to subunits
2.  self-assembly into rings

3.  assembly into rings



HAADF 
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XEDS 
Identify Au

Nano Array Isolated NanoAu









What  are the Limits - Today?What  are the Limits - Today?

S. Pennycook from the TEAM Project Report

5 Å Spectroscopic
identification at
subnanometer
resolution.

8% collection
efficiency

820 850 880
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La M4/5

La in CaTiO3
grown by MBE



Aberration-correction allowsAberration-correction allows
for larger probe-formingfor larger probe-forming
aperture angles.As apertureaperture angles.As aperture
angle increases, probe widthangle increases, probe width
decreases.  Moreover decreases.  Moreover ““depthdepth
of focusof focus””decreases, and evendecreases, and even
more rapidly.more rapidly.

By varying defocus, inBy varying defocus, in
additional to usual 2D rasteradditional to usual 2D raster
scan, could now scan inscan, could now scan in
3D.Can still measure several3D.Can still measure several
signals simultaneously.signals simultaneously.

Scanning Confocal Electron Microscopy Scanning Confocal Electron Microscopy 
Depth ProfilingDepth Profiling


