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High energy electrons provide high spatial resolution

2

L. de Broglie (1924) postulates that p=h/  is valid for all 
particles  wavelength of electrons (Nobel prize 1929)

broglie

deBroglie_E

The resolution limit of the light microscope due to the length of the 
light wave which had been recognized 50 years before by Ernst Abbe 
and others could, because of lack of light, not be important at such 

magnifications. Knoll and I simply hoped for extremely low dimensions 
of the electrons. As engineers we did not know yet the thesis of the 

“material wave” of the French physicist de Broglie  that had been put 
forward several years earlier (1925). Even physicists only reluctantly 

accepted this new thesis. When I first heard of it in summer 1931, I was 
very much disappointed that now even at the electron microscope the 

resolution should be limited again by a wavelength (of the 
"Materiestrahlung"). I was immediately heartened, though, when with 
the aid of the de Broglie equation I became satisfied that these waves 
must be around five orders of magnitude shorter in length than light 

waves. Thus, there was no reason to abandon the aim of electron 
microscopy surpassing the resolution of light microscopy.

1986: E. Ruska 
Nobel Prize

E. Ruska: 1931

http://images.google.de/imgres?imgurl=http://nobelprize.org/nobel_prizes/physics/laureates/1929/broglie.jpg&imgrefurl=http://nobelprize.org/nobel_prizes/physics/laureates/1929/&h=227&w=162&sz=12&hl=de&start=13&tbnid=scNcwSs5cN615M:&tbnh=108&tbnw=77&prev=/images?q=de+broglie&svnum=10&hl=de&lr=lang_de&client=firefox-a&rls=org.mozilla:de:official&sa=N
http://images.google.de/imgres?imgurl=http://www2.kutl.kyushu-u.ac.jp/seminar/MicroWorld2_E/2Part1_E/2P11_E/deBroglie_E.jpg&imgrefurl=http://www2.kutl.kyushu-u.ac.jp/seminar/MicroWorld2_E/2Part1_E/2P11_E/deBroglie_wave_E.htm&h=187&w=237&sz=8&hl=de&start=9&tbnid=BcYZf4Ofb43zqM:&tbnh=86&tbnw=109&prev=/images?q=de+broglie&svnum=10&hl=de&lr=lang_de&client=firefox-a&rls=org.mozilla:de:official&sa=N
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Electron Wavelengths in Electron Microscopes 

3

Electron charge (e) -1.602 x 10-19 C

1 eV 1.602 x 10-19 J

Electron rest mass (mo) 9.109 x 10-31 kg

Electron rest energy (moc
2) 511 keV

Kinetic energy (charge x tension) 1.602 x 10-19 Nm (per 1 volt)

Plank's constant (h) 6.626 x 10-34 N-m-s

1 Ampere 1 C/sec

Light speed in vacuum (c) 2.998 x 108 m/sec

Accelerating

voltage [KV]
Nonrelativistic

 [nm]
Relativistic 

[nm]
Mass [x mo] Velocity

[x 108 m/s]

1 0.03879 0.03878 1.002 0.13

10 0.01227 0.01221 1.02 0.42

80 0.00434 0.00418 1.157 1.1

200 0.00274 0.00251 1.391 1.59

300 0.00224 0.00197 1.587 1.82

1000 0.00123 0.00087 2.957 2.44

non relativistic (<50keV)

Relativistic correction
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Diffraction Limited Resolution

4

Green light :  ≈ 532 nm,

 (objective collection angle)~1 rad

n= 1.7 for oil immersion lens

*** d=200nm

Electrons 200 keV  :  ≈ 0.00251nm

n=1 for vacuum                           

=0.1 rad given TEM geometry

***d=0.015 nm

𝑑 = 0.61


𝑛 sin 𝜃
= 0.61

𝜆

𝛽

Raleigh’s Criterion

𝑑

Airy Diffraction Disks
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Aberration Correction

5

Uncorrected resolution is ~150 X diffraction limit

Cs-Corrected resolution is ~20 x diffraction limit

Diffraction 
limit of LM

Diffraction 
limit of EM
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Transmission Electron Microscope
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Sample

Back focal plane 
(diffraction)

1. Gun – Thermionic or Field emission. 
Electrons are accelerated to different 
voltages (wavelengths)

2. Condenser lenses- changes spot size, 
illumination area, and convergence angle 
on the sample (forms STEM probes)

3. Objective lens – images the sample. The 
electron diffraction patterns are formed 
in the back focal plane, where the 
objective aperture is also located.

4. Intermediate lenses- changes modes 
from imaging to diffraction, 
magnification, and camera lengths

5. Detectors- cameras, STEM detectors, 
electron spectrometer
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Interaction of high energy electrons with samples

7
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Electron Diffraction 

8

Bragg Diffraction Powder Pattern

111
200

220
311
222

Single Crystal Spot Pattern

R

Camera Length 

(CL)→8-200cm

dhkl

2hkl

k

k’

R=G=k+k’=1/dhkl

ZOLZ

FOLZ

SOLZ

2𝑑𝑠𝑖𝑛𝜃 = 2𝜃𝑑 = 𝑛𝜆
𝑅𝜆 = 2𝜃 = 𝑅/𝐶𝐿, 𝑑ℎ𝑘𝑙 = 𝜆𝐶𝐿/𝑅

𝜆200𝐾𝑒𝑉 = 2.51𝑝𝑚

Ewald’s sphere
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Ewald's Sphere and excitation error

9

Excitation error (s), 

𝑘 = 𝑔ℎ𝑘𝑙 + 𝑠

Characteristic diffraction vector length, 
extinction distance

𝜉𝑔 = ൘
𝜋𝑉𝑐𝑐𝑜𝑠𝜃𝐵

𝜆𝐹𝑔

a) b)

c)
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2-Beam Condition
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Brightfield Darkfield

Weak-beam 
Darkfield
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Diffraction Contrast

11
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Dislocation imaging
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▪ Strong beam Bright-field or Two beam condition: the 
sample is first tilted such that g image is excited (Ewald 
sphere intersects g) and strong in intensity.

▪ Strong beam Dark field: the image is formed using the 
excited, high intensity (g) diffracted beam

▪ Weak Beam Dark-field (WBDF): the sample is titled 
such that the 3g and 0 spots are both excited, and the 
objective aperture is centered on the WEAK g spot.

Reciprocal 
lattice plane

Diffracted 
beam

Ewald’s
Sphere

Optic
Axis

Brightfield

Darkfield

WeakBeam
Darkfield

WBDF is useful for imaging defects since the excitation error 
is small and defects such as dislocations are better resolved
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ZA (Kinematical) imaging vs. 2-Beam vs. Weak Beam

13
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Stacking Faults imaged with Weak Beam

14

Weak Beam ImageTwo Beam Bright-field

Fringe spacing correlates to partial dislocation separation distances which can 
be measured clearly in weak beam due to improved contrast and resolution 
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Weak-beam provides <5nm resolution 

15
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Kinematical Diffraction 
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Assumptions

• Only 2 diffracted beams are considered, 
direct and one diffracted (aka why we 
do 2-beam condition)

• Intensity of the diffracted beam is small

• Single scattering event, that is “one 
cycle” intensity change

• No absorption, i.e., Idiffracted << Itransmitted

𝐼𝑑𝑖𝑓𝑓 =
𝑠𝑖𝑛2(𝜋𝑧𝑠)

𝜉𝑔𝑠
2

𝐼𝑡𝑟𝑎𝑛𝑠 = 1 − 𝐼𝑑𝑖𝑓𝑓

𝜉𝑔 = ൘
𝜋𝑉𝑐𝑐𝑜𝑠𝜃𝐵

𝜆𝐹𝑔
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Thickness Fringes
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Brightfield Darkfield
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Bend Contours

18

sg=0 sg=0
Increasing sgIncreasing sg

sg<0

{ℎ𝑘𝑙}
planes

{ℎ𝑘𝑙} 
planes

Diffracted 
beams
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Kinematic Diffraction in crystals with defects
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𝑉𝑑𝑒𝑓 𝑟 =෍

𝑔

𝑉𝑔𝑒
2𝜋𝑖𝒈∙[𝒓−𝑹 𝒓 ]

Translations and rotations between two crystals produce 
fringes in the images

• Stacking Faults
• Grain boundaries
• Translation boundaries
• Phase boundaries
• Stepped Surfaces

Electron wave has different amplitude and phase in 
each crystal resulting in constructive –destructive 
interference and fringe patterns
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Howie Whelan Equations
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𝑉 𝑟 =෍

𝑔

𝑉𝑔𝑒
2𝜋𝑖𝒈∙𝑟 Potential of perfect crystal

𝐴𝑐𝑒𝑙𝑙 =
𝑒2𝜋𝑖𝒌∙𝒓

𝑟
𝐹(𝜃)

Electron scattering
amplitude from a unit cell

𝜙𝑔 =
𝜋𝑎𝑖

𝜉𝑔
𝑒2𝜋𝑖𝑲∙𝒓𝒂𝑒2𝜋𝑖𝒌𝑔∙𝒓

Scattering amplitude of a 
diffracted beam (solved
using Schrödinger’s eqn.)

Extinction Distance

𝜉𝑔 = ൘
𝜋𝑉𝑐𝑐𝑜𝑠𝜃𝐵

𝜆𝐹𝑔

Ψ𝑇 = 𝜙𝑜𝑒
2𝜋𝑖𝒌𝑜∙𝒓 + 𝜙𝑔1𝑒

2𝜋𝑖𝒌𝑔1∙𝒓 +

𝜙𝑔2𝑒
2𝜋𝑖𝒌𝑔2∙𝒓 + 𝜙𝑔3𝑒

2𝜋𝑖𝒌𝑔3∙𝒓...

Total wavefunction
2-beam condition

𝜙𝑜 = 𝐶𝑜𝑒
2𝜋𝑖𝛾𝑧,

𝜙𝑔 = 2𝜉𝑔𝛾𝐶𝑜𝑒
2𝜋𝑖𝛾𝑧

𝐼𝑔 = 𝜙𝑔
2

z→ t

Scattering amplitudes in terms of  phase, 
and r and s are parallel to z

Solving the Bloch Wave
equations gives 𝐼𝑑𝑖𝑓𝑓

Diffracted Intensity

𝐼𝒈 =
𝑠𝑖𝑛2(𝜋𝑡𝑠)

𝜉𝑔𝑠
2

𝐼𝒐 = 1 − 𝐼𝑔
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Howie Whelan (Darwin) Equations
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𝑑𝜙𝑜 =
𝜋𝑖

𝜉𝑔
𝜙𝒈𝑒

−2𝜋𝑖𝑲∙𝒓 +
𝜋𝑖

𝜉𝑜
𝜙𝑜 𝑑𝑧 and 𝑑𝜙𝑔 =

𝜋𝑖

𝜉𝑔
𝜙𝒐𝑒

2𝜋𝑖𝑲∙𝒓 +
𝜋𝑖

𝜉𝑜
𝜙𝑔 𝑑𝑧

HOWIE-WHELAN EQUATIONS (perfect crystal) 

DYNAMICAL DIFFRACTION
The amplitudes of 𝜙𝑔 and 𝜙𝑜 are coupled and change with propagation in the sample. 

𝑑𝜙𝑜

𝑑𝑧
=

𝜋𝑖

𝜉𝑔
𝜙𝒈𝑒

2𝜋𝑖𝒔𝒛 +
𝜋𝑖

𝜉𝑜
𝜙𝑜 and 

𝑑𝜙𝑔

𝑑𝑧
=

𝜋𝑖

𝜉𝑔
𝜙𝒐𝑒

−2𝜋𝑖𝒔𝒛 +
𝜋𝑖

𝜉𝑜
𝜙𝑔 , 𝑠𝑧 = 𝒔 ∙ 𝒓

𝜙𝑜 𝑧 ′ = 𝜙𝑜exp
−𝜋𝑖𝑧

𝜉𝑜

𝜙𝑔 𝑧 ′ = 𝜙𝑔exp 2𝜋𝑖𝑠𝑧 −
𝜋𝑖𝑧

𝜉𝑜
+ 2𝜋𝑖𝒈 ∙ 𝑹(𝒓)

𝑑𝜙𝑔

𝑑𝑧
=

𝜋𝑖

𝜉𝑔
𝜙𝑜 𝑧 ′ + 2𝜋𝑖𝑠𝑅𝜙𝑔 𝑧 ′ and 𝑠𝑅 = 𝑠 + 𝒈 ∙

𝒅𝑹(𝒓)

𝑑𝑧

HOWIE-WHELAN EQUATIONS for DEFECTS
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Strain Contrast for Dislocations 

22

Darkfield

Weak-Beam

Brightfield Brightfield

~10nm

𝒈 ∙ 𝒃 = 𝑚𝑎𝑥
𝒈 ∙ 𝒃 = 0
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Invisibility Criterion of Screw Dislocations

23

Shear Deformation along z 
directions on (r,z) plane  

𝑅 𝑥, 𝑦 =
𝒃

2𝜋
𝑡𝑎𝑛−1

𝑥

𝑦

The contrast extinction 
condition require

𝒈 ∙ 𝑹 = 0,±1,… → 𝒈 ∙ 𝒃 = 𝟎
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Invisibility criterion for edge dislocation (isotropic)

24

𝑹 = 𝒃
sin 2𝜃

4(1 − 𝜈)
+ 𝒃⋀𝝃

1 − 2𝜈

2(1 − 𝜈)
𝑙𝑛𝑟 +

cos 2𝜃

4(1 − 𝜈)

The contrast extinction condition requires

𝒈 ∙ 𝑹 = 0,±1,… → 𝒈 ∙ 𝒃 = 𝟎

𝒈 ∙ (𝒃⋀𝝃) = 0… → 𝒈 ∥ 𝝃 ∙ 𝒃 = 𝟎

Plane Strain of edge dislocation 
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Burger’s vector determination

25

𝒈 𝒃 𝒈 ∙ 𝒃 𝒈 ∙ 𝒃⋀𝝃

ത111

1/2 110

1/2 0ത11

1/2 101

0

0

0

≠ 0

≠ 0

≠ 0

ത111

1/2 1ത10

1/2 011

1/2 10ത1

−1

−1

−1

≠ 0

≠ 0

≠ 0

Possible Burger’s vectors

0ത11 and 101
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Stacking Fault Contrast

26

𝑑𝜙𝑔

𝑑𝑧
=

𝜋𝑖

𝜉𝑔
𝜙𝑜 𝑧 ′ + 2𝜋𝑖𝑠𝑅𝜙𝑔 𝑧 ′ and 

𝑠𝑅 = 𝑠 + 𝒈 ∙
𝒅𝑹(𝒓)

𝑑𝑧

𝑔 ← 𝑔 →

𝑹(𝒓) 𝒈 𝟐𝝅𝒈 ∙ 𝑹

SF in FCC 1/3 111 (111), (220),(113) 2𝜋/3

SF in FCC 1/6 11ത2
(111)

(220)

0

4𝜋/3
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Scanning (S)TEM imaging of defects

27

Scan Beam
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STEM imaging mode suppresses bend contours 

28

Bend Contour contrast is suppressed when 𝛽𝑆≈ 𝛼𝑆
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Dislocation Density Measurements

29

Line Intercept Method  

• Make a grid having a total line length 𝐿

• Count the number of intersections between a 

given grid and the dislocations, 𝑁

• Measure TEM sample thickness, 𝑡 (EELS, CBED, 

X-ray reflection, etc.)

• The dislocation density, Λ, is given by the 

following equation.

Λ = Τ2𝑁 𝑡𝐿

• This method is valid for dislocation density is 

less than 1014 cm−2. 

HAADF 𝛽𝑆(24𝑚𝑟𝑎𝑑) ≈ 𝛼𝑆(20mrad)

Λ ≈5X109 cm-2
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HR-STEM images of stacking faults

30

Growth faults in AlN nanowires

Stacking Fault Tetrahedron in FCC Superalloy
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HR-STEM images of the Dislocations

31

[100]

[010]

[100]

[010]

[100]

[02ത1]

Fourier Filtering

𝑏 = 𝑎[100] 𝑏 = 𝑎[111]

a)

c)

b)

d)
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Geometric Phase Analysis of Dislocations

32

HR-TEM image
FFT filtered 

image
Phase image



thomas.lagrange@epfl.ch • www.epfl.ch• lumes.epfl.ch• moodle.epfl.ch• PHYS-307 

HR-STEM images of the Dislocations

33

𝑏 = 𝑎 < 100 > {110}𝑏 = 𝑎 < 111 > {110}

𝐴 = 2𝐶44\(𝐶11 − 𝐶12) 𝐾𝑠𝑐𝑟𝑒𝑤 = 𝜇𝑏2/4𝜋
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