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Dynamical Scattering: Scattering Path Interference 
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Convergent beam electron diffraction (CBED) 

Condensor aperture 

a 
a: convergence  

    semi-angle 

Each point in the diffraction pattern is a separate diffraction experiment, 

but they may all be recorded simultaneously. 

Sample 
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CBED works well for small unit cell Xtals … 

Diffraction plane 

_ _ _ 
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_ _ _ 

…but allows only tiny discs for large unit cells 

Diffraction plane 
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Also: Thin Samples Require Large Convergence Angles 

Dynamical Simulation Kinematical Simulation 

Kinematically 

forbidden 

CBED: Flat discs at low t => Need larger discs to get intensity variation  

Si (110), t=4 nm 

Largest 

possible 

CBED disc 
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Dynamical Electron Diffraction is 4-Dimensional 

g=[311] 

E=200kV 

t=70Å 

17 beams 

- - 
GaAs 

Any reflection can be in exact Bragg 

condition in a number of diffraction 

conditions 
(as utilized in ‚reference beam X-ray diffraction‘ 

in a very rudimentary way) 

‚Bragg line‘ 
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Possible methods to increase the effective convergence angle 

cond. ap. 

detector 

SLACBED2 LACBED1 

SA aperture 

DRZAP3,4 

Pixel detector 

Defl. coils 

Defl. coils 

Raised sample 

\\\\ 

\\\\ 

\\\\ 

\\\\ 

\\\\ 

\\\\ 

\\\\ 

\\\\ 

[1] M. Tanaka et al., J. Electron Microsc. 29 (4) (1980) 408 

[2] M. Terauchi et al, J. Electron Microsc. 34 (1985) 128 

[3] J.A. Eades, Ultramicr. 5 (1979) 71 

[4] M. Tanaka et al., Jpn. J. Appl. Phys. 19 (1980) L201 
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Transmission Electron Diffraction 

Condenser lens sysstem 

Gun 

Pre-specimen deflection coils 

Objective pre-field lens 

Projection lens system 

Objective lens 

Image- and diffraction 

shift coils 

CCD Detector / film / image plate … 
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Rocking Beam Electron Diffraction 
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Precession Electron Diffraction (PED) of SrTiO3 at 120 kV 

Individual pattern PED pattern 

PED: R. Vincent, P. A. Midgley, Ultramicroscopy 53 (1994) 271 
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Automatically Acquiring Multiple Precession Angles q 

q = 1° (17 mrad) q = 2° (35 mrad) 

q = 3° (52 mrad) q = 4° (70 mrad) 

q = 0 

q ≤ 4° (70 mrad) 

Sample: SrTiO3 
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PED Pattern of SrTiO3 (120 kV, 70 mrad, log scale) 



C.T. Koch | Humboldt University Berlin | 5.10.2015 Page 17 

Automated Non-linear Calibration Refinement  

Nonlinearities in the beam tilt or diffraction shift are automatically measured and 

taken into account during measurement. 

Even on systems facilitating this: Correcting scan distortions manually can take hours. 
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Aberrations of illumination system 

Objective Pre-field lens  

(Cs > 0) 

Spot shifts! 

Objective lens (Cs = 0) 

Image shifts! 



C.T. Koch | Humboldt University Berlin | 5.10.2015 Page 20 

Measuring Aberrations in BF or DF mode 

Cs > 0 

Cs = 0 

Cs > 0 

Cs > 0 



C.T. Koch | Humboldt University Berlin | 5.10.2015 Page 21 

84 Pseudo Aberration Coefficients 

C. T. Koch, Ultramicroscopy 111 (2011) 832 

Measuring illumination aberrations in BF mode requires first measuring img. aberrations. 

Measuring illumination aberrations in DF mode may be more robust.  

QED automatically measures and compensates all these aberrations automatically 
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Effect of Aberration Compensation  

The Image moves on 

camera  

(imaging aberrations),  

but the spot is 

stationary on the 

sample 

TEM: Zeiss EM912 

qmax = 90 mrad = 5.2° 
Sum of images Sum of images 
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Large-Angle Rocking-Beam Electron Diffraction 

Individual pattern LARBED pattern (log scale) 

Sample: SrTiO3, not energy filtered, microscope: Zeis EM912, 120 kV 

LARBED data acquisition by QED Plugin to DigitalMicrograph (HREM Research) 
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From PED => LARBED 

LARBED preserves the rocking curve information ! 

Sample: Si (110), energy-filtered 



C.T. Koch | Humboldt University Berlin | 5.10.2015 Page 26 

Extracting LARBED Discs from data stacks 

26 

= 8° 

Each pixel within the discs is the integrated background-subtracted Bragg intensity  

SrTiO3 (001) 

not energy-filtered 
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Correcting Ewald-Sphere Curvature & Separating Laue Zones 

Sum of all frames 

Extracted Zero-Order Laue Zone 3D View 
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Ab-initio Structure Factors Fitting to SrTiO3 LARBED data 

unit cell 

Experiment ab-initio Fit Difference 

IAM potential (121 beams) Fit to exp. (121 beams) Fit to exp. (incl. unmeas.  

             data 456 beams) 

F. Wang, et al. Phys. Rev. Lett. 117 (2016) 015501  

Feng Wang 
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LARBED on a 60 nm MgO cube 

C.T. Koch et al. Microsc. Anal. (2012) 
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K2O∙7Nb5O2 (‘KNbO’) (001) 

SAED of K2O∙7Nb2O5  max-PED pattern 

Space group P4/mbm (No. 127), a=b=27.5Å, c=3.94 Å 

Images from  D. Zhang et al, Ultramicroscopy 111 (2010) 47–55 

Only in the (001) orientation the HOLZ planes are well separated! 



C.T. Koch | Humboldt University Berlin | 5.10.2015 Page 31 

K2O∙7Nb5O2 (arbitrary orientation) 

Sample  kindly provided by D. Zhang & S. Hovmöller 

Energy-filtered diffraction patterns recorded on Zeiss SESAM  

using a Gatan UltraScan 1000 CCD Camera 

Single Diffraction Pattern 
Integrated PED Pattern 

(LARBED with full scan compensation) 
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Extracting DF-LACBED Discs 

32 

a) b) c) 

d) e) Intensity along Bragg line f) Intensity along Bragg line Intensity along Bragg line 
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Bragg-lines = equal positions in 3D k-space 

    Disc  

extracted  

     here 

Large intensity fluctuations along Bragg lines 

The more of it you collect the better 
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Reconstruction of 3D k-Space 

Each voxel in this 3D k-space is the intensity 

averaged along the corresponding Bragg line 

Missing cone 

kz-axis expanded 

Central (horizontal) slice  

of reconstructed volume 
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3D k-Space Integrating Electron Diffraction 

l=-4 

l=-3 

l=-2 

l=-1 

l=  0 

l=+1 

l=+2 

l=+3 

l=+4 

 

a) 
b) 

l = -4        -3       -2      -1        0     +1       +2      +3      +4 

Each voxel in this 3D space represents the average along  

the corresponding Bragg line 

Contrast adjusted  

to show all diffraction spots 

(equal scale along x and z) 

Vertical cuts through reciprocal space Reconstructed 3DBLED Volume 

z-axis expanded x 5  
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3D Reconstruction of k-Space for Complex Structure 

Reconstructed 3D k-space Volume 

from experimental LARBED data 

z-axis expanded x 5  

Sample: K2O∙7Nb5O2   

(a=b=2.9 nm, c = 0.39 nm) 

Rocking curves for each spot in 3D k-space 
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Extending CBED disc sizes 

CBED pattern of Si near (110) 

Where is the zone axis center? 

Extended (000) disc  

Zone axis center can be localized! 

Symmetry becomes obvious 
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000 110 

Large-angle rocking convergent beam electron diffraction 

TEM: SESAM (200 kV), zero-loss filtered 

SrTiO3 [-110] 

Ø = 120 mrad 

See also: R. Beanland et al. Acta Cryst. (2013). A69, 427 

Acquisition by QED Plugin to DM (HREM Research) 



C.T. Koch | Humboldt University Berlin | 5.10.2015 Page 39 

Outline  

1. Motivation 
 

2. Precession Electron Diffraction (PED)  
 

3. Aberration compensation 
 

4. Large-Angle Rocking-Beam Electron Diffraction (LARBED) 
 

5. Strain Mapping 
 
 
  



C.T. Koch | Humboldt University Berlin | 5.10.2015 Page 40 

unstrained lattice 

m* ~ 1/(d2E/dk2) ~ 1/µ 

strained lattice 

band curvature    => reduction in effective mass m*  

band splitting       => less inter-valley scattering  

Strained Silicon 

Semiconductor industry 

 

• 2009:  $260 Billion market 

 

• ≈ 10% of world GDP  

  (incl. electronic systems & services) 

Use of strained Si  

since 2005 
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Strain Mapping by Nanodiffraction 

41 

Holz line fitting for single crystal 

silicon <230> 
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PED helps in strain mapping (averages over orientations) 

J.L. Rouviere et al. Appl. Phys. Lett. 103 (2013) 241913 
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CBED: Problems @ High Resolution 

P. Zhang, APL 89 (2006) 161907 

25 nm 

below gate 

55 nm 

below gate 

100 nm below gate 
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Process-induced Strain 

M. Chu et al, Annu. Rev. Mater. Res. 39 (2009) 203–29 
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Strain in thin films 

Si  

Si0.7Ge0.3 

Si substrate [001] 

[110] 

a) 

tensile strain 

10nm 

Si0.7Ge0.3 

Si substrate 

[001] 

compressive 

strain 

Si0.7Ge0.3 

20nm 

b) 

Source Drain 

Gate 

[110] 

CMOS transistor structure Si – Si0.7Ge0.3 – Si sandwich 

Sample provided by  

E. Kasper,  University of Stuttgart 

Sample: 

Commercial processor (45 nm technology) 
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Strain Mapping by HRTEM 

K. Du, et al, J. Mater. Sci. Technol. 18 (2001) 135 

V.B. Ozdol, et al, Microscopy Conf. 2009, Graz 

 

Si 

 

SiGe 

Dr  

j

ri
ij



D
e

Strain tensor: 

eyy 
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Dark-Field Inline Holography 

Incident plane wave 

Objective aperture 

Df1 
Df2 
Df3 

Sample 
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Dark-field Inline Holography 

C.T. Koch, et al. APL 96, (20010) 091901 
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Comparison of DF-Holography Strain Mapping Techniques 

- Need reference area of perfect crystal 

- Needs high spatial coherence 

 

- No need for a reference area 

- Works also with low spatial coherence 

M. Hytch et al., Nature 453 (2008) C.T. Koch et al., APL 96 (2010) 
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Large field of view 

50 
FFT of HRTEM image 

HRTEM image recorded on photographic film at the  

lowest possible magnification to still get lattice resolution 

Digitized using a 2k x 2k CCD camera 

The field of view is about 1 order of magnitude larger than HRTEM-based methods 

at the same spatial resolution and much lower beam dose (less damage!) 

HRTEM:  Magnification = 300 kx 

DF images:  Magnification =   16 kx 

DF Inline Holography Strain Map 

HRTEM 

Source Drain 

Gate 

Microscope: JEOL ARM 1250 
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Quantitative DIH of 45nm CMOS transistor structure 
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-0.8±0.1 % 

C. T. Koch et al, APL 96 (2010) 091901 
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K. Song et al., in preparation 

Strain Mapping without Reference Area: InGaN QWs 
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Summary 

• Large-angle rocking curve information helps to  

– solve the crystallographic phase problem 

– allows automated acquisition of 3D diffraction information 

– reveals shape transform of nanocrystals 

 
• Aberration compensation is very important when rocking to large 

angles 
 

• Local variations in lattice constant can also be retrieved by (inline) 
holographic approaches 


