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The problem
Threading dislocations (TDs) in nitrides

I The substrate
constraints will introduce
strain in the layer during
epitaxial growth.

I One mechanism of strain
relaxation is the
formation of a large
number of defects. Transversal TEM image of an AlGaN on sapphire

sample taken by D. Thomson, showing threading
dislocations propagating through the layer and
reaching an interface.
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The scanning electron microscope
ECCI technique

I Unlike the TEM the scanning
electron microscope (SEM) does
not require destructive sample
preparation.

I Electron Channelling Contrast
Imaging:

I TD density
I TD characterisation
I TD distribution In the SEM the electron beam scans

the selected area in a raster pattern
and the image is recorded one pixel at
a time. Image after Dr. Paul Edwards.
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Electron channelling disambiguous

I Diffraction on the way in
the sample.

I Followed by single
backscattering event.

I Surface sensitive
technique.

I . . .
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... dislocation contrast imaging

I crystal imperfections change the phase of
diffracting electrons.

The correction to the deviation parameter
due imperfections:

β′ = (rinc)d
i

∂ud
j

∂xi

∣∣∣
r
T dc

jl Blmgm

where T dc
jl

is the transformation matrix from crystal to dislocation frame and

Blm is the reciprocal structure matrix. 1

The two beam condition
in the column

approximation.
1E. Pascal et al, Mat. Today: Proceedings 2018 (in press)
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ECCI Strain field
Isosurfaces

Screw TD Edge TD
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ECCI Strain
Dependence on b vector

For the same diffraction condition the b direction determines the contrast
orientation.
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ECCI Strain
Dependence on g vector

For the same dislocation the diffraction condition has only a small role in
the symmetry or direction of the contrast.
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Comparison with experiments

2G. Naresh-Kumar et al, Phys. Rev. Lett. 108, (2012)
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ECC maps supplied by Dr. Naresh-Kumar as published in ref 2
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Electron Channelling patterns

[1] Kamaladasa et al., J. Microsc. 2011

[2] EMsoft : github.com/marcdegraef/EMsoft
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Where to find good ECCI contrast?

C =
∑

i⊂pixels |Ii − Ibackground|∑
i⊂pixels Ii
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Summary

I The ECCI is a particularly powerful TD characterisation technique for
Nitrides.

I We propose ECCI strain profile is the major contributor to the
dislocation contrast.

I Nitrides TDs can be characterised in the SEM.
I The recipe for good ECCI contrast is to follow the ECP high contrast.
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Thank you for your attention
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I The crystal rotation from [001] was calculated from the ECP to be
61.7◦ for g[-1-34-3] and 58.4◦ for g[31-4-3]

I The beam divergence was 4mrad.
I Anisotropic elastic constants were derived using Voigt averages.
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Motivation
Group III nitrides semiconductors

I Wide, direct band-gap
I Tunable through

heteroepitaxy.
I Electrical properties can

be controlled via:
I constituent material

concentration
I impurities doping. Schematic electronic band structure of wurtzite GaN

calculated by the FLAPW method within the LDA.
Bang gap values are predicted by k · p-theory.

From M. Suzuki et. al., Jpn. J. Appl. Phys., 35 1996.
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Motivation
Group III nitrides semiconductors

Schematic electronic band structure of wurtzite GaN
calculated by the FLAPW method within the LDA.

Bang gap values are predicted by k · p-theory.
From M. Suzuki et. al., Jpn. J. Appl. Phys., 35 1996.
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Two beam approximation

12 / 12



Simulation details

I The strain field derivation and coordinate manipulations was done
using Python’s sympy package.

I The Howie-Whelan equation was numerically integrated using the
zvode library available for Fortran90.

I The extinction and absorption distances were derived using Dr. Marc
de Graef EMsoft software available on his github.

I Plotting of contrast images was done in gnuplot.
I The kinematical ECP indexing was done using Austin software.
I The wavelet image processing was achieved using the GIMP wavelet

plugin.
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Displacement field

I General formulations for
the displacement field of
a line dislocation
interacting with a
surface were derived by
Yoffe3 from elasticity
theory.

Projection in XZ plane of the displacement field of an
edge dislocation away from the TD core in a cubic

material.

3Yoffe, E. H., 1961, Phil. Mag., 6, 1147
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Electron diffraction model
The electrons interacting with the sample must respect :
The Schrödinger equation for dynamical electron scattering

∆Ψ + 4π2k2
0Ψ = −4π2UcΨ
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Electron diffraction model
The electrons interacting with the sample must respect :
The Schrödinger equation for dynamical electron scattering

∆Ψ + 4π2k2
0Ψ = −4π2UcΨ

For most TEM and SEM applications can consider only isolated spherical
point scatterers represented by atomic scattering factors fe.

where Uc is the a complex electrostatic lattice potential introduced to ac-
count phenomenologically for inelastic scattering (absorption).
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Threading dislocations

I are 1D topological defects in which
a series of atoms have been
displaced from their position in the
perfect crystal.

I The two extreme cases are:
I Edge type: introduction of a half

plane of atoms.
I Screw type: shearing of half of

crystal along a half plane of
atoms.

Schematic edge type dislocation in a cubic
crystal structure.
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Dynamical theory
One solution is in the form of plane waves travelling into the sample.

Two beam Howie-Whelan equation
dT

drinc
= −N T + (i−A )D

dD

drinc
= (i−A )T + (−N + 2iw + 2iβ′)D

where N is the inelastically scattering coefficient
A is the dynamical scattering coefficient
w ∝ sg deviation from Bragg’s of the crystal
β′ deviation from Bragg’s due to the TD4.

Coefficients A and N can be calculated
numerically from the Fourier coefficient of the
electrostatic potential.

4Wilkinson, A. J., and Hirsch, P. B., 1994, Phil Mag A 72.
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Strain-like components

ECCI strain

β = ∂ug

∂rinc
+ θB

∂ug

∂rg

4E.Pascal et al., Mat. Today: Proceedings, 2017, accepted
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Strain-like components

ECCI strain

β ≈ ∂ug

∂rinc

≈ cos2 θ
∂ug

∂g
+sin θ cos θ ∂ug

∂rinc
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