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ABSTRACT

Transmission Kikuchi diffraction (TKD) has been gaining momentum as a high resolution alternative to
electron back-scattered diffraction (EBSD), adding to the existing electron diffraction modalities in the
scanning electron microscope (SEM). The image simulation of any of these measurement techniques re-
quires an energy dependent diffraction model for which, in turn, knowledge of electron energies and
diffraction distances distributions is required. We identify the sample-detector geometry and the effect of
inelastic events on the diffracting electron beam as the important factors to be considered when predict-
ing these distributions. However, tractable models taking into account inelastic scattering explicitly are
lacking. In this study, we expand the Monte Carlo (MC) energy-weighting dynamical simulations models
used for EBSD [1] and ECP [2] to the TKD case. We show that the foil thickness in TKD can be used as
a means of energy filtering and compare band sharpness in the different modalities. The current model
is shown to correctly predict TKD patterns and, through the dictionary indexing approach, to produce
higher quality indexed TKD maps than conventional Hough transform approach, especially close to grain

boundaries.

© 2018 The Authors. Published by Elsevier B.V.

This is an open access article under the CC BY license. (http://creativecommons.org/licenses/by/4.0/)

1. Introduction

Electron diffraction techniques in the scanning electron micro-
scope (SEM) are established and versatile tools for microstructural
investigation of crystalline materials. The strong and complex local
interactions of electrons with crystalline matter offer a plethora of
information about the crystal structure and material properties of a
sample that can be recovered from the recorded signal. A review of
these is given in ref. [3]. Kikuchi patterns are one representation of
the diffracting behaviour of electrons in the form of a variation in
the angular distribution of signal electrons. The geometry of these
patterns is dictated by the unit cell of the crystal and its orienta-
tion. Other features, such as the width of the bands, for instance,
are nevertheless influenced by the spatial distribution of electrons
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in the sample and their energy distribution (for a more complete
discussion see ref. [4]).

We can distinguish a number of different SEM modalities em-
ploying the Kikuchi diffraction mechanism. If the recorded elec-
trons are the backscattered ones (BSEs), then the technique is
known as electron backscatter diffraction (EBSD) and the Kikuchi
patterns obtained are called electron backscatter patterns (EBSP).
Automated pattern indexing software established this diffraction
modality as one of the conventional tools of orientation mapping,
phase identification and/or relative lattice strain estimation in crys-
talline materials [3]. In order to increase the diffraction signal in
this mode, the popular approach has been to tilt the sample to
about 70° from horizontal towards the detector, which guarantees
a maximum backscattered electron yield. However, the high tilt
will also spread out the information volume (or interaction vol-
ume) of the electrons within the sample, resulting in limitation of
the achievable spatial resolution.

Stimulated by the increased attention to nanostructured ma-
terials, which promise new and enhanced properties when com-
pared to their larger scale counterparts, the interest in improving
the resolution of established characterization techniques has also
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expanded. The use of forward-scattered electrons (FSEs) through a
thin sample as diffraction signal collected from the bottom of the
foil has been shown to improve the lateral spatial resolution to be-
low 10 nm [5,6]; this technique is commonly known as transmis-
sion Kikuchi diffraction (TKD) or transmission EBSD (t-EBSD).

The modalities above are sometimes referred to as “channel-
ing out” diffraction techniques [7] to suggest that the diffraction
information has been sampled by electrons on their way out of
the sample and that the volume from which the signal is col-
lected is located close to the exit surface. The SEM can also be
used in “channeling in” mode when electron channeling patterns
(ECPs) are acquired [8,9]. In this case, Kikuchi-like diffraction pat-
terns can also be obtained by varying the incident beam direction
with respect to the crystal. Typically, those patterns have a smaller
solid angle compared to their EBSD counterparts. Nevertheless, the
physical scattering mechanisms that produce EBSPs and ECPs are
related through the reciprocity principle [10].

Theoretical models have been developed and successfully ap-
plied to retrieve this wealth of information by taking into account
the full dynamical behaviour of electron diffraction [11-13]. Elec-
tron diffraction calculations commonly handle inelastic scattering
in a phenomenological way through the introduction of a com-
plex optical crystal potential approximation. This assumption im-
plies that inelastically scattered electrons, once they lose even a
small amount of energy, will cease to contribute to the diffraction
pattern. The predicted diffraction patterns based on this simpli-
fied model remain meaningful [14] but, understandably, are lack-
ing quantitative precision. Due to the strong interaction of incident
beam electrons at SEM energies with matter, the inelastic cross
section is always comparable to the elastic one, and a portion of
inelastically scattered electrons will reach the detector and con-
tributes to the imaged pattern.

Depending on the types of inelastic channels allowed, these
electrons can suffer diffraction after losing a small amount of en-
ergy, contributing then to the diffuseness of the Kikuchi patterns.
This process is especially relevant for “channelling out” modalities
where electrons with energies lower than the incident energy can
still contribute to the diffraction pattern. Alternatively, if electrons
are scattered at a large angle multiple times such that memory of
their original direction is lost, they will also contribute to the back-
ground intensity. This is the case for both channeling modalities.
We call the later type of inelastically (back/forward-)scattered elec-
trons (B/F)SE2 in order to differentiate them from (B/F)SE1 elec-
trons carrying diffraction information.

It is therefore essential to explicitly consider inelastic scattering
and its effects on the signal contributing electrons, such as their
energy and spatial distributions [1,15]. This is especially important
if finer features of the Kikuchi bands (size, absolute intensity rel-
ative to background, band edges) are to be correctly predicted. A
full account of the inelastic channels in electron diffraction poses
a challenging problem. While general Schrodinger equation solu-
tions for inelastic scattering in perfect crystals have been proposed
by Yoshioka [16] and solved for various electron microscopy ap-
plications (see Howie [14] for small angle plasmon scattering and
Forbes et al. [17] for single thermal diffuse scattering events), to
our knowledge, readily implementable solutions relevant for SEM
electron energies have yet to be proposed.

In this work, we assume inelastic scattering events to be
stochastic and that Monte Carlo (MC) techniques can estimate both
the trajectories of electrons that suffered such events as well as
their energy distribution. Such models have been proposed and
widely used to correctly predict distributions of backscattered elec-
trons [18]. The assumption that the distributions of escape energies
and trajectories of electrons carrying diffraction information can
be estimated from the last elastic event predicted by MC models
has already been successfully applied for EBSPs [1] and ECPs [2].

The electron energy at the last elastic event, prior to leaving the
sample, is regarded as the diffraction energy (energy at which the
diffraction event occurs), and the distance to the exit surface from
the elastic event (escape or exit distance) is used as the diffraction
distance (electron path length over which coherence is not lost).
Dynamical diffraction modelling is then applied for the full MC
predicted electron energy and path distributions. Here, we extend
this model to TKD patterns by considering the geometry of a thin
film sample where the entry (top) and escape (bottom) surfaces
are different such that the incoherent events acting as sources of
diffracting electrons are scattering in a forward direction.

While this approach may not take into account the full extent
of inelastic scattering effects on diffracted electrons proposed by
the Yoshioka equations, it leads to a model of manageable com-
plexity which is straightforward to implement and whose predic-
tions are easily understood. Most importantly, it represents a step
forward in taking into account the full physics of electron diffrac-
tion in matter by considering the full distribution of energies of
channeling electrons and produces accurate predictions when com-
pared to experimental patterns, as shown in Section 3.2.

In Section 2 we describe the typical geometries for EBSD, TKD
and ECP data acquisition and formulate a general expression for
the thickness integrated back-scattered electron intensity that is
applicable to all three diffraction modalities. We describe the par-
ticulars of the Monte Carlo trajectory simulations in Section 2.2,
along with the resulting differences between the modalities. Mas-
ter patterns for the three modalities are described and compared
in Section 3.1. In Section 3.2 we compare experimental and simu-
lated TKD patterns, and Section 3.3 illustrates how the recently de-
veloped dictionary indexing technique [19] can be applied to TKD
patterns. We conclude the paper with a brief discussion and sum-
mary in Section 4.

2. Theoretical model
2.1. Energy and diffraction distance integrated electron intensity

The simulation of the (back/forward-)scattered electron distri-
bution emerging from a sample illuminated with a fine, nearly-
parallel, electron probe can be achieved in general by integrating
over both the energy range of the exiting electrons and the dis-
tance traveled in the sample between the scattering site and the
sample surface. The probability of a (B/F)SE emerging from the
sample in the direction k (the hat indicates a unit vector) can be
written as follows:

P(k) =Y Pi(k). M
neA.U.

where A.U. stands for asymmetric (primitive) unit and the index n
runs over all positions in the asymmetric unit. The probability P,
is defined as:

(k) = ZojfE

jESn ‘min

Emax to(E) _
dE [ dt A (E, )| W (rj: E, 0] 2)
0

Here, o; =ZJZ.DJ~ (with Z the atomic number and D the Debye-
Waller factor) is the Rutherford scattering cross section for atom
j in the set of equivalent positions Sp; Emax is the maximum en-
ergy (potentially the incident beam energy Ey) and E,;, the lowest
energy considered in the calculation; t is the distance between the
scattering site and the sample surface, measured along the exit di-
rection; to(E) is the maximum distance to be considered; A; (E, t)
is a weighting function describing the fraction of incident electrons
(per unit energy and per unit length) of energy E, originating a dis-
tance t from the sample surface and traveling in the direction k;
the wave function W} is evaluated for the equivalent atom posi-
tions r; and the parameters E and ¢. For the latter, one can use ei-
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